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Dual Parameter Flow Cytometry Studies
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A B S T R A C T Dual parameter flow cytometry stud-
ies using Coulter volume and cell DNAcontent were
carried out in monodisperse cell suspensions of 64
samples of human lymphoma, chronic lymphocytic
leukemia, hairy cell leukemia, and benign lymphoid
proliferations. Differences in mean Coulter volume
among the lymphomas were due 1)oth to the intrinsic
differences in mean G1 cell Coulter volume and to the
presence of increased fractions of larger S and G2
cells, especially among the large B cell lymphomas.
However, the relative contribution of larger non-G,
cells to the overall population Coulter volume distribu-
tion was a relatively minor one; the presence of cells in
S did not increase mean Coulter volume by more than
10%, even in samples with high S fractions. There was a
good correlation between mean GC cell Coulter volume
and the log of the fraction of cells in S among the B cell
lymphomas (r = 0.55). Evidence is presented that
within individual samples, large cells proliferate more
rapidly than small cells. This was seen in every case,
both in the normal samples and in the lymphomas,
and in the T cell lymphomas as well as in the B cell
lymphomas. Aneuploidy was detected by flow cytom-
etry in 11 cases; in 7 cases the aneuploid cell com-
ponent could be analyzed separately from the diploid
cell component on the basis of cell Coulter volume
differences. The aneuploid components of diploid-
aneuploid mixtures had higher S fractions than the
diploid components in six of seven cases (0.16±0.04
[SE] vs. 0.08+0.02). These findings are considered in
relation to the histopathological classification of the
lymphomas, and in relation to the concept of clonal
selection and clonal evolution of tumors.

INTRODUCTION

Over the past 15 yr, at least five new histopathologic
classification schemes have been proposed for the
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non-Hodgkin's lymphomas (1). Despite the confusing
multiplicity of diagnostic classification systems, there
are certain general principles that appear to have
general validity. Lymphomas in which large cells are
abundant tend to be aggressive clinically (2, 3), and
they often respond vell to therapy, with relatively
high proportions of durable complete remissions
(4-6). Small cell lymphomas tend to be less aggressive
clinically, but durable complete remissions are
infrequent (4, 7).

Predictable relationships between cell size and
proliferative behavior might be expected in the
lymphomas for at least two reasons.

First, cells increase both in size and in DNAcontent
as they progress through the cell cycle. The depend-
ence of cell size on cell position in the proliferative
cycle can be demonstrated in experimental cell
systems, by performing paired measurements of elec-
tronic cell volume and DNAcontent on individual cells
by means of flow cytometry. This is illustrated in Fig. 1.
Thus, the frequencies of large cells in a given lymphoma
might be determined by the fractions of large S
and G2 cells.

Second, rapidly proliferating lymphoid cells may be
intrinsically larger than slowly proliferating cells.
It has been shown that large lymphocytes proliferate
more rapidly than small lymphocytes in the normal
lymphoid germinal center (8), and in the normal bone
marrow (9-11). A relationship between proliferative
rate and cell size (which is independent of relative
position in the cell cycle) might be preserved in the
malignant state as well.

Of course, cell size differences among the lympho-
mas could also be due to factors that are totally
unrelated to their respective proliferative rates or to
the presence of different fractions of larger S and
G2 cells.

To study the relationship between cell size and
proliferative behavior in the lymphomas, paired
cell-by-cell measurements of electronic cell volume
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FIGURE 1 (A) The bivariate frequency distributions of
Coulter volume and DNAcontent in mouse sarcoma 180 cells
grown in vitro. Small G, cells are the most abundant cells in the
population. (B) A contour map of the bivariate distribution of
Coulter volume and DNA content consisting of horizontal
slices through the surface shown in A, viewed from above. It is
evident that cells increase in Coulter volume and in DNA
content as they progress through the cell cycle, i.e., that they
progress along the diagonal line.

and DNAcontent were obtained in monodisperse cell
suspensions of pretherapy biopsy specimens of human
lymphoma by means of flow cytometry. Conventional
histologic studies and immunologic surface marker
studies were done in parallel on the same clinical
samples.

METHODS
Clinical samples. The collection and processing of pre-

therapy biopsy specimens and the techniques for determining
immunologic cell surface markers have been described
previously (12). Monodisperse cell suspensions were fixed in
ethanol for flow cytometry, and stored at 40C for periods of time
ranging from several weeks up to 1 yr. Repeated analyses of
individual samples have shown no increase in the coefficient
of variation of the DNAcontent measurement, and no de-
tectable degradation in the electronic cell volume distribution.
However, in mithramycin-stained samples, we have noted a
hyperchromatic shift in the position of the DNAhistogram, the
magnitude of which is dependent on the duration of prior
storage of ethanol-fixed samples at 4°C (13).

The pertinent data on the clinical samples are summarized
in Table I. The majority of the samples were non-Hodgkin's

lymphomas. These were grouped by immunologic surface
marker characteristics.

The B cell non-Hodgkin's lymphomas were further sub-
divided into large cell lymphomas, small cell lymphomas,
and chronic lymphocytic leukemia (CLL).' The large B cell
lymphomas include the immunoblastic sarcomas, and large
and small noncleaved lymphomas, according to the Lukes
and Collins classification (14). These cases were diffuse
histiocytic and undifferentiated lymphomas by the Rappaport
classification (15). The small B cell non-Hodgkin's lymphomas
consisted mostly of cleaved cell lymphomas by the Lukes
and Collins classification. These were mostly nodular and
diffuse poorly differentiated lymphomas and nodular mixed
lymphomas by the Rappaport classification.

