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Abstract

Minimal residual disease (MRD) assays are increasingly
important in the clinical management of patients with
acute leukemia. Among the methods available for moni-
toring MRD, flow cytometry holds great promise for clini-
cal application because of its simplicity and wide avail-
ability. Several studies have demonstrated strong corre-
lations between MRD levels by flow cytometry during
clinical remission and treatment outcome, lending sup-
port to the reliability of this approach. Flow-cytometric
detection of MRD is based on the identification of immu-
nophenotypic combinations expressed on leukemic cells
but not on normal hematopoietic cells. Its sensitivity
depends on the specificity of the immunophenotypes
used to track leukemic cells and on the number of cells
available for study. Immunophenotypes that allow de-
tection of 1 leukemic cell in 10,000 normal cells can be
identified in at least 90% of patients with acute lympho-
blastic leukemia; immunophenotypes that allow detec-
tion of 1 leukemic cell in 1,000-10,000 normal cells can
be identified in at least 85% of patients with acute

myeloid leukemia. Identification of new markers of leu-
kemia by gene array technology should lead to the
design of simple and reliable antibody panels for univer-
sal monitoring of MRD. Here we review the relative
advantages and disadvantages of flow cytometry for
MRD studies, as well as results obtained in correlative
studies with treatment outcome.
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Introduction

Studies of minimal residual disease (MRD) are becom-
ing central to the clinical management of patients with
acute leukemia. The most established methods for detect-
ing MRD are polymerase chain reaction (PCR) amplifica-
tion of antigen receptor genes and of fusion transcripts,
and flow-cytometric detection of ectopic or aberrant im-
munophenotypes [1-6].

The discovery that leukemic cells expressed immuno-
phenotypes not expressed by normal bone marrow and
peripheral blood cells provided one of the first opportuni-
ties to study MRD [7-9]. Over the years, MRD assays
based on immunophenotyping have been improved by
consistent advances in the quality and variety of anti-
bodies, by the refinement of flow cytometers, and by the
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enormous progress in informatics that has occurred dur-
ing the last decade. The striking correlations of MRD
results obtained by flow cytometry with clinical features
and treatment outcome provided much credibility to this
approach [10-16].

Because of its wide availability and conceptual
straightforwardness, flow cytometry is the most accessible
method for MRD detection. In this article, we summarize
technical issues that we deem important for the produc-
tive detection of MRD by flow cytometry, and the rela-
tion between results obtained with this method and treat-
ment outcome in patients with acute leukemia.

Advantages and Disadvantages of Flow
Cytometry

One specific advantage of flow cytometry over PCR-
based assays is that it allows direct quantitation of MRD,
rather than extrapolating it from amounts of PCR prod-
uct. This feature makes quantitation easier and, typically,
more accurate [17]. In addition, flow cytometry allows the
identification of dying cells and cellular debris. Therefore,
leukemic cells irreversibly damaged by chemotherapy and
unable to further expand (but capable of producing posi-
tive PCR signals) can be excluded from the counts.
Obviously, this feature is useful only when analyzing sam-
ples freshly collected (e.g., 4 h or less), in which sponta-
neous apoptosis due to deprivation of survival factors has
not yet affected a substantial number of cells.

Flow cytometry also has some specific limitations.
Extreme sensitivity, such as detection of 1 leukemic cell
among 103 or more normal cells, is difficult to achieve
consistently by flow cytometry but well within the range
of PCR. Such high sensitivity may be desirable, for exam-
ple, in studies seeking MRD in patients who have a pat-
chy distribution of the disease, or in cell harvests for auto-
grafting. Another limitation is that the immunophenotype
of leukemic cells may change during the progression of the
disease. If these changes affect markers used for monitor-
ing MRD, a false-negative finding may result [10, 18, 19].
The potential adverse effect of this phenomenon is in-
versely related to the number of marker combinations
that can be applied to each patient. That is, if cells express
more than one suitable phenotype, the effects of losing
one phenotypic pattern may be offset by the persistence of
other aberrant patterns. Finally, a general limitation of
flow-cytometric assays is that results may not appear as
‘black and white’ as those of PCR. This is because the dis-
tinguishing immunophenotypic features of leukemia are

Minimal Residual Disease Studies in
Leukemia

often, although not always, the result of quantitative dif-
ferences in antigen expression between leukemic and nor-
mal cells. Nevertheless, objective MRD estimates are pos-
sible if one determines the limits of normal antigenic
expression using a variety of normal samples, and avoids
the use of immunophenotypes that partially overlap that
of normal cells.

