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Simple Summary: Advances in immunophenotyping and molecular techniques have allowed for the
development of more sensitive diagnostic tests in acute leukemia. These techniques can identify low
levels of leukemic cells (quantified as 10−4 to 10−6 ratio to white blood cells) in patient samples. The
presence of such low levels of leukemic cells, termed “measurable/minimal residual disease” (MRD),
has been shown to be a marker of disease burden and patient outcomes. In acute lymphoblastic
leukemia, new agents are highly effective at eliminating MRD for patients whose leukemia progressed
despite first line therapies. By comparison, the role of MRD in acute myeloid leukemia is less clear.
This commentary reviews select data and remaining questions about the clinical application of MRD
to the treatment of patients with acute myeloid leukemia.

Abstract: Measurable residual disease (MRD) has emerged as a primary marker of risk severity and
prognosis in acute myeloid leukemia (AML). There is, however, ongoing debate about MRD-based
surveillance and treatment. A literature review was performed using the PubMed database with
the keywords MRD or residual disease in recently published journals. Identified articles describe
the prognostic value of pre-transplant MRD and suggest optimal timing and techniques to quantify
MRD. Several studies address the implications of MRD on treatment selection and hematopoietic
stem cell transplant, including patient candidacy, conditioning regimen, and transplant type. More
prospective, randomized studies are needed to guide the application of MRD in the treatment of
AML, particularly in transplant.

Keywords: AML; acute myeloid leukemia; MRD; measurable residual disease; hematopoietic stem
cell transplant

1. Introduction

Acute myeloid leukemia (AML) is a hematologic malignancy characterized by the
clonal expansion of undifferentiated myeloid precursors, resulting in impaired hematopoiesis
and bone marrow failure. Although 70% of patients with AML attain morphologic com-
plete remission (CR) with induction chemotherapy, approximately 50% of these patients
experience relapse [1]. Overall survival in AML remains a disappointing 24% at 5 years [2].

The classification of AML has historically been based on cell morphology. The advent
of new flow cytometry and molecular techniques have allowed for the identification of
phenotypic and genetic markers present in leukemic cells. In 2017, an expert panel of the
European Leukemia Net (ELN) proposed risk stratification criteria for AML based on ge-
netic mutations at diagnosis [3]. The following year, ELN recommended a standardization
of emerging techniques that test for measurable residual disease (MRD): the presence of low
levels of leukemic cells after treatment, usually at 10−4 to 10−6 ratio to white blood cells [4].
Since then, MRD has become a key prognostic biomarker and tool to anticipate relapse
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in AML [5–9]. In response to advances in MRD detection, quantification, and application
in patient care, ELN and the National Comprehensive Cancer Network (NCCN) updated
recommendations on the use of MRD in AML in 2021 [10,11].

Despite these guidelines, many questions remain about the application of MRD in
treatment of both fit patients, who undergo high-intensity chemotherapy (i.e., the cytarabine
and daunorubicin-based 7 + 3 or CPX-351), and “unfit” patients, who are treated with
low-intensity chemotherapy (i.e., hypomethylating agents or low-dose cytarabine). For
unfit patients, the toxicity of high-intensity treatments outweighs the benefits due to
age, comorbidities, or functional status [3,9]. How and when should patients be tested
for MRD? Can we use MRD as a predictor of impending relapse, such that we should
change treatment in response to its identification? How should the presence of MRD
impact treatment decisions? For example, the bispecific T-cell engager blinatumomab
was the first widely applied therapeutic agent to target MRD and improve survival in
relapsed/refractory acute lymphoblastic leukemia [12]. Is there a parallel intervention for
patients with AML? Herein, we comment on evidence and remaining questions about the
treatment of patients with AML in relation to MRD status.

2. Methods

Articles included here were identified by searches on the PubMed database. Search
terms included “MRD OR residual disease”, “AML OR myeloid leukemia”, and “trans-
plant*”. Articles were identified from January 2016 to April 2022 and restricted to the
English language. Expert opinion was included based on clinical experience in treating
patients with AML at the University of California, Davis Comprehensive Cancer Center.

3. MRD Testing
3.1. How Should We Test Patients for MRD?

In line with ELN, NCCN, and American Society of Clinical Oncology guidelines,
most centers use a combination of methods—including bone marrow morphology, cyto-
genetics, fluorescence in situ hybridization (FISH), immunophenotyping, and molecular
studies—to optimize AML diagnostics and MRD technique sensitivity, specificity, and
applicability [10,13–15]. Among these techniques, the most commonly used MRD detection
tool is immunophenotyping with multiparameter flow cytometry (MFC) [1,16–22]. ELN
guidelines provide guidance regarding flow cytometry settings, the recommended panel of
cell population identifiers, and gating strategy [22]. The two primary methods of MFC inter-
pretation are known as leukemia-associated immunophenotype (LAIP) and different from
normal (DfN) [23]. ELN recommends the continued integration of LAIP/DfN populations
in MRD detection, as well as calculating the lower limits of detection and quantification for
each assay [10]. The recommended threshold for test positivity is ≥0.1% [10].

Polymerase chain reaction (PCR)-based methods of MRD detection include quantita-
tive PCR (qPCR) and the emerging technique of digital droplet PCR (ddPCR). qPCR has
become a standard technique for MRD detection. When compared to qPCR, ddPCR is more
timely, sensitive, and reproducible because it does not rely on a standardization curve or
reference materials [5,24,25]. ddPCR does, however, require specific assays for each gene
aberration, and validation is still needed for its use with complimentary DNA [10].

As known markers with available PCR assays account for only 40–60% of AML cases,
further identification and standardization of these tests is ongoing [10]. Assays have been
developed for three phenotypes of particular clinical significance: NPM1, Core Bind Factor
(CBF)-AML (referring to the fusions gene RUNX1::RUNX1T1 and CBFB::MYH11) and
Acute Promyelocytic Leukemia (APL) (referring to the fusion gene PML::RARA) [10]. If
detected, PCR monitoring of these mutations is preferred over MFC [10]. PCR can also be
applied to the fusion genes BCR::ABL1, KMT2::MLLT3, and DEK::NUP214 [26]. In addition,
Wilms tumor-1 (WT1), found in more than 80% of AML cases, may be a marker of MRD
when identified as overexpressed by PCR [27].
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Next generation sequencing (NGS)—including whole genome sequencing, whole ex-
ome sequencing, and targeted-gene sequencing—is another primary modality of molecular
MRD detection [15,28–31]. MRD-targeted NGS panels are recommended to include signal-
ing pathway genes (i.e., FLT3-ITD, FLT3-TKD, KIT, RAS) and any molecular marker targeted
in treatment (i.e., FLT3 or IDH1/IDH2) [10]. The ELN’s proposed detection threshold for all
molecular studies is 10−3 or lower [10].

Costs to patients and our healthcare systems must be considered with the use of
multiple MRD detection techniques. To lessen invasive patient testing, several studies
advocate for the use of peripheral blood rather than bone marrow samples [32–34]. In one
retrospective cohort of 209 MRD-positive patients, peripheral blood MFC captured 83%
of patients with MRD on bone marrow aspirates with a specificity of 95% [34]; a higher
sampling frequency may mitigate the lower sensitivity in peripheral blood compared
to bone marrow. As there is likely additive value in combining MFC and molecular
studies [15], highly sensitive, combined techniques are being developed [35]. Expense
and resource requirements remain significant barriers to the use of NGS among MRD
quantification techniques [7,36].

3.2. At What Time Points Should We Test for MRD?

Practices vary regarding the frequency of MRD monitoring. ELN consensus recom-
mends MRD monitoring at a minimum of: at diagnosis, after two cycles of standard
induction or consolidation chemotherapy, and at the end of treatment [4]. This recommen-
dation acknowledges that molecular MRD markers may evolve over time; the kinetics of
specific mutations over the course of diagnosis, treatment(s), and relapse continue to be
explored as MRD detection sensitivity improves [6,37]. For well-characterized AML pheno-
types (including NPM1-mutant, CBF, and APL), follow-up testing is also recommended by
bone marrow sampling every 3 months or peripheral blood every 4–6 weeks in the first
24 months after treatment completion [10]. At our institution, for unfit patients treated with
low-intensity therapy, we recommend monitoring MRD, MFC, and qPCR of previously
detected molecular markers (i.e., NPM1) in bone marrow every three treatment cycles until
MRD response, followed by every 1–3 months in the peripheral blood [38]. As MRD is
predictive of relapse, particularly in well-defined MRD markers such as fusion genes of CBF
AML, some recommend even more frequent monitoring to allow for prompt intervention if
MRD is identified [39–42]. Figure 1 proposes a framework for MRD monitoring in patients
with AML treated with either high- or low-intensity therapy.
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niques include multiparameter flow cytometry (MFC), next-generation sequencing (NGS), and 
quantitative polymerase chain reaction (qPCR). * Bone marrow studies can be obtained as clinically 
indicated in patients on continuation/maintenance therapy or after treatment completion. 
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tations commonly associated with CHIP may be an ancestral clone that gave rise to AML 
or a somatic clone in non-preleukemic genes [10,15]. In NPM1-mutated AML, the persis-
tence of DTA (DNMT3A, TET2, and ASXL1) mutations have not been shown to correlate 
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understood as likely distinct from MRD markers [15,44]. Studies on the clinical implica-
tion of non-DTA CHIP mutations and germline mutations are ongoing [45,46]. For exam-
ple, recent studies have demonstrated the significance of mutation characteristics, such as 
variant allele frequency, location, co-mutations, and downstream involvement in gene 
processing, of genes SRSF2 and IDH2 R140Q [47,48]. CHIP introduces more nuance in 
MRD detection, including both endogenous CHIP and donor-derived CHIP in patients 
who pursue allogeneic hematopoietic stem cell transplant (allo-HSCT) [43]. 
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mutated AML. In this study, patients in MRD-positive complete remission (CR) had a 
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vs. 75%) compared to their MRD-negative counterparts [49]. In multivariate analysis, 
MRD status was the only significant prognostic marker for relapse and death. A subse-
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Figure 1. MRD Monitoring in AML. Recommendations adapted from the 2021 European
LeukemiaNet Guidelines [10], the National Comprehensive Cancer Network AML Guidelines
version 1.2022 [11], and our clinical experience and emerging data on lower intensity regimens [38].
Tissues for MRD testing include peripheral blood (PB) and bone marrow (BM). MRD quantification
techniques include multiparameter flow cytometry (MFC), next-generation sequencing (NGS), and
quantitative polymerase chain reaction (qPCR). * Bone marrow studies can be obtained as clinically
indicated in patients on continuation/maintenance therapy or after treatment completion.

