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Cellular and nuclear size heterogeneity are fre-
quently observed in non-Hodgkin's lymphomas,
yet the biological basis of this morphologic vari-
ability is not well understood. The possible rela-
tionship between cell size and cell cycle activity in
malignant lymphomas was investigated using mul-
tiparameterflow cytometry and digital image anal-
ysis. Flow cytometric analysis often cases ofB cell
lymphoma revealed that, regardless of the diagno-
sis or the proportion of large cells present, large
neoplastic cells showed a much greaterproportion
ofS + G2/Mphase activity (mean, 35.2%; range,
14.6% to 70.5%) than didsmall cells (mean, 4.49%;
range, 0.5% to 18.4%). Further studies aimed at
distinguishing the features of cycling and noncy-
cling cells were performed using quantitative im-
age analysis ofnuclear staining by Ki-67 antibody.
In both benign and malignant lymphoid infiltrates,
resting (Ki-67-negative) nuclei were uniformly
smaller than Ki-67-positive nuclei and exhibited a
restricted size distribution, whereas the Ki-67-posi-
tive nuclei had a broad size distribution and in-
cluded the vast majority of large forms. Thus, the
actively cycling component ofthe tumor consisted
of cells with large nuclei. These studies support the
hypothesis that cellular and nuclear size heteroge-
neity in malignant lymphomas is related to cell cy-
clephase. The combined influences ofcell differen-
tiation and proliferation on cellular morphology
can explain many of the histologic features ob-
served in non-Hodgkin's lymphomas. (AmJPathol
1989, 135:759-770)

Morphologic heterogeneity is a commonly observed fea-
ture in non-Hodgkin's lymphomas, in that most histologic
types consist of variable mixtures of small, intermediate,

and large lymphoid cells. Indeed, the relative proportion
of small and large lymphoid cells is a major diagnostic
criterion used in histologic classification.'`4 Although be-
nign T cells are a significant proportion of the small lym-
phoid cells seen in B cell neoplasms5 and may contribute
to the heterogeneous appearance of these tumors, we
and others6 7 showed that in most cases the malignant B
cells are included among both large and small lymphoid
forms. Despite the presence of intratumor morphologic
heterogeneity, most lymphomas are monoclonal by DNA
hybridization studies6 and are phenotypically uniform de-
spite the presence of significant intratumor morphologic
heterogeneity.9 '0 Therefore, tumor multiclonality or intra-
tumor differentiation cannot explain the range of morphol-
ogies observed within lymphomatous infiltrates.

Certain aspects of the normal lymphocyte cell cycle
may provide a better explanation for the morphologic vari-
ability seen in malignant lymphomas. It has long been
known that the induction of proliferative activity in normal
lymphocytes is accompanied by marked morphologic
changes, including increased cell and nuclear size.1" It is
reasonable to assume, therefore, that malignant lymphoid
cells undergo similar size changes with cell cycle activity.
Asynchronous growth in a lymphoma, therefore, would
be expected to result in a morphologically heterogeneous
population of cells. Although it has often been assumed or
suggested that large malignant lymphoid cells represent
"transformed" or actively proliferating cells,2,12'"3 there
has been no direct proof of this assertion. The studies
described in this article were undertaken to provide direct
evidence for a relationship between morphology and cell
cycle activity in malignant lymphomas. Multiparameter
flow cytometric and quantitative digital imaging tech-
niques demonstrated a definite correlation between cell
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size and cell cycle activity in non-Hodgkin's lymphomas,
as well as in benign reactive states. We hope these find-
ings will provide a biological basis for understanding
much of the morphologic heterogeneity and diversity
seen in the non-Hodgkin's lymphomas.

Materials and Methods

Tissues

Fresh human tissues were obtained from lymph node bi-
opsies from adult patients suspected of having malignant
lymphoma, and were prepared for study without knowl-
edge of diagnosis. Studies performed on cases not con-

firmed as either non-Hodgkin's lymphoma or benign reac-

tive hyperplasia were later excluded from the study. The
diagnoses were confirmed by standard histology, em-

ploying the Rappaport system for classification of the
non-Hodgkin's lymphomas.1' 4 Routine phenotyping was

performed on cryostat sections of snap-frozen tissue by
standard immunocytochemical methods (see below). All
tissues were obtained with approval of the Human Sub-
jects Committee of Brigham and Women's Hospital.

