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Lymphocytes can become neoplastic at any stage of
their development. When the neoplastic change occurs
early on in their ontogeny, they act aggressively, produc-
ing a disease designated as lymphoblastic leukemia, invad-
ing the marrow, the blood, and sometimes, solid tissues
(the latter are called lymphoblastic lymphomas). The an-
tigen profile of these neoplastic cells recapitulates that of
lymphoid precursors. When the oncogenic change takes
place after lymphocytes have acquired maturation, the
neoplastic progeny exhibit the phenotype of adult ele-
ments. If these more differentiated lymphocytes infiltrate
lymph nodes or other lymphoid tissues or organs, we use
the term lymphoma. When mature neoplastic lympho-
cytes circulate in the blood, they usually produce indolent
ailments, generally designated as chronic lymphoprolifera-
tive disorders (CLPD). Differences between lymphomas
and CLPD are not always distinct, since malignant lympho-
cytes may simultaneously involve tissues and blood. The
term myeloma applies to systemic neoplasias of the bone
marrow that are composed of plasma cells, the latest stage
in the life of the B-lymphocyte.

The nomenclature of lymphoid neoplasias has evolved
over time and this process is certain to continue, as new
biological advances are made. Until recently, characteriza-
tion of the lymphomas and lymphoproliferative disorders
was largely descriptive and based exclusively on micro-
scopic observations. While useful, this approach is very
limited, since the identity of neoplastic cells cannot al-
ways be established, nor can their clonal nature be recog-
nized. Descriptive terms, such as large or small, follicular
or diffuse, granular, intravascular, anaplastic, plasmacytic,
etc., which were prevalent in earlier classifications, are
still being used to characterize malignant lymphoid cells,
even in modern taxonomies, like the World Health Orga-
nization (WHO) classification (1). However, this classifi-
cation scheme now incorporates more meaningful biolog-
ical properties for their category definitions, including
extensive descriptions of the immunophenotype of the
neoplastic cells.

Flow cytometry (FCM) has been used in the analysis of
human lymphomas since the late 1970s. The earlier stud-
ies focused mainly on the measurement of cell cycle
phases and ploidy, exploiting the simplicity of measuring

DNA content by this technology. In the 1980s, we wit-
nessed a rapid increase in the use of FCM analysis of
lymphoid tumors, as the understanding of the biology of
the immune cells became much clearer and the produc-
tion of specific markers such as monoclonal antibodies
expanded rapidly. Today, FCM analysis is an accepted and
essential medical practice in the clinical evaluation of
lymphoid neoplasia. This technology assists in the diagno-
sis and characterization of lymphomas and CLPD, and in
the detection of low-level disease. In patients with plasma
cell dyscrasias, FCM is playing an ever-growing role, pro-
viding diagnostic support and prognostic information.

WHAT MAKES FCM A UNIQUE METHOD OF
ANALYSIS FOR NEOPLASTIC LYMPHOID CELLS?
FCM offers important advantages over competing labo-

ratory technologies in the detection of lymphoid and
plasma cell neoplasias. In addition to being a fast proce-
dure, FCM: 1) can analyze a broader array of antigens than
those detectable by conventional, fixed tissue-based im-
munohistology (IH); 2) allows a clear-cut correlation of
multiple measurements (antigen expressions, DNA con-
tent, light scatter) in individual cells; 3) has the ability to
quantitate both population frequencies and level of anti-
gen expression in individual cells; and 4) facilitates the
analysis of cells within discrete subpopulations defined
and selected (gated) based on other parameters.

The above are unique properties of FCM that can be
extremely helpful in the recognition and characterization
of lymphoid and plasma cell neoplasias, even when cor-
responding tissue sections or other morphologic prepara-
tions are not available. The following are some examples:

Demonstration of Aberrant Phenotypes

The cell lineage of lymphoid populations can easily be
established by FCM, even in heterogeneous samples. In
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addition, FCM can determine the level of expression and
coexpression of multiple antigens on individual cells. Ab-
normal overexpression, underexpression, or coexpres-
sion of cell antigens represent some of the aberrant phe-
notypes that are commonly observed in lymphoid and
plasma cell neoplasias, and are helpful for their diagnosis
and classification.