Markers of Leukemia

Immunophenotypes for MRD Studies

To be useful for MRD studies, immunophenotypes
must be expressed on leukemic cells and not expressed on
normal bone marrow and peripheral blood cells. Proteins
that are produced or dysregulated by gene fusions, such as
BCR-ABL, AMLI-ETO, or PBX-1 in E2A-PBX1 should
contribute to such immunophenotypes, but antibodies
that allow reliable detection of these proteins by flow
cytometry are scarce [20].

The identification of immunophenotypes for effective
MRD studies is complicated by variations in the cellular
composition and immunophenotype of normal bone mar-
row that occur with age and exposure to drugs. For exam-
ple, proportions of early lymphoid progenitors (or ‘hema-
togones’) are low in the bone marrow of healthy adults
and especially low in patients receiving corticosteroids or
chemotherapy [21]. By contrast, proportions are high in
the bone marrow of young children [22-24], or of patients
with malignancies after transplantation or cessation of
chemotherapy [25-28]. These conditions may uncover
normal cells expressing phenotypes that are undetectable
in samples obtained from healthy individuals.

Markers for MRD Studies in Acute Lymphoblastic

Leukemia

Table 1 summarizes combinations of markers used in
our laboratory to study MRD in children with acute lym-
phoblastic leukemia (ALL) and their applicability in con-
secutive cases studied from January 1999 to July 2002.
The reader should refer to the listed references for mark-
ers used by other investigators [11, 29-33].

The normal equivalents of T lineage ALL cells are
immature T cells. Since these are confined to the thymus
whereas leukemic T lymphoblasts can circulate, MRD
studies in patients with T lineage ALL consist of searching
for cells with the phenotype of immature T cells in the
bone marrow or in the peripheral blood. The most useful
immunophenotypes for this task are coexpression of T cell
markers such as CD3 and CD5 with TdT or CD34 (ta-
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Table 1. Marker combinations used to

study MRD in childhood ALL Leukemia cell lineage

T lineage ALL (n = 39)

B lineage ALL (n = 169)

Marker combination Applicability, %?
TdT/CD5/CD3/(CD19/CD33/HLA-Dr) 92
CD34/CD5/CD3/(CD19/CD33/HLA-Dr) 21
CD19/CD34/CD10/CD38 52
CD19/CD34/CD10/CD58 49
CD19/CD34/CD10/CD45 47
CD19/CD34/CD10/TdT 43
CD19/CD34/CD10/CD66¢ 31
CD19/CD34/TdT/IgM 17
CD19/CD34/CD10/CD22 11
CD19/CD34/CD10/CD13 10
CD19/CD34/CD10/CD15 10
CD19/CD34/CD10/CD21 6
CD19/CD34/CD10/CD33 6
CD19/CD34/CD10/NG-2 S
CD19/CD34/CD10/CD65 4

n = Number of cases studied.
2 Percentage of patients within each type of leukemia in whom MRD could be studied with
the listed antibody combination. Percentages were calculated by including only cases in
which intensity of antigen expression was sufficiently different from that of normal bone
marrow cells to afford a sensitivity of detection of 1 in 10%.

ble 1) [34]. Other authors indicated that antibody combi-
nations including CD7 and CD3 with CD2 or CD5 may
also be aberrantly expressed in a proportion of T-ALL
patients [29, 30].

