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Abstract

Several methodologies that rely on the detection of immunophenotypic or molecular abnormalities of the neoplastic cells are
now available to quantify measurable (“minimal”) residual disease (MRD) in acute myeloid leukemia (AML). Although the
perfect MRD test does not (yet) exist, the strong association between MRD and adverse patient outcomes has provided the
impetus to use measures of MRD as biomarker in the routine care of AML patients and during clinical trials. MRD test
results may inform the selection of postremission therapy in some patients but evidence supporting the use of MRD as
predictive biomarker is still limited. Several retrospective studies have shown that conversion from undetectable to
detectable MRD or increasing MRD over time is associated with overt disease recurrence, and MRD testing may therefore
be valuable as a monitoring biomarker for early detection of relapse. Interpreting serial MRD data is complex, with open
questions regarding the optimal timing and frequency of testing, as well as the identification of test-specific thresholds to
define relapse. Importantly, it is unknown whether intervening at the time of MRD detection, rather than at overt disease
recurrence, improves outcomes. Finally, using MRD as a surrogate efficacy-response biomarker to accelerate drug
development/approval has already been accepted by regulatory authorities in other diseases and is of great interest as a
potential strategy in AML. While the prognostic value of MRD in AML is well established, data from prospective clinical
trials confirming that treatment effects on MRD directly relate to clinical outcomes are needed to further establish the role of
MRD as a surrogate endpoint in AML.

Introduction morphological remission and causes disease relapse—dates

back 40 years in acute myeloid leukemia (AML) [1-3].
Interest in identifying “minimal” residual disease—the  More recently, technological advances in multiparameter
population of leukemia cells that survives despite  flow cytometry (MFC), polymerase chain reaction (PCR),
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and next-generation sequencing (NGS) have allowed mul-
timodality detection and quantification of measurable resi-
dual disease (MRD) and tracking of immunophenotypic
and/or genetic/molecular abnormalities in AML cells [4].
Numerous retrospective studies have consistently shown a
strong association between detection of MRD and adverse
outcomes in AML patients [4-16]. Furthermore, recent
meta-analyses have confirmed that the presence of MRD, by
any measure, has a negative impact on overall survival
(OS), even in the setting of allogeneic hematopoietic cell
transplantation (HCT) [17, 18]. Thus, clinicians are eager to
use MRD test results as a biological marker (“biomarker’)
in the routine care of patients with AML, and investigators
are hopeful to use such results as a surrogate endpoint in
clinical trials to expedite drug testing and facilitate earlier
access to novel therapeutics.

Biomarkers can be operationally defined as character-
istics that are measured as indicators of normal biological
processes, pathogenic processes, or biological responses to
an exposure or intervention, including therapeutic inter-
ventions [19]. They play important roles in various aspects
of clinical medicine, with applications in disease risk/sus-
ceptibility, disease diagnosis, and staging; as indicators of
disease prognosis; to detect or monitor changes in the
degree or extent of the disease over time; as sensitive pre-
dictors of impending clinical relapse; as measures of safety
of exposure to a medical product or environmental agent;
and as tools for the prediction and assessment of clinical
responses to an intervention [19, 20]. Here, we will sum-
marize current limitations of MRD assessments in AML and
review theoretical and practical aspects for using MRD as a
biomarker in AML clinical care and drug development.
Since different considerations apply for different biomarker
purposes, we will discuss potential uses of MRD as a
prognostic, predictive, monitoring, and/or efficacy-response
biomarker separately. Of note, MRD testing is relevant only
after administration of antileukemia therapy and, thus, has
no role as a diagnostic biomarker in AML.