The T cell lymphomas included convoluted T cell
lymphomas (Lukes and Collins) that would be classified as
acute lymphocytic leukemias and diffuse poorly differentiated
lymphomas (Rappaport). The small lymphocytic T cell
lymphomas (Lukes and Collins) would be classified as well
differentiated lymphoma and CLL (Rappaport). The T cell
neoplasms also included two thymomas and three cases of
Sezary syndrome.

Seven cases of Hodgkin's disease and three cases of
hairy cell leukemia were also studied, as were six non-
lymphomatous lymph nodes.

Detection of aneuploidy by flow cytometry. Flow cy-
tometry studies were carried out on a Los Alamos Scientific
Laboratory cell sorter, and data were recorded, stored, dis-
played, and analyzed on a Digital Equipment Corp.
(Marlboro, Mass.) 11/40 computer using software developed
at Los Alamos Scientific Laboratory, Los Alamos, N. Mex. (16).
Cell suspensions were stained with mithramycin, and nuclear
fluorescence was determined at an excitation wavelength
of 457 nm. Between 30,000 and 100,000 cells were analyzed
for each sample. DNAcontent measurements were obtained
at constant photomultiplier current. Amplifier gain settings
were adjusted so that the mean peak channel or normal
human diploid lymphocytes fell in channel 60 on a 256-
channel scale. These lymphocytes served as an external bio-
logical reference for the diploid host cells that were in-
variably present in the clinical samples, either alone or ad-
mixed with aneuploid cells (13). The problem of mithramycin
hyperchromatism (13) is one that cannot be eliminated by mix-
ing reference and sample cells. In the present studies, fixed
samples stored for longer than one month were run against
external diploid reference standards of comparable fixa-
tion age.

In this study, only those samples containing both an
endogenous diploid peak and a distinct second peak were
considered to contain aneuploid cells. In cases containing
unimodal GC peaks with high coefficients of variation, it was
often possible to identify separate diploid and aneuploid
peaks when the samples were rerun (Results). Cases with
unimodal G1 peaks and high coefficients of variation that
could not be resolved into separate G1 peaks were treated
as indistinguishable from diploid by flow cytometry in
this study.

Determination of the fraction of cells in S phase. The
fraction of cells in S phase was calculated by the computer-
automated method of Jett (17) in the absence of aneuploidy.
In cases where a satisfactory computer fit could not be ob-
tained, and in cases containing overlapping diploid and
aneuploid populations, a graphical method developed in our
laboratory was used. This graphical method has been shown

I Abbreviation used in this paper: CLL, chronic lymphotic
leukemia.
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to give S fraction values that are comparable to the Jett
method in cases where both methods could be applied wvith-
out difficulty. In diploid-aneuploid mixtures that could be
resolved either graphically or by dual parameter analysis, S
fractions were reported separately for each subpopulation.
When a mixtture could not be resolved, the S fraction was
calculated for the combined population.

Dual parameter studies. Dual parameter flow cytometry
studies were performed on each sample. Coulter volume and
DNAcontent were measured for each cell, and the data were
stored in the computer cell-by-cell for subsequent analysis.

Coulter voltume measurements on ethanol-fixed cells re-
quired higher Coulter currents and higher amplifier gain set-
tings than for unfixed cells. In the present studies electronic
cell volume measurements were obtained at a current of 1 mA,
using a Coulter-type orifice 77 ,um Diam. Amplifier gain settinigs
were held constant at a level that was determined on multiple
runs to produce values of 35-40 for the mean Coulter volume
channel for normal lymphocytes. However, no attempt was
made to use the mean Coulter volume of normal lympho-
cytes as a strict reference standard for each individual
clinical sample run. We have reported previously that the
Coulter current may degrade the fluorescence signal in
dual parameter studies, especially at high amperage and low
sample stream flow rates; this effect could be minimized
by increasing sample flow rate (18). The dual parameter
studies reported here were performed at high sample flow
rates, and the Coulter current effects were found to be minimal
in nearly all cases. Still, coefficients of variation of the DNA
content measurement were often 1-2% higher in the dual
parameter studies than in the single parameter studies. Be-
cause of this, single parameter DNA content studies were
used for the identification and (quantitation of aneuploidy
and for the S fraction calculation, and dual parameter studies
were performed separately on each sample to resolve diploid-
aneuploid mixtures and to examine kinetic subpopulations
within individual samples.

In samples containing diploid and aneuploid cell popula-
tions with overlapping DNA histograms, dual parameter
studies were helpful in separating the populations on the
basis of differences in Coulter volume. Using computer pro-
grams developed by Dr. Gary Salzman (available upon
request) at Los Alamos Scientific Laboratory, separate data
files for the diploid and aneuploid populations could be gener-
ated and each could be analyzed separately, as described
in Results. The same computer programs were used to sub-
divide individual samples into kinetic subpopulations by G,
Coulter volume. The rationale for this approach is de-
scribed elsewhere in detail (19, 20). The procedure for sub-
dividing individual samples into component subpopulations
is described in Results.

RESULTS

The detection of aneuploidy by flotV cytometry.
Aneuploidy was found in 11 cases, as shown in Table
I. 50% (5/10) of the large B cell lymphomas, 25%
(4/16) of the small B cell lymphomas, and 17% (2/12)
of the T cell lymphomas were aneuploid. The number
of cases is small, however, and the differences are not
statistically significant (P > 0.10). Hyperdiploid cells
were always admixed with diploid cells in varying pro-
portions in the clinical samples. The hyperdiploid cell
populations were frequently larger than the admixed
diploid cells. In six cases, it was possible to separate

the data on the hyperdiploid cells from the diploid
cell data on the basis of systematic cell size differences
and analyze both sets of data separately.

In one case, a hypodiploid cell population was found
admixed with a diploid cell line. The hypodiploid
cells differed in size from the diploid cells, and the
data for the two poptulations were separated and
analyzed individually.