3.3. How Should We Account for Mutations Associated with Clonal Hematopoiesis?

Clonal hematopoiesis of indeterminate potential (CHIP) refers to the age-related
recurrence of genetic mutations in healthy persons without hematologic disease [15,43].
Mutations commonly associated with CHIP may be an ancestral clone that gave rise to
AML or a somatic clone in non-preleukemic genes [10,15]. In NPM1-mutated AML, the
persistence of DTA (DNMT3A, TET2, and ASXL1) mutations have not been shown to
correlate with age, the intensity of induction therapy, or relapse-free survival, and are
therefore understood as likely distinct from MRD markers [15,44]. Studies on the clinical
implication of non-DTA CHIP mutations and germline mutations are ongoing [45,46]. For
example, recent studies have demonstrated the significance of mutation characteristics,
such as variant allele frequency, location, co-mutations, and downstream involvement in
gene processing, of genes SRSF2 and IDH2 R140Q [47,48]. CHIP introduces more nuance
in MRD detection, including both endogenous CHIP and donor-derived CHIP in patients
who pursue allogeneic hematopoietic stem cell transplant (allo-HSCT) [43].

4. MRD in Initial Therapy
4.1. What Is the Significance of MRD-Positive Status at First Complete Remission?

MRD is a strong prognostic factor for poor outcomes in AML. The AML17 trial was a
foundational study to support the prognostic impact of MRD in fit patients with NPM1-
mutated AML. In this study, patients in MRD-positive complete remission (CR) had a
significantly higher risk of relapse (82% vs. 30%) and lower rate of survival at 3 years
(24% vs. 75%) compared to their MRD-negative counterparts [49]. In multivariate analysis,
MRD status was the only significant prognostic marker for relapse and death. A subsequent
meta-analysis using data from 11,151 patients in 81 studies demonstrated improved 5-year
disease-free and overall survival in patients without versus those with MRD (respectively
64% vs. 25%, 68% vs. 34%); these results were significant across all age groups, AML
subtypes, time of MRD assessment, and MRD assessment methods except for cytogenetics
and FISH [50].
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Increasing evidence supports the prognostic role of MRD in unfit patients treated with
low- or semi-intensive chemotherapy. For example, in the PETHEMA-FLUGAZA trial,
among patients treated with either semi-intensive chemotherapy (fludarabine and cytara-
bine) or 5-azacitidine, patients in MRD-positive CR had significantly worse cumulative
incidence of relapse (hazard ratio, HR 2.95) and relapse-free survival (HR 3.45) when com-
pared to those who achieved MRD negativity [51]. In a smaller cohort of patients treated
with decitabine and venetoclax, patients who achieved MRD negativity had improved
relapse-free survival (HR 0.31) and overall survival (HR 0.23) compared to those who were
MRD-positive at 2 months after treatment initiation [52].

Though we presume the sooner the better, the prognostic significance of MRD conver-
sion at specific timepoints during low-intensity chemotherapy treatment remains unknown.
For example, in a retrospective analysis of the VIALE-A trial, patients who achieved MRD-
negative CR after one cycle of venetoclax and azacitidine had a longer duration of response,
event-free survival, and overall survival compared to patients who had detectable MRD
at this timepoint; MRD-positivity was predictive of overall survival (HR 0.285) [38]. In
addition to the 25% of patients who achieved MRD-negative status at cycle 1, an additional
54% of patients achieved MRD response after cycle 7 and had comparable outcomes [38].
In comparison, the QUAZAR AML-001 trial showed improved overall and relapse-free
survival with oral azacitidine versus placebo in both MRD-positive (HR 0.69, 0.58) and
MRD-negative (HR 0.81, 0.71) patients [53]. In patients with persistent MRD, one fourth
converted to MRD-negative status after 6 months of azacitidine therapy [53]. More studies
are needed to determine the optimal timing of MRD assessment and, after MRD conver-
sion, whether/when treatment cessation or transition to monotherapy is appropriate in
unfit patients.

The role of MRD in patients who receive treatment for relapsed/refractory (r/r) AML
is less clear. One retrospective study in over 100 patients with r/r AML showed that patients
who achieved MRD-negative CR after salvage therapy had longer median time to relapse
and relapse-free survival than their counterparts in MRD-positive CR (10.6 vs. 4.7 months
and 7.3 vs. 4.6 months, respectively) [54]. This difference was in part attributed to increased
allo-HSCT in patients in MRD-negative CR.

4.2. What Treatment(s) Can Eradicate MRD?

Given the prognostic significance of MRD-positivity at first CR, MRD-targeted therapy
may be indicated to improve patient outcomes independent of plans for transplant, using
both known modalities and novel agents. Ongoing investigations explore the optimal
timing and duration of commonly used modalities, such as chemotherapy [55] and HSCT.
Though reviewed by Ball et al. [56], notable novel agents include the hypomethylating
agents azacitidine and decitabine with or without venetoclax [38,57,58]; oncogenic driver-
mutation-targeted treatments (i.e., the IDH1 inhibitors ivosidenib and enasidenib, as well as
the FLT3 inhibitors midostaurin, gilteritinib, quizartinib, and sorafenib); and immunothera-
pies, such as gemtuzumab ozogamicin [59]. Figure 2 highlights the ongoing debate about
the application of these MRD-targeted treatments to six clinical scenarios in AML treatment.
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stem cell transplant (allo-HSCT); autologous hematopoietic stem cell transplant (auto-HSCT). 
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MRD-positive patients treated with azacitidine, versus 91% and 88% in MRD-negative 
patients, respectively. The authors conclude that pre-emptive therapy with azacitidine can 
prevent or at least delay hematologic relapse in MRD-positive patients. 

In another prospective analysis of patients with NPM1-mutated intermediate risk 
AML, Bataller et al. identified favorable outcomes with pre-emptive treatment with high-
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HSCT) for patients with molecular failure, quantified by the persistence of high NPM1 
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Figure 2. Six scenarios of AML treatment based on European LeukemiaNet (ELN) risk category and
measurable residual disease (MRD) status. ELN risk categories are noted in the first column [3]. MRD
status is first established after achieving remission and up to two cycles of chemotherapy, as defined
in the ELN consensus 2021 update [10]. As the most significant timepoint of MRD-negative state in
relation to treatment administered remains unknown, we show MRD status after initial induction
and/or consolidation chemotherapy. Abbreviations: measurable residual disease positive (MRD+);
measurable residual disease negative (MRD-); treatment (tx); allogeneic hematopoietic stem cell
transplant (allo-HSCT); autologous hematopoietic stem cell transplant (auto-HSCT).

4.3. Can We Use MRD-Directed Treatment to Prevent Relapse after Initial Chemotherapy?

MRD relapse is the recurrence of prior or new markers of MRD by MFC or molecular
techniques. Identification of MRD may allow for early interventions to prevent hematologic
relapse. Few studies have demonstrated the impact of preemptive therapy in patients with
persistent or relapsed MRD at the completion of initial chemotherapy [60].

For example, in the RELAZA-2 trial, patients with advanced myelodysplastic syn-
drome (MDS) or AML, half of whom had not undergone allo-HSCT, were treated with
azacitidine if identified to be MRD-positive on surveillance testing in the 24 months after
achieving CR [61]. At 12 months, overall and relapse-free survival were 75% and 46% in
MRD-positive patients treated with azacitidine, versus 91% and 88% in MRD-negative
patients, respectively. The authors conclude that pre-emptive therapy with azacitidine can
prevent or at least delay hematologic relapse in MRD-positive patients.

In another prospective analysis of patients with NPM1-mutated intermediate risk
AML, Bataller et al. identified favorable outcomes with pre-emptive treatment with high-
dose cytarabine-based chemotherapy or azacitidine (with or without subsequent allo-HSCT)
for patients with molecular failure, quantified by the persistence of high NPM1 mutant
allele ratio or other MRD reappearance [62]. They found that two-year overall survival was
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far superior (>80% vs. 40%) for patients who received this preemptive treatment versus
those treated at hematologic relapse. In both studies, lead time bias may inaccurately
portray prolonged survival in patients with MRD over molecular relapse.

5. MRD in Transplant and Beyond
5.1. Prognostic Value of MRD Prior to Transplant

The prognostic role of MRD prior to allo-HSCT was established over a decade ago [63].
Since then, several studies have since compared outcomes of patients transplanted with
active disease and those transplanted in morphologic CR, as stratified by MRD status.
A retrospective analysis of 359 adults with AML by Araki et al. demonstrated similar
3-year overall survival and relapse rates in patients transplanted with active disease versus
MRD-positive CR (23% vs. 26%, 65% vs. 67%); compared to these cohorts, outcomes
were improved in patients in MRD-negative CR (3 year overall survival 73%, relapse rate
22%) [17]. A similar study was performed by Jentzsch et al., wherein 392 patients in either
MRD-negative CR, MRD-positive CR, or with active disease had progressively worse
event-free survival after allo-HSCT [64].

