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In this review, we discuss methodological principles and clinical applications of minimal residual disease (MRD) assays based on multiparameter ﬂow cytometry (MFC). The introduction of methods for MRD detection has revolutionized
monitoring of treatment response in acute leukemia. Great progress has been made in the development of wide array of ﬂow
cytometric techniques for rare event detection. This advance was accompanied by increasingly greater understanding of the
immunophenotypic features of leukemic and normal lymphoid cells, and of the antigenic diﬀerences that make MRD studies
possible. Immunologic testing of MRD relies on “leukemia-associated” immunophenotypes which can be identiﬁed by MFC
in the most of acute leukemia cases. The recent technical innovations in routine MFC (3 lasers and≥8 colors) and the new
developments in software for data analysis make this technology the most attractive for MRD diagnostics. The importance
of MFC methodology will be further strengthened by the ongoing international standardization eﬀorts. Results of MRD
testing provide unique and clinically important information. The systematic application of immunologic techniques to study
MRD in clinical samples has demonstrated the prognostic signiﬁcance of MRD in patients, leading to the use of MRD to
regulate treatment intensity in many contemporary protocols. The identiﬁcation of new markers of MRD should increase
the sensitivity of MRD testing by MFC and is required to widen the applicability of MRD studies.
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Minimal residual disease (MRD)
In patients with acute leukemia conventional pretherapeutic risk criteria, including age, elevated white blood cell
count at diagnosis, adverse immunophenotypic features, and
cytogenetic as well as molecular aberrations provide the basis
for upfront risk stratiﬁcation in current treatment protocols.
Response of leukemia to treatment depends on a combination
of multiple factors, such as properties of the leukemic cells
(e.g. proliferative capacity, expression of regulators of apoptosis, drugs resistance, inﬂuence treatment response and
other escape mechanisms), host factors (e.g. concomitant
diseases, treatment compliance, host pharmacodynamics and
pharmacogenetics, the eﬀect of the microenvironment), and
treatment given to eradicate the disease. Many of intrinsic

leukemia cells and host factors have already been elucidated
with immunologic and molecular methods and are ongoing
translated into providing prognostic information [1].
Survivals of acute leukemia patients with relapse are still
the main clinical problem. The source of these relapses is
the persistence of minimal residual disease (MRD) that is
deﬁned as disease that is undetectable by standard diagnostic
techniques (morphology). In patients with leukemia, MRD
signiﬁes leukemic cells undetectable by morphologic examination of bone marrow smears. The introduction of methods for
MRD detection has revolutionized monitoring of treatment
response in acute leukemia. Currently available methods for
detection of MRD are at least 100 times more sensitive than
morphologic analysis. Because they rely on speciﬁc leukemia
markers rather than on subjective recognition of morphologic
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patterns, MRD assays are also much more objective. Acute
lymphoblastic leukemia (ALL) has been at the forefront of
the development of MRD methods. Progress in introducing
MRD testing into the clinic was initially widely supported as
some investigators were concerned that the distribution of
leukemic cells during treatment might be too heterogeneous
for MRD testing to be accurate. In fact, the strong correlation
between levels of MRD and relapse risk suggests that, at least
at the early stages of therapy, ALL distribution is quite homogeneous [2]. Other investigators insisted that progress in ALL
prognostication could only occur by focusing on the genetics
of leukemic cells. However, MRD measurements should be
inherently more informative than any leukemic cell features as
they reﬂect the eﬀect of several other variables that inﬂuence
treatment response and outcome [3]. Measurements of the
response to the early phases of therapy using MRD-detection
techniques provide a good indication of the susceptibility of
leukemic cells to chemotherapy in each patient and represent the most accurate prognostic indicator that is currently
available. MRD-detection methods have many potential applications in the clinical management of patients with acute
leukemia (childhood and adult ALL and acute myeloblastic
leukemia) including recognition of leukemia relapse before it
is clinically evident and determination of the leukemia burden before hematopoietic stem cell transplantation. A more
recent application includes the use MRD as a parameter for
measuring the eﬃcacy of a new remission induction regimen
in relation to that of a previous protocol; this can detect early
whether the new regimen is signiﬁcantly inferior to the previous one, thus prompting changes and reducing the number of
patients exposed to suboptimal therapy [1,3]. Consequently, an
increasing number of treatment protocols use MRD as a tool
for treatment stratiﬁcation. MRD levels during remission induction therapy provide important prognostic information.