Specimen Preparation

Single cell suspensions were prepared by teasing tissues
with forceps in Hanks' balanced salt solution (HBSS;
Gibco Laboratories, Grand Island, NY) containing 0.2%
bovine serum albumin (BSA; Sigma Chemical Co., St.
Louis, MO). Viable cells were obtained after centrifugation
over Ficoll-Paque (Pharmacia Fine Chemicals, Piscata-
way, NJ), suspended in tissue culture medium consisting
of RPMI 1640, 10% fetal calf serum, HEPES buffer, 2 mM
L-glutamine, 100 U/mI penicillin, and 50 U/ml streptomy-
cin (Gibco) at 2 X 106 cells/ml, and subjected to 1 hour of
incubation in tissue culture flasks (75 cm2, Corning Glass
Works, Corning, NY) at 37 C in an atmosphere of 5%
CO2. The nonadherent cells were decanted and kept at
4 C until further preparation.

In a separate series of cases in which cell suspensions
were not prepared, cytologic smears were obtained from
fresh lymph node biopsy specimens by scraping the
freshly cut surface with the edge of a glass slide and
smearing the tissue on a second clean glass slide in a

manner similar to that used in the preparation of peripheral
blood smears. The smears were air dried and stored for
subsequent immunocytochemical studies. One slide was
routinely fixed in methanol and stained with Wright-
Giemsa to confirm the cellular composition of the smear

and its adequacy for study. Again, as for cases studied
in suspension, the final diagnosis and phenotype were

confirmed by standard histologic and immunocytochemi-
cal methods.

Cell Labeling in Suspension

Nonadherent lymphoid cells were studied on the same
day to determine the basic phenotype of the tumor (B
or T cell), as well as the light chain type. Staining was
performed by adding 5 ul of either heteroantiserum or
monoclonal antibody to a pellet of 0.5 to 1.0 X 106 cells
followed by washing in ice-cold phosphate-buffered sa-
line and incubation with 5-,ul fluoresceinated secondary
staining reagent.14 After several washes, the cells were
kept at 4 C and immediately studied by flow cytometry
(see below). Controls consisted of cells stained with the
secondary reagents alone. T and B cells were quantitated
using anti-Leu-4 (CD3, Becton Dickinson, Mountain View,
CA) and Bi antibodies (CD20; Coulter Immunology, Hia-
leah, FL), respectively. Light chains were labeled with
(Fab')2 fragments of rabbit antibodies to human kappa
and lambda light chains (Accurate Chemical and Scien-
tific Corp., San Diego, CA). Secondary staining was
achieved using fluoresceinated goat antibody to mouse
immunoglobulin (Cappel Laboratories, West Chester, PA)
and fluoresceinated goat antibody to rabbit IgG (Cappel
Laboratories, West Chester, PA) for mouse monoclonal
antibodies and rabbit antisera, respectively.

Double labeling for DNA content and surface markers
was performed by a modification of the method describe
by Braylan et al,15 as previously described.14 Briefly, cells
that had been surface labeled as described above were
fixed in 50% ice-cold ethanol (by slowly adding an equal
volume of absolute ethanol to the cell suspension) for 1
hour at 4 C, washed three times with HBSS containing
0.2% BSA, and treated with ribonuclease A (500 U/ml,
Sigma) for 30 minutes at room temperature. This was fol-
lowed by staining with 50 ,ul/ml propidium iodide (Sigma)
for at least 30 minutes at room temperature before anal-
ysis.

Flow Cytometric Analysis

Analysis of suspended cells was performed on a FACS
Analyzer equipped with Consort 30 software (Becton
Dickinson). This flow cytometer, which employs a mer-
cury arc lamp as the light source, was used with appropri-
ate combinations of filters to simultaneously measure
emission from fluorescein (525/20 bandpass) and propid-
ium iodide (570 longpass). Cell size was determined by
electronic volume. The freshly stained, unfixed surface-
labeled cells were first immediately studied using single-
parameter flow cytometric analysis for the presence of
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surface light chain, as well as for staining with Bi and anti-
Leu-4 antibodies. Cases were selected for further study
only if a definite monotypic staining pattern for one light
chain type (kappa or lambda) was observed, or if most
cells stained with Bi antibody (to identify surface light
chain-negative malignant B cells or benign polyclonal B
cells in reactive lymph nodes). Dual color analysis was
performed on cells subsequently double labeled for sur-
face marker and DNA content by collecting list mode data
on a minimum of 10,000 cells, with volume gates set to
include both large and small lymphocytes, excluding de-
bris and cell clumps. List mode data was analyzed using
Consort 30 software, at which time it was possible to cor-
relate any two parameters under a variety of gating condi-
tions. Two-parameter correlated data were displayed as
contour plots, with DNA content shown as red fluores-
cence in the Y axis (linear scale), and either cell volume
or green fluorescence in the X axis (log scale). Initial gates
were selected to exclude light chain-negative cells or non-
B cells, and volume gates were selected from a single-
parameter display of the volume distribution to selectively
examine the DNA content of small and large cells. A sin-
gle-parameter DNA histogram of the total cell population
was displayed to set markers to allow the quantitation of
GO, S, and G2/M phases of the cell cycle. These phases
were used to quantitate subsequently the cell cycle
phases of populations of gated cells selected on the basis
of size. Because ethanol-fixed cells displayed a lower
electronic volume than cells fixed in paraformaldehyde,
the volume distribution of nonadherent peripheral blood
mononuclear cells was used as a standard to distinguish
large and small lymphocytes. Volume gates were set so
that small cells corresponded to cell sizes that included
at least 95% of peripheral blood lymphocytes. The co-
efficients of variation (CVs) of the GO/Gl peaks of large
and small cells did not differ significantly in any of the
cases (mean CVs, 6.5% and 6.2%, respectively). Also,
there were no differences with regard to the modal value
of the GO/Gl peaks of large and small cells in individual
cases.