The impact of MRD status on patients who undergo allo-HSCT in CR1 versus CR2
has also been studied. In one retrospective cohort of 253 patients, Walter et al. identified
worse 3-year overall survival in CR1 and CR2 among MRD-positive (32%, 44%) versus
MRD-negative (73%, 73%) patients [18]. Similarly, 3-year relapse rates were worse in
both CR1 and CR2 among MRD-positive (58%, 68%) versus MRD-negative (21%, 19%)
patients. When combining CR1 and CR2 groups, the risk of death and relapse were 2.61 and
4.90 times higher for patients in MRD-positive versus MRD-negative CR at transplant [18].
In a larger cohort of 1042 patients with AML in CR2 at HSCT, Gilleece et al. similarly found
higher 2-year relapse rates in MRD-positive (40%) versus MRD-negative (24%) patients [65];
however, no significant difference was found in overall survival among the two groups.
Finally, in a retrospective study of 580 patients with AML who underwent allo-HSCT
in CR1 or CR2, MRD status at HSCT remained an independent poor prognostic marker
regardless of remission number [66]. In these studies, MRD status has been repeatedly
identified as a key prognostic marker of allo-HSCT outcomes at both CR1 and CR2.

The effect of MRD status prior to HSCT may also be dependent on ELN risk category.
For example, in a retrospective cohort of 176 patients with AML, Jentzsch et al. identified
MRD-positive status prior to HSCT as a significant factor for relapse in the ELN favorable
and intermediate groups, but not in the adverse group [67]. They further demonstrate a
graded benefit (specifically, an increase in time from allo-HSCT to relapse) by ELN risk
group for MRD-negative patients compared to their MRD-positive counterparts: 3.6 years
in favorable, 2.1 years in intermediate, and 0.5 years in adverse risk groups [67]. Overall,
though these studies reflect a benefit to MRD eradication prior to allo-HSCT, they also show
that some patients can achieve long-term survival even when transplanted in suboptimal
(i.e., MRD-positive) remission states (Figure 2, scenario D).

5.2. For Whom Is Transplant Indicated?

Beyond its use as a prognostic marker, the application of MRD status in transplant
decisions has raised several questions. Should only MRD-positive patients undergo trans-
plant since they have the most to gain? Conversely, should only MRD-negative patients
undergo transplant given they are more likely to remain remission-free? Should we delay
transplant in an effort to achieve MRD eradication? Figure 2 scenarios A–D highlight
ongoing debate around these questions.

The application of MRD in transplant may be the most useful in patients with interme-
diate risk AML. For example, the GIMEMA AML1310 randomized control trial compared
outcomes in favorable and intermediate risk patients [21]. Among the MRD-positive inter-
mediate risk patients who underwent allo-HSCT, outcomes were similar to favorable risk
patients (2-year overall survival was 58% and disease-free survival was 61%), suggesting a
strong benefit to transplant. In a retrospective analysis of AML17 trial data, patients with
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AML without the NPM1 mutation demonstrated more benefit from allo-HSCT if MRD-
positive (HR 0.72) than MRD-negative (HR 1.68) [68]. For patients with non-favorable risk
AML and NPM1 mutation, the ALFA-0702 trial found that allo-HSCT improved disease-free
survival (HR 0.25) and overall survival (HR 0.25) in patients with less than 4-log reduction
in NPM1 MRD after initial chemotherapy [69]. These studies pose the questions: Can
we improve outcomes by treating patients with MRD-positive intermediate risk AML as
adverse risk? Should we treat MRD-negative intermediate risk AML as favorable risk?

Few studies explore transplant benefit in patients with persistent MRD and favorable
risk AML. The prospective AML05 trial reported allo-HSCT outcomes in patients with
favorable risk t(8;21) AML based on MRD response after the second consolidation [70].
In patients with persistent MRD (<0.3-log reduction in RUNX1::RUNX1T1 transcripts),
allo-HSCT resulted in a lower cumulative incidence of relapse (22.1% vs. 78.9%) and
improved disease-free survival (61.7% vs. 19.6%) compared to chemotherapy alone at
4 months after CR. Taken together, these studies show that allo-HSCT may have more
benefit in patients with MRD-positive rather than MRD-negative intermediate and possibly
even MRD-positive favorable risk AML. More randomized control trials are needed [71,72].

5.3. Can We Use MRD to Determine Optimal Conditioning Regimen?

The impact of conditioning regimen prior to allo-HSCT in MRD-positive patients
remains controversial. In an early retrospective study, Walter et al. showed no significant
difference in MRD-positive recipients of a myeloablative vs. non-myeloablative regimen in
terms of 3-year relapse (63% vs. 57%) and 3-year overall survival (25% vs. 41%) [73]. In
a subsequent larger study, the same group demonstrated no impact of the conditioning
regimen (including myeloablative, reduced intensity, and non-myeloablative) on 3-year
relapse (69% vs. 57% vs. 57%), relapse-free survival (18% vs. 24% vs. 20%), or overall
survival (33% vs. 30% vs. 31%) in MRD-positive patients [74]. They also identified no effect
of total body irradiation in myeloablative conditioning in AML based on MRD status [75].

In contrast, in a randomized control trial, Hourigan et al. showed that MRD-positive
patients had lower 3-year cumulative relapse (19% vs. 67%) and improved 3-year over-
all survival (61% vs. 43%) in recipients of a myeloablative conditioning regimen as op-
posed to reduced-intensity conditioning prior to allo-HSCT [28]. Based on these results,
Freeman et al. postulate that pretransplant MRD-negative patients may be saved from the
extra toxicity of the myeloablative regimen or even allo-HSCT itself (i.e., treated as favorable
risk patients) [76]. As many MRD-positive patients will not be eligible for myeloablative
conditioning, Freeman et al. also advocate for novel strategies to reduce the risk of an early
disease relapse after low intensity conditioning [76].

5.4. Can We Use MRD to Determine Optimal Donor Type?

Few prospective studies compare outcomes after haploidentical (haplo-HSCT) versus
HLA-matched sibling donor transplant (MSDT) [77,78]. Among patients who were MRD-
positive prior to transplant in a study that combined retrospective and prospective data,
haplo-HSCT was associated with lower relapse (19% vs. 55%) and improved overall
survival (83% vs. 38%) at 4 years when compared to MSDT [79]. A subsequent prospective
study compared the two transplant types with the primary end point of post-transplant
MRD. Though a comparable number of patients were MRD-positive prior to transplant
(33% vs. 29% in haplo-HSCT% vs. MSDT cohorts), patients who received haplo-HSCT had
lower rates of post-transplant MRD compared to MSDT (18% vs. 42%) [80]. This difference
was attributed to a greater graft-versus-leukemia effect in haplo-HSCT.

5.5. How Should We Treat MRD Relapse during Post-Transplant Surveillance and/or Chronic Low
Intensity Therapy?

In patients with adverse risk AML who have undergone HSCT, survival rates re-
main low at around 55%, and disease relapse remains the leading cause of death [81].
Modalities to address MRD relapse and augment graft versus leukemia effect after trans-
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plant include MRD-directed treatments (i.e., hypomethylating agents, venetoclax, and
inhibitor therapies), reduction of immunosuppression, donor lymphocyte infusions (DLI),
salvage chemotherapy, and second allo-HSCT. Figure 2 scenario E highlights the undefined
approach to this clinical scenario.

The hypomethylating agents azacitidine and decitabine have been studied as pre-
emptive therapies in patients with AML after allo-HSCT. For example, in the prospective
RELAZA trial, MRD-triggered treatment with azacitidine was found to be an effective
strategy in preventing or substantially delaying hematologic relapse in patients with MRD
after allo-HSCT [82]. In another randomized multicenter trial, treatment with low dose
decitabine with recombinant human G-CSF resulted in a lower 2-year cumulative incidence
of relapse compared to no treatment (15.0% vs. 38.3%) in MRD-negative patients with other
high-risk features of AML after allo-HSCT [81]. As shown in Figure 2, scenario F, whether
and when to discontinue these treatments remains unknown.

For patients with known molecular mutations, inhibitor therapies may have a benefit
for MRD prevention and treatment. For example, for patients with FLT3-ITD-mutated
AML, the FLT3 inhibitors gilteritinib, quizartinib, and sorafenib have all been found to
improve patient outcomes as maintenance therapy after allo-HSCT in the r/r setting [83–88].
For those who achieve undetectable FLT3, the European Society for Blood and Marrow
Transplantation suggests cessation of FTL3 inhibitors at 2 years [88].

Finally, treatment for patients with MRD relapse after allo-HSCT can include matched
DLI with the reduction or withdrawal of immunosuppression, as reviewed elsewhere [89].
Notably, the Acute Leukemia Working Party of the European Society for Blood and
Marrow Transplantation recommends the use of pre-emptive matched DLI for patients
with evidence of MRD post-allo-HSCT [90]. This practice is also supported by expert
opinion [89,91].

6. Conclusions

In this commentary, we discuss the role of MRD in AML, propose a framework
for MRD monitoring, and identify outstanding questions regarding the application of
MRD in AML treatment. MRD remains a significant marker of poor outcomes in AML.
There are, however, several promising approaches to preemptive and targeted therapies
directed to MRD, such as hypomethylating agents, venetoclax, and inhibitor therapies.
Though a majority of studies we address dichotomize MRD status, the increasing use of
high-precision molecular techniques suggest that MRD can be better understood along a
spectrum of depth (i.e., complete molecular remission versus molecular persistence at a
certain copy number) [4].