Limitations of MRD assessments: general
and AML-specific considerations

A perfect MRD assay should accurately and precisely
identify the population(s) of leukemia cells which, if left
untreated, would cause disease recurrence, while being
indifferent toward the other residual leukemia cells,
including AML precursor or progeny cells, that do not
cause relapse [5]. Although the technologies to detect MRD
have improved over time and continue to evolve rapidly [4],
it is clear that the perfect MRD test does not (yet) exist in
AML (or any other disease) for biological and methodolo-
gical reasons, an important limitation to keep in mind.
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For an assay to successfully discriminate between cells
that can vs. cannot cause relapse, both disease biology and
technical aspects of the selected marker(s), measurements,
and data analysis need to be aligned. The established clin-
ical value of molecular MRD assays in acute promyelocytic
leukemia (APL) [21] and chronic myeloid leukemia (CML)
[22] reflect the existence of canonical genetic translocations
that are essential for the pathogenesis of the leukemia and
are present almost uniformly in all leukemia cells and
subclones in these malignancies. Other disease-relevant
canonical molecular aberrations, such as nucleophosmin-1
(NPM1) mutations or core-binding factor (CBF) transloca-
tions, have also been identified as useful targets for MRD
detection in non-APL AML, but are limited to specific
patient subgroups. In general, however, the genetic het-
erogeneity of leukemia cells, both within an individual
patient and between different patients, has substantially
complicated the development of MRD assays for non-APL
AML. Importantly, although we have detailed insights into
the molecular complexity of AML, we are still unable to
distinguish specific characteristics of the AML cells that
cause relapse, and do not understand how we could separate
such cells from the many other leukemia cells that do not
have that potential [23]. The apparent diversity of cells
capable of causing relapse is one important challenge for
MRD assay development in non-APL AML. For example,
data suggest that relapses can originate not only from rare
AML stem cells but also from larger subclones of immu-
nophenotypically committed leukemia cells that retain stem
cell-like properties [24]. This observation may identify one
of many potential mechanisms leading to the well-
recognized phenomenon of clonal shift, and explains the
finding that relapsing AML subclones may not express the
original immunophenotypic and/or molecular abnormalities
identified at the time of diagnosis.

There are a number of additional reasons why MRD tests
in AML are imperfect [23]. First, normal and regenerating
cells in the bone marrow and mutations associated with
nonmalignant clonal hematopoiesis can provide immuno-
phenotypic and molecular background “noise” that may
interfere with the ability of an MRD assay to detect residual
AML cells. In contrast, molecular MRD testing for specific
gene rearrangements in acute lymphoblastic leukemia
(ALL) or chronic lymphocytic leukemia (CLL) is relatively
straightforward because malignant lymphoid cells are easily
distinguished from normal ones in these leukemias with this
strategy. Second, MRD testing is limited by methodological
considerations related to the sensitivity, specificity, repro-
ducibility, repeatability, and replicability of different assays.
These concerns are currently being addressed by the Eur-
opean LeukemiaNet (ELN) MRD Working Party, with
initial work presented in a first consensus document [4].
Further efforts are underway to reduce methodological
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differences between laboratories by developing more
detailed guidelines for assay standardization or, at the
minimum, assay harmonization. A third problem with MRD
testing in AML relates to sample procurement. The few
milliliters of bone marrow in routine clinical samples may
not be representative of the heterogeneous distribution of
AML cells across the body and may limit the accuracy of
MRD tests [25]. This problem, combined with variable skill
levels in bone marrow aspiration, almost certainly con-
tributes to false negative results. Quantifying MRD in the
blood rather than bone marrow [26] may be one strategy to
address this limitation, and additional studies to assess the
value of peripheral blood MRD testing are underway. It
should be noted that AML relapses can take place in body
compartments, e.g., the central nervous system and skin, for
which neither sampling of bone marrow nor peripheral
blood is likely informative.

There are statistical limitations in AML MRD testing.
For example, the true value of a detectable MRD reading
could be obscured by patients dying from unrelated causes
prior to AML relapse and/or delayed time of relapse beyond
the designated observation period. Also, we typically
reduce an MRD test to a binary read-out, such as detectable/
undetectable, present/absent, or positive/negative, and this
practice may result in reduced test performance. Such sta-
tistical reasons are not specific to MRD testing in AML but
apply to MRD testing in general. Finally, therapeutic
interventions may impact the relationship between an MRD
test result and relapse in AML. In this regard of particular
importance are immunologic “graft-versus-leukemia”
effects conferred by allogeneic HCT, which may act on
MRD to reduce the likelihood, or delay the occurrence, of
AML relapse, thus potentially interfering with the predictive
power of an MRD test.