Immunocytochemistry

Air-dried smears from lymph nodes were fixed in ice-cold
1% paraformaldehyde (in phosphate-buffered saline) for
6 minutes and washed in 0.05 M Tris buffer (pH 7.6) con-
taining 4% swine serum (Gibco) at 4 C. Ki-67 antibody
(Dako Corp., Santa Barbara, CA) was prepared as a 1:15
dilution in 0.10 M Tris buffer (pH 7.6), containing 4% swine
serum, and added to the slide surface. After incubating
for 1 hour in a moist chamber at room temperature, the
slides were rinsed for at least 15 minutes in several
changes of Tris buffer containing 2% swine serum. Slides

were then incubated with peroxidase-conjugated goat an-
tibody to mouse immunoglobulin (Tago, Burlingame, CA)
for 1 hour, washed in Tris buffer, and incubated with per-
oxidase-conjugated swine antibody to goat immunoglob-
ulin (Tago) for 1 hour. After washing in Tris buffer, staining
was achieved using 3-3'-diaminobenzidine tetrahydro-
chloride (Aldrich Chemical Co., Milwaukee, WI) as chro-
magen. Sections were counter-stained with methyl green
and mounted. Controls consisted of smears incubated in
buffer not containing the primary antibody. Staining was
performed on air-dried smears stored no longer than 48
hours, because longer storage resulted in markedly re-
duced staining intensity. Immunophenotyping of cryostat
sections of lymph nodes was performed by standard im-
munoperoxidase methods.16

Quantitative Image Analysis of Ki-67 Staining

Quantitative image analysis was performed using the
CAS 100 System (Cell Analysis Systems, Lombard, IL).
This microscope-based image analyzer employs a solid
state video camera mounted on a light microscope, with
image data transmitted to and stored in an IBM AT com-
puter equipped with a digital imaging board.17 Analog
video signals were digitalized and stored as 256 X 256
pixels containing 8 bits of intensity values, sufficient for
256 levels of grey determination. Digitalized light intensity
values were converted to optical density by means of a
calibrated input look-up table. Thus, the image memory
contained values for optical density for each pixel in the
field. Smears on glass slides stained with Ki-67 antibody
were viewed using a green (540/10 nm bandpass) filter,
which markedly increased the contrast between posi-
tively stained (brown) and negative nuclei (green). Micro-
scopic fields containing nonoverlapping cells with uniform
distribution were selected for quantitation. All measure-
ments were performed using the Cell Measurement Pro-
gram provided with the CAS 100 System. After capturing
an image of a 400X microscopic field (40/0.63 objective,
1OX ocular), the object detection threshold was set to
include both positive and negative nuclei. As the system
automatically located nuclei, the operator (DW) assigned
nuclei to one of two groups, either Ki-67 positive or nega-
tive. Quantitative measurements were automatically per-
formed on assignment of each nucleus, including nuclear
area (12) and average nuclear optical density. In both
groups 100 to 200 nuclei were measured in each case.
On completion of the measurements, a histogram com-
paring the average optical densities of the Ki-67 negative
and positive groups was displayed to insure adequate op-
erator distinction between the groups and to detect possi-
ble errors in assignment. Histograms of nuclear area distri-
bution were then displayed and recorded. Statistical mea-
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Figure 1. Dual labelflow cytometry. TwoDUL DHL cases of non-Hodgkin's lymphoma are
shown, dual labeledfor DNA content and
a cell surface marker. DNA content is dis-
played on the vertical axis (red fluores-

_-~ >: _,* cence, linear scale) and the surface im-
3 - Gp/M munofluorescence is shown on the hori-

zontal axis (greenfluorescence, log scale).jr S.1ii : . t D 8^R)On the left, a case ofdiffuse undifferenti-
ated lymphoma (DUL), known to be mono-

