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Introduction

Acute myeloid leukemia (AML) is the most common acute
leukemia in adults with an incidence of 3-4 per 100,000 men
and women per year. AML is a genetically very heterogeneous
disorder characterized by the accumulation of somatically
acquired genetic changes in hematopoietic progenitor cells
altering normal mechanisms of self-renewal, proliferation, and
differentiation. 

Recently, the Cancer Genome Atlas Research Network
reported on the genomic and epigenomic landscapes of adult
de novo AML based on next generation sequencing data per-
formed on 200 AML patients.1 The investigators identified 23
significantly mutated genes, and another 237 gene mutations
found in 2 or more samples. The authors proposed a classifica-
tion of gene mutations into 9 categories based on their biolog-
ical function with 199 of the 200 analyzed patients having at
least one mutation in one of these categories (Table 1). These
findings will probably influence the future disease classification
system. 

To date, AML is categorized on the basis of the 2008 revised
WHO Classification of Tumours of Haematopoietic and
Lymphoid Tissues2 in several distinct disease entities which are
preponderantly defined by the underlying cyto- and molecular-
genetic aberrations.3 From a more practical clinical perspective,
AML can be grouped into 4 risk groups according to the recom-
mendations of an international expert panel on behalf of the
European LeukemiaNet (Table 2).4 Of note, the prognostic
value of the sub-classification of intermediate risk group into
two subcategories, intermediate-1 and intermediate-2, is still
not completely clear. For example, in a retrospective study of
the Cancer and Leukemia Study Group B (CALGB), evaluating

the impact of the ELN classification on outcome, revealed that
intermediate-I and intermediate-II groups in older patients (>60
years) had similar outcomes, whereas the intermediate-II
group in younger patients had better survival but not better
remission rates or disease-free survival than the intermediate-I
group.5

Outcome is influenced by patient features such as age,
comorbidities and performance status, as well as disease char-
acteristics including type of AML (de novo, treatment-related,
secondary after myelodysplastic/myeloproliferative disease)
and, by far the most important, the genetic profile. The median
age at diagnosis of patients with AML ranges from 66 to 71
years (SEER Cancer Statistics Review 1975-2009)6 and the pro-
portion of patients receiving intensive chemotherapy decreases
with increasing age.7

The combination of an anthracycline and cytarabine (‘3+7’)
remains the standard of care of intensive induction therapy in
patients considered medically fit, and complete remission (CR)
rates ranges from 65% to 75% in younger adult patients (≤ 60
years) and from 40% to 60% in older patients (>60 years).4 In
patients ineligible for intensive chemotherapy, treatment
options are limited with low-dose cytarabine and the
hypomethylating agents decitabine or azacitidine (azacitidine
limited to patients with 20-30% bone marrow blasts) resulting
in CR rates of between 10% and 30%.8-10

After achieving a first CR, post-remission therapy is manda-
tory to prevent relapse. The goal of this review is to highlight:
i) the current standard of intensive post-remission chemother-
apy; ii) prognostic and predictive pre-treatment markers guid-
ing the choice of post-remission treatment strategy (i.e. inten-
sive chemotherapy, autologous or allogeneic HSCT) in first
CR; and iii) minimal residual disease (MRD) measurement dur-
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ing treatment and follow up and its predictive value for
treatment adaptation. 

Post-remission therapy with intensive
chemotherapy

The concept of intensive post-remission chemotherapy is
based on the observation that after achievement of a first
CR virtually all patients relapse in the absence of further
treatment.11 In addition, intensive post-remission
chemotherapy using a very intensive high-dose cytarabine-
based regimen was superior to prolonged low-dose mainte-
nance therapy in younger patients.12 Furthermore, a land-
mark study of the Cancer and Leukemia Group B (CALGB)
established the current standard of post-remission
chemotherapy for patients aged 60 years and younger. In
the prospective up-front randomized study, four repeated
cycles of high-dose cytarabine (3 g/m², bid, Days 1,3,5) had
been superior to intermediate- (400 mg/m² cont. Days 1-5)
or standard-dose cytarabine (100 mg/m² cont. Days 1-5)
with respect to relapse free survival (RFS) and overall sur-
vival (OS).13 In all patients, maintenance therapy was pro-
grammed for after completion of intensive consolidation
therapy with four monthly cycles of cytarabine (100
mg/m², s.c., bid, Days 1-5) and daunorubicin (45 mg/m²,
Day 1). Nonetheless, optimal dose of cytarabine, number of
cycles, and benefit of additional chemotherapeutic agents
have remained open issues.