Two main approaches have been demonstrated to provide
clinically meaningful MRD results: 1) polymerase chain reaction (PCR) analysis of fusion transcripts of leukemia-speciﬁc
chromosomal translocations, and of clone-speciﬁc chain joining regions of immunoglobulin (Ig) and T-cell receptor (TCR)
rearrangements 2) immunophenotyping using ﬂow cytometry
and multiple markers to identify leukemia-speciﬁc immunophenotypes [4]. One limitation of current studies of MRD
based on PCR ampliﬁcation of Ig/TCR genes is that speciﬁc
PCR primers need to be developed for each patient and thus,
PCR assay conditions need to be individually optimized.
The process is laborious, expensive, and time consuming.
Sensitivity of PCR methods can be determined exactly and
currently tends to be 0.5-1.0 log higher than ﬂow cytometric
MRD assessment. However, a main disadvantage of using
gene rearrangements as MRD targets in acute leukemia is
occurrence of continuing rearrangements during the disease
course, potentially leading to false-negative PCR results. Also,
false positivity cannot be completely excluded, as massive
regeneration of normal lymphoid progenitors might lead to
low levels of nonspeciﬁc ampliﬁcation [5]. Current strategy is
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apply preferentially ﬂow cytometry to monitor MRD during
remission induction therapy and to develop a PCR assay for
antigen-receptor genes (or fusion transcripts) only if a suitable
immunophenotype cannot be identiﬁed. In conclusion, each
of these techniques has its own strengths and limitations [1,3].
A reliable technique to detect MRD should have the following
prerequisites:
• sensitivity of at least 1:10,000 (one malignant cell within
10,000 normal cells), although the target value of sensitivity depends on the clinical question to be addressed by the
MRD assessment
• speciﬁcity, to discriminate between malignant and normal
cells (to prevent false-positive results)
• be quantiﬁable within a large dynamic range
• stability over-time of leukemia-speciﬁc markers (to prevent
false-negative results), particularly in long-term studies
• reproducibility between laboratories (essential for multicentre trials)
• standardization and quality control checks
• rapid availability of results (in time for clinical usefulness)
[3,6]
The productivity of MRD as a measurement of drug response in vivo opened new perspectives for its use in clinical
decision [6]. In this review, we discuss methodological principles and clinical applications of MRD assays based only on
ﬂow cytometry.
Multiparameter ﬂow cytometry (MFC)
To detect MRD it is necessary to identify distinguishing
features of the leukemic cells and then develop methods that
can reliably detect them with high sensitivity and accuracy.
One of the distinguishing features of leukemic cells in most
cases of ALL and acute myeloblastic leukemia is the expression
of cell markers in such combinations that are not found during normal hematopoietic diﬀerentiation. These aberrant cell
proﬁles can be detected by multiparameter ﬂow cytometry
(MFC) [1,3]. MRD measurement by MFC is based on the
detection of these leukemia-associated immunophenotypes
(LAIP) that can be used to distinguish them from normal hematopoietic cells. The LAIPs usually describe a subpopulation
of cells of a given lineage at a particular diﬀerentiation stage
with aberrant molecular expression patterns, asynchrony,
and/or profound overexpression or underexpression of some
molecules. The sensitivity of this approach depends primarily
on the degree of dissimilarity between the aberrant immunophenotypes of the leukemic cells and immunophenotypes of
normal cells. The number of cells available for study also plays
a role in determining the sensitivity of the assay. Leukemic
lymphoblasts diﬀer from physiological lymphoid precursors
in qualitative (for example, by presence of myeloid markers)
and quantitative antigen expression patterns.