Available data on the role of MRD in AML emphasize the need for prospective ran-
domized trials to address ongoing questions. Is there a treatment, such as hypomethylating
agents, that can serve as an MRD “eraser” in AML, and would that matter for outcomes?
How should we change management in the setting of MRD persistence, progression, or
relapse, either before or after transplant? Can MRD-negative status justify the avoidance
of allo-HSCT in some patients, or adjustment/discontinuation of chronic low-intensity
therapy for others?

Studies addressing these questions should be designed such that MRD is a treatment
endpoint, given its evident prognostic significance, role in treatment selection, and potential
to be a surrogate of overall survival [50,92]. For example, patients with active AML could
be combined with patients in MRD-positive remission, given they have a similarly high-risk
disease [17,93,94]. Meanwhile, patients in MRD-negative remission are ideal for prospective,
controlled studies evaluating which therapies improve outcomes in lower risk patients [95].
In these studies, we must continue to consider patient and system barriers, including
limited finances, healthcare literacy, social support, donor availability, comorbidity burden,
and transplant center access [96].



Cancers 2022, 14, 3634 10 of 14

Author Contributions: Conceptualization, B.A.J.; methodology, T.A. and B.A.J.; software, N/A;
validation, B.A.J.; formal analysis, N/A; investigation, N/A; resources, N/A; data curation, N/A;
writing—original draft preparation, T.A.; writing—review and editing, B.A.J.; visualization, T.A. and
B.A.J.; supervision, B.A.J.; project administration, N/A.; funding acquisition, N/A. All authors have
read and agreed to the published version of the manuscript.

Funding: Brian A. Jonas was supported by a Cancer Clinical Investigator Team Leadership Award
supplement to the UC Davis Comprehensive Cancer Center Support Grant (CCSG) awarded by the
National Institutes of Health (NIH)/National Cancer Institute (NCI) (P30CA093373-18S2).

Conflicts of Interest: Tali Azenkot declares no conflict of interest. Brian A. Jonas: Consultant/advisor
for AbbVie, BMS, Celgene, Genentech/Roche, Gilead, GlycoMimetics, Jazz, Pfizer, Servier, Takeda,
Tolero, and Treadwell; protocol steering committee for GlycoMimetics; data monitoring committee for
Gilead; travel reimbursement from AbbVie; and research funding to his institution from 47, AbbVie,
Accelerated Medical Diagnostics, Amgen, AROG, BMS, Celgene, Daiichi Sankyo, F. Hoffmann-La
Roche, Forma, Genentech/Roche, Gilead, GlycoMimetics, Hanmi, Immune-Onc, Incyte, Jazz, Loxo
Oncology, LP Therapeutics, Pfizer, Pharmacyclics, Sigma Tau, and Treadwell.

References
1. Morita, K.; Kantarjian, H.M.; Wang, F.; Yan, Y.; Bueso-Ramos, C.; Sasaki, K.; Issa, G.C.; Wang, S.; Jorgensen, J.; Song, X.; et al.

Clearance of somatic mutations at remission and the risk of relapse in acute myeloid leukemia. J. Clin. Oncol. 2018, 36, 1788–1797.
[CrossRef] [PubMed]

2. Shallis, R.M.; Wang, R.; Davidoff, A.; Ma, X.; Zeidan, A.M. Epidemiology of acute myeloid leukemia: Recent progress and
enduring challenges. Blood Rev. 2019, 36, 70–87. [CrossRef] [PubMed]

3. Döhner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Larson, R.A.;
et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel. Blood 2017,
129, 424–447. [CrossRef] [PubMed]

4. Schuurhuis, G.J.; Heuser, M.; Freeman, S.; Béné, M.-C.; Buccisano, F.; Cloos, J.; Grimwade, D.; Haferlach, T.; Hills, R.K.;
Hourigan, C.S.; et al. Minimal/measurable residual disease in AML: A consensus document from the European LeukemiaNet
MRD Working Party. Blood 2018, 131, 1275–1291. [CrossRef]

5. Ngai, L.L.; Kelder, A.; Janssen, J.J.W.M.; Ossenkoppele, G.J.; Cloos, J. MRD tailored therapy in AML: What we have learned so far.
Front. Oncol. 2020, 10, 603636. [CrossRef]

6. Dillon, R.; Potter, N.; Freeman, S.; Russell, N. How we use molecular minimal residual disease (MRD) testing in acute myeloid
leukaemia (AML). Br. J. Haematol. 2021, 193, 231–244. [CrossRef] [PubMed]

7. Short, N.J.; Ravandi, F. How close are we to incorporating measurable residual disease into clinical practice for acute myeloid
leukemia? Haematologica 2019, 104, 1532–1541. [CrossRef]

8. Gaut, D.; Mead, M. Measurable residual disease in hematopoietic stem cell transplantation-eligible patients with acute myeloid
leukemia: Clinical significance and promising therapeutic strategies. Leuk. Lymphoma 2021, 62, 8–31. [CrossRef]

9. Walter, R.B.; Ofran, Y.; Wierzbowska, A.; Ravandi, F.; Hourigan, C.S.; Ngai, L.L.; Venditti, A.; Buccisano, F.; Ossenkoppele, G.J.;
Roboz, G.J. Measurable residual disease as a biomarker in acute myeloid leukemia: Theoretical and practical considerations.
Leukemia 2021, 35, 1529–1538. [CrossRef] [PubMed]

10. Heuser, M.; Freeman, S.D.; Ossenkoppele, G.J.; Buccisano, F.; Hourigan, C.S.; Ngai, L.L.; Tettero, J.M.; Bachas, C.; Baer, C.;
Béné, M.-C.; et al. 2021 Update on MRD in acute myeloid leukemia: A consensus document from the European LeukemiaNet
MRD Working Party. Blood 2021, 138, 2753–2767. [CrossRef]

11. National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology. Available online: https://www.nccn.org/
professionals/physician_gls/pdf/aml.pdf (accessed on 30 May 2022).

12. Curran, E.; Stock, W. Taking a “BiTE out of ALL”: Blinatumomab approval for MRD-positive ALL. Blood 2019, 133, 1715–1719.
[CrossRef]

13. De Haas, V.; Ismaila, N.; Advani, A.; Arber, D.A.; Dabney, R.S.; Patel-Donelly, D.; Kitlas, E.; Pieters, R.; Pui, C.-H.; Sweet, K.;
et al. Initial Diagnostic Work-Up of Acute Leukemia: ASCO Clinical Practice Guideline Endorsement of the College of American
Pathologists and American Society of Hematology Guideline. J. Clin. Oncol. 2019, 37, 239–253. [CrossRef]

14. Patkar, N.; Kakirde, C.; Shaikh, A.F.; Salve, R.; Bhanshe, P.; Chatterjee, G.; Rajpal, S.; Joshi, S.; Chaudhary, S.; Kodgule, R.; et al.
Clinical impact of panel-based error-corrected next generation sequencing versus flow cytometry to detect measurable residual
disease (MRD) in acute myeloid leukemia (AML). Leukemia 2021, 35, 1392–1404. [CrossRef]

15. Jongen-Lavrencic, M.; Grob, T.; Hanekamp, D.; Kavelaars, F.G.; Al Hinai, A.; Zeilemaker, A.; Erpelinck-Verschueren, C.A.J.;
Gradowska, P.L.; Meijer, R.; Cloos, J.; et al. Molecular minimal residual disease in acute myeloid leukemia. N. Engl. J. Med. 2018,
378, 1189–1199. [CrossRef] [PubMed]

16. Zhou, Y.; Othus, M.; Araki, D.; Wood, B.L.; Radich, J.P.; Halpern, A.B.; Mielcarek, M.; Estey, E.H.; Appelbaum, F.R.; Walter, R.B.
Pre- and post-transplant quantification of measurable (‘minimal’) residual disease via multiparameter flow cytometry in adult
acute myeloid leukemia. Leukemia 2016, 30, 1456–1464. [CrossRef]

http://doi.org/10.1200/JCO.2017.77.6757
http://www.ncbi.nlm.nih.gov/pubmed/29702001
http://doi.org/10.1016/j.blre.2019.04.005
http://www.ncbi.nlm.nih.gov/pubmed/31101526
http://doi.org/10.1182/blood-2016-08-733196
http://www.ncbi.nlm.nih.gov/pubmed/27895058
http://doi.org/10.1182/blood-2017-09-801498
http://doi.org/10.3389/fonc.2020.603636
http://doi.org/10.1111/bjh.17185
http://www.ncbi.nlm.nih.gov/pubmed/33058194
http://doi.org/10.3324/haematol.2018.208454
http://doi.org/10.1080/10428194.2020.1827251
http://doi.org/10.1038/s41375-021-01230-4
http://www.ncbi.nlm.nih.gov/pubmed/33758317
http://doi.org/10.1182/blood.2021013626
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf
http://doi.org/10.1182/blood-2018-12-852376
http://doi.org/10.1200/JCO.18.01468
http://doi.org/10.1038/s41375-021-01131-6
http://doi.org/10.1056/NEJMoa1716863
http://www.ncbi.nlm.nih.gov/pubmed/29601269
http://doi.org/10.1038/leu.2016.46


Cancers 2022, 14, 3634 11 of 14

17. Araki, D.; Wood, B.L.; Othus, M.; Radich, J.P.; Halpern, A.B.; Zhou, Y.; Mielcarek, M.; Estey, E.H.; Appelbaum, F.R.; Walter, R.B.
Allogeneic Hematopoietic Cell Transplantation for Acute Myeloid Leukemia: Time to Move Toward a Minimal Residual
Disease-Based Definition of Complete Remission? J. Clin. Oncol. 2016, 34, 329–336. [CrossRef]