The normal equivalents of B lineage ALL cells are B
cell progenitors which normally reside in the bone mar-
row, and can also be found in low proportions in the
peripheral blood. Therefore, MRD studies in B lineage
ALL must distinguish leukemic cells from their normal
counterparts. This is possible because several molecules
can be expressed at abnormally high or low levels in leu-
kemic cells (fig. 1) [26, 31, 33-36]. For example, myeloid-
associated markers CD13, CD15, CD33 and CD65, and
the mature B cell-associated marker CD21 can be ex-
pressed by CD19+CD34+ B lineage ALL cells, whereas
normal CD19+CD34+ B cell progenitors do not express
these markers or express them very weakly [34]. Expres-
sion of CD19, CD10, TdT and CD34 in B lincage ALL
can be significantly different (higher or lower) than that of
their normal counterparts [11, 34, 37] and CD38 and
CD45 (or CD45RA) are often underexpressed in leu-
kemic cells [33, 34]. In efforts to prevent false-negative
MRD findings due to immunphenotypic shifts, we use
antibody panels that are somewhat more extensive than
the ones used in other laboratories.

10 Acta Haematol 2004;112:8-15

Markers for MRD Studies in Acute Myeloid Leukemia

Detection of MRD in acute myeloid leukemia (AML)
requires the identification of immunophenotypic features
that can distinguish leukemic myeloblasts from normal
bone marrow myeloid cells. Phenotypic abnormalities in
AML include expression of markers normally not ex-
pressed on myeloid cells, coexpression of markers normal-
ly expressed at different stages of maturation, as well as
overexpression and under expression of myeloid markers
[38].

Detection of MRD by flow cytometry in AML presents
some specific difficulties. Due to their immunophenotyp-
ic heterogeneity [39], AML cells usually spread across
many areas of each dot plot instead of forming the tight
cluster typical of ALL cells. Therefore, with any given
marker combination, only a fraction of cells may appear
to be phenotypically abnormal. In addition, AML cells
often have light scattering properties similar to that of
normal cells with high autofluorescence. These features
introduce complexity in the analysis, and may reduce the
sensitivity of the assay. Nevertheless, sensitive MRD
detection in AML is feasible (fig. 2). In recent studies with
four-color flow cytometry, we have identified immuno-
phenotypic combinations that allow measurement of
MRD with a sensitivity of 1 leukemic cell among 10,000
or more normal cells in 48% of children, and 1 leukemic
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cell among 1,000 cells in an additional 37% [39]. San
Miguel et al. [13] found that 175 of 233 adult patients
with AML expressed leukemia-associated immunopheno-
types, while Venditti et al. [40] detected them in 65 of 93
patients. A recent study by Sievers et al. [41] indicated
that residual disease could be studied by flow cytometry

Fig. 1. Immunophenotypic differences between immature B cells in
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Fig. 2. Detection of MRD in AML by four-color flow cytometry. Bone marrow mononuclear cells from 4 healthy
donors (top) and 1 patient with AML at different stages of treatment (bottom) were labeled with antibodies to CD38,
CD13, CD34 and CD33. The same number of mononuclear cells were studied in all samples. CD13 and CD38
expression in CD34+CD33+ cells is shown. In normal samples, these cells also express CD13 and/or CD38. In the
AML patient, most leukemic cells at diagnosis were CD34+CD33+ but lacked CD13 and CD38 (dashed square). Cells
with this phenotype were detectable at weeks 7 and 14 of therapy, a finding that was followed by cytogenetic relapse
first and then by clinical relapse.
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in all patients, although this was an assumption because
the immunophenotype at diagnosis was not determined.
Therefore, the actual prevalence of leukemia-associated
immunophenotypes in this series is unclear.