Assessment of B-cell Clonality

In normal lymph nodes or peripheral blood, virtually
every B-cell expresses cell surface light-chain immuno-
globulins, and the fraction of kappa to lambda immuno-
globulin-expressing B-cells is approximately 1.5. The lack
of expression of surface immunoglobulins in mature B-
cells, or a significant increase or decrease in this normal
ratio (light chain restriction), supports the presence of a
monoclonal B-cell population. Immunohistochemistry
does not usually provide a clear evidence of surface light-
chain restriction due to the large amount of background
immunoglobulin in the interstitial spaces of tissues, which
obscures the relatively weak monoclonal immunoglobu-
lins on the surface of B-cells. The cell isolation and wash-
ing required for the FCM analysis allows an unambiguous
assessment of the expression of cell surface immunoglob-
ulin in most instances. The presence of a monoclonal
B-cell population, particularly when it is associated with
changes in light scatter signals and/or additional abnor-
malities of antigen expression, is a characteristic feature of
mature B-cell neoplasias. This “B-cell clonal expansion”
assessment has been one of the most valuable contribu-
tions of FCM. Considering the additional information that
one gains by simultaneously evaluating the coexpression
of other antigens on the clonal B-cells, this analysis re-
mains unmatched by any other existing laboratory tech-
nique.

Assessment of T-cell Clonality

In contrast to the straightforward B-cell clonality deter-
mination based on single immunoglobulin light chain ex-
pression, clonality assessment of T-cells is not possible
with FCM using conventional marker analysis. Molecular
analysis of T-cell receptor (TCR) gene rearrangements is
indicated in cases of suspected T-cell malignancy to deter-
mine the clonal status of the T-cells. However, many
antibodies against V domains of TCR�� molecules have
been developed, and it is now possible to recognize ap-
proximately 70% of all individual V� domains. Thus, FCM
analysis of the V� repertoire of TCR�� molecules may be
useful in the detection of T-cell clonality, since T-cell
clonal expansions are expected to express a single V�
domain. In fact, reference values on healthy controls and
numerous studies demonstrating the feasibility of this ap-
proach in the detection of T-cell lymphoproliferative pro-
cesses have already been published (2,3), supporting the
notion that the FCM analysis of the V� repertoire may be
a useful alternative to nonquantitative molecular clonality
studies. By combining V� domain antibodies with other
T-cell markers, the FCM approach offers the additional

advantage of being able to quantitate V�-expressing cells
within T-cell subsets or selected cells with aberrant T-cell
phenotypes. Furthermore, once identified, the V� re-
stricted T cell population can be quantitatively monitored
following therapy.

The requirement for a large antibody panel to cover the
majority of the V� repertoire has been facilitated by the
availability of a commercial eight-tube kit (IO Test Beta
Mark; Beckman Coulter, Miami, FL). This kit contains
three different V� antibodies, labeled with only two fluo-
rochromes in each of the tubes, thus allowing for addi-
tional antibodies to be used in the same tube. As long as
the T-cell population analyzed expresses V� determinants
(as is expected in the majority of mature T-cell prolifera-
tions), this technology promises to greatly facilitate the
diagnosis and monitoring of peripheral T-cell malignan-
cies.

Diagnosis of Lymphoma in Small Samples

As concerns for cost and invasiveness of surgical biop-
sies intensify, procedures for obtaining samples of poten-
tial lymphomas using fiberscopes or needles for tissue
aspirations and biopsies are becoming commonplace. As a
consequence of this practice, pathologists are increasingly
confronted with small amounts of tissue samples, or just
cytology preparations, for diagnosis, which limits the in-
terpretative capabilities of microscopic observations. In
these situations, the added phenotypic information pro-
vided by modern FCM instruments may allow an accurate
recognition and classification of neoplastic cells, even in
specimens with extremely low numbers of cells. This
ability has been documented in numerous studies using
fine-needle aspirations or small endoscopic biopsies ob-
tained from mucosa-associated lesions (4). Likewise, accu-
rate diagnosis may be attained on fluids that contain small
numbers of cells, such as vitreous humor, cerebral spinal
fluid, or pericardial fluid.

Detection of Low-Level Neoplastic Involvement

FCM analysis is a sensitive method for revealing small
populations of abnormal lymphoid cells that may not be
otherwise recognized using conventional diagnostic tech-
nologies. FCM is frequently used in the staging of non-
Hodgkin lymphoma, and should be useful in the detection
of circulating neoplastic cells, even in leukopenic patients
(e.g., hairy cell leukemia) (5,6). The demonstration of
peripheral blood involvement may circumvent the need
for bone marrow examination. Also, the detection of re-
sidual disease may impact on treatment decisions.