MRD as a prognostic biomarker in AML

A prognostic biomarker provides information about the
natural history and outcomes of specific diseases by iden-
tifying the likelihood of a clinical event, e.g., disease
recurrence or progression, in patients who have the disease
or medical condition of interest. Specifically, a prognostic
biomarker informs about the natural history of the disease in
a particular patient in the absence of a therapeutic inter-
vention [19, 27]. In practice, this situation is rarely
encountered in the care of patients with AML, as treatment
plans routinely include repeated courses of therapy, and
cytotoxic, immunologic, and other antileukemic effects may
persist well beyond the actual administration of the
therapeutic.

The vast majority of investigations conducted to date to
assess the role of MRD as possible biomarker in AML have

focused on prognostic information provided by results of
MRD assays. Numerous studies have shown that, at the
cohort level, results from MRD tests can risk-stratify
patients in morphologic remission: those with MRD have
higher cumulative incidence rates of relapse and, often,
shorter relapse-free survival (RFS) and/or OS than similarly
treated individuals without MRD. The strong association
between detectable MRD and inferior patient outcomes has
been confirmed at several timepoints throughout the course
of intensive AML therapy: as early as several days after the
start of induction chemotherapy; after completion of one or
two courses of induction chemotherapy; after postremission
therapy; both before and after HCT; and after salvage
chemotherapy for relapsed/refractory disease. Furthermore,
the negative prognostic impact of a positive MRD test on
outcomes has been demonstrated irrespective of MRD
testing methodologies, e.g., MFC, quantitative PCR for
single genetic abnormalities and NGS for multiple mole-
cular abnormalities [4—14]. MRD test results were routinely
found to be the most important adverse factor in univariate
analyses and, often, the only significant one remaining as an
independent factor in multivariable models. Overall, the
available data indicate that patients who test positive for
MRD at any given timepoint, regardless of the detection
methodology used, have a high but not guaranteed like-
lihood of experiencing relapse. On the other hand, not all
patients without MRD will remain in remission. These
observations may be related to assay performance, disease
biology, patient selection, therapeutic intervention, or a
combination of these factors, as discussed above. On an
individual patient level, results from MRD assessments
refine the prediction of RFS and OS to some degree, but the
ability to predict these outcomes accurately remains limited
[28]. Of note, the vast majority of studies conducted to date
have assessed patients who received intensive therapies for
remission induction. The prognostic role of MRD after
administration of lower-intensity therapies is less well
established, but emerging data suggest that detectable MRD
is associated with inferior outcomes after such therapies as
well [29, 30].