The French ALFA-group showed no beneficial effect on
survival end points of one cycle of high-dose cytarabine (3
g/m², bid, Days 1,3,5,7) plus amsacrine (100 mg/m², Days 1-
3) followed by one cycle of a timed-sequential post-remis-
sion chemotherapy with mitoxantrone (12 mg/m², Days 1-
3), cytarabine (500 mg/m², cont., Days 1-3, 8-10), and
etoposide (200 mg/m², Days 8-10) compared to treatment
according to the high-dose cytarabine CALGB arm includ-
ing maintenance therapy.14 Furthermore, no superiority of
four courses of a multi-agent post-remission chemotherapy
including standard dose cytarabine (200 mg/m², cont., Days
1-5) combined alternating with mitoxantrone, daunoru-
bicine, aclarubicin, etoposide plus vincristine over three
cycles of  high-dose cytarabine (2 g/m², bid, Days 1-5) could
be shown.15 Schaich et al. reported on the comparison of
three cycles of high-dose cytarabine based on the CALGB
regimen but without further maintenance therapy versus
three cycles combination chemotherapy with MAC
(cytarabine 1 g/m², bid, Days 1-6; mitoxantrone, 10 mg/m²,
Days 4-6), MAMAC (cytarabine 1 g/m², bid, Days 1-5;
amsacrine 100 mg/m², Days 1-5) followed by MAC.16

Again, no beneficial effect of the combination therapy on
survival end points could be demonstrated on an intention-
to-treat basis. Of note, a per protocol analysis even favored
the single agent high-dose cytarabine arm. In the recently
published Medical Research Council MRC-15 trial, combi-
nation post-remission therapy with MACE (amsacrine, 100
mg/m², Days 1-5; cytarabine, 200 mg/m², cont., Days 1-5;
etoposide, 100 mg/m², Days 1-5) followed by MidAC
(mitoxantrone, 10 mg/m², Days 1-5; cytarabine, 1.0 g/m²,
bid, Days 1-3) was compared to two cycles of single agent
high-dose cytarabine in two different doses (3 g/m² and 1.5
g/m², single dose) applied according to the CALGB regi-
men.17 After two cycles of intensive consolidation therapy,
patients were additionally randomized to either no further
treatment versus one additional cycle of intensive consoli-

dation therapy with high-dose cytarabine (1.5 g/m², bid,
Days 1,3,5). Again no beneficial effect on survival end
points of combination intensive post-remission chemother-
apy could be shown compared to the two arms based on
single-agent high-dose cytarabine. Interestingly, the com-
parison of the two single-agent high-dose cytarabine con-
solidation arms revealed that a lower dose (1.5 g/m², single
dose) was associated with a strong trend towards a higher
cumulative incidence of relapse compared to the standard
dose (3 g/m², single dose). After two induction and two
consolidation cycles, a third intensive consolidation cycle
was not superior to no further treatment.17 Taken together,
four up-front randomized prospective multicenter trials
comparing combination post-remission therapy to single
agent high-dose cytarabine in younger patients (<60 years)
with AML failed to show an improvement in any survival
end point.14-17 Thus, the CALGB established consolidation
post-remission chemotherapy with single-agent high-dose
cytarabine (3 g/m², bid Days 1,3,5)13 for at least two cycles
after two induction cycles or three to four cycles while only
one induction cycle remains the standard for younger adult
patients. Of note, halving dosage from 3 g/m² to 1.5g/m²
single dose was associated with a strong trend towards a
higher cumulative incidence of relapse17 which is in some
contrast to pharmacological studies suggesting a saturation
of arabinosylcytosine-5’triphosphate formation by the
transport system in leukemic blasts already at dosages of
200 to 250 mg/m²/h corresponding to a single dose of 1.0
g/m² IV infusion over three hours.18 Although not formally
evaluated in a prospective randomized trial, chemotherapy-
based maintenance treatment after completion of intensive
consolidation therapy according the high-dose cytarabine
CALGB regimen does not seem to influence survival end
points and is nowadays not recommended. 