As for molecular methods, most published MFC data have
been based on bone marrow analysis (with EDTA or heparin
as preservative). Both gradient separation and erythrocyte lysis
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are used as preparation methods. A minimum of 3(-5) x 106
nucleated cells should be available. Shipment time is an important issue when analyzing viable cells and should optimally
not exceed 24 h [7]. Studies of MRD are usually performed in
bone marrow. However in patients with T-lineage ALL when
MRD levels in peripheral blood are similar to those in bone
marrow, indicating that in those patients MRD testing can
be performed in blood. The use of ﬂow cytometry technique
dates back more than 25 years, starting with 2- and 3-color approaches. The implementation of more than 4-color techniques
increased sensitivity or speciﬁcity of this method, and allowed
for its application simultaneous determination of extensive
phenotypic patterns at the single-cell level. Furthermore, the
recent technical innovations in routine multicolor MFC and
the new developments in software for data analysis make this
technology increasingly attractive for MRD diagnostics. The
current application of MRD diagnostics has become possible
by intensive networking processes and open collaboration
between clinical and diagnostic research groups throughout
Europe. In addition to national networks, two international
consortiums, the I-BFM-ALL-FLOW-MRD Network and
the EuroFlow Consortium were established in Europe to
optimize and standardize FCM-based MRD quantiﬁcation
[7]. The EuroFlow Consortium works on full standardization
on instrument setups, sample preparation, immunostaining
procedures, ﬂuorochromes and 8-color antibody panels, as
well as bioinformatics-assisted expert independent automated
analysis of the acquired data [8]. Standardization of methodologies and deﬁnitions of common MRD terms become
increasingly important, not only to ensure comparability of
MRD data between diﬀerent MRD laboratories but to provide
a sound basis for the comparison of MRD results between
diﬀerent treatment protocols. Owing to the collaborative attitude of all involved teams, the current key position of MRD
diagnostics has been reached. Continuation of such collaboration, high-level standardization and regular quality control
rounds remain critically important for further improvements
in MRD diagnostics [7].
The major advantage of MFC is its rapidity, which allows
results reporting within one day. This is particularly useful
when MRD results are required quickly to guide therapy. In
addition, MFC allows the simultaneous assessment of cell
qualities that are required for emerging targeted therapies in
acute leukemia [9]. A potential pitfall of the method results
from similarities between leukemic lymphoblasts and nonmalignant lymphoid precursors in various phases of regeneration
during and after chemotherapy that may lead to false positivity [10]. Hence, initial phenotypes serve only as orientation
and not for planning strict gating strategies in follow-up.
Nowadays, expert knowledge of typical time-point-related
nonmalignant background and experience with patterns of
phenotypic shifts of leukemic cells is essential to distinguish
MRD properly. As MFC and PCR do not lead to completely
comparable results; MFC cannot simply substitute current
PCR-based MRD risk stratiﬁcation at the same time points
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[11]. Several studies on direct comparison between MFC and
molecular MRD data have been performed [12,13]. Generally,
when 3-4-color MFC MRD data are qualitatively compared
with PCR-based MRD data, the reported concordance varies
from 70% to over 95%, depending on the time point and the
related MRD level. A true quantitative comparison using both
approaches was performed in samples in which both methods
detected MRD levels above 0.01% a signiﬁcant relation was
observed [14]. The introduction of 3-color MFC (in the early
nineties) and 4-color MFC (in the late nineties) signiﬁcantly
improved the applicability and sensitivity for MRD analysis.
It can be expected that the introduction of 6-8-color ﬂow cytometers further improves the applicability and sensitivity of
MRD detection in acute leukemia. The use of 6-8-color MFC
(including new markers and new marker combinations) not
only increases the multicolor capabilities, but also allows addition of new informative markers as well as a more optimized
composition of the antibody panels and clearly improves the
speciﬁcity of the immunopenotypic analysis. Furthermore,
introduction of nine or more color-immunostainings allows
combinations of multiple markers in a single tube, thereby
facilitating the acquisition of large numbers of cells, which
is essential to increase the sensitivity of MFC. To reach MFC
sensitivities of at least 1:100,000 (comparable to PCR) acquisition of at least two million cells is required. These are the aims
of the currently ongoing EuroFlow Consortium [8,15].
MRD in acute lymphoblastic childhood and adult
leukemia (ALL)
The clinical importance of MRD has been demonstrated
by numerous studies using either MFC or PCR and involving
thousands of newly diagnosed childhood and adult patients
with ALL, patients with relapse ALL, and those undergoing
hematopoietic stem cell transplantation. Results are in remarkable agreement on the association between MRD persistence
and risk of subsequent relapse, regardless of the MRD detection method is used [16]. More recent data indicate that MRD
can also be informative in speciﬁc subgroups of ALL patients,
such as infants or those with T-lineage ALL. Hence, MRD is
now being used in clinical trials to inform on about treatment
decisions and guide patients´ clinical management [17]. The
technical aspects of MFC and PCR tests, as well as their speciﬁc strengths and limitations have been reviewed elsewhere
[2,3,7]. LAIP can be identiﬁed in virtually all patients at diagnosis; ﬂow cytometry targeting these immunophenotypes
aﬀords a sensitivity of MRD detection of 0.01%. Results of ﬂow
cytometry are usually in agreement with those of PCR if the
level MRD is at or above the 0.01% [12]. Coustan-Smith et al.