Studies of MRD in AML have differed not only in the
methodology for MRD assessment, but also with regard to
patient characteristics, disease status, and type of treatment.
A literature-based meta-analysis was recently conducted to
further delineate the prognostic role of MRD in AML [18].
Using Bayesian hierarchical modeling, this meta-analysis
included 11,151 patients described in 81 studies published
between January 1, 2000 and October 1, 2018 that reported
on OS (17 publications; 3118 patients), RFS (20 publica-
tions; 1783 patients), or both (44 publications; 6250
patients). At 5 years, the estimated OS was 68% (95%
Bayesian credible interval: 63-73%) for patients without
MRD vs. 34% (28-40%) for those with MRD. Similar
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5-year RFS estimates were 64% (59-70%) and 25%
(20-32%), respectively. The relative benefit of not having
MRD was comparable for both OS and DFS (average
hazard ratio: 0.36 [0.33-0.39] for OS and 0.37 [0.34-0.40]
for DFS). Absence of MRD was associated with superior
RFS and OS across all age groups (adult or pediatric), MRD
assessment timepoint (induction, during consolidation or
after consolidation), AML subgroup (CBF or non-CBF),
and specimen source (bone marrow or peripheral blood).
The effect of MRD on survival was more profound in stu-
dies reporting outcomes of CBF AML compared to non-
CBF AML. Overall, multivariable analyses, performed to
control for possible confounding factors, were consistent
with the univariate results [18]. Together, these data
strongly support the use of MRD as a prognostic biomarker
in AML. While different MRD assay methodologies can be
used to provide prognostic information, it is important to
note that the concordance between these assays is currently
not absolute and, thus, it may be most valuable to use dif-
ferent MRD assessments in a complementary, rather than
isolated manner. For example, retrospective studies have
shown that when both MFC and NGS assays are used,
patients without MRD by both methodologies have parti-
cularly good outcomes, patients with MRD by both meth-
odologies have particularly poor outcomes, and patients
with MRD by one methodology but without MRD by the
other have intermediate outcomes [31, 32]. It is an open
question whether further refinements in MRD detection
methodologies will allow optimal prognostic information to
be obtained from a single assay.

MRD as a predictive biomarker in AML

A predictive biomarker is used to identify individuals who
are more likely than similar individuals without the bio-
marker to experience a favorable or unfavorable effect from
exposure to a medical product or an environmental agent
[19]. Increasing data suggest that MRD may play a role as
predictive biomarker in AML for some treatment situations
and subsets of patients. For example, postremission thera-
pies are generally divided into transplant and nontransplant
strategies, which carry significantly different risks and
toxicities. Since MRD assessments can, as shown above,
stratify patients based on risk of disease recurrence, it is
appealing to consider MRD as a marker to inform the
allocation of a patient to a particular type of postremission
therapy. Allogeneic HCT is associated with reduced like-
lihood of relapse compared to nontransplant postremission
therapy but bears considerable risks of nonrelapse mor-
bidity and mortality. While AML patients with MRD
prior to allogeneic HCT have inferior outcomes to those
without, retrospective analyses have shown that the relative
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reduction in the risk of post-HCT AML recurrence is
similar for adults with AML who have vs. do not have
MRD at the time of allografting [33]. Because of the higher
absolute risk of relapse for patients with pre-HCT MRD,
the absolute reduction of relapse risk is greater for these
patients. Since the risks for nonrelapse mortality (NRM)
are relatively similar for patients with and without pre-HCT
MRD, the absolute benefit of allografting may be greater
for patients with pre-HCT MRD. Consistent with this
notion, retrospective analyses of patients with CBF AML
nonrandomly assigned to either allogeneic HCT or
chemotherapy-based postremission therapy have indeed
suggested better outcomes when allogeneic HCT was used
in individuals with pre-HCT MRD; in those without pre-
HCT MRD, outcomes with postremission chemotherapy
were superior because NRM with allografting more than
offset the reduced risk of relapse [34]. Likewise, data
from the GIMEMA AMLI1310 trial have indicated that
MRD-directed selection of postremission treatment strat-
egy (autologous vs. allogeneic HCT) for AML with
intermediate-risk AML in first morphologic remission
might optimize treatment outcomes [35].