Evaluation of Plasma Cell Disorders

Most plasma cell neoplasias such as multiple myeloma
are diagnosed without the need for FCM. The clinical
manifestations, routine laboratory data, serum or urine
protein studies, and the microscopic examination of a
bone marrow aspirate, generally provide sufficient diag-
nostic information. However, FCM may be useful in cer-
tain patients who reveal hematologic abnormalities and
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increased plasma cells in the marrow, but have no specific
clinical manifestations of myeloma. FCM may not be the
best method to quantitate plasma cell load in marrow
aspirates due to hemodilution or plasma cell fragility, but
the phenotypic features of normal and malignant plasma
cells are usually distinct. Normal plasma cells are poly-
clonal (heterogeneous with regard to the type and class of
immunoglobulin they carry), and express CD38 (intense),
CD19, variable CD45, and no CD56. In contrast, malignant
plasma cells are monoclonal, they usually have different
scatter properties, and they express CD38 less intensely
than normal counterparts; CD45 is generally dim; and
CD19 is not detectable, while CD56 is well expressed (7).
Thus, the simultaneous determination of CD38, CD45,
CD56, and CD19 expression, together with scatter analy-
sis, can distinguish normal from malignant plasma cells in
most patients. These phenotypic characteristics can also
help in differentiating multiple myeloma from monoclonal
gammopathy of undetermined significance (MGUS) (8),
and predict disease progression (9).

Rapid Cell Cycle Phase Analysis of
Neoplastic Subpopulations

Growth fraction measurements in lymphoma and my-
eloma have proven to be of prognostic value. Also, nu-
merous studies in lymphoma repeatedly demonstrated a
relationship between the fraction of cycling cells and
histologic grade (10). Thus, an assessment of proliferation
would serve the same function as conventional patholog-
ical grading. FCM has been one of the technologies most
often used in the quantitation of proliferative fractions in
lymphoma. There was, however, some variation among
the multiple studies presented in the literature. There was
also overlap in the range of values for S-fractions observed
in aggressive and low-grade lymphomas. These results
were most likely influenced by the different methods used
in performing the analysis. Indeed, one should question
the accuracy of measuring S-fractions in whole lymphoma
samples, since there is usually a variable, and often signif-
icant, number of normal lymphocytes intimately admixed
with the neoplastic cells present in these samples. If the
normal cells are not identified and excluded from the
measurements, the results of the “neoplastic cell” analysis
would be inaccurate, a problem that affected many of the
retrospective studies that used cell nuclei extracted from
paraffin-embedded tissues.

Previous studies used anti-immunoglobulin light-chain
antibodies in combination with propidium iodide to mea-
sure tumor-specific S-phase by FCM. However, the simul-
taneous analysis of propidium iodide–stained DNA and
surface antigen requires cell fixation and/or permeabiliza-
tion. This treatment frequently alters the physical and
antigen labeling properties of the cells, hampering identi-
fication of discrete cell subpopulations. It is also very
difficult to use more than a single antibody in the prepa-
rations. A new dye, DRAQ5, is a deep red fluorescing
synthetic anthraquinone, excitable with 488 nm lasers,
which rapidly binds DNA in unfixed cells, thus preserving

light-scatter and antigen-labeling properties (11). As such,
DRAQ5 is ideal for DNA analysis of selective (e.g., neo-
plastic) cell subpopulations identified by light scatter and
more than one surface antigen in heterogeneous samples
(12).

WHAT IS NEXT?
Better Instrumentation

FCM instruments are becoming more sophisticated. Al-
though three-color and four-color measurements are the
norm in clinical laboratories, manufacturers are now of-
fering cytometers with more detectors, taking advantage
of increasingly available fluorochromes with useful color
spectra. The ability to simultaneously detect a larger num-
ber of markers should facilitate the analysis of small sam-
ples and decrease costs, by reducing the number of re-
dundant reagents, sample preparation, and analysis time.
The simultaneous use of five or more colors should also
help in the detection of minimal disease, which usually
requires the analysis of a large number of cells. Instru-
ments that allow faster cell analysis should make this task
easier.

A number of devices that automate certain steps in
sample preparation have become available commercially.
Ideally, we should also expect to see capable programma-
ble devices (i.e., robotics) that can handle diverse sam-
ples, cell preparations, and cell injection into the cytom-
eter with minimal human participation. The increased use
of automation will undoubtedly improve results, allow
faster analysis, and reduce error and cost.

Software Improvements

Data analysis of lymphoid and hematologic neoplasias is
not a simple task. It is an interactive exercise that requires
experience and ample knowledge of normal and patho-
logical cell phenotypes. Currently, data interpretation is
one of the most difficult and time-consuming aspects of
the entire analytical process. Furthermore, it has not been
standardized and the expression of results is highly vari-
able. Better software may be developed that could facili-
tate this complex data analysis and result in more consis-
tent interpretations.