[18] compared genome-wide gene expression of lymphoblasts
from 270 patients with newly diagnosed childhood ALL to
that of sorted normal CD19+CD10+ B cell progenitors from
four healthy donors. They then selected 30 genes diﬀerentially
expressed by more as threefold in at least 25% of cases of ALL
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and tested their expression by MFC in 200 B-lineage ALL
and 61 non-leukemic bone marrow samples. They included
recovering bone marrow samples, which pose a particular
challenge in MRD studies because of their high proportion
of normal immature lymphoid cells. Of 30 markers, 22 were
found to be diﬀerentially expressed in up to 81% of ALL cases.
When the new markers were applied to study MRD in clinical
samples, they yielded results that correlated well with those
obtained by standard MFC and PCR. Sequential studies during treatment and diagnosis-relapse comparisons documented
their stability. The addition of the new markers to established
panels allowed the identiﬁcation of unique leukemia proﬁles
in all patients [18].
Correlative studies from diﬀerent groups have demonstrated that MRD testing during and at the end of remission
induction therapy, and in the early phases of post-remission
treatment provide strong prognostic information in childhood
ALL [19, 20,21,22]. Borowitz et al. measured MRD in bone
marrow collected on day 29 of therapy from 2086 patients
with B-ALL who were enrolled in series treatment protocols
and found that 0.01% or more MRD estimated by MFC was
signiﬁcantly associated with a worse outcome [19]. Basso et
al. [20] studied bone marrow samples from 830 patients by
MFC. MFC was the most important prognostic factor among
those available by day 15, with two-fold and ﬁve-fold increase
in the risk of relapse compared with patients with less than
0.1%. High levels of MFC MRD retained an independent
ability to detect a signiﬁcantly higher risk of relapse [20]. In
a study of 3184 B-ALL patients enrolled in the AIEOP-BFM
ALL 2000 protocol a large cohort of patients demonstrated
the prognostic signiﬁcance of MRD in B-ALL [21]. Stow et al
[22] examined the clinical signiﬁcance of levels below the usual
threshold value for MRD positivity (0.01%) in 455 children
with B-ALL and conﬁrmed the adverse prognostic impact
of MRD. Low levels of MRD (0.001% <0.01%) at the end of
remission induction therapy have prognostic signiﬁcance in
B-ALL patients and suggesting that patients with this ﬁnding should be monitored closely for adverse events. Van der
Velden et al. [23] studied MRD in 99 infants with ALL and
demonstrated the prognostic signiﬁcance of MRD; all patients
classiﬁed as high-risk because the value of MRD was more than
0.01% at the end of induction and/or consolidation. Schrappe
et al. [24] studied 464 patients with T-ALL and found that
MRD<0.01% at the end of induction was the most favorable
prognostic factor, with patients converting to MRD negativity
at the end of consolidation also having a favorable outcome,
while patients with MRD≥0.1% at this time point had a high
relapse hazard.
Several studies have also demonstrated the clinical impact
of MRD in adult patients with ALL. The German Multicenter
Study Group for Adult ALL studied 196 patients younger than
65 years with ALL and achievement of complete remission after
the ﬁrst phase of induction therapy. Patients with MRD<0.01%
had a 3-year relapse rate of 0%; with MRD≥0.01% until week
16 had a relapse rate of 94% [25]. MRD was studied at the
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end of consolidation in patients enrolled in the Northern Italy
leukemia Group-ALL. Five-year overall disease-free survival
was 14% for the 54 patients with MRD≥0.01% and 72% for 58
patients with MRD<0.01% [26]. Patel el al. [27] corroborated
the prognostic signiﬁcance of MRD in patients with non Tlineage ALL and found that the relative risk of relapse was
nine times higher in patients who were MRD-positive after
Induction 2 than in those who were MRD-negative. Finally,
MRD was measured on bone marrow samples from high-risk
children and adult ALL patients in a French multicenter prospective study [28]. At diagnosis, all 238 patients had at least
one suitable MRD marker with 0.01% sensitivity. It should be
noted that the proportion of MRD-positive samples at any
given time point during the course of treatment for patients
with ALL is highly dependent on the preceding therapy and
hence varies widely among diﬀerent studies. Consequently,
the interpretation of the clinical siginiﬁcance of MRD results
needs to be considered in the context of each treatment regiment [3,17].