When data on mixed diploid-aneuploid samples
could be resolved into their diploid and aneuploid
components, the aneuploid component was taken to
represent the lymphoma cell population, since
aneuploidy is a reliable marker for identifying neo-
plastic cells in this setting. The separated aneuploid
cases are identified by asterisks in subse(quent figures.
However, the diploid cells constituted the major com-
ponent of the sample in most cases and, in all likeli-
hood, many of these diploid cells were also neoplastic.

In these studies, the coefficient of variation of the G,
peak measurement for normal lymphocytes generally
ranged between 3 and 4%. In several lymphoma
samples with unimodal diploid G, peaks, higher coef-
ficients of variation were observed. In four cases, the
coefficient of variation exceeded 4.5% and also ex-
ceeded the coefficient of variation obtained with con-
comitantly analyzed normal lymphocytes by more than
20%. In each of these four cases, a distinct second
GC peak, whose modal value was 4-6% above the
diploid G, peak, was identified when the samples were
rerun under carefully optimized conditions. These
minimally aneuploid G, peaks were shown to be
present in multiple runs of each sample. In each of
these four samples, the aneuploid cell component did
not differ sufficiently in Coulter volume from the
diploid cell component for the two to be analyzed
separately.

When there is a single unimodal diploid GC peak,
a high coefficient of variation may still indicate the
presence of a neoplastic population, as suggested by
Barlogie et al. (21) and Diamond and Braylan (22).
However, staining artifacts can also produce high
coefficients of variation. Since such artifacts may not
affect lymphoma cells and reference cells in identical
fashion, a comparison with reference cells, either
separately or in cell mixing studies, cannot be relied
on to eliminate this source of error. Therefore, in this
study, samples with single unimodal diploid G, peaks
and high coefficients of variation were considered in-
distinguishable from diploid by flow cytometry.

Coulter volume studies. All lymphomas exhibit
cytomorphologic heterogeneity to a greater or lesser
degree. The large cell lymphomas contain large cells in
abundance; large cells are also present in the small
cell lymphomas, but their frequency is low.

Differences in mean Coulter volume among the lym-
phomas could be due to intrinsic cell size differences

Dual Parameter Lymphoma Studies 1283



TABLE I
Aneuploidy in Relation to Histologic Diagnosis in the Lymphomas

Cytologic type of malignant lymphoma
Ploidy

No. of cases Specimen source Lukes and Collins Rappaport index*

B cell lymphomas
Large B cell lymphomas

1

1

1

1

1

1

1

1

1

1

Small B cell lymphomas
1

1

1

1

1

3

1

1

1

1

Soft tissue

Lymph node

Lymph node

Lymph node

Lymph node

Lymph node

Lymph node

Lymph node

Lymph node

Spleen

Lymph node

Spleen

Lymph node

Soft tissue

Lymph node

Spleen

Lymph node

Spleen

Lymph node

Lymph node

Lymph node

Immunoblastic
sarcoma

Large noncleaved
FCC, diffuse

Large noncleaved
FCC, diffuse

Large noncleaved
FCC, diffuse

Small noncleaved
FCC, diffuse

Small noncleaved
FCC, diffuse

Large noncleaved
FCC, follicular

Immunoblastic
sarcoma

Large noncleaved
FCC, diffuse

Large noncleaved
FCC, diffuse

Small cleaved
FCC, follicular

Small cleaved
FCC, follicular

Small cleaved
FCC, follicular

Small cleaved
FCC, follicular

Small cleaved
FCC follicular

Small cleaved
FCC, diffuse

Small cleaved
FCC, follicular

Small cleaved
FCC, follicular

Small cleaved
FCC, diffuse

Large cleaved
FCC, follicular

Large cleaved
FCC, diffuse

Diffuse histiocytic

Diffuse histiocytic

Diffuse histiocytic

Diffuse histiocytic

Diffuse undiffer-
entiated

Diffuse undiffer-
entiated

Nodular histiocytic

Diffuse histiocytic

Diffuse histiocytic

Diffuse histiocytic

Nodular poorly
differentiated

Nodular poorly
differentiated

Nodular poorly
differentiated

Nodular poorly
differentiated

Nodular mixed

Diffuse poorly
differentiated

Nodular poorly
differentiated

Nodular poorly
differentiated

Diffuse poorly
differentiated

Nodular poorly
differentiated

Diffuse poorly
differentiated

+ 10%

+ 13%

-5%

+6%

+4%

Diploid

Diploid

Diploid

Diploid

Diploid

+ 15%

+77%

+5%

+5%

Diploid

Diploid

Diploid

Diploid

Diploid

Diploid

Diploid



TABLE I (Continued)

Cytologic type of malignant lymphoma
Ploidy

No. of cases Specimen source Lukes and Collinis Rappaport index.