Identification of New Markers

The advent of arrays that allow genome-wide analysis
of gene expression has opened new possibilities to identify
markers for MRD studies [42]. To test the validity of this
concept, we compared the gene profile of ALL cells to that
of purified normal B cell progenitors [43]. Among the
~ 4,000 genes studied, we found over 250 that were over-
expressed in more than one leukemic sample. We selected
9 of these genes for which antibodies were easily available
and measured expression of the encoded proteins by flow
cytometry. Seven proteins (CD358, creatine kinase B, nin-
jurinl, Refl, calpastatin, HDJ-2 and annexin VI) were
expressed in B lineage ALL cells at higher levels than in
normal CD19+CD10+ B cell progenitors.

The results with CD58 were in line with a previous
report indicating overexpression of this molecule in leu-
kemic cells [44]. CD58 is now one of the most useful
markers for the study of MRD in B lineage ALL (table 1).
These results suggest that a comparison of the gene pro-
files of normal and leukemic cells will identify new, wide-
ly applicable markers for MRD studies in ALL and in
AML, and should ultimately allow the design of simple
antibody panels for practical, reliable, and universal mon-
itoring of MRD.

Sensitivity and Measurement of MRD

Two main variables influence rare cell detection by
flow cytometry: (1) the degree of morphologic and pheno-
typic difference between target cells and the remaining
cells, and (2) the number of cells that can be analyzed.
Under ideal conditions, i.e. very distinct target cells and a
large number of cells (107 or more) available for analysis,
the sensitivity of flow cytometry is similar to that of PCR
[45]. During analysis of MRD in clinical samples, how-
ever, the number of cells that can be analyzed for each set
of markers in children is usually less than 1 x 109
Because a distinct cluster of at least 10-20 dots is neces-
sary to interpret suspect flow-cytometric events, the maxi-
mum sensitivity achievable in these circumstances would
be 1 in 105 cells. The phenotype of primary leukemic cells
may not be as distinct as that of cell lines used in an exper-
imental setting and, in the case of B lineage ALL, sensitiv-
ity of detection may be influenced by the treatment inter-
val at which the sample is taken, because of the variable
proportion of normal B cell precursors. Therefore, a con-
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sistent sensitivity of 1 in 104 is probably the maximum
that can be expected during routine MRD testing.

Flow cytometry has the potential for a very accurate
quantitation of MRD. In experiments with serial dilu-
tions of KOPN-57bi pro-B ALL cells admixed with nor-
mal peripheral blood mononuclear cells at ratios of 3 in
10° and higher, the estimate of the leukemic cell content
in each mixture was extremely accurate (r2 = 0.999) [17].
In other experiments, we compared the results of multiple
measurements of residual leukemia in the same cell mix-
ture [10]. In 23 tests of mixtures containing 1 leukemic
cell in 10* normal cells, results were remarkably similar
(coefficient of variation = 15%); in 22 tests of mixtures
containing 1 leukemic cell in 103 cells, the coefficient of
variation was 10%.

Clinical Applications

Prognostic Value of MRD in ALL

We used flow cytometry to prospectively study MRD
in 195 children with newly diagnosed ALL enrolled in a
single-institution chemotherapy program (TOTAL XIII)
[10, 12, 15]. We found that detectable MRD (i.e.,
=>0.01% leukemic mononuclear cells) at each time point
(day 19 of remission induction therapy, end of remission
induction and weeks 14, 32 and 56 of continuation) was
significantly associated with a higher rate of relapse.
Patients with high levels of MRD at the end of the remis-
sion induction therapy (= 1%) or at week 14 of continua-
tion therapy (=0.1%) had a particularly poor outcome.
The incidence of relapse among patients with MRD at the
end of induction was 7 = 7% if MRD became undetecta-
ble at week 14 of continuation therapy, compared with
68 = 16% (SE) if MRD persisted. Notably, 53 of the 112
patients studied at day 19 of remission induction therapy
had achieved MRD negativity (<0.01%) despite the short
chemotherapy period [15]. The 3-year cumulative inci-
dence of relapse was 1.9 £ 1.9%, as compared to 28.4 =
6.4% for patients who were MRD positive at this time
point. At all time points, the prognostic value of MRD
was independent from that of other known clinical and
biologic prognosticators of outcome.