Go/GI ~ X _ F _typic for kappa light chain; all of the SGu/Gi 5 _|S4+ G2/M phase DNA content is associated
with the kappa-positive cells. The back-
ground cells (low greenfluorescence) con-

111'-§- 1 1 1,, g,,,,,,,,,,, *I ,,1,,_,,,1wW 11 1111 11111 sist ofdiploid cells with negligible S+ G2/
Mphase activity. Separate studies revealed

Kappa 8 these background cells to consist mainly of
T cells (not shown). On the right is a case
of diffuse "histiocytic" (large cell) lym-

phoma, with the tumor cells identified by virtue oftheir stainingfor B1 antigen (CD20). The Bl-positive tumor cells have aneuploid
(hyperdiploid) DNA content, revealed by the position of the G0/G1 peak of the Bl-positive cells at a slightly higher level of red
fluorescence (DNA content) compared with that of the Bl-negative (nontumor) cells. Note that the S + G2/M phase activity is
associated with both Bl-positive and negative populations in this case.

surements of nuclear size distribution were performed
using Statgraphics (Plus*Ware, STSC Inc., Rockville, MD)
on data files downloaded in DIF format to an IBM AT com-
puter.

Results

Flow Cytometric Studies

To study the relationship between cell size and cell cycle
activity in non-Hodgkin's lymphoma, multiparameter flow
cytometry was used to specifically identify the cell popula-
tion of interest and to examine the cell cycle activity of
small and large lymphoid cells within that specific cell pop-
ulation. The suspended cells were first labeled with a flu-
oresceinated antibody against a surface marker that
would identify the cells in the population of interest: light
chain-positive cells (kappa or lambda) in cases of B cell
lymphoma, or Bi (CD20)-positive cells in B cell lympho-
mas lacking light chain or polyclonal B cells in reactive
nodes (see Materials and Methods). The cells were addi-
tionally labeled with propidium iodide to allow quantitation
of the DNA content of each cell. The primary goal of this

double labeling technique was to exclude irrelevant cells
(mostly benign T cells) from the analysis. Because only
cases of B cell lymphoma were studied, B cells from reac-
tive lymph nodes appeared to be the most appropriate
control cell population to study.

Examples of double labeled cells from two cases of
non-Hodgkin's lymphoma are shown in Figure 1. Green
fluorescence is shown in the X axis (surface label), DNA
content is displayed in the Y axis (linear scale), and the
isocontours indicate cell number (Z axis). In the first case,
that of a diffuse undifferentiated lymphoma known to be
positive for kappa light chain, the lymphoma cells were
identified by kappa-positive staining. The background
(non-B) cells in this and most other cases consisted pre-
dominantly of CD4-positive T cells (not shown). Figure 1
shows that virtually all the cell cycle (S and G2/M phase)
activity was associated with the lymphoma cells. The
background cells (kappa-negative cells) contributed little
to the overall proliferative content of the lymphoid infiltrate.
Note also that the tumor appears euploid, in that the back-
ground (T) cells and the lymphoma cells had identical GO/
Gl DNA content. In the second case, a large cell lym-
phoma, the tumor cells lacked surface light chain, but
could be identified by staining with Bi antibody (con-

I]gal ~~ILL

IC,

-.
c3k

X 1

X0 DHL

m

Vo/ume

Figure 2. Dualparameter correlated histo-
grams: DNA content vs. cell volume. Two
cases are shown in which the lymphoma
cells are specifically examined by selective
gating. The vertical dotted line in each his-
togram indicates the separation of small
and large cell subsets. The two cases repre-
sent lymphomas of predominantly small
lymphocytes (ILL, intermediate lympho-
cytic lymphoma) and large lymphocytes
(DHL, diffuse histiocytic lymphoma). Note
that, although the proportion of large cells
is markedly different in each case, the S
+ G2/Mphase activity in both cases is asso-
ciated with the large cell fraction (to the
right ofthe dotted line).
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Figure 3. DNA histograms of small and
large lymphoma cells from a case of dif-
fuse undifferentiated lymphoma. Vertical
markers show the separation between the
cell cycle phases. Note that the large cell
population shows a much greater propor-
tion ofcells in the S and G2/Mphases ofthe
cell cycle.

firmed by immunocytochemical studies). The lymphoma
cells were aneuploid, having a slightly greater DNA con-
tent than the background cells, which confirmed the iden-
tification of the malignant cells in the Bi -positive popula-
tion. In this case, proliferative activity was present among
both the tumor cells and the background cells.