18. Walter, R.B.; Buckley, S.A.; Pagel, J.M.; Wood, B.L.; Storer, B.E.; Sandmaier, B.M.; Fang, M.; Gyurkocza, B.; Delaney, C.; Radich, J.P.;
et al. Significance of minimal residual disease before myeloablative allogeneic hematopoietic cell transplantation for AML in first
and second complete remission. Blood 2013, 122, 1813–1821. [CrossRef]

19. Walter, R.B. Minimal residual disease testing after induction chemotherapy for acute myeloid leukemia: Moving beyond
prognostication? J. Clin. Oncol. 2018, 36, 1463–1465. [CrossRef]

20. Zeijlemaker, W.; Grob, T.; Meijer, R.; Hanekamp, D.; Kelder, A.; Carbaat-Ham, J.C.; Oussoren-Brockhoff, Y.J.M.; Snel, A.N.;
Veldhuizen, D.; Scholten, W.J.; et al. CD34+CD38− leukemic stem cell frequency to predict outcome in acute myeloid leukemia.
Leukemia 2019, 33, 1102–1112. [CrossRef]

21. Venditti, A.; Piciocchi, A.; Candoni, A.; Melillo, L.; Calafiore, V.; Cairoli, R.; de Fabritiis, P.; Storti, G.; Salutari, P.; Lanza, F.; et al.
GIMEMA AML1310 trial of risk-adapted, MRD-directed therapy for young adults with newly diagnosed acute myeloid leukemia.
Blood 2019, 134, 935–945. [CrossRef]

22. Tettero, J.M.; Freeman, S.; Buecklein, V.; Venditti, A.; Maurillo, L.; Kern, W.; Walter, R.B.; Wood, B.L.; Roumier, C.; Philippé, J.; et al.
Technical Aspects of Flow Cytometry-based Measurable Residual Disease Quantification in Acute Myeloid Leukemia: Experience
of the European LeukemiaNet MRD Working Party. HemaSphere 2022, 6, e676. [CrossRef] [PubMed]

23. Bernasconi, P.; Borsani, O. Eradication of measurable residual disease in AML: A challenging clinical goal. Cancers 2021, 13, 3170.
[CrossRef] [PubMed]

24. Panuzzo, C.; Jovanovski, A.; Ali, M.S.; Cilloni, D.; Pergolizzi, B. Revealing the Mysteries of Acute Myeloid Leukemia: From
Quantitative PCR through Next-Generation Sequencing and Systemic Metabolomic Profiling. J. Clin. Med. 2022, 11, 483.
[CrossRef]

25. Onecha, E.; Linares, M.; Rapado, I.; Ruiz-Heredia, Y.; Martinez-Sanchez, P.; Cedena, T.; Pratcorona, M.; Oteyza, J.P.; Herrera, P.;
Barragan, E.; et al. A novel deep targeted sequencing method for minimal residual disease monitoring in acute myeloid leukemia.
Haematologica 2019, 104, 288–296. [CrossRef]

26. Hourigan, C.S.; Gale, R.P.; Gormley, N.J.; Ossenkoppele, G.J.; Walter, R.B. Measurable residual disease testing in acute myeloid
leukaemia. Leukemia 2017, 31, 1482–1490. [CrossRef]

27. Lazzarotto, D.; Candoni, A. The role of wilms’ tumor gene (WT1) expression as a marker of minimal residual disease in acute
myeloid leukemia. J. Clin. Med. 2022, 11, 3306. [CrossRef]

28. Hourigan, C.S.; Dillon, L.W.; Gui, G.; Logan, B.R.; Fei, M.; Ghannam, J.; Li, Y.; Licon, A.; Alyea, E.P.; Bashey, A.; et al. Impact of
conditioning intensity of allogeneic transplantation for acute myeloid leukemia with genomic evidence of residual disease. J. Clin.
Oncol. 2020, 38, 1273–1283. [CrossRef]

29. Thol, F.; Gabdoulline, R.; Liebich, A.; Klement, P.; Schiller, J.; Kandziora, C.; Hambach, L.; Stadler, M.; Koenecke, C.; Flintrop, M.;
et al. Measurable residual disease monitoring by NGS before allogeneic hematopoietic cell transplantation in AML. Blood 2018,
132, 1703–1713. [CrossRef]

30. Onecha, E.; Rapado, I.; Morales, M.L.; Carreño-Tarragona, G.; Martinez-Sanchez, P.; Gutierrez, X.; Sáchez Pina, J.M.; Linares, M.;
Gallardo, M.; Martinez-López, J.; et al. Monitoring of clonal evolution of acute myeloid leukemia identifies the leukemia subtype,
clinical outcome and potential new drug targets for post-remission strategies or relapse. Haematologica 2020, 106, 2325. [CrossRef]
[PubMed]

31. Levine, R.L.; Valk, P.J.M. Next-generation sequencing in the diagnosis and minimal residual disease assessment of acute myeloid
leukemia. Haematologica 2019, 104, 868–871. [CrossRef]

32. Juul-Dam, K.L.; Ommen, H.B.; Nyvold, C.G.; Walter, C.; Vålerhaugen, H.; Kairisto, V.; Abrahamsson, J.; Alm, S.J.; Jahnukainen, K.;
Lausen, B.; et al. Measurable residual disease assessment by qPCR in peripheral blood is an informative tool for disease
surveillance in childhood acute myeloid leukaemia. Br. J. Haematol. 2020, 190, 198–208. [CrossRef] [PubMed]

33. Malagola, M.; Bernardi, S.; Polverelli, N.; Russo, D. Minimal residual disease monitoring in acute myeloid leukaemia: Are we
ready to move from bone marrow to peripheral blood? Br. J. Haematol. 2020, 190, 135–136. [CrossRef] [PubMed]

34. Godwin, C.D.; Zhou, Y.; Othus, M.; Asmuth, M.M.; Shaw, C.M.; Gardner, K.M.; Wood, B.L.; Walter, R.B.; Estey, E.H. Acute
myeloid leukemia measurable residual disease detection by flow cytometry in peripheral blood vs bone marrow. Blood 2021, 137,
569–572. [CrossRef]

35. Daga, S.; Rosenberger, A.; Kashofer, K.; Heitzer, E.; Quehenberger, F.; Halbwedl, I.; Graf, R.; Krisper, N.; Prietl, B.; Höfler, G.; et al.
Sensitive and broadly applicable residual disease detection in acute myeloid leukemia using flow cytometry-based leukemic cell
enrichment followed by mutational profiling. Am. J. Hematol. 2020, 95, 1148–1157. [CrossRef]

36. Duncavage, E.J.; Schroeder, M.C.; O’Laughlin, M.; Wilson, R.; MacMillan, S.; Bohannon, A.; Kruchowski, S.; Garza, J.; Du, F.;
Hughes, A.E.O.; et al. Genome sequencing as an alternative to cytogenetic analysis in myeloid cancers. N. Engl. J. Med. 2021, 384,
924–935. [CrossRef]

37. Voso, M.T.; Ottone, T.; Lavorgna, S.; Venditti, A.; Maurillo, L.; Lo-Coco, F.; Buccisano, F. MRD in AML: The role of new techniques.
Front. Oncol. 2019, 9, 655. [CrossRef] [PubMed]

http://doi.org/10.1200/JCO.2015.63.3826
http://doi.org/10.1182/blood-2013-06-506725
http://doi.org/10.1200/JCO.2018.78.3266
http://doi.org/10.1038/s41375-018-0326-3
http://doi.org/10.1182/blood.2018886960
http://doi.org/10.1097/HS9.0000000000000676
http://www.ncbi.nlm.nih.gov/pubmed/34964040
http://doi.org/10.3390/cancers13133170
http://www.ncbi.nlm.nih.gov/pubmed/34202000
http://doi.org/10.3390/jcm11030483
http://doi.org/10.3324/haematol.2018.194712
http://doi.org/10.1038/leu.2017.113
http://doi.org/10.3390/jcm11123306
http://doi.org/10.1200/JCO.19.03011
http://doi.org/10.1182/blood-2018-02-829911
http://doi.org/10.3324/haematol.2020.254623
http://www.ncbi.nlm.nih.gov/pubmed/32732356
http://doi.org/10.3324/haematol.2018.205955
http://doi.org/10.1111/bjh.16560
http://www.ncbi.nlm.nih.gov/pubmed/32175599
http://doi.org/10.1111/bjh.16579
http://www.ncbi.nlm.nih.gov/pubmed/32191348
http://doi.org/10.1182/blood.2020006219
http://doi.org/10.1002/ajh.25918
http://doi.org/10.1056/NEJMoa2024534
http://doi.org/10.3389/fonc.2019.00655
http://www.ncbi.nlm.nih.gov/pubmed/31396481


Cancers 2022, 14, 3634 12 of 14

38. Pratz, K.W.; Jonas, B.A.; Pullarkat, V.; Recher, C.; Schuh, A.C.; Thirman, M.J.; Garcia, J.S.; DiNardo, C.D.; Vorobyev, V.;
Fracchiolla, N.S.; et al. Measurable Residual Disease Response and Prognosis in Treatment-Naïve Acute Myeloid Leukemia With
Venetoclax and Azacitidine. J. Clin. Oncol. 2022, 40, 855–865. [CrossRef] [PubMed]