1

1

CLL
1

9

T cell lymphomas and thymomas
1

1

1

1

1

Soft tissue

Peripheral blood

Spleen

Peripheral blood

Pleural fluid

Spleen

Pleural fluid

Peripheral blood

Bone marrow

Lymph node

Peripheral blood

Lymph node

Peripheral blood

Peripheral blood

1

1

1

1

3

Large cleaved
FCC, follicular

Aggressive CLL

Nodular histiocytic

CLL

CLL

CLL

Convoluted T cell
lymphoma

Convoluted T cell
lymphoma

Convoluted T cell
lymphoma

Convoluted T cell
lymphoma/leukemia

Convoluted T cell
lymphoma/leukemia

Small lymphocytic
T cell lymphoma

C (T cell) LL

Acute lymphocytic
leukemia

Diffuse poorly differ-
entiated lymphoma

Diffuse poorly differ-
entiated lymphoma

Diffuse poorly differ-
entiated lvmphoma

Acute lymphocytic
leukemia

Diffuse well differ-
entiated lymphocytic
lymphoma

CLL

Thymoma

Thymoma

Sezary syndromiie

Hodgkin's disease
2

2

1

1

1

Hairy cell leukemia
2

1

Histologic subtype

Spleen

Lymph node

Lymph node

Lymph node

Spleen

Spleen

Peripheral blood

Lymphocyte depleted Hodgkin's disease

Mixed cellularity Hodgkin's disease

Lymphocyte predominance Hodgkin's disease

Nodular sclerosing Hodgkin's disease

Nodular sclerosing Hodgkin's disease

Hairy cell leukemia

Hairy cell leukemia

Nonlymphomatous states
3

1

1

1

Lymph node

Lymph node

Spleen

Spleen

Reactive follicular hyperplasia

Reactive follicular and interfollicular hyperplasia

Granulomatous process

Reactive hyperplasia

* Ploidy index is defined as 100 x sample mean [or modal] G1 channel
external reference mean G1 channel

t FCC, follicular center cell.

Diploid

Diploid

Diploid
Diploid

+62%

+12%

Diploid

Diploid

Diploid

Diploid

Diploid
Diploid
Diploid
Diploid

Diploid
Diploid
Diploid
Diploid
Diploid

Diploid
Diploid

Diploid
Diploid
Diploid
Diploid



that are unrelated to cell position in the cell cycle. On
the other hand, it is possible that different lymphomas
may have comparable G1 cell Coulter volumes but may
differ in overall population mean Coulter volume be-
cause of differing proportions of larger S and G2 cells.
In the examples shown in Fig. 2, it is apparent that
both factors may be important. In case A (Fig. 2A,
and 2A2), the exclusion of a relatively large fraction
of non-GC cells reduced mean population Coulter
volume by -15%. In case B (Fig. 2B, and 2B2), the
fraction of non-GC cells is (uite small, and its contribu-
tion to the Coulter volume distribution is negligible.
However, the mean Coulter volume of the GC cells in
case A is still 20% greater than the mean Coulter
volume of GC cells in case B, indicating that there are
also intrinsic size differences between the two samples
that are unrelated to cell position in the prolifera-
tive cycle.

As these two cases show, intrinsic differences in cell
size among the lymphomas can be assessed separately
from cell cycle position-dependent differences in cell
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FIGURE 2 (A) Comparison of the relative contributions to the
observed Coulter volume distribution of intrinsic GC cell
Coulter volume and the presence of larger S and G2 cells in
two cases. (A,) The DNAcontent distribution in A exhibits a
large fraction of non-G, cells (unshaded region). The G1 cell
population (shaded region) includes some cells in early S
due to overlap of G, and S regions. Debris and cell frag-
ments in the pre-G1 region are excluded from the analysis. (A2)
For case A, the mean (MG,) of the Coulter volume distribu-
tion of the G, cells (shaded region) is in channel 52. The mean
(MTotal) of the total cell population is in channel 61. Non-
G1 cells (unshaded region) are found throughout the distribu-
tion, but are the predominant component among the large
cells. (B,) Case B is composed almost entirely of G1 cells
(shaded region). (B2) In case B, the Coulter volume distribu-
tion of the G, cells (shaded region) represents nearly all of the
cells. The contribution of the non-G, cells is negligible, so that
MG, is in channel 43 and MTotal is in channel 44. Note that
MG, for case A is higher than MG, for case B. For discussion
see text.

size by comparing the Coulter volume distributions of
the G1 cells only among different samples. The results
are shown in Fig. 3. Overall, the G1 cells in the large B
cell lymphomas were larger than the G1 cells of the
small B cell lymphomas, and these, in turn, were larger
than the G1 cells in CLL. There was considerable
overlap in G1 cell Coulter volumes among the groups,
but the differences among the means for the B cell
groups (including CLL) were statistically significant
(P < 0.05). The mean Coulter volume of G1 lymphocytes
from reactive lymph nodes and from lymph nodes with
Hodgkin's disease were indistinguishable from those
of normal lymphocytes circulating in the peripheral
blood. The G1 cells of hairy cell leukemia were
larger than those of normal lymphocytes, but the
number of cases was too small for statistical evalua-
tion. Overall, the flow cytometric measurements of
Coulter volume were in general agreement with
qualitative observations by light microscopy, and
with the Coulter volume studies of Braylan et al. in
the lymphomas (22, 23).

The separation of data in diploid-aneuploid cell
mixtures. The separation of the diploid and aneu-
ploid cell population data by means of dual parameter
analysis is exemplified by the case shown in Fig. 4.
The DNAcontent distribution is shown separately in
Fig. 4A. There is a diploid GC peak, a hyperdiploid
G, peak, overlapping diploid and aneuploid S regions,
a tetraploid G2Mpeak, and a hypertetraploid G2Mpeak.
The Coulter volume distribution is shown separately
in Fig. 4B. There are at least two populations whose
Coulter volumes overlap. The bivariate distribution,
illustrated in Fig. 4C, shows that all of the aneuploid
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FIGURE 3 Mean Coulter volume channel number of GC cells
for various lymphoid cell populations. Asterisks identify
aneuploid component of separated diploid-aneuploid mix-
tures. Group means shown by horizontal bars. Large B cell
lymphomas, mean G, channel number 50±4 (SE); small B cell
lymphomas, 40.6±+1.41; CLL, 30.5+1.5; T cell lymphomas,
42+1.6; hairy cell leukemia, 48±5.8; Hodgkin's disease,
37.7-+1 .5; reactive nodes, 37.5 +1.6, normal lymphocytes,
39.3±0.5. For discussion, see text.
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FIGURE 4 Single and dual parameter studies in a lymphoma
sample containing a mixture of diploid and aneuploid cells.
(A) The DNAcontent distribution. (B) The Coulter volume
distribution. (C) Bivariate distribution of Coulter volume and
DNAcontent. (D) Contour map of the bivariate distribution,
consisting of multiple horizontal slices through the surface
shown in A, viewed from above. 2N and 4N lines represent
diploid and tetraploid reference lines, respectively. For
discussion, see text.