Some studies suggest MRD may also have value as
predictive biomarker to inform selection of the optimal
conditioning intensity before allogeneic HCT. Several ret-
rospective studies of patients nonrandomly assigned to
receive higher- or lower-intensity conditioning regimens
suggested lower relapse rates with myeloablative con-
ditioning (MAC) compared to reduced-intensity condition-
ing (RIC) or nonmyeloablative conditioning [36—40].
Concordant with these findings, data from the randomized
phase 3 BMT CTN 0901 trial showed that, for adults age
18-65 years with AML transplanted in morphologic
remission, MAC was associated with lower relapse rates
and longer survival compared to RIC [41]. In a recent post
hoc analysis of a subset of 190 AML patients (>70% older
than age 50) transplanted on the BMT CTN 0901 trial for
whom pretransplant peripheral blood specimens were
archived, Hourigan et al. used ultra-deep, error-corrected
sequencing of 13 commonly mutated genes in AML as an
approach to test for mutation-defined MRD before HCT
[42]. Results showed that there was a statistically sig-
nificantly lower incidence of relapse, as well as longer RFS
and OS, with MAC in the 66% of patients entering trans-
plantation with genomic evidence of residual AML (or,
more specifically, the 41% of patients with mutations pre-
sent in genes other than DNMT3A, TET2, and ASXLI)
compared with those randomized to RIC. On the other
hand, in the patients without detectable genomic MRD,
MAC was associated with only a statistically nonsignificant
improvement in relapse incidence, higher NRM, and similar
OS compared to RIC [42]. Slightly different from these
data are findings from FIGARO, an open label phase 2



Measurable residual disease as a biomarker in acute myeloid leukemia: theoretical and practical. .. 1533

randomized trial of 244 patients with high-risk AML or
myelodysplastic syndrome randomly assigned 1:1 to a
fludarabine-based RIC regimen or an “augmented” RIC
regimen with FLAMSA-busulfan [43]. This study con-
firmed the poor prognosis associated with the presence of
pre-HCT MRD, in this case measured by MFC, in patients
receiving RIC. In this study, unlike MAC in BMT CTN
0901, “augmented” RIC could not overcome the negative
prognosis associate with pretransplant MRD. Furthermore,
~50% of patients on the FIGARO trial with evidence of
pretransplant MRD did not relapse within the study follow-
up period, underscoring the observation from both clinical
trials and clinical practice that not all patients with MRD are
destined to relapse quickly [39]. The BMT CTN 0910 and
FIGARO trials highlight the need for additional studies to
delineate further how MRD before HCT should inform the
selection of specific conditioning regimens and to determine
the mechanism of any benefit associated with conditioning
intensification.

MRD as a monitoring biomarker in AML

A monitoring biomarker is measured serially and used to
assess the status of a disease or medical condition or as
evidence of exposure to (or effect of) a medical product or
an environmental agent [19]. Data showing that conversion
from a negative to a positive MRD test or an increase in
MRD over time is associated with overt disease recurrence
provides the rationale to consider MRD as a monitoring
biomarker for routine surveillance and care of patients fol-
lowing completion of AML therapy or, perhaps, during
maintenance treatment [4]. Conversely, demonstration of
serially negative MRD tests could provide the basis to
withhold further therapy or change treatment strategy,
somewhat analogous to patients with CML who test nega-
tive or minimally positive for the breakpoint cluster region/
Abelson murine leukemia viral oncogene-1 fusion gene by
sensitive quantitative RT-PCR assay. This MRD test result
informs on a very low risk of disease recurrence or pro-
gression, at least with continued use of tyrosine kinase
inhibitor (TKI) therapy [22], and has been used to help
decision-making regarding TKI discontinuation.

In the case of APL, conversion to detectable MRD, using
a sensitive quantitative RT-PCR assay for the promyelocytic
leukemialretinoic acid receptor alpha fusion protein, is
almost always followed by hematologic relapse, although
the interval between conversion of the MRD test and overt
relapse can span more than 1 year [44]. Likewise, conver-
sion to a positive RT-PCR test for RUNXI/RUNXTI tran-
scripts in patients with t(8;21)(q22;q22.1) leukemia is
strongly indicative of overt disease recurrence, often with a
very short latency from molecular to morphologic relapse,