39. Yin, J.A.L.; O’Brien, M.A.; Hills, R.K.; Daly, S.B.; Wheatley, K.; Burnett, A.K. Minimal residual disease monitoring by quantitative
RT-PCR in core binding factor AML allows risk stratification and predicts relapse: Results of the United Kingdom MRC AML-15
trial. Blood 2012, 120, 2826–2835. [CrossRef] [PubMed]

40. Rücker, F.G.; Agrawal, M.; Corbacioglu, A.; Weber, D.; Kapp-Schwoerer, S.; Gaidzik, V.I.; Jahn, N.; Schroeder, T.; Wattad, M.;
Lübbert, M.; et al. Measurable residual disease monitoring in acute myeloid leukemia with t(8;21)(q22;q22.1): Results from the
AML Study Group. Blood 2019, 134, 1608–1618. [CrossRef]

41. Tsai, C.-H.; Tang, J.-L.; Tien, F.-M.; Kuo, Y.-Y.; Wu, D.-C.; Lin, C.-C.; Tseng, M.-H.; Peng, Y.-L.; Hou, M.-F.; Chuang, Y.-K.; et al.
Clinical implications of sequential MRD monitoring by NGS at 2 time points after chemotherapy in patients with AML. Blood Adv.
2021, 5, 2456–2466. [CrossRef]

42. Puckrin, R.; Atenafu, E.G.; Claudio, J.O.; Chan, S.; Gupta, V.; Maze, D.; McNamara, C.; Murphy, T.; Shuh, A.C.; Yee, K.; et al.
Measurable residual disease monitoring provides insufficient lead-time to prevent morphologic relapse in the majority of patients
with core-binding factor acute myeloid leukemia. Haematologica 2021, 106, 56–63. [CrossRef] [PubMed]

43. Hasserjian, R.P.; Steensma, D.P.; Graubert, T.A.; Ebert, B.L. Clonal hematopoiesis and measurable residual disease assessment in
acute myeloid leukemia. Blood 2020, 135, 1729–1738. [CrossRef] [PubMed]

44. Loghavi, S.; DiNardo, C.D.; Furudate, K.; Takahashi, K.; Tanaka, T.; Short, N.J.; Kadia, T.; Konopleva, M.; Kanagal-Shamanna, R.;
Farnoud, N.R.; et al. Flow cytometric immunophenotypic alterations of persistent clonal haematopoiesis in remission bone
marrows of patients with NPM1-mutated acute myeloid leukaemia. Br. J. Haematol. 2021, 192, 1054–1063. [CrossRef] [PubMed]

45. Godley, L.A. Germline mutations in MDS/AML predisposition disorders. Curr. Opin. Hematol. 2021, 28, 86–93. [CrossRef]
46. Cappelli, L.V.; Meggendorfer, M.; Baer, C.; Nadarajah, N.; Hutter, S.; Jeromin, S.; Dicker, F.; Kern, W.; Haferlach, T.; Haferlach, C.;

et al. Indeterminate and oncogenic potential: CHIP vs CHOP mutations in AML with NPM1 alteration. Leukemia 2022, 36,
394–402. [CrossRef]

47. Grimm, J.; Jentzsch, M.; Bill, M.; Backhaus, D.; Brauer, D.; Küpper, J.; Schulz, J.; Franke, G.-N.; Vucinic, V.; Niederwieser, D.; et al.
Clinical implications of SRSF2 mutations in AML patients undergoing allogeneic stem cell transplantation. Am. J. Hematol. 2021,
96, 1287–1294. [CrossRef] [PubMed]

48. Bill, M.; Jentzsch, M.; Bischof, L.; Kohlschmidt, J.; Grimm, J.; Schmalbrock, L.K.; Backhaus, D.; Brauer, D.; Goldmann, K.;
Franke, G.-N.; et al. Impact of IDH1 and IDH2 mutation detection at diagnosis and in remission in patients with AML receiving
allogeneic transplantation. Blood Adv. 2022. [CrossRef]

49. Ivey, A.; Hills, R.K.; Simpson, M.A.; Jovanovic, J.V.; Gilkes, A.; Grech, A.; Patel, Y.; Bhudia, N.; Farah, H.; Mason, J.; et al.
Assessment of Minimal Residual Disease in Standard-Risk AML. N. Engl. J. Med. 2016, 374, 422–433. [CrossRef] [PubMed]

50. Short, N.J.; Zhou, S.; Fu, C.; Berry, D.A.; Walter, R.B.; Freeman, S.D.; Hourigan, C.S.; Huang, X.; Nogueras Gonzalez, G.;
Hwang, H.; et al. Association of Measurable Residual Disease With Survival Outcomes in Patients With Acute Myeloid Leukemia:
A Systematic Review and Meta-analysis. JAMA Oncol. 2020, 6, 1890–1899. [CrossRef]

51. Simoes, C.; Paiva, B.; Martínez-Cuadrón, D.; Bergua, J.-M.; Vives, S.; Algarra, L.; Tormo, M.; Martinez, P.; Serrano, J.; Herrera, P.;
et al. Measurable residual disease in elderly acute myeloid leukemia: Results from the PETHEMA-FLUGAZA phase 3 clinical
trial. Blood Adv. 2021, 5, 760–770. [CrossRef]

52. Maiti, A.; DiNardo, C.D.; Wang, S.A.; Jorgensen, J.; Kadia, T.M.; Daver, N.G.; Short, N.J.; Yilmaz, M.; Pemmaraju, N.; Borthakur, G.;
et al. Prognostic value of measurable residual disease after venetoclax and decitabine in acute myeloid leukemia. Blood Adv. 2021,
5, 1876–1883. [CrossRef]

53. Roboz, G.J.; Ravandi, F.; Wei, A.H.; Dombret, H.; Thol, F.; Voso, M.T.; Schuh, A.C.; Porkka, K.; La Torre, I.; Skikne, B.; et al. Oral
azacitidine prolongs survival of patients with AML in remission independently of measurable residual disease status. Blood 2022,
139, 2145–2155. [CrossRef]

54. Short, N.J.; Rafei, H.; Daver, N.; Hwang, H.; Ning, J.; Jorgensen, J.L.; Kadia, T.M.; DiNardo, C.D.; Wang, S.A.; Jabbour, E.; et al.
Prognostic impact of complete remission with MRD negativity in patients with relapsed or refractory AML. Blood Adv. 2020, 4,
6117–6126. [CrossRef]

55. Burnett, A.K.; Russell, N.H.; Hills, R.K.; Knapper, S.; Freeman, S.; Huntly, B.; Clark, R.E.; Thomas, I.F.; Kjeldsen, L.; McMullin, M.F.;
et al. Defining the optimal total number of chemotherapy courses in younger patients with acute myeloid leukemia: A comparison
of three versus four courses. J. Clin. Oncol. 2021, 39, 890–901. [CrossRef] [PubMed]

56. Ball, B.; Stein, E.M. Which are the most promising targets for minimal residual disease-directed therapy in acute myeloid leukemia
prior to allogeneic stem cell transplant? Haematologica 2019, 104, 1521–1531. [CrossRef]

57. Tiong, I.S.; Dillon, R.; Ivey, A.; Teh, T.-C.; Nguyen, P.; Cummings, N.; Taussig, D.C.; Latif, A.-L.; Potter, N.E.; Runglall, M.;
et al. Venetoclax induces rapid elimination of NPM1 mutant measurable residual disease in combination with low-intensity
chemotherapy in acute myeloid leukaemia. Br. J. Haematol. 2021, 192, 1026–1030. [CrossRef]

58. DiNardo, C.D.; Tiong, I.S.; Quaglieri, A.; MacRaild, S.; Loghavi, S.; Brown, F.C.; Thijssen, R.; Pomilio, G.; Ivey, A.; Salmon, J.M.;
et al. Molecular patterns of response and treatment failure after frontline venetoclax combinations in older patients with AML.
Blood 2020, 135, 791–803. [CrossRef]

http://doi.org/10.1200/JCO.21.01546
http://www.ncbi.nlm.nih.gov/pubmed/34910556
http://doi.org/10.1182/blood-2012-06-435669
http://www.ncbi.nlm.nih.gov/pubmed/22875911
http://doi.org/10.1182/blood.2019001425
http://doi.org/10.1182/bloodadvances.2020003738
http://doi.org/10.3324/haematol.2019.235721
http://www.ncbi.nlm.nih.gov/pubmed/31896684
http://doi.org/10.1182/blood.2019004770
http://www.ncbi.nlm.nih.gov/pubmed/32232484
http://doi.org/10.1111/bjh.17347
http://www.ncbi.nlm.nih.gov/pubmed/33618432
http://doi.org/10.1097/MOH.0000000000000633
http://doi.org/10.1038/s41375-021-01368-1
http://doi.org/10.1002/ajh.26298
http://www.ncbi.nlm.nih.gov/pubmed/34289154
http://doi.org/10.1182/bloodadvances.2021005789
http://doi.org/10.1056/NEJMoa1507471
http://www.ncbi.nlm.nih.gov/pubmed/26789727
http://doi.org/10.1001/jamaoncol.2020.4600
http://doi.org/10.1182/bloodadvances.2020003195
http://doi.org/10.1182/bloodadvances.2020003717
http://doi.org/10.1182/blood.2021013404
http://doi.org/10.1182/bloodadvances.2020002811
http://doi.org/10.1200/JCO.20.01170
http://www.ncbi.nlm.nih.gov/pubmed/33356418
http://doi.org/10.3324/haematol.2018.208587
http://doi.org/10.1111/bjh.16722
http://doi.org/10.1182/blood.2019003988