cells are much larger than all of the diploid cells at
every stage of the cell cycle. This is made clear in Fig.
4D, which is a contour map of the surface in Fig. 4C.
The contour map shows a diploid GC "spot" connected
to a tetraploid G2Mspot by a bridge in the S region,
and a separate spot of large hyperdiploid cells, con-
nected by a bridge of large aneuploid S cells to a dif-
fuse spot of very large hypertetraploid cells.

With the aid of the computer, it was possible to en-
close the diploid and hyperdiploid populations within
separate bounded regions (shaded areas, Figs. 5A, and
5A2). The data on cells falling within each region were
stored in separate files (Figs. 5B1, and 5B2) that could
then be analyzed individually. The relative contribu-
tions of the separated cell populations to the original
mixture are shown in Fig. 6. It is apparent that the popu-
lation mixture was comprised largely of diploid cells
(Fig. 6A2) with small Coulter volumes (Fig. 6B2).
Those diploid cells found in later stages of the cell cycle
were larger, producing the tail of the shaded region in
Fig. 6A2. The aneuploid cells were a minor com-
ponent of the mixture (Fig. 6B3) but made up the
majority of the large cells in the Coulter volume dis-
tribution (Fig. 6A3).

In 7 of the 11 cases exhibiting aneuploidy, the aneu-
ploid component was separable from the diploid com-
ponent. Among the large B cell lymphomas with
separable aneuploid populations, the aneuploid cell
fraction in each sample ranged from 27 to 54% of the
total; in the two small B cell lymphomas and in the

DNACONTENT

Al

B, B2

FIGURE 5 The separation of diploid and aneuploid com-
ponents from a mixture by dual parameter analysis. (Al)
Computer-assisted enclosure of smaller diploid population
within a bounded region (shaded area). (A2) Computer-
assisted enclosure of larger aneuploid population within a
separate bounded region (shaded area). (B, and B2) Contour
maps of separate files of the small diploid and large aneuploid
populations, respectively.

T cell lymphoma with separable aneuploid popula-
tions, the aneuploid cell fraction in each sample
ranged between 10 and 12% of the total.

The fraction of cells in S and its relation to popula-
tion mean Coulter volume. The fraction of cells in S
for the various groups are shown in Fig. 7. The highest
S fractions were found among the large B cell lym-
phomas; the differences in S fraction between the large
and small B cell lymphomas were statistically sig-
nificant (P < 0.01).

In six of the seven cases with separable diploid
and aneuploid components, the S fraction of the
aneuploid cell population was higher than the S frac-
tion of the diploid cell population in the same sample,
with a mean of 0.16+0.04 (SE) for the aneuploid
component and a mean of 0.08+0.2 for the diploid
component. The differences in S fraction between the
aneuploid and diploid component in each sample were
statistically significant (P < 0.05).

The mean S fraction of the diploid cells in the
separable diploid-aneuploid mixed samples was higher
than that of lymphocytes in non-neoplastic reactive
lymph nodes (Fig. 7). The difference was not statistically
significant.

The diploid cell component of the lymphomatous
nodes may have consisted of normal host lymphocytes
that were stimulated to proliferate rapidly in the
presence of the aneuploid lymphoma cells, or they
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FIGURE 6 The relative contributions of the small diploid and large aneuploid populations shown
in Fig. 5 to the overall Coulter volume and DNAcontent distributions. (Al) The combined Coulter
volume distribution. (B,) The combined DNAcontent distribution. (A2) The contribution of the
small diploid population (shaded region) to the combined Coulter volume distribution. (B2) The
contribution of the small diploid population to the combined DNAcontent distribution. There is still
some residual contamination by aneuploid cells, as evidenced by the small shoulder on the de-
scending limb of the GI peak. (A3) The contribution of the large aneuploid population to the com-
bined Coulter volume distribution. (B3) The contribution of the aneuploid population to the DNA
content distribution. Note that there is still some residual contamination by diploid cells, as evi-
denced by the more gradual upstroke of the ascending limb of the G, peak. For further discussion,
see text.

may have contained separate neoplastic stem lines with
DNA contents indistinguishable from the normal
diploid by flow cytometry. The latter possibility is the
more likely, because histologically each of these nodes
was largely replaced by neoplastic cells.

*.

-41 t
SL

LARGE SMALL CLL T CELL HAIRY HODG0IN'S NON- DIPLOID CELLS NORMAL
B CELL B CELL LYMPHOMAS CELL DISEASE NEOPLASTIC IN LYMPHOMALYMPHOCYTES