MRD in acute myeloblastic leukemia (AML)
Acute myeloblastic leukemia (AML) is a heterogeneous
disease of early myeloid cell diﬀerentiation. In a majority of
individuals, the causative factor for development of leukemia is
unknown. Patients with AML show a heterogeneous response
to therapy. The current standard of care involves an intensive
induction chemotherapy followed by post-remission consolidation treatment including additional chemotherapy cycles
and/or allogeneic/autologous stem cells transplantation [29].
Treatment outcome depends on primary refractory disease to
cure. Many patients experience a relapse. Additional tools that
can detect the presence or absence of MRD after induction
of remission may help to identify patients at risk of relapse.
Clearly the use of MRD measurement to guide intensiﬁcation
of therapy is helpful only when there are adjunctive treatment
options that could be added for patients who are MRD-positive
during periods of hematologic remission [30].
MFC techniques are based on normal diﬀerentiation patterns of expression antigens that characterize the diverse
lineages of normal hematopoietic cells. AML blasts present
distinct immunophenotype patterns that are not detectable on
the surface of bone marrow cells from healthy donors [31]. The
aberrant patterns of antigen expression in leukemic patients,
LAIP in AML have shown to be heterogeneous and thus several
LAIP have been observed within an AML patient. When this
occurs, the LAIP with the major logarithmic diﬀerence relative
to normal bone marrow is used to monitor MRD. During MRD
monitoring the residual levels of leukemic cells are evaluated
by determining the log diﬀerence between the percent LAIP at
diagnosis and at follow up [32]. MFC approaches can include
three-to ten-color antibody panels with the ability to detect
population between 0.1% and 0.01% of bone marrow nucleated cells. However, as the number of parameters evaluated
by MFC in single tube increases, the complexity of analysis
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increases too. In addition to LAIP, stem cells immunophenotype has been also tested for its utility at detecting MRD.
Patients presenting higher proportion of stem cells (deﬁned
as CD34+CD38-) demonstrate signiﬁcantly lower relapse-free
survival than patients with fewer stem cells [33].
Several studies in children as well as adults have shown that
MRD detection by MFC provides strong prognostic information in AML after both induction and consolidation [34, 35,
36]. Importantly, one has to realize that most of these studies
were retrospective in a single institute setting, thus introducing well known potential bias. By identifying cut-oﬀ values in
the order of 0.01%-0.1% it has been possible in most of these
studies to identify two patients groups with either poor or good
prognosis. More recently, Van der Velden et al. [36] found that
3-year relapse-free survival, after the ﬁrst course of chemotherapy was 85%, 64%, and 14% for patients with MRD less than
0.1%, 0.1% to less than 0.5% and 0.5% or higher, respectively.
Among 188 patients with AML in remission after Induction
1, Loken et al. [37] found that 46 patients with positive MRD
had a 3-year relapse-free survival of 30%. A similar association was noted for MRD measured after Induction 2; MRD
remained a signiﬁcant prognostic factor in a multivariable
model. Buccisano et al. [38] used MRD to stratify patients
with good-risk and intermediate-risk cytogenetic. At the end
of consolidation therapy, 68% good-risk and intermediate-risk
patients were MRD-positive and had a relapse rate signiﬁcantly
higher than that of MRD-negative patients (74% versus 27%).