Subsequent subgroup analyses according to cytogenetics
in the initial CALGB study revealed that the beneficial
effect of high-dose cytarabine compared to intermediate-
and standard-dose cytarabine was restricted to core binding
factor (CBF)-AML including t(8;21) and inv(16)/t(16;16) as
well as cytogenetically normal (CN)-AML, whereas
patients exhibiting other cytogenetic aberrations had a dis-
mal outcome irrespective of the cytarabine dose adminis-
tered.19 Further subgroup analyses had also been performed
in all four randomized trials comparing single agent high-
dose cytarabine to combination consolidation therapy
according to the cyto- and molecular-genetic risk profile.14-17

The overall picture is not completely consistent; in two tri-
als,15,17 single agent high-dose cytarabine was superior in
CBF-AML compared to combination post-remission
chemotherapy whereas combination therapy was superior
in the German SAL trial.16 In patients with intermediate-risk
AML, a beneficial effect of single agent high-dose cytara-
bine had been shown in the ALFA study14 supported by a
trend for positive results for NPM1-mutated AML in the
German SAL study.16 Moreover, in the MRC-15 study, com-
bination therapy was better in patients with an unfavorable
risk.17 Thus, single agent high-dose chemotherapy (3 g/m²,
bid, Days 1,3,5) remains the preferable post-remission
chemotherapy in younger adults with CBF- and  intermedi-
ate-risk AML including CN-AML, whereas combination
post-remission therapy may be considered in high-risk
patients. 

In contrast to younger patients, high-dose cytarabine
appears to be too toxic in patients over 60 years of age and
therefore the use of high-dose cytarabine is generally dis-
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couraged in older patients.13 Two studies comparing inten-
sive consolidation post-remission therapy to low-dose
chemotherapy delivered in an outpatient setting showed
contradictory results. The first study compared a single
additional intensive cycle of chemotherapy to six repeated
cycles of lower-dose out-patient combination chemothera-
py.20 There was a significant beneficial effect of the lower-
dose out-patient combination chemotherapy compared to
one course of intensive post-remission therapy with a bet-
ter overall and relapse-free survival. In contrast, the results
of a second study suggested that after a first intensive con-
solidation therapy a second intensive cycle was superior
compared to a one-year oral schedule of combination
chemotherapy.21 In contrast to the little progress made in
attempts to optimize post-remission therapy in older
patients, great progress has been achieved in middle aged
and older patients (age 50-70 years) by using gemtuzumab
ozogamicin (GO) as adjunct to intensive induction and con-
solidation therapy.22 In this study, two post-remission con-
solidation cycles with a combination of daunorubicin (60
mg/m², Day 1 first cycle and Days 1-2 second cycle) and
cytarabine (1 g/m², bid, Days 1-4) had been administered in
patients achieving a first CR with acceptable toxicity with
or without GO (3 mg/m², Day 1). In this study, GO as an
adjunct to induction and consolidation therapy did not
improve CR rate but did improve all survival end points.
However, the administration of GO in a dosage of 3 mg/m²
per administration given either as a single shot or on Days
1, 4 and 7 as adjunct and in parallel to induction therapy
resulted in an improvement in the survival end points,
whereas GO given during consolidation therapy seems to
have no impact (for review see Thol et al.,23). Of note, the
addition of three cycles of GO (6 mg/m²) after a first inten-
sive cytarabine-based consolidation therapy showed no
beneficial effect with regard to survival end points.24 Thus,
the value of intensive post-remission chemotherapy in
older patients continues to be a subject of debate. However,
regimens including intermediate-dose cytarabine as in the
French ALFA study22 may serve as a backbone for the addi-
tion of novel drugs. Maintenance treatment with an oral
azacitidine formulation is currently evaluated in older
patients (≥55years) in first CR in a prospective randomized
phase III trial (Eudra-CT n. 2012-003457-28).

Future strategies of improving post-remission therapy
will include standard HiDAC consolidation in combination
with novel drugs (e.g. kinase inhibitors) followed by single
agent maintenance in patients fit for intensive chemothera-
py, whereas in patients not eligible for intensive chemother-
apy, as well as in older patients, an immediate start of main-
tenance therapy with novel drugs once first CR is achieved
can be envisaged. Advantages in using HiDAC as a consol-
idation base on which novel drugs can be added are the
expected lower rate of drug-drug interactions compared to
regimens including anthracyclines or anthracendiones, the
limited and well known hematologic toxicity, and the very
good comparability to historical data in terms of toxicity
and clinical outcome. 