Using the above method to identify the tumor cells,
selective gating on these cells was applied to examine
the relationship between cell size and cell cycle activity.
Two-parameter correlated histograms of DNA content
and cell size are shown for two cases in Figure 2. Cells
having GO/Gl phase DNA content were included among
both the small and large lymphoma cells. Although these
cases differed markedly in the proportion of large lym-
phoma cells present, the proliferative (S and G2/M phase)
activity in both cases was associated with the large cell
fraction. Figure 3 shows the DNA histograms of small and

Figure 4. Cases studied byflow cytometry.
WDLL, well differentiated lymphocytic
lymphoma; PDLL, poorly differentiated
lymphocytic lymphoma; ILL, intermediate
lymphocytic lymphoma; MLH, mixed lym-
phocytic-histioctic lymphoma; HL, histio-
cytic lymphoma; DUL, diffuse undifferen-
tiated lymphoma; N, nodular; D, diffuse.
Cases are listed in approximate order of
grade, from low (WDLL) to high (DUL).

100

DNA

Large Cells

100 200

DNA

large cells from a single case, a highly proliferative un-
differentiated lymphoma. In this case, the larger cell popu-
lation was comprised of cells predominantly in the S or
G2/M phases of the cycle (70.5%), whereas small cells
were mainly in the GO/Gl phase (81.6%).

The cases studied by flow cytometry are listed in Fig-
ure 4, including ten cases of non-Hodgkin's lymphoma
and two benign reactive lymph nodes (follicular hyperpla-
sia). The diagnostic classification and phenotype of each
case are shown. The lymphomas were of various histo-
logic types, including low-, intermediate, and high-grade
tumors, and are listed in order of grade. All the lymphoma
cases studied were of B cell type, with tumor cells identi-
fied either by light chain staining or Bi positivity. For each
case, the percentage of large cells among the lymphoma
cells is indicated, as well as the proliferative activity (S
+ G2/M phase content) of the total cell population and

% Tumor % Large
No. Diagnosis Cells Tumor Cells

I WDLL 79.0 18.4 j
E Total Cells

2 PDLL (N+D) 88.2 1 3.4 a Tumor Cells

3 ILL 75.3 30.9

4 I LL 56.2 29.3

5 MLH (N+D) 43.3 16.8

6 MLH (N+D) 50.9* 18.8

7 HL (N) 41.0 29.6

8 HL(D) 60.9* 34.3 _

9 HL (D) 60.0* 93.2
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I WDLL 14.6 Large Cells

2 PDL,N+Da2.9

3 ILL - 15.5

4 I LL _2&6

5 MLH,N+D

6 MLH, N+Di

7 HL,N ji
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8 HL, D

HL,D il24.6
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11 FH

12 FH
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Figure 5. S + G2/Mphase DNA content oflarge and small cell
populations. In each case, the lymphoma cells were selectively
gated, using either light chain type or thepresence ofan aneu-
ploidpopulation in addition to a B cell marker (CD20). In the
two reactive cases (FH, follicular hyperplasia), B cells (CD20-
positive) were specifically examined. These cases correspond
to those shown in Figure 4.

the tumor cells. Note that there is great variation among
the cases with regard to the percentage of total cells iden-
tified as tumor cells, which ranged from 41.0% to 88.2%.
In general, the more aggressive histologic types had a
greater proportion of large tumor cells and a greater prolif-
erative component. It should also be noted that some tu-
mors contained similar proportions of large cells (eg,
cases 1 and 6), yet differed significantly with regard to
proliferative content. It can be seen that the overall (total
cell) proliferation was slightly lower than that measured
specifically among the tumor cells, as the nontumor cells
demonstrated little or no proliferation. The benign B cells
in follicular hyperplasia showed significant proliferation, as
expected. Figure 5 compares the S + G2/M phase con-
tent of the small and large tumor cells (or reactive B cells)
in each case. In every case, large cells showed a much
higher proportion of S + G2/M phase activity (mean,
35.2%; range, 14.6% to 70.5%) than did small lymphoma
cells (mean, 4.4%; range, 0.5% to 18.4%).

Quantitative Image Analysis of Ki-67 Staining

Although the previous analysis showed that S + G2/M
phase activity is relatively restricted to the large lymphoid
cells, both large and small cell fractions exhibited a sig-
nificant proportion of cells in the GO/Gl phase. Because
GO phase cells are in the resting state, whereas Gl phase
cells represent a cycling population, it is important to dis-
tinguish these stages of the cell cycle. If the original hy-
pothesis were true, ie, that cell and nuclear size an directly
related to cell cycle activity, then the small lymphoid cells
should exist mainly in the resting (GO) state and the large
cells in Gl phase and beyond. Resting and cycling cells
can be distinguished on the basis of nuclear staining with
the monoclonal antibody Ki-67. This antibody binds to a
nuclear antigen that is expressed during Gl phase and is
expressed throughout the cycle, but is absent in noncy-
cling (resting) cell nuclei.18 Preliminary studies showed
that Ki-67 staining was best demonstrated by immunoper-
oxidase staining of tissue smear preparations (Figure 6).
This preparative technique was ideally suited to quantita-
tive digital microscopy, which was employed to correlate
Ki-67 staining with nuclear size.