Thus, patients with MRD negativity at the end of consolidation
had a relatively favorable outcome, whereas those with MRD
positivity had an outcome similar to those with poor-risk
molecular features. Rubnitz et al. [39] measured MRD after
Induction 1 in 202 children with AML and detected levels of
0.1% or higher in 37% patients. A major diﬀerence between
this study and all the others mentioned above was that MRD
was used to adjust treatment intensity using reestablished
cut-oﬀ levels. Inaba et al. [40] recently analyzed the results
of MFC monitoring of MRD in samples obtained from 203
patients with newly diagnosed AML during and after completion of therapy. Of the 1,514 bone marrow samples studied, 202
(13.3%) had MRD≥0.1% by MFC. A considerable number of
samples with no morphologic evidence of disease contained
leukemic cells, while some samples appearing to contain
myeloblasts lacked detectable leukemic cells by MFC. Flow
cytometric measurements of MRD after Induction 1 or 2
were strongly associated with event-free survival and higher
relapse rate and were as an independent prognostic factor in
multivariable analysis. Moreover, PCR testing did not identify
patients with a worse outcome among those who were MRDnegative by MFC. The reason for the lack of relation between
MRD estimated by MFC and PCR is unclear. It is possible
that low levels of MRD by PCR (undetectable by MFC) may
not be associated with relapse as low levels of disease might
be suppressed by subsequent treatment [40].
These studies show that measurements of treatment response by MFC are widely applicable and provide strong
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prognostic information. A major criticism of MFC-based
MRD assays is that results are highly operator-dependent
and erroneous interpretation can occur if the interpreter has
a less than extensive knowledge of normal hematopoietic immunophenotypic analysis. One suggestion by the international
community has been development of software that allows for
automated analysis of MFC data to provide accurate gating
strategies. Currently, no consensus exists for standardized
AML antibody panels or processing techniques, that makes
reproducibility of methods diﬃcult. Although in the past
decade has been done dramatic progress in the understanding
of AML biology, the improvements in patient outcomes have
often failed to parallel these scientiﬁc advances [41].
MRD and hematopoietic cell transplantation (HCT) in
acute leukemia
Allogeneic hematopoietic cell transplantation (HCT) is an
established treatment for high-risk AML and ALL [42,43].
Recent studies have demonstrated high success rates for
HCT in children regardless of matched donor availability.
With contemporary HCT protocols, the mortality related
to regimen toxicity, graft versus host disease (GVHD), and
infection has decreased. However, HCT is not always curative and leukemia relapse occurs in a substantial number of
patients [44]. Persistent MRD is a common indication for
HCT in current protocols because it is associated with a high
incidence of disease progression. For patients with either
ALL or AML who achieve MRD-negativity, conversion to
MRD positivity strongly suggests the possibility of relapse
and should trigger careful monitoring. In AML, response to
initial treatment dictates the intensity of subsequent therapy
and identiﬁes candidates for allogeneic HCT. Because of the
increasing availability of MRD monitoring, the clinical usefulness of morphologic assessment of treatment response is
now questionable. A further increase in MRD levels is usually
followed by overt relapse [2,3,45].
Levels of MRD before transplantation are strongly related
to the post-transplantation relapse [46]. A study of Leung et
al. [47] analyzing the signiﬁcance of MRD pre-transplanted
in 190 children with very high-risk ALL or AML found that
survival probability was mostly dependent on MRD levels
before transplantation regardless to whether patients were
transplantated in ﬁrst remission or with more advanced
disease. In a subsequent analysis focusing on children with
very high-risk ALL or AML, higher MRD levels at the time
of transplantations predicted a poorer survival [48]. The
increase in risk of death associated with any given level of
MRD was greater in ALL than in AML, suggesting that a pretransplantation reduction of leukemia burden would have
a higher impact in patients with ALL. MRD measurements
can also be used to trigger retrieval post-transplantation efforts, e.g., tapering of immunosuppression, administration
of donor lymphocyte infusions, and second hematopoietic
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cell transplantation. Because of its prognostic signiﬁcance,
MRD before transplantation is being increasingly applied to
optimize the timing of transplantation and guide post-transplantation management [45]. In a study by Lankaster et al.