Prognostic and predictive pre-treatment markers
guiding the choice of post-remission treatment
strategy 

Post-remission therapies with high-dose cytarabine,
autologous and allogeneic HSCT have been evaluated with
the aim of preventing relapse and of improving overall sur-

vival. To date, allogeneic HSCT is considered to be the
intensive post-remission therapy with the strongest anti-
leukemic effect. However, the benefit of allogeneic HSCT
on overall survival may be compromised by non-relapse,
treatment-related mortality (TRM). The European
LeukemiaNet AML Working Party has proposed an inte-
grated risk-adapted approach for younger patients with
AML in first CR taking into account: i) the risk of relapse
after intensive chemotherapy versus allogeneic HSCT; ii)
TRM of allogeneic HSCT; and iii) patient and transplant-
specific parameters such as comorbidity, donor type, and
age as reflected by HCT-CI and EBMT scores (Table 3).25

According to this recommendation, AML with RUNX1-
RUNX1T1 (only with pre-treatment white blood cell count
≤20/nL), CBFB-MYH11, NPM1mut/FLT3-ITDneg and
CEBPAdm were grouped into the good-risk category,
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Table 1. Categorization and frequency of gene mutations according to
functional properties based on next-generation sequencing in 200 de
novo AML patients. Modified according to the Cancer Genome Atlas
Research Network.1

Category                                                                     Frequency 

Transcription factor fusions                                                       18%
PML-RARA

CBFB-MYH11

RUNX1-RUNX1T1

PICALM-MLLT10

NPM1 mutations                                                                            27%
Tumor suppressor genes                                                            16%
TP53
WT1
PHF6

DNA methylation                                                                           44%
DNMT3A
DNMT3B
DNMT1
TET1
TET2
IDH1
IDH2
Activated signaling                                                                        59%
FLT3
KIT
Other tyrosine kinases
Serin–threonine Kinases
KRAS/NRAS
PTPs (protein tyrosin phosphatases)
Myeloid transcription factors                                                    22%
RUNX1
CEBPA
Other myeloid transcription factors
Chromatin modifiers                                                                    30%
MLL fusions
MLL-PTD
NUP98-NSD1
ASXL1
EZH2
KDM6A
other
Cohesin complex*                                                                        13%
Spliceosome complex#                                                                 14%
*Cohesin is a protein complex regulating the separation of sister chromatids during
cell division (mitosis or meiosis). #Spliceosome is a complex of snRNA and protein sub-
units removing introns from a transcribed pre-mRNA (hnRNA) segment.  



whereas AML with monosomal karyotype, abn(3q), and
those with high EVI1 expression were grouped into the
very poor risk category.25 For the two remaining categories
in between (i.e. intermediate and poor risk), a combination
of cytogenetics and response to initial chemotherapy is
used for grouping. Based on the integrated approach, allo-
geneic HSCT represents the most appropriated post-remis-
sion therapy in patients with low HCT-CI and EBMT
scores in the intermediate, poor and very poor categories.
However, the recommendations become more complex
especially in the intermediate and poor risk group with ris-
ing HCT-CI and EBMT scores. The risk groups of the inte-
grated risk classification according to the European
LeukemiaNet AML Working Party are discussed in more
detail below.

Good risk (Table 3)
In patients with core binding factor (CBF) AML, KIT

mutations have been associated with an increased relapse
rate.26,27 However, based on a recent report on AML with
inv(16)/t(16;16), this unfavorable impact on relapse rate
does not translate into an inferior survival. In contrast, AML
with inv(16)/t(16;16) harboring additional FLT3 mutations
including FLT3-ITD and FLT3-TKD as well as those with
the second most frequent secondary cytogenetic aberration,
trisomy 8, were associated with a strong negative impact in
multivariable analysis on OS.27 However, these results need
further confirmation and thus co-operating gene mutations
as well as secondary cytogenetic aberrations in CBF-AML
should not be used to guide treatment decisions. Based on
a large meta-analysis, no beneficial effect on survival end
points could be shown for an allogeneic HSCT in first CR
compared to intensive post-remission chemotherapy in
CBF-AML.28 In a retrospective study, Gorin et al. showed
comparable results in CBF-AML treated in first CR with an
autologous or allogeneic HSCT for all survival end points.29

Thus, autologous HSCT may be a treatment option in CBF-
AML with additional risk factors in first CR. In phase II clin-
ical trials, dasatinib as a potent KIT-inhibitor has been eval-
uated in combination with induction and consolidation as
well as single agent maintenance therapy (e.g.
clinicaltrials.gov identifier 01238211 and 00850382); final
results are awaited.