which necessitates MRD assessments at short intervals [45].
Both of these examples refer to serial monitoring using
highly sensitive and specific RT-PCR assays in molecularly
defined AML subgroups. The interpretation of serial MRD
data in other AML subgroups is much more complex and
leads to a number of largely unresolved challenges and
questions. For example, more data are required regarding
the need and timing for confirmatory testing if a positive
result is obtained, the thresholds best suited to define
relapse, and how to approach patients with molecular MRD
persistence at low copy numbers. Data are also needed to
define the optimal timing and interval between tests, which
may differ based on the cytogenetic and/or molecular
characteristics of the leukemia [46—49] and, possibly, on the
interval since completion of therapy. Monitoring MRD
serially every 3 months, as has been recommended [4], may
not be ideal for some patients and may provide insufficient
lead time to identify MRD-level relapse in patients with
rapid relapse kinetics [45, 50]. Finally, while the value of
MRD conversion as indicator of impending relapse is
established, at least for some molecularly defined AML
subgroups, not all patients with conversion of a negative to
a positive MRD test ultimately relapse even in the absence
of further AML therapy. Most importantly, clinical benefit
from early intervention based on MRD data has yet to be
shown for most AML types and treatment scenarios. Data
from NCRI AML17 trial, in which patients were allocated
to MRD monitoring or not after completion of chemother-
apy, will provide insight into the practical use of MRD
monitoring in AML and help clarify what impact such a
strategy has on clinical decision-making and, by offering an
early (“preemptive”) treatment opportunity, on treatment
outcomes.

In the era before all-frans retinoic acid (ATRA)/arsenic
trioxide (ATO)-based upfront therapy of APL, data from a
prospective, nonrandomized study as well as retrospective
analyses suggested that treatment at the time of molecular
relapse can prevent overt relapse in the majority of patients
and may lead to longer survival [51-53]. Because of the
very low risk of relapse following ATRA/ATO-based
upfront therapy, however, serial MRD monitoring is no
longer recommended in low-risk APL [21]. It is likely that
serial MRD measurements in non-APL AML patients will
identify many with increasing disease burden before overt
disease recurrence. Early relapse detection may allow early
therapeutic intervention, and many efforts are ongoing to
develop drugs that effectively “eradicate” MRD as a novel
therapeutic strategy in frontline and maintenance settings.
However, while various interventions at the MRD level of
disease recurrence are being explored [54-56], it is cur-
rently unknown whether an early treatment strategy (which
would potentially deliver unnecessary additional therapy to
some patients not destined to relapse) will lead to better
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outcomes compared to the strategy of treating only at the
time of overt relapse which, by definition, results in treat-
ment of only those patients who need it. MRD-based
intervention trials that include serial MRD monitoring are
underway.

MRD as an efficacy-response biomarker in
AML

An efficacy-response biomarker is used to show that a
response has occurred in an individual who has been
exposed to a medical product or an environmental agent
[19, 27]. The consistently observed, strong association
between MRD assessments in blood and/or bone marrow at
different timepoints (in some [57] but not all [58] studies, as
early as after 3 days of treatment) and relapse risk and/or
survival has raised interest in using MRD as a surrogate
efficacy-response biomarker, i.e., a marker thought to pre-
dict a clinical outcome that is not itself a measure of clinical
benefit [59], to accelerate drug development/testing and
regulatory approval. Regulatory drug approval requires
demonstration of clinical benefit, most typically an
improvement in either survival or disease-associated
symptoms and quality of life. Even in a disease such as
AML where survival is relatively short in many patient
subsets, demonstration of improved survival may require
long follow-up, and the effects of subsequent treatments,
which are rapidly evolving, can confound the effect of the
therapy of interest. A validated, early post-therapy surrogate
endpoint for clinical benefit would address these limitations
and could accelerate and simplify drug testing and approval.
Such a surrogate endpoint could also lead to shorter clinical
trials, reduced costs, and exposure of fewer patients to
potentially toxic and/or ineffective treatments. There are
now examples of disease areas, notably ALL, in which
MRD is already accepted by some regulatory authorities as
a surrogate endpoint.