[49] patients who were MRD≥0.01% before transplantation
were eligible for early tapering of cyclosporine post-transplantation treatment, resulting in an apparent delay in the
occurrence of relapse. Not surprisingly, MRD is associated
with other adverse risk factors, such as older age, poor-risk
cytogenetics, leukemia arising from an antecedent hematologic disorder or after chemo-/radiotherapy and a multidrug
resistance phenotype. The cumulative evidence convincingly
demonstrates that MRD at the time of transplantation is
a powerful, independent predictor of adverse outcome in
patients with acute leukemia, and that monitoring MRD
post-transplantation provides prognostic ally relevant information. On the other hand, it is currently unclear how
the MRD status at the time of transplantation and at subsequent times post-transplantation should guide therapeutic
decisions. We now have that capability, and the availability
of reliable MRD measures pre- and post-transplantation
provides the clinical transplant community with a great
opportunity that should be exploited. Some studies hint at
immunotherapy (for example, rapid withdrawal of immune
suppression and/or donor lymphocyte infusions) as means to
prevent overt relapse if patients remain, or become, MRD+
after HCT. Ultimately, controlled clinical studies are needed
to deﬁne the value of MRD-directed therapies, and patients
should be encouraged to enter such trials [50].
Conclusions and considerations for the future
The introduction of MRD monitoring has transformed the
way in which patients with acute leukemia are managed. MRD
results can be applied to most patients with ALL and AML,
and can be delivered in a timely fashion to satisfy the requirements for rapid changes in treatment timing and intensity [51].
A further increase in cure rates for patients with acute leukemia will require accurate prediction of their relapse hazard.
MRD assays now allow the objective and sensitive assessment
of treatment response in virtually all patients. Despite this
progress there are areas for continuing development. Methods
to study MRD by MFC are constantly being reﬁned by the
introduction of new markers [18], which take advantage of the
capacity of newer instruments to detect an increasingly higher
number of ﬂuorochromes. The recent technical innovations
in routine FCM (3 lasers and≥8 colors) and the new developments in software for data analysis make this technology
the most attractive for MRD diagnostics. Eﬀorts to generate
programs that can take full advantage of newer technologies
and markers are being reported [52]. Immunophenotyping
by mass cytometry, a new technology, provides the ability
to measure>36 proteins at a rate of 1000 cells/second. Both
MFC and mass cytometry have unique and powerful features
as well as unique challenges and limitations. Over the next
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decade, these complementary technologies will play central
roles in dissecting the complex interactions of cells [53]. An
alternative approach to immunophenotypic analysis of MRD,
based on high-speed cell imaging scanning technology, was
also recently proposed [54]. The data indicate that this method
has the potential to identify MRD with a very high sensitivity and ensure that the signals detected originate from viable
cells. Overall, the beneﬁts of MFC for MRD measurement are:
(a) its applicability to most patients with acute leukemia; (b)
a relative rapid turnaround; (c) the technique allows single cell
analysis; (d) it provides information on normal cell population
as well; (e) it allows analysis of either live of ﬁxed cells, thus it
be combined with cell sorting if needed to study heterogeneous populations [30].
MRD has proven to be an independent prognostic factor in childhood and adult acute leukemia. MFC detection
of aberrant immunophenotypes and PCR ampliﬁcation of
Ig/TCR genes are currently the most widely used techniques
for MRD quantiﬁcation each has speciﬁc advantages and disadvantages and can be applied to the most patients with acute
leukemia. There highly quantitative, and as have been shown
to this yield clinically informative results. The selection of one
of these two methods depends on the existing expertise and
facilities. It is now clear that MRD levels (at least during the
early phases of treatment and before and post HCT) closely
reﬂect the degree of persistent disease, and that the residual
leukemic cell population revealed by MRD testing has the
potential of causing acute leukemia recurrence [16,40,50].
Precise MRD levels and optimal sampling time-points have to
be deﬁned for each treatment protocol before MRD-based risk
stratiﬁcation can be implemented. Whether or not outcome of
patients can be improved by integrating MRD into treatment
decisions is currently the subject of several clinical trials [55].
The implementation of MRD studies in treatment protocols
requires a strong interaction between MRD specialists and
clinical oncologists.
Current goals should, thus, focus on integrating serial
MRD assessment into cytogenetic and molecular results for
optimized risk stratiﬁcation and appropriately standardizing
MRD technologies to allow reproducibility and multiinstitutional collaboration. MRD studies have revolutionized risk
stratiﬁcation in acute leukemia and have multiple applications
in the management of patients. MRD is also beginning to be
used to determine the eﬃcacy of new anti-leukemia agents
[56], and should be a valuable tool to accelerate the discovery
of experimental agents with the highest antileukemic eﬀect,
thus adding new endpoints to more rapidly develop optimal
treatment strategies.
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