LYMPHOMASLYMPHOMAS LEUKEMIA REACTIVE REARINGNODES PERIPHERAL
LYMPH DOO0
NOIES

FIGURE 7 The fraction of cells in S for different groups of
lymphoid cell populations. Asterisks identify the aneuploid
component in separated diploid-aneuploid mixtures. Hori-
zontal bars represent group means. Large B cell lymphomas,
mean S fraction 0.13±0.04 (SE); small B cell lymphoma,
0.025+0.006; CLL, 0.008+0.001; T cell lymphomas,
0.06±0.02; hairy cell leukemia, 0.02+0.008; Hodgkin's
disease, 0.027+0.007; reactive lymph nodes, 0.07+0.02;
diploid cells in lymphomatous nodes, 0.08+0.02; normal
lymphocytes, <0.005. For discussion, see text.
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FIGURE 8 B cell lymphomas. The relative contribution of
mean G, Coulter volume and of the Coulter volumes of larger S
cells to overall population mean Coulter volume among the B
cell lymphomas. Ordinate: mean G1S Coulter volume channel
number. Abscissa: mean Coulter volume channel number of
G, cells only. The added contribution to mean Coulter
volume of cells in S would elevate the position of a given
sample point above the diagonal labeled zero. *, Large B cell
lymphomas; O, small B cell lymphomas; 0, CLL.
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To assess the relative contribution of large S cells to
the overall Coulter volume distribution in the B cell
lymphomas, the mean Coulter volume of G1 + S cells
is plotted against the mean Coulter volume of the G,
cells alone for each sample in Fig. 8. It is apparent
that the observed differences in mean Coulter volume
among the lymnphomas are attributiable largely to dif-
ferences in the Coulter volumes of the G1 cells. The
contribution of S cells to the overall population Coulter
volume distribution was relatively small in all cases.
The inclusion of S cells did not increase mean popula-
tion Coulter volume by more than 10% in any sample,
and then only among the large B cell lymphomas.

It is apparent from Fig. 9 that there is a correla-
tion between mean G1 Coulter volume and S fraction
among the B cell lymphomas. Five of six B cell
lym11phominCas with mean GC Coulter volume channel
numbers >50 had S fractions >0.08. None of the
cases with mean GC Coulter volume channel numbers
<50 had S fractions >0.08. The correlation coefficient
between mean G, Coulter volume and the logarithm
of the S fraction in the B cell lymphomas was 0.55.
This correlation underscores the relationship between
large cell size and rapid growth rate in the B cell
lymphomas.

In contrast, there is no apparent correlation be-
tween mean GC Coulter volume and the S fraction
among the T cell lymphomas.

Anialysis of kinetic subpopulations within inidividual
sanlmies. The samiie techni(lue of computer-
implemiiented data sorting that was used to separate
the data of diploid cells from aneuploid cells in
diploid-aneuploid mixtures could also be use(d to
examine kinetic subpopulations of uniform ploidy
within individual samples. In order to perform such
analyses, we relied on the principle illustrated in Fig.
1 that proliferating cells move along diagonal pathways
on the bivariate Coulter volume-DNA content plane.
That is, it was assumed that the small G, cells in-
crease in size as they proceed through the cell cycle
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FIGURE 9 The relatioIn betwveen miean G, Couilter volume
and friaetion of ceils in S among the B cell lymphomas (A),
and amiionig the T cell lnmphomas (B) For discussion, see
text.

to produce the small G2 cells of the population (cut
1, Fig. 10A2); similarly, it was assumed that the large
GC cells increase in size as they progress through the
cycle to produce the large G2 cells (cut 6, Fig. 1bA2).
Frames B2-B7 in Fig. 10 confirm that the range of
Coulter volumes increases progressively with suc-
cessive cuts. Frames C2-C7 in Fig. 10 show that the
fraction of cells in S increases progressively in cuts
with progressively larger GC Coulter volumes.

When this diagonal strip analysis technique was ap-
plied to the reactive lymph node samples in our series,
it was apparent that the subpopulations with the largest
mean GC Coulter volumes within each lymph node
also had the highest S fractions, as shown in Fig. 11.
These findings essentially confirm the experimental
observations that the large lymphoid cells in the dark
zone of the normal lymph node germinal center exhibit
a higher [3H]thymidine pulse labeling index than the
smaller lymphocytes found in the light zone (8).

The same fundamental relationship between mean
GC Coulter volume and fraction of cells in S was found
to hold true for cell subpopulations within each sample
in all of the lymphoma samples that could be sub-
jected to the diagonal strip analysis technique. The
results are shown in Fig. 12. The data for the case il-
lustrated in Fig. 10 are represented by the dotted line
in Fig. 12A. Similar results were obtained in the other
large B cell lymphomas (Fig. 12A), in the T-cell
lymphomas (Fig. 12B), in the small B cell lymphomas
(Fig. 12C), and in Hodgkin's disease (Fig. 12D).

In each of the cases shown in Figs. 11 and 12, the
angles for the strips were determined from the slope of
the line connecting the high point of the GC peak with
the high point of the G2 peak of the bivariate distribu-
tion. When the G2 peak was very low or diffuse, the
slope of the ridge of cells in S was used. The effects of
varying the angle of the strips were examined sepa-
rately in each case. Over a range of angles spanning
-40-80 degrees with respect to the Coulter volume
axis, there were only minor changes in the S fractions
in individual strips, and the relationship of increasing
S fraction with increasing G1 Coulter volume was al-
ways preserved. Thus, in each clinical sample, the fre-
quency of large cells in S was high in relation to the
overall frequency of large cells, and the frequency of
small cells in S was low in relation to the overall
frequency of small cells, regardless of how the data
were partitioned, within reasonable bounds. The ad-
vantage of using narrow diagonal strips to partition the
data is that this techni(lue is based on sound biological
principles (Fig. 1 and associated discussion); this tech-
niqlue demonstrates the gradual nature of the chainge in
S fraction with changing G, Coulter volume.