The U.S. Food & Drug Administration (FDA) has issued
a guidance document regarding the regulatory considera-
tions for the use of MRD in the development of therapeutic
drugs and biological products [27]. This document provides
a conceptual framework how MRD data could serve as the
basis for accelerated or even traditional approval, depending
on the strength of the evidence supporting surrogacy. The
guidance document adheres closely to principles described
previously in the statistical literature regarding which fac-
tors have to be considered for the strength of this evidence.
One such factor is biological plausibility. Fundamentally, an
MRD assay provides a quantitative assessment of the
number of residual leukemia cells. Therefore, we assume
that becoming MRD test negative is a biologically plausible
surrogate for longer survival or is at least one of the
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prerequisites. A second factor is the availability of epide-
miological studies demonstrating the prognostic value of the
surrogate endpoint for the clinical outcome, e.g., achieving
a complete remission without MRD must correlate with
longer survival compared to achieving a complete remission
with MRD. This is measured at the individual patient level.
Single arm trial data can be used for the purpose of
hypothesis generation, but ultimately data from meta-ana-
lyses, such as those discussed above [18], are required for
formal assessment. Further efforts are currently ongoing to
generate additional meta-analysis data to support the prog-
nostic value of results from MRD assessments. A third
important factor supporting surrogacy is the availability of
clinical trial evidence demonstrating that treatment effects
on the surrogate endpoint correspond to treatment effects on
the clinical outcome, i.e., the experimental treatment needs
to increase both the rate of complete remissions without
MRD and survival compared to the control treatment. This
effect is measured at the trial level, and the FDA guidance
document suggests that meta-analyses conducted to assess
this correlation should only include data from randomized
trials [27]. Currently, while some data from mostly non-
randomized trials show a treatment effect on both MRD
responses and survival [60-62], data from randomized trials
that may support this requirement are currently extremely
limited. One existing example is the AMLSG 09-09 trial, in
which 588 patients with newly diagnosed NPMI-mutated
AML were randomized to intensive chemotherapy plus
ATRA with or without the CD33 antibody-drug conjugate
gemtuzumab ozogamicin (GO) [63]. In the GO arm, NPM
transcript levels were significantly lower, and a significantly
higher proportion of patients achieved a remission without
MRD than in the control arm. This was associated with a
lower incidence of relapse and better RFS with GO. Pro-
spective clinical trials aimed at demonstrating a treatment
effect on both MRD and survival in AML are ongoing in
several cooperative study groups (e.g., PALG, HOVON,
AMLSG, NCRI). Recent data from the randomized phase 3
QUAZAR AML-001 trial of maintenance therapy with oral
azacitidine (CC-486) vs. placebo showed a significant
benefit in OS for oral azacitidine, regardless of whether
MRD was detectable or not at baseline. Of note, almost
20% of patients with detectable MRD at baseline who were
assigned to the placebo arm still converted to MRD nega-
tivity during follow-up, highlighting the challenge of using
MRD as a possible efficacy-response biomarker in AML
[64]. Still, data supporting the use of MRD assessments for
this purpose are already available from other hematologic
malignancies. In CLL, a meta-analysis of three large ran-
domized chemoimmunotherapy trials showed a statistically
significant relationship between treatment effect on per-
ipheral blood MRD and treatment effect on progression-free
survival (PFS), supporting the use of peripheral blood MRD
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as a surrogate for PFS [65]. Likewise, a meta-analysis of six
randomized trials in newly diagnosed multiple myeloma
should a strong correlation between the treatment effect on
the odds ratio for responses without MRD and the hazard
ratio for PFS [66]. In ALL, MRD has robust prognostic
significance and has been successfully used as a primary
endpoint in a clinical trial leading to the FDA approval of
blinatumomab for relapsed disease [67]. However, a meta-
analysis of two large, randomized phase 3 trials investi-
gating the effects of different corticosteroids on disease
outcome in children with ALL found that MRD at the end
of induction was a poor surrogate for the treatment effect on
event-free survival (EFS) at the trial level [68]. Thus, study
population (e.g., newly diagnosed vs. relapsed disease), age,
and timepoint of assessment may be important factors in
determining the suitability of MRD as a biomarker as sur-
rogate for treatment efficacy.