A separate series of cases was collected prospec-
tively for the purpose of image analysis of nuclear staining
with K-67 antibody, including non-Hodgkin's lymphomas
and benign reactive nodes (follicular hyperplasia). As
shown in Figure 7, it was relatively easy for the operator
to distinguish stained and unstained nuclei on the video
screen of the image analyzer (CAS 100 System). As nu-
clei were assigned to Ki-67-positive and negative groups,
the size (nuclear area) and average optical density of the
nuclei were automatically recorded, and could be dis-
played as frequency histograms. The accuracy of group
assignments was validated by viewing histograms of the
nuclear optical densities (not shown). As shown in Figure
8, a characteristic pattern in the histograms of nuclear size
distributions emerged that was independent of the diag-
nosis. Ki-67-negative nuclei in each case were relatively
small and included a narrow range of sizes. Ki-67-positive
nuclei, on the other hand, included a broad range of
nuclear sizes, usually larger than Ki-67-negative nuclei,
but including a minor population of nuclei of relatively
small size. Large nuclei were uniformly Ki-67-positive. The
data for all the cases studied (15 cases of B cell lym-
phoma and five cases of benign follicular hyperplasia) are
shown in Figure 9. On average, Ki-67-positive nuclei were
1.95 times the size (area) of Ki-67-negative nuclei, and
included a far greater range of nuclear sizes (as indicated
by greater standard deviations). The one exception is the
first case, a well-differentiated lymphocytic lymphoma that
contained negligible large cells in the infiltrate. Thus, in all
cases, the resting (GO phase) lymphocytes were re-
stricted to a population having small nuclei, whereas ac-

L---.L-

170.5
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Figure 6. Immunoperoxidase staining ofa cell smearpreparation with Ki-67 antibody. Ki-67-positive nucleifrom a reactive lymph
node are identified by thepresence ofdiffuse or globular staining. Note the variable sizes ofthe Ki-67-positive nuclei (Methyl green
counterstain, X400).

Figure 7. Computer monitor image of cell smearpreparation stained with Ki-67 antibody. Selective ligbt.filtration emphasizes the
positive staining reaction (same case as in Figure 6), and Ki-67-positive nuclei are easily identified (three positive nuclei in this
field). (Methyl green counterstain, X400 microscopic magnification, CAS-lOC System captured image).
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Figure 8. Nuclear area histograms of three representative
cases. Ki-67-negative nuclei have a restricted size distribution,
with a relatively small nuclear area. The Ki-67-positive nuclei
exhibit a broad size distribution, most being larger than K-67-
negative nuclei, but including a smallfraction having a rela-
tively small nuclear area. Note that regardless ofthe diagnosis,
the histograms appear similar (FH, follicular hyperplasia; PDL,
poorly differentiated lymphoma; N, nodular; HL, histiocytic
lymphoma; D, diffuse.

tively cycling cells (Ki-67 positive) demonstrated a spec-
trum of nuclear sizes; a minor population had small nuclei
and almost all forms had large nuclei.

Discussion

Morphologic heterogeneity, particularly nuclear and cell

size variation, is commonly observed in non-Hodgkin's

lymphomas, and forms the basis for most currently used
classification systems.1-4 Of the lymphomas believed to
be of follicular center cell origin, the main difference
among the histologic subtypes is the relative proportions
of large and small lymphoid cells.1' 2 Although it has been
frequently stated that the large malignant lymphoid cells
represent a "blastic" or "transformed" component of the
neoplasm, there exists surprisingly little direct evidence to
support this assertion. In both the Kiel classification sys-

tem and that of Lukes and Collins, it was hypothesized
that the morphologic features of the malignant cells paral-
leled the transformation events seen among normal lym-
phoid cells in situ.23 This idea was supported by the dis-
covery that the neoplastic cells in most large cell lympho-
mas are of lymphoid, rather than true histiocytic, origin.19