Quantitation of Antigen Expression

With the advent of specific monoclonal antibody–based
therapies for lymphoma and CLPD, oncologists are in-
creasingly interested in learning whether neoplastic cells
express certain antigens that could be targeted by the
specific reagents. Furthermore, since the therapeutic ef-
fectiveness of a monoclonal antibody may be related to
the density of membrane antigen on the tumor cells, there
has been a growing interest in the FCM quantitation of
surface antigen expression. As antibody-based therapies
become more prevalent, it is possible that quantitative
FCM analysis may develop into a routine component of
the analysis of lymphoid neoplasia. Unfortunately, this
methodology suffers from lack of standardization, and
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more work will be necessary before optimal analytical
procedures are in place in the clinical laboratory.

New Markers

Many antibodies used in diagnosis are useful because
they recognize cell lineage and differentiation stages, but
only a few provide information on cell behavior. Reagents
that are directed against molecules involved in specific
cell functions are frequently used in research laboratories
and will undoubtedly become increasingly common in the
clinical laboratory. It is likely that in the near future anti-
bodies against critical proteins involved in cell activities
such as cell growth, growth arrest, apoptosis, adhesion,
immune activation and signaling, DNA damage and repair,
drug resistance, or angiogenesis may be incorporated to
our routine diagnostic panels, particularly in combination
with cell lineage and differentiation markers in the setting
of multiparametric measurements.

Assessment of Cell Death and Proliferation

The current WHO classification of lymphoid neoplasias
is based on the origin and differentiation of the neoplastic
cells (1). However, tumors of similar origin and matura-
tion stage, as assessed by their immunophenotypic fea-
tures, may follow very different clinical courses due to
different growth capacity. We now better understand
some of the reasons for these dissimilar behaviors. Lym-
phomas can be broadly classified as either low-grade (low
growth) or high-grade (high growth) tumors. Over the
past 20 years we have learned that low-grade lymphomas
are the result of an accumulation of neoplastic cells due to
suppression of apoptosis and prolonged cell survival. On
the other hand, high-growth fraction lymphomas are char-
acterized by high cell proliferation, mostly due to the
deregulation of oncogenes that play a role in cell cycle
control, usually in association with apoptotic defects. The
ultimate behavior of the lymphoma is dictated by cell
production and survival, modified to a certain extent by
host influences, such as growth factors and cell-to-cell
interactions.

It is unfortunate that despite the wide variation in
growth potential exhibited by lymphomas, very little em-
phasis has been placed on incorporating kinetic or apo-
ptotic information in lymphoma classifications. The con-
cept of grade that was critical in previous classifications
and provided some notion of tumor aggressiveness is no
longer emphasized in the present WHO scheme. How-
ever, the treatment of lymphomas is still largely based on
this parameter, and will remain the same, as long as cell
cycle–dependent therapeutic drugs continue to be used.
Given the importance of cell proliferation and cell death,
accurate measurements of cell cycle phases and apoptotic
rates of neoplastic elements should prove beneficial in
predicting tumor growth and even in predicting response
to therapy. In this regard, FCM has unique abilities that no
other laboratory techniques can offer.

Critical Genes

The use of modern analytical techniques allowed us
to understand the changes occurring in normal lympho-
cytes as they undergo differentiation and maturation.
These techniques have also provided us with a better
appreciation of the genetic abnormalities that charac-
terize many of the lymphocyte neoplasias, the relation-
ship between lymphoma cells and their normal coun-
terparts, and the genetic events that lead to malignant
transformation of lymphoid cells. The development of
the technology based on “gene chips” or DNA microar-
rays has greatly facilitated the simultaneous study of the
expression of many genes at the mRNA level. With the
advent of gene microarray– based expression profiling,
differentially expressed genes are being discovered at
an unprecedented rate. Systems that are investigated
include normal versus neoplastic cells, aggressive ver-
sus indolent tumors, therapy responsive and nonre-
sponsive cancer cells, tumors of different origins, and
others. The newly identified genes may play important
roles in the pathogenesis of lymphoma and potentially
represent novel diagnostic genetic markers, but the
avalanche of information generated by this technology
will have to be sorted out before it is utilized clinically.
Even if this is accomplished, the analysis and quantita-
tion of the expression of informative genes at the RNA
level in heterogeneous clinical samples may not be an
easy task. However, once critical genes and their prod-
ucts are recognized, it may be possible to identify or
generate antibodies that can easily detect and quanti-
tate these products or their surrogates using FCM. This
course of action has already begun (13,14).
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