Conduct of clinical trials that assess value of
MRD measures as surrogate biomarkers

There is an ongoing need for well-designed, prospective,
randomized trials with sufficient statistical power to assess
the role of MRD as a surrogate biomarker in AML. To date,
MRD negativity has not been used as a primary endpoint,
but clinical trials investigating MRD as a secondary and/or
exploratory endpoint are underway. The FDA guidance
document on the regulatory considerations for the use of
MRD [27] outlines the general framework for the conduct
of such trials. It is recommended that intention-to-treat
analyses be used to evaluate MRD as an endpoint as an
unbiased estimate of treatment effect, and that any patient
without an MRD assessment (e.g., because of failed sample
collection, methodological/technical issues, failed sample
shipment, etc.) be considered as not responsive to treatment.
Since the latter issue will certainly dilute the treatment
difference of interest, special efforts should be made to
minimize the number of missing and/or unevaluable MRD
assessments. To help with these efforts, the study protocol
should provide explicit and complete information regarding
MRD sample collection, including site (e.g., bone marrow
or peripheral blood), sample volume and, ideally, sequence
of bone marrow pulls for the different analyses to reduce the
risk of inadequate sample quality (e.g., due to bone marrow
dilution) for MRD testing. Prespecified timepoints or, if
fixed timepoints are not feasible, time windows for MRD
sample collection are essential. The ELN MRD Working
Party recommends that molecular and/or flow cytometric
assessments of MRD should be performed whenever a
treatment response is evaluated [4].

As no single approach to detect or quantify MRD has
been proven superior in heterogenous AML patient

populations, multimodality MRD testing should be con-
sidered, with the use of preferred detection methodologies
for specific AML subtypes (i.e., molecular assays to detect
translocations in APL or CBF leukemias and canonical
mutations in NPMI-mutated AML) [4]. A prespecified,
standardized, and validated threshold to distinguish detect-
able MRD from undetectable MRD, which optimizes the
positive and negative predictive values for each technique,
should be used. To reduce methodology-or staff-related test
result variabilities that complicate the interpretation of
MRD results, it is highly recommended to perform MRD
testing in experienced central laboratories. Availability of a
network of harmonized laboratories with standardized pro-
cedures could facilitate the conduct of larger, international
trials, improve the quality of samples being tested, and
ultimately optimize the MRD testing itself. This approach
would also facilitate comparisons between clinical studies
[5]. Finally, attention is required in the choice of long-term
clinical endpoints, e.g., EFS, DFS, or OS. These should be
prespecified during the study planning period and should be
precisely defined, with explicit descriptions as to whether/
how disease recurrence at the MRD level impacts the out-
comes defined.

Conclusions and future perspective

Clinicians treating AML have always known that mor-
phological complete remission belies the dangerous left-
over leukemia cells that hide after treatment and eventually
emerge to cause relapse and bone marrow failure. With
nine new drug approvals by the FDA in the last 3 years,
more AML patients than ever are achieving complete
remission, and OS is improving. Over the same period of
time, substantial data have emerged unequivocally sup-
porting the use of MRD as a prognostic biomarker in AML.
The assessment of AML MRD is undeniably complicated,
with many unanswered questions related to optimization of
technologies, methodologies, laboratory procedures, timing
of sample procurement, and other significant issues
(Table 1). Still, there has been substantial headway in
advancing the utility of MRD as an essential biomarker
in AML. While MRD remains an exploratory endpoint in
clinical trials, consensus guidelines have been issued and
are being updated; prospective, randomized clinical trials
are underway with multimodality assessment of MRD at
different timepoints; clinical trials are ongoing with MRD-
directed interventions; and guidance from regulatory
authorities has been issued. Also, both clinicians and
patients are paying increasing attention to the potential
value of MRD assessments as a tool to help individual
treatment decision-making. While much more work
remains, it is anticipated that the challenges limiting routine
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application of MRD testing in AML will be surmounted,
and that the role of MRD as a predictive, monitoring, and
efficacy-response biomarker in AML will be determined in
detail.
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