There is a great deal of indirect evidence that cellular
size, nuclear size, or both are related to proliferative activ-
ity in non-Hodgkin's lymphomas. The morphologic fea-
tures of the large cells (ie, enlarged nuclei, diffuse chroma-
tin, and prominent nucleoli) are features long known to be
associated with blastic transformation of small lympho-
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Figure 9. Nuclear size distributions of cases ofnon-Hodgkin 's
lymphoma andfollicular hyperplasia (FH). The mean and 1
SD ofthe nuclearsize (area) distributions ofKi-67-positive and
negative nuclei in each case. Note that in each case (except
thefirst) thepositive nuclei have a greater mean size andshow
a broader distribution than Ki-67-negative nuclei. WDLL, well
differentiated lymphocytic lymphoma; CLL, chronic lympho-
cytic leukemia; PDL, poorly differentiated lymphoma; N, nodu-
lar; D, diJjuse; ML-H, mixed lymphocytic-histiocytic lymphoma,
FH, follicular hyperplasia.
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MMKi-67 Positive
(mean± SD.)
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cytes in response to plant lectins.11 Within normal germi-
nal centers, the proliferative (or "dark") zone contains
predominantly larger centroblasts and is the site of most
of the proliferative activity in the follicle, whereas the
"light" zone contains predominantly nonproliferating
small centrocytes.20'21 In well-differentiated lymphocytic
lymphoma and tissues involved by chronic lymphocytic
leukemia, scattered proliferative zones are often seen,
which are conspicuous by virtue of the presence of large
transformed lymphocytes.322 In follicular center cell Iym-
phomas, morphologic transformation to large cell types is
accompanied by more rapid tumor growth, greater mitotic
activity, and a worsened clinical course.23'24

These kinds of observations led Taylor to propose a
decade ago that morphologic classification of lymphomas
is mainly related to the extent of cell cycle activity among
the neoplastic cells.25 However, in more recent years a
large body of knowledge has accumulated concerning
the phenotypic features of both benign and malignant
lymphocytes. The concept has been developed that ma-
lignant lymphomas represent clonal proliferations of lym-
phocytes that are "frozen" at certain levels of differentia-
tion,26 and attempts have been made to correlate Iym-
phoma classification with states of normal lymphocyte
maturation.10 This approach has provided great insight
into both normal and neoplastic lymphocyte differentia-
tion, as illustrated by our improved understanding of the
relationship between the diversity of phenotypes seen in
acute lymphoblastic leukemia and stages of early B cell
development.27 However, in neoplasms of more mature B
and T cells, phenotypic abnormalities are not uncommon,
and it is not always possible to correlate the lymphoma
phenotype with known normal lymphoid subsets.92829
Also, this attempt to relate lymphoma classification with
specific stages of lymphocyte differentiation largely ig-
nores other aspects of lymphocyte biology, such as acti-
vation and proliferation.

Cellular and nuclear size changes during the cell cycle
are characteristic of normal lymphocyte proliferation. In
vitro studies showed that increased cell size is one of the
earliest features seen after stimulation of small resting B
cells.31 Size increase appears to be a marker for entry
of cells into the Gl phase of the cycle from the resting
(GO) state, and lymphoid cells continue to increase in size
throughout the cycle before mitosis.32 In general, the at-
tainment of a critical cellular mass is believed to be an
important factor for commitment of mammalian cells to
DNA replication.33 Using flow cytometric analysis, several
earlier studies have noted an association between in-
creased cell/nuclear size and the greater S phase activity
in non-Hodgkin's lymphomas.734 Shakney et al35 found
that increased S phase activity is associated with lympho-
mas of large cell type, and the authors proposed that the
small cell size of indolent lymphomas reflects their slow

proliferation rate. In further flow cytometric studies,36 they
showed that in individual cases of lymphoma, large neo-
plastic cells have a higher S phase fraction than small
cells, and suggested that the large neoplastic cells repre-
sent a more rapidly proliferating population of tumor cells.
Others7'3738 noted the relationship between histologic
grade and the extent of S phase activity, with large cell
lymphomas typically exhibiting greater S phase content
than small cell types. Braylan et a139 noted the presence
of increased DNA content (aneuploidy) among the large
cells in many cases of lymphomas, and suggested that
there is a correlation between cell size and genomic con-
tent.

My main goal in this study was to provide direct evi-
dence for the relationship between cell size and cell cycle
activity in non-Hodgkin's lymphoma. Multiparameter flow
cytometry provides a means for correlating multiple fea-
tures among large numbers of cells, and provides the ad-
vantage of selective "gating" of cell populations based
on specific markers or other measurements. Initially, it
was particularly desirable to exclude nonmalignant lym-
phoid cells from analysis, which was accomplished by se-
lecting cells on the basis of light chain type or the pres-
ence of a B cells marker (CD20). As Braylan et a139 and
Kruth et al40 have previously shown, gated analysis of the
malignant cells provides a more accurate measurement
of S phase activity in B cell lymphomas, as nonproliferat-
ing T cells may be a significant portion of the total cell
population. Cell size gates were additionally chosen to
divide the selected cells into two groups ("large" and
"small") based on the size distribution of normal lympho-
cytes, although cell size distribution is not clearly bimodal
in most lymphomas.6'7'3 In each case examined, as well
as in benign reactive lymph nodes, the large lymphoid
cells showed a much higher proportion of S + G2/M
phase activity than did the small cells. This finding is con-
sistent with the idea that the large lymphoid cells repre-
sent the actively proliferating component of the neo-
plasm.