Cancers 2022, 14, 3634 13 of 14

59. Kapp-Schwoerer, S.; Weber, D.; Corbacioglu, A.; Gaidzik, V.I.; Paschka, P.; Krönke, J.; Theis, F.; Rücker, F.G.; Teleanu, M.-V.;
Panina, E.; et al. Impact of gemtuzumab ozogamicin on MRD and relapse risk in patients with NPM1-mutated AML: Results
from the AMLSG 09-09 trial. Blood 2020, 136, 3041–3050. [CrossRef]

60. Medeiros, B.C.; Chan, S.M.; Daver, N.G.; Jonas, B.A.; Pollyea, D.A. Optimizing survival outcomes with post-remission therapy in
acute myeloid leukemia. Am. J. Hematol. 2019, 94, 803–811. [CrossRef]

61. Platzbecker, U.; Middeke, J.M.; Sockel, K.; Herbst, R.; Wolf, D.; Baldus, C.D.; Oelschlägel, U.; Mütherig, A.; Fransecky, L.;
Noppeney, R.; et al. Measurable residual disease-guided treatment with azacitidine to prevent haematological relapse in patients
with myelodysplastic syndrome and acute myeloid leukaemia (RELAZA2): An open-label, multicentre, phase 2 trial. Lancet
Oncol. 2018, 19, 1668–1679. [CrossRef]

62. Bataller, A.; Oñate, G.; Diaz-Beyá, M.; Guijarro, F.; Garrido, A.; Vives, S.; Tormo, M.; Arnan, M.; Salamero, O.; Sampol, A.; et al.
Acute myeloid leukemia with NPM1 mutation and favorable European LeukemiaNet category: Outcome after preemptive
intervention based on measurable residual disease. Br. J. Haematol. 2020, 191, 52–61. [CrossRef] [PubMed]

63. Walter, R.B.; Gooley, T.A.; Wood, B.L.; Milano, F.; Fang, M.; Sorror, M.L.; Estey, E.H.; Salter, A.I.; Lansverk, E.; Chien, J.W.;
et al. Impact of pretransplantation minimal residual disease, as detected by multiparametric flow cytometry, on outcome of
myeloablative hematopoietic cell transplantation for acute myeloid leukemia. J. Clin. Oncol. 2011, 29, 1190–1197. [CrossRef]
[PubMed]

64. Jentzsch, M.; Grimm, J.; Bill, M.; Brauer, D.; Backhaus, D.; Schulz, J.; Goldmann, K.; Niederwieser, D.; Platzbecker, U.; Schwind, S.
Prognostic relevance of remission and measurable residual disease status in AML patients prior to reduced intensity or non-
myeloablative allogeneic stem cell transplantation. Blood Cancer J. 2021, 11, 80. [CrossRef] [PubMed]

65. Gilleece, M.H.; Shimoni, A.; Labopin, M.; Robinson, S.; Beelen, D.; Socié, G.; Unal, A.; Ganser, A.; Vitek, A.; Sengeloev, H.; et al.
Measurable residual disease status and outcome of transplant in acute myeloid leukemia in second complete remission: A study
by the acute leukemia working party of the EBMT. Blood Cancer J. 2021, 11, 88. [CrossRef]

66. Jentzsch, M.; Bischof, L.; Backhaus, D.; Brauer, D.; Schulz, J.; Franke, G.-N.; Vucinic, V.; Niederwieser, D.; Platzbecker, U.;
Schwind, S. Impact of the MRD status in AML patients undergoing allogeneic stem cell transplantation in first vs second
remission. Blood Adv. 2022. [CrossRef]

67. Jentzsch, M.; Grimm, J.; Bill, M.; Brauer, D.; Backhaus, D.; Pointner, R.; Goldmann, K.; Schulz, J.; Niederwieser, D.; Platzbecker, U.;
et al. Clinical value of the measurable residual disease status within the ELN2017 risk groups in AML patients undergoing
allogeneic stem cell transplantation. Am. J. Hematol. 2021, 96, E237–E239. [CrossRef]

68. Freeman, S.D.; Hills, R.K.; Virgo, P.; Khan, N.; Couzens, S.; Dillon, R.; Gilkes, A.; Upton, L.; Nielsen, O.J.; Cavenagh, J.D.; et al.
Measurable residual disease at induction redefines partial response in acute myeloid leukemia and stratifies outcomes in patients
at standard risk without NPM1 mutations. J. Clin. Oncol. 2018, 36, 1486–1497. [CrossRef] [PubMed]

69. Balsat, M.; Renneville, A.; Thomas, X.; de Botton, S.; Caillot, D.; Marceau, A.; Lemasle, E.; Marolleau, J.-P.; Nibourel, O.;
Berthon, C.; et al. Postinduction minimal residual disease predicts outcome and benefit from allogeneic stem cell transplantation
in acute myeloid leukemia with NPM1 mutation: A study by the acute leukemia french association group. J. Clin. Oncol. 2017, 35,
185–193. [CrossRef] [PubMed]

70. Zhu, H.-H.; Zhang, X.-H.; Qin, Y.-Z.; Liu, D.-H.; Jiang, H.; Chen, H.; Jiang, Q.; Xu, L.-P.; Lu, J.; Han, W.; et al. MRD-directed
risk stratification treatment may improve outcomes of t(8;21) AML in the first complete remission: Results from the AML05
multicenter trial. Blood 2013, 121, 4056–4062. [CrossRef]

71. Venditti, A.; Peter Gale, R.; Buccisano, F.; Ossenkoppele, G. Should persons with acute myeloid leukemia (AML) in 1st histological
complete remission who are measurable residual disease (MRD) test positive receive an allotransplant? Leukemia 2020, 34, 963–965.
[CrossRef]

72. Estey, E.H. Acute myeloid leukemia: 2021 update on risk-stratification and management. Am. J. Hematol. 2020, 95, 1368–1398.
[CrossRef] [PubMed]

73. Walter, R.B.; Gyurkocza, B.; Storer, B.E.; Godwin, C.D.; Pagel, J.M.; Buckley, S.A.; Sorror, M.L.; Wood, B.L.; Storb, R.;
Appelbaum, F.R.; et al. Comparison of minimal residual disease as outcome predictor for AML patients in first complete
remission undergoing myeloablative or nonmyeloablative allogeneic hematopoietic cell transplantation. Leukemia 2015, 29,
137–144. [CrossRef] [PubMed]

74. Morsink, L.M.; Othus, M.; Bezerra, E.D.; Wood, B.L.; Fang, M.; Sandmaier, B.M.; Mielcarek, M.; Schoch, G.; Storb, R.; Deeg, H.J.;
et al. Impact of pretransplant measurable residual disease on the outcome of allogeneic hematopoietic cell transplantation in
adult monosomal karyotype AML. Leukemia 2020, 34, 1577–1587. [CrossRef]

75. Morsink, L.M.; Bezerra, E.D.; Othus, M.; Wood, B.L.; Fang, M.; Sandmaier, B.M.; Mielcarek, M.B.; Deeg, H.J.; Schoch, G.;
Appelbaum, F.R.; et al. Comparative analysis of total body irradiation (TBI)-based and non-TBI-based myeloablative conditioning
for acute myeloid leukemia in remission with or without measurable residual disease. Leukemia 2020, 34, 1701–1705. [CrossRef]

76. Freeman, S.; Craddock, C. Less is not necessarily more: Toward a rational selection of the conditioning regimen in acute myeloid
leukemia. J. Clin. Oncol. 2020, 38, 1249–1251. [CrossRef] [PubMed]

77. Wang, Y.; Liu, Q.-F.; Xu, L.-P.; Liu, K.-Y.; Zhang, X.-H.; Ma, X.; Fan, Z.-P.; Wu, D.-P.; Huang, X.-J. Haploidentical vs identical-sibling
transplant for AML in remission: A multicenter, prospective study. Blood 2015, 125, 3956–3962. [CrossRef] [PubMed]

http://doi.org/10.1182/blood.2020005998
http://doi.org/10.1002/ajh.25484
http://doi.org/10.1016/S1470-2045(18)30580-1
http://doi.org/10.1111/bjh.16857
http://www.ncbi.nlm.nih.gov/pubmed/32510599
http://doi.org/10.1200/JCO.2010.31.8121
http://www.ncbi.nlm.nih.gov/pubmed/21282535
http://doi.org/10.1038/s41408-021-00471-x
http://www.ncbi.nlm.nih.gov/pubmed/33927190
http://doi.org/10.1038/s41408-021-00479-3
http://doi.org/10.1182/bloodadvances.2022007168
http://doi.org/10.1002/ajh.26179
http://doi.org/10.1200/JCO.2017.76.3425
http://www.ncbi.nlm.nih.gov/pubmed/29601212
http://doi.org/10.1200/JCO.2016.67.1875
http://www.ncbi.nlm.nih.gov/pubmed/28056203
http://doi.org/10.1182/blood-2012-11-468348
http://doi.org/10.1038/s41375-020-0780-6
http://doi.org/10.1002/ajh.25975
http://www.ncbi.nlm.nih.gov/pubmed/32833263
http://doi.org/10.1038/leu.2014.173
http://www.ncbi.nlm.nih.gov/pubmed/24888275
http://doi.org/10.1038/s41375-020-0717-0
http://doi.org/10.1038/s41375-019-0671-x
http://doi.org/10.1200/JCO.19.03161
http://www.ncbi.nlm.nih.gov/pubmed/32119597
http://doi.org/10.1182/blood-2015-02-627786
http://www.ncbi.nlm.nih.gov/pubmed/25940714