Other investigators have used flow cytometry to study
MRD in patients with ALL undergoing chemotherapy and
found a good correlation with outcome [11, 14, 30]. MRD
detected by flow cytometry in bone marrow samples taken
prospectively from 24 patients with ALL undergoing stem
cell transplantation before starting the conditioning regi-
men was a significant predictor of outcome [46].
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Detection of MRD in Peripheral Blood

We recently compared MRD measurements in 747
pairs of bone marrow and peripheral blood samples col-
lected from 231 children during treatment for newly diag-
nosed ALL [6, 16]. MRD was detected in both marrow
and blood in 78 pairs and in marrow but not in blood in
67 pairs; it was undetectable in the remaining 602 pairs.
Findings in marrow and blood were completely concor-
dant in the 179 paired samples from patients with T
lineage ALL: for each of the 41 positive marrow samples,
the corresponding blood sample was positive. In B lineage
ALL, however, only 37 of the 104 positive marrow sam-
ples had a corresponding positive blood sample. Results
of a recently reported study by another group of investiga-
tors are in agreement with the remarkable concordance of
MRD results in marrow and blood of patients with T-
ALL [47]. We also observed that peripheral blood MRD
in B lineage ALL patients was associated with a very high
risk of relapse [16].

MRD Studies in AML

A recent study found immunophenotypic abnormali-
ties in 41 of 252 children with AML who responded to
initial therapy, a finding that was associated with a poorer
outcome [41]. In studies performed in adult patients with
AML, the first bone marrow in morphologic remission
obtained after induction treatment was found to be very
informative [13]. Of the 126 patients studied, 8 had
<0.01% leukemic cells and none had relapsed at the time
of the report; 37 had 0.01-0.1% leukemic cells and a 3-
year cumulative relapse rate of 14%; 64 had 0.1-1% leu-
kemic cells and a relapse rate of 50%; 17 had more than
1% residual cells and a relapse rate of 84%. In another
study of 51 patients in whom MRD was examined after
consolidation, the most predictive MRD cutoff value
determined retrospectively was 0.035%: 17 of 22 patients
with that level of MRD or higher levels relapsed com-
pared with 5 of 29 patients with lower MRD levels [40].
We recently reported that detection of MRD in children
with AML is prognostically important [39]. In patients
with AML receiving autologous bone marrow transplan-
tation, levels of MRD measured by flow cytometry in the
autograft correlated with disease recurrence [48].

Future Outlook

In some forms of acute leukemia, e.g. childhood ALL, a
central issue is the identification of patients who require
more aggressive therapy to avert relapse and of those who
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can be spared unnecessarily intense and toxic treatment.
By precisely measuring early treatment response in vivo,
MRD studies have great potential in this context. In other
forms of leukemia, e.g. ALL in adults and AML, novel
treatments are urgently needed if one hopes to improve
cure rates substantially. Thus, the highest value of MRD
assays in these diseases may possibly lie in the rapid mea-
surement of the effect of novel therapies on the leukemic
clone.

The discovery of a small set of new leukemia-specific
markers that can be detected in most cases would extend
the benefits of MRD detection to a larger number of
patients. Because flow-cytometric analysis of leukemic
cell phenotype is performed in nearly all pediatric and
adult cancer centers worldwide, newly developed meth-
ods of MRD detection can realistically be accessible to
most patients. Internet-based methods of rapid file trans-
fer between flow cytometers at remote centers [49] should
allow rapid quality control and distance learning and help
to set up this methodology in laboratories with experience
in leukemia phenotyping but novice at MRD detection.
However, many of these centers cannot support the use of
complex, costly antibody panels and a reduced panel of
antibodies may not allow optimal MRD monitoring.
Gene expression analysis with microarrays hold the po-
tential to identify new markers of leukemia for MRD
studies. New markers should allow the simplification of
the current immunophenotypic panels and the wide ap-
plicability of flow-cytometric studies of MRD.
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