Thus, the correlation between mean GC cell Coulter
volume and S fraction holds not only among different
B cell lymphoma samples, but among different kinetic
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FIGURE 10 The partition of an aneuploid population that is homogeneous with respect to ploidy
into kinetic subpopulations by G, Coulter volume. (A1) A contour mapof the bivariate distribution
ofthe overall aneuploid population, as in Fig. 5B2. (B1) The Coulter volume distribution ofthe over-
all aneuploid population, as in Fig. 6A3. The modal channel is 64. (C1) The DNAcontent distribu-
tion of the overall aneuploid population, as in Fig. 6B3. The fraction of cells in S is 0.27. (A2) The
partition of the population by diagonal cuts or strips (for explanation, see text). (B2-B7) The modal
channel for G1 cells (MC) increased from 53 in cut 1 to 95 in cut 6. (C2-C7) The fraction of cells in S
increased progressively from 0.16 in cut 1 to 0.40 in cut 6.

subpopulations within each sample. It is of interest
that this correlation is demonstrable among subpopula-
tions within each T cell lymphoma sample, but not
among different T-cell lymphomas (Fig. 9).

DISCUSSION

The present studies demonstrate that multiparameter
flow cytometry can be used to perform quantitative
histopathologic analyses in human lymphomas. Paired
cell-by-cell measurements of Coulter volume and DNA

content can be used to separate aneuploid cell data
from diploid cell data in diploid-aneuploid cell
population mixtures.

Populations that are homogeneous with respect to
ploidy by flow cytometry still exhibit a considerable
degree of heterogeneity with respect to cell Coulter
volume. It is clear that there are correlations be-
tween Coulter volume and cell DNAcontent that are
valid both among tumor samples and among sub-
populations within individual tumor samples. Prin-
ciples that govern the dynamic behavior of proliferat-
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FIGURE 11 The relation between mean G, Coulter volume
and the fraction of cells in S in cell subpopulations, ob-
tained by the diagonal strip method shown in Fig. 10, within
individual samples of non-neoplastic reactive lymph nodes.
Each curve represents a separate sample. The points on each
curve represent data from consecutive diagonal strips within
each sample. Fraction of cells in S for each strip is plotted
on the ordinate against mean G, Coulter volume channel
number on the abscissa.

ing cell populations in general, and the growth
behavior of cells of the reticuloendothelial system in
particular, can be brought to bear to understand
these relationships.

The microarchitectural organization of mammalian
tissues into separate regions of rapid and slow cell
proliferation, with cell migration from the former to the
latter over the course of time is well documented in
a variety of normal tissues (24-37) and in experimental
tumors (38). In the normal lymphoid germinal center
and in the normal bone marrow, cell migration and
growth retardation are accompanied by a clearly
demonstrable morphologic transition from large to
small cell size. Similar differences in the prolifera-
tive rates of large and small malignant cells have
been found repeatedly both in human leukemia (39-
43) and in experimental mouse lymphoma/leukemia
(44, 45). In several studies, the transition from rapidly
proliferating large leukemic cells to slowly proliferat-
ing or nonproliferating small leukemic cells has been
documented (40-42, 44, 45).

The studies reported here suggest that the short-term
cytomorphologic transitions that accompany growth
retardation in the normal lymphoid germinal center
and bone marrow and in the leukemias may also oc-
cur in human lymphomas under near steady-state
conditions.

Our findings in the lymphomas are consistent with
the model shown in Fig. 13. The model consists of the
following elements: (a) It is assumed that most rapidly
proliferating cells in the population are also the largest
cells in the population (Fig. 13, top row). This would
account for the observations that within a given lym-
phoma sample, the subpopulation with the largest G,
Coulter volume has the largest fraction of S associated

0.6

0.5

0.4

U) 0.3
z

-J

(0 1
ILw

o 00

0.3 r C

02

a1

LARGE B CELL LYMPHOMAS

20 40 60 80

SMALL B CELL LYMPHOMAS

0 20 40 60 80

T CELL LYMPHOMAS

B

20 40 60 80 100 120

HODGKIN'S DISEASE

D

0 20 40 60 80 100 120
MEANG1 COULTERVOLUME

FIGURE 12 The relation between mean G1 Coulter volume
and the fraction of cells in S in cell subpopulations, ob-
tained by the diagonal strip method shown in Fig. 10, within
individual samples of lymphoma. Each curve represents a
separate sample. The points on each curve represent data
from consecutive diagonal strips within each sample. Frac-
tion of cells in S is plotted on the ordinate against mean
G,. Coulter volume for each strip is plotted on the ordinate
against mean G1 Coulter volume channel number on the
abscissa. (A) Large B cell lymphomas. (B) T cell lymphomas.
(C) Small B cell lymphomas. (D) Hodgkin's disease.

with it, and lymphomas that consist predominantly of
large cells have both large G, cells and high S frac-
tions. (b) All cells increase in size as they progress
through the cell cycle. Cells that remain members of
the same cell cycle time class from one generation to
the next will, on the average, double in size between
divisions, and halve their size at mitosis. To account for
the observed relation between mean GC Coulter
volume and the fraction of cells in S among subpopula-
tions within individual samples, we assume that cells
that undergo growth retardation, i.e., lengthening of
cell cycle time, do not quite double in size between
divisions. Their GC progeny will be smaller than GI
cells that did not undergo growth retardation. (c) To
account for the heterogeneity in GC Coulter volumes
that is observed in each sample, we assume that cells
that have spiralled into a longer cell cycle time class
can either remain members of that cell cycle time class
or they can spiral into still longer cycles. Although it is
possible for some slowly proliferating cells to shorten
their cell cycle time under steady-state growth condi-
tions, the net flow of cells must be from shorter to
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FIGURE 13 The schematic representation of a model for the
kinetic and cytomorphologic heterogeneity in the lymphomas.
For discussion, see text.

longer cycles. Otherwise, the most rapidly proliferat-
ing cells would quickly overgrow all others, and every
lymphoma would consist of large cells only. (d) The
overall distribution of cell sizes and the overall fraction
of cells in S in a given sample would depend to a large
extent on the relative abundance of rapidly proliferat-
ing and slowly proliferating cells, particularly in the B
cell lymphomas. B cell lymphomas in which slowly
proliferating cells predominate would consist mainly
of small cells. Because the portions of long cycles that
are devoted to active DNA synthesis would be
relatively small, few of these slowly proliferating cells
are likely to be engaged in active DNAsynthesis at
any given time, and nearly all of the cells would
have the Coulter volumes and DNAcontent of small
GC cells; that is, these cells would exhibit both
morphologic features and DNAcontent distributions
that are characteristic of mature lymphocytes. If there
is a separate and distinct Go state, then the Go cells
are likely to be found in this cell subpopulation and
would have to be distinguished from it.