Cancers 2022, 14, 3634 14 of 14

78. Rashidi, A.; Hamadani, M.; Zhang, M.-J.; Wang, H.-L.; Abdel-Azim, H.; Aljurf, M.; Assal, A.; Bajel, A.; Bashey, A.; Battiwalla, M.;
et al. Outcomes of haploidentical vs matched sibling transplantation for acute myeloid leukemia in first complete remission.
Blood Adv. 2019, 3, 1826–1836. [CrossRef]

79. Chang, Y.-J.; Wang, Y.; Liu, Y.-R.; Xu, L.-P.; Zhang, X.-H.; Chen, H.; Chen, Y.-H.; Wang, F.-R.; Han, W.; Sun, Y.-Q.; et al.
Haploidentical allograft is superior to matched sibling donor allograft in eradicating pre-transplantation minimal residual disease
of AML patients as determined by multiparameter flow cytometry: A retrospective and prospective analysis. J. Hematol. Oncol.
2017, 10, 134. [CrossRef] [PubMed]

80. Yu, S.; Huang, F.; Wang, Y.; Xu, Y.; Yang, T.; Fan, Z.; Lin, R.; Xu, N.; Xuan, L.; Ye, J.; et al. Haploidentical transplantation might
have superior graft-versus-leukemia effect than HLA-matched sibling transplantation for high-risk acute myeloid leukemia in
first complete remission: A prospective multicentre cohort study. Leukemia 2020, 34, 1433–1443. [CrossRef] [PubMed]

81. Gao, L.; Zhang, Y.; Wang, S.; Kong, P.; Su, Y.; Hu, J.; Jiang, M.; Bai, H.; Lang, T.; Wang, J.; et al. Effect of rhG-CSF Combined With
Decitabine Prophylaxis on Relapse of Patients With High-Risk MRD-Negative AML After HSCT: An Open-Label, Multicenter,
Randomized Controlled Trial. J. Clin. Oncol. 2020, 38, 4249–4259. [CrossRef] [PubMed]

82. Platzbecker, U.; Wermke, M.; Radke, J.; Oelschlaegel, U.; Seltmann, F.; Kiani, A.; Klut, I.M.; Knoth, H.; Röllig, C.; Schetelig, J.;
et al. Azacitidine for treatment of imminent relapse in MDS or AML patients after allogeneic HSCT: Results of the RELAZA trial.
Leukemia 2012, 26, 381–389. [CrossRef] [PubMed]

83. Stone, R.M.; Mandrekar, S.J.; Sanford, B.L.; Laumann, K.; Geyer, S.; Bloomfield, C.D.; Thiede, C.; Prior, T.W.; Döhner, K.;
Marcucci, G.; et al. Midostaurin plus Chemotherapy for Acute Myeloid Leukemia with a FLT3 Mutation. N. Engl. J. Med. 2017,
377, 454–464. [CrossRef] [PubMed]

84. Ambinder, A.J.; Levis, M. Potential targeting of FLT3 acute myeloid leukemia. Haematologica 2021, 106, 671–681. [CrossRef]
[PubMed]

85. Perl, A.E.; Martinelli, G.; Cortes, J.E.; Neubauer, A.; Berman, E.; Paolini, S.; Montesinos, P.; Baer, M.R.; Larson, R.A.; Ustun, C.; et al.
Gilteritinib or Chemotherapy for Relapsed or Refractory FLT3-Mutated AML. N. Engl. J. Med. 2019, 381, 1728–1740. [CrossRef]
[PubMed]

86. Cortes, J.E.; Khaled, S.; Martinelli, G.; Perl, A.E.; Ganguly, S.; Russell, N.; Krämer, A.; Dombret, H.; Hogge, D.; Jonas, B.A.;
et al. Quizartinib versus salvage chemotherapy in relapsed or refractory FLT3-ITD acute myeloid leukaemia (QuANTUM-R): A
multicentre, randomised, controlled, open-label, phase 3 trial. Lancet Oncol. 2019, 20, 984–997. [CrossRef]

87. Burchert, A.; Bug, G.; Fritz, L.V.; Finke, J.; Stelljes, M.; Röllig, C.; Wollmer, E.; Wäsch, R.; Bornhäuser, M.; Berg, T.; et al. Sorafenib
Maintenance After Allogeneic Hematopoietic Stem Cell Transplantation for Acute Myeloid Leukemia With FLT3-Internal Tandem
Duplication Mutation (SORMAIN). J. Clin. Oncol. 2020, 38, 2993–3002. [CrossRef] [PubMed]

88. Bazarbachi, A.; Bug, G.; Baron, F.; Brissot, E.; Ciceri, F.; Dalle, I.A.; Döhner, H.; Esteve, J.; Floisand, Y.; Giebel, S.; et al. Clinical
practice recommendation on hematopoietic stem cell transplantation for acute myeloid leukemia patients with FLT3-internal
tandem duplication: A position statement from the Acute Leukemia Working Party of the European Society for Blood and
Marrow Transplantation. Haematologica 2020, 105, 1507–1516.

89. Biederstädt, A.; Rezvani, K. How I treat high-risk acute myeloid leukemia using pre-emptive adoptive cellular immunotherapy.
Blood 2022. [CrossRef]

90. Dholaria, B.; Savani, B.N.; Labopin, M.; Luznik, L.; Ruggeri, A.; Mielke, S.; Al Malki, M.M.; Kongtim, P.; Fuchs, E.; Huang, X.-J.;
et al. Clinical applications of donor lymphocyte infusion from an HLA-haploidentical donor: Consensus recommendations from
the Acute Leukemia Working Party of the EBMT. Haematologica 2020, 105, 47–58. [CrossRef]

91. Spyridonidis, A. How I treat measurable (minimal) residual disease in acute leukemia after allogeneic hematopoietic cell
transplantation. Blood 2020, 135, 1639–1649. [CrossRef]

92. Jeyakumar, D.; O’Brien, S. Minimal residual disease in acute myeloid leukemia. JAMA Oncol. 2020, 6, 1899–1900. [CrossRef]
[PubMed]

93. Bassan, R. Using minimal residual disease to improve treatment response definitions and hematopoietic cell transplantation
strategy in acute leukemia. J. Clin. Oncol. 2016, 34, 300–302. [CrossRef] [PubMed]

94. Ossenkoppele, G.; Schuurhuis, G.J.; van de Loosdrecht, A.; Cloos, J. Can we incorporate MRD assessment into clinical practice in
AML? Best Pract. Res. Clin. Haematol. 2019, 32, 186–191. [CrossRef] [PubMed]

95. Fenwarth, L.; Thomas, X.; de Botton, S.; Duployez, N.; Bourhis, J.-H.; Lesieur, A.; Fortin, G.; Meslin, P.-A.; Yakoub-Agha, I.;
Sujobert, P.; et al. A Personalized Approach to Guide Allogeneic Stem Cell Transplantation in Younger Adults with Acute Myeloid
Leukemia. Blood 2020, 137, 524–532. [CrossRef]

96. Khera, N.; Deeg, H.J.; Kodish, E.; Rondelli, D.; Majhail, N. Allogeneic hematopoietic cell transplantation and other expensive
cellular therapies: A miracle for the few but off limits to many? J. Clin. Oncol. 2020, 38, 1268–1272. [CrossRef]

http://doi.org/10.1182/bloodadvances.2019000050
http://doi.org/10.1186/s13045-017-0502-3
http://www.ncbi.nlm.nih.gov/pubmed/28676064
http://doi.org/10.1038/s41375-019-0686-3
http://www.ncbi.nlm.nih.gov/pubmed/31831845
http://doi.org/10.1200/JCO.19.03277
http://www.ncbi.nlm.nih.gov/pubmed/33108244
http://doi.org/10.1038/leu.2011.234
http://www.ncbi.nlm.nih.gov/pubmed/21886171
http://doi.org/10.1056/NEJMoa1614359
http://www.ncbi.nlm.nih.gov/pubmed/28644114
http://doi.org/10.3324/haematol.2019.240754
http://www.ncbi.nlm.nih.gov/pubmed/32703795
http://doi.org/10.1056/NEJMoa1902688
http://www.ncbi.nlm.nih.gov/pubmed/31665578
http://doi.org/10.1016/S1470-2045(19)30150-0
http://doi.org/10.1200/JCO.19.03345
http://www.ncbi.nlm.nih.gov/pubmed/32673171
http://doi.org/10.1182/blood.2021012411
http://doi.org/10.3324/haematol.2019.219790
http://doi.org/10.1182/blood.2019003566
http://doi.org/10.1001/jamaoncol.2020.4599
http://www.ncbi.nlm.nih.gov/pubmed/33030511
http://doi.org/10.1200/JCO.2015.64.8907
http://www.ncbi.nlm.nih.gov/pubmed/26668347
http://doi.org/10.1016/j.beha.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31204000
http://doi.org/10.1182/blood.2020005524
http://doi.org/10.1200/JCO.19.02232

	Introduction 
	Methods 
	MRD Testing 
	How Should We Test Patients for MRD? 
	At What Time Points Should We Test for MRD? 
	How Should We Account for Mutations Associated with Clonal Hematopoiesis? 

	MRD in Initial Therapy 
	What Is the Significance of MRD-Positive Status at First Complete Remission? 
	What Treatment(s) Can Eradicate MRD? 
	Can We Use MRD-Directed Treatment to Prevent Relapse after Initial Chemotherapy? 

	MRD in Transplant and Beyond 
	Prognostic Value of MRD Prior to Transplant 
	For Whom Is Transplant Indicated? 
	Can We Use MRD to Determine Optimal Conditioning Regimen? 
	Can We Use MRD to Determine Optimal Donor Type? 
	How Should We Treat MRD Relapse during Post-Transplant Surveillance and/or Chronic Low Intensity Therapy? 

	Conclusions 
	References