In some cases, such as that illustrated in Figure 3,
some S phase activity is seen among the small lymphoid
cells. Such a finding was probably due to imprecise selec-
tion of cell size gates, as well as to the continuous nature
of cellular changes that occur as cells progress through
the cell cycle. Thus, the gates should probably be thought
of as "enriching" for large or small cells, rather than as
representing a precise selection of cell populations. More
important, although the flow cytometric studies revealed
a significant content of GO/Gl phase cells among both
the large and small cell populations, it was not possible to
distinguish resting (GO phase) and cycling (Gl phase)
cells by this method. One would predict that the large lym-
phoid cells with diploid DNA represent cells in Gl phase,
whereas small diploid cells are in the resting phase. Other
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parameters, such as RNA and total protein content, have
been used to distinguish GO and Gl phases by flow cy-
tometry41'42; however, preliminary experiments failed to
provide satisfactory separation of these phases, and a
different approach became necessary.

Ki-67 mouse monoclonal antibody recognizes a
nuclear antigen expressed in human cells during Gl, S,
G2, and M phases of the cell cycle, but not in the resting
(GO) phase.18'43 Thus, this antigen may serve as a marker
that distinguishes resting cells from those that have en-
tered the cell cycle. Preliminary experiments determined
that nuclear staining with Ki-67 antibody was ideally suited
to quantitative image analysis using the CAS 100 Sys-
tem.17 Although nuclear area rather than total cell size was
evaluated by this method, such a study appeared relevant
to the issues raised by the flow cytometry studies for two
reasons: (1) The distribution of nuclear sizes plays an im-
portant role in lymphoma classification, and (2) Nuclear
size, as well as total cell size, is known to increase during
the cell cycle.424445 Indeed, studies on mitogen-stimu-
lated lymphocytes showed that there is a marked in-
crease in nuclear volume that precedes the onset of S
phase, occurring predominantly in the Gl phase.46 Due
to variation in the preparation of smears, nuclear size dis-
tributions of Ki-67-positive and negative nuclei were com-
pared in individual cases; data from all cases were not
grouped. One disadvantage of the method used in this
study is that benign and malignant cells within the infiltrate
cannot be distinguished. However, the flow cytometric
studies indicated that benign and malignant lymphoid
cells show similar relationships between cell size and cell
cycle activity. In addition, benign control cases were stud-
ied as well as lymphomas, and differences in the features
of benign and malignant cell proliferation would have be-
come apparent. The results for benign lymphoid hyperpla-
sias and for each case of malignant lymphoma, regard-
less of histologic type, were identical: Ki-67-negative cells
made up a population having small nuclei with a restricted
size distribution, whereas Ki-67-positive nuclei were ap-
proximately twice as large (in average area) and included
a wide spectrum of sizes. It can be concluded that lym-
phoid cells with large nuclei represent cycling cells that
have at least entered the Gl phase of the cell cycle. Thus,
the large dipoid cells observed in the flow cytometry stud-
ies most likely represent G1 phase cells.

Unexpectedly, a minor proportion of cells having small
nuclei were Ki-67-positive. It is possible that a minor frac-
tion of small cells were immediately postmitotic, and
briefly retained the Ki-67 antigen while entering the resting
state. However, in vitro studies on fetal lung cells showed
that Ki-67 staining disappears shortly after metaphase,47
and is not present in resting cells. Studies of lymphocyte
proliferation are typically based on in vitro methods, and
it is possible that features of in vivo lymphocyte prolifera-

tion are somewhat different. Dardick et al48 showed that in
vivo stimulation of mouse splenic lymphocytes introduced
into the peritoneal cavity fails to produce cells having mor-
phologic features of germinal center cells, indicating that
some aspects of proliferation may be microenvironment
specific. The significance of the presence of cells having
small Ki-67-positive nuclei cannot be easily explained until
more is known about the molecular biology of the Ki-67
antigen and the process of lymphocyte proliferation in
situ.

Taylor25 stated that the ". . observed differences in
morphologic features between the various lymphomas
are dependent not so much on their being composed of
cells of different origin, for they are not, but rather on the
cell cycle phase of the predominant cell." Although cellu-
lar differentiation certainly plays a role in determining the
morphology of malignant lymphoma cells, cell prolifera-
tion undoubtedly is an important determinant of tumor
morphology, classification, and prognosis. These studies
demonstrate the intimate relationship between morphol-
ogy and cell cycle activity in malignant lymphomas, and
provide a biologic explanation for many of the histologic
features observed in these neoplasms.
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