In the T cell lymphomas, although the relationship
between proliferative rate and GC cell size is preserved
within individual samples, it would appear that there
are other factors in addition to proliferative rate that
affect the range of cell sizes that might be observed
within and among different samples.

The model shown in Fig. 13 is valid only for popula-
tions that are homogeneous with respect to ploidy. In
diploid-aneuploid mixtures, the model can be applied
to each component separately.

The model is useful in that it organizes and integrates
a variety of different and seemingly disparate observa-
tions. The model provides for both cell cycle posi-
tion-dependent cell size correlations and proliferation
rate-dependent correlations with G1 cell size among
tumors (Figs. 2 and 8), but assigns major importance

to the latter (Fig. 8). At the same time, the model
provides for a correlation between G, cell size and the
fraction of cells in S among different samples (Fig. 9)
and among cell subpopulations within individual
samples (Figs. 11 and 12).

The model also provides a rational framework,
based on cell proliferative behavior, for the histo-
pathologic classification of the lymphomas, particularly
those of the B-cell series. A rapidly proliferating large
B-cell lymphoma with a high S fraction (upper cell
cycle time distribution curve, left panel, Fig. 13) might
be labeled an immunoblastic sarcoma according to the
Lukes and Collins classification, or a histiocytic
lymphoma in the Rappaport classification. A more
slowly proliferating B cell lymphoma (middle cell
cycle time distribution, left panel, Fig. 13) might be
labeled a small cleaved cell lymphoma in the Lukes
and Collins classification or a poorly differentiated
lymphoma in the Rappaport classification. The model
focuses on the proliferative processes that underlie
the diagnostic labels. It provides the conceptual tools
for dealing with quantitative aspects of heterogeneity
in growth behavior and cytomorphology within and
among the lymphomas.

This model also has its limitations. Braylan et al.
(23) have reported that Burkitt lymphomas exhibit
much higher S fractions than histiocytic lymphomas,
but lower modal Coulter volumes and/or coefficients
of variation of cell size. Thus, one cannot simply
equate large cell size with rapid cell proliferation and
small cell size with slow proliferation. Other cyto-
morphologic features, such as nuclear cleavage and
nuclear convolution may be related to cell proliferative
rate in ways that are not accounted for by the present
model. The relations between tissue microarchitecture
(e.g., nodularity vs. diffuseness, the presence or ab-
sence of sclerosis) and population proliferation charac-
teristics are also not considered within the context of
the cytomorphologic model.

Finally, the model shown in Fig. 13 is most ap-
propriate for describing the proliferative behavior of
established lymphomas under stable steady-state or
slowly changing growth conditions. Under these condi-
tions, the growth retardation of rapidly proliferating
cells would account for the fact that kinetic and
morphologic heterogeneity are maintained in in-
dividual tumors over the course of time.

The process of malignant transformation itself, and
transformations over the long term from small cell to
large cell lymphomas may be described more aptly
by models involving clonal selection and clonal
evolution (46, 47). In recent cytogenetic studies
employing chromosomal banding techniques, the
prevalence of karyotypic abnormalities in the lym-
phomas has been found to approach 100% (48-55).

Modal chromosome numbers commonly fall within
the near diploid range, especially in the small cell
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lymphomas (54). In all likelihood then, the cases of B
and T cell lymphoma that we reported as diploid by
flow cytometry (Table I) contained cytogenetically ab-
normal stem lines that could not be distinguished from
diploid reference cells in our studies. Furthermore,
since all of the samples that we studied consisted of
tissue that was largely replaced by neoplastic cells by
histologic criteria, it is likely that these cytogenetically
abnormal cells were a prominent cell component. The
same considerations apply to the seemingly diploid
cell component in the samples that exhibited mixed
ploidy in our study. Presumably, many of these
"diploid" cells were minimally aneuploid as well.

Although flow cytometry is not as sensitive as
chromosomal banding methods in detecting cyto-
genetic abnormalities, it does offer certain other
advantages. When populations of mixed ploidy can be
demonstrated by flow cytometry, and when the com-
ponent populations are separable, it is possible to
determine the proportion of each component in the
mixture and to study its proliferative characteristics
separately.

Our findings indicate that the large cell lymphomas
often consist of mixtures which include populations
of large markedly aneuploid cells with high prolifera-
tive rates. These cell populations constitute a larger
fraction of the total sample in the large cell lym-
phomas than in the small cell lymphomas. It is com-
mon to observe the transformation of small cell lym-
phomas to large cell lymphomas in individual patients
over the course of time (56-58). These observations
can be explained either in terms of clonal selection
or on the basis of clonal evolution, whereby an under-
lying acquired genetic variability permits the sequen-
tial selection of progressively more malignant cell
sublines (46, 47). Clonal evolution has been demon-
strated in other hematologic malignancies (59-61). It
may be possible to study these processes in detail in
future studies of the lymphomas by carrying out serial
dual parameter flow cytometry studies in conjunction
with cytogenetic studies in individual patients.
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