In AML exhibiting the genotype NPM1-mut/FLT3-
ITDneg, two reports from co-operative study groups
showed a negative impact of cooperating IDH1/2 muta-
tions on relapse-free survival and OS.30,31 In contrast, Patel et
al. reported on a favorable impact of the genotype NPM1-
mut/FLT3-ITDneg only if co-operating IDH1/2 mutations
were present.32 Such opposed effects of genotypes on out-
come highlights statistical shortcomings of retrospective
molecular studies. 

Further conflicting results have been reported on the
prognostic value of TET2 mutations in AML with NPM1-
mut/FLT3-ITDneg or CEBPAdm.33,34 Metzeler et al. demon-
strated that in ELN favorable risk patients with CN-AML
who have a CEBPAdm and or NPM1mut/FLT3-ITDneg,
TET2 mutated patients did poorly on all survival end
points.34 In this analysis, TET2 mutations were significantly
more frequent in older compared to younger patients.
Although multivariable analysis revealed an independent
impact of TET2 mutations, age may be an important con-
founding factor. This is supported by the report from
Gaidzik et al. focusing on a large cohort of homogeneously
treated younger adults.33 In this study, TET2 mutations had

no prognostic impact on the whole group but also no prog-
nostic impact on all subgroups, including that defined by
the genotypes NPM1-mut/FLT3-ITDneg and CEBPAdm.
Thus, the prognostic value of TET2 mutations at least in
younger patients is limited; in older patients, a confirmatory
study of the results from Metzeler et al. is needed. 

Based on a large individual patient data-based meta-
analysis, no beneficial effect on survival end points for an
allogeneic HSCT in first CR compared to intensive post-
remission chemotherapy in AML with the genotype
NPM1-mut/FLT3-ITDneg could be shown.35

In AML with mutated CEBPA, a provisional WHO 2008
entity, several studies have convincingly shown that AML
with double mutant CEBPA (CEBPAdm) can be distin-
guished from AML with single mutant CEBPA with respect
to biological and prognostic features. The favorable prog-
nostic impact of mutant CEBPA that was previously
demonstrated in several studies can be attributed to the
subtype of AML with CEBPAdm.36-39 Therefore several
investigators have suggested restricting the provisional enti-
ty “AML with CEBPA mutations” to those with biallelic
mutations. In addition, a favorable prognosis of AML with
CEBPAdm could not only be shown on the background of
a normal karyotype but also of intermediate-risk cytogenet-
ics whereas del(9q) and del(11q) had been identified as the
most frequent secondary cytogenetic aberrations.40

Allogeneic and autologous HSCT compared very favorably
with intensive post-remission chemotherapy on RFS,
whereas the unfavorable RFS after intensive post-remission
chemotherapy could be made up after relapse by a high rate
of second CR followed by allogeneic HSCT.40 Thus,
although AML with CEBPAdm is categorized in the good
risk group, an autologous or an allogeneic HSCT can be
considered in first CR taking into account the patient’s per-
sonal profile.

Intermediate risk (Table 3)
The intermediate risk category of the recommendations
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Table 2. Standardized reporting for correlation of cytogenetic and
molecular genetic data in AML with clinical data according to Döhner
et al.4

Genetic group       Subset

Favorable                 t(8;21)(q22;q22); RUNX1-RUNX1T1’
                                   inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11’
                                   Mutated NPM1 without FLT3-ITD (CN-AML*)
                                   Mutated CEBPA (CN-AML*)
Intermediate-I#      Mutated NPM1 and FLT3-ITD (CN-AML*)
                                   Wild-type NPM1 and FLT3-ITD (CN-AML*)
                                   Wild-type NPM1 without FLT3-ITD (CN-AML*)
Intermediate-II       t(9;11)(p22;q23); MLLT3-MLL
                                   Cytogenetic abnormalities not classified as favorable 
                                   or adverse+

Adverse                     inv(3)(q21q26.2) or t(3;3)(q21;q26.2); RPN1-EVI1
                                   t(6;9)(p23;q34); DEK-NUP214
                                   t(v;11)(v;q23); MLL rearranged
                                   -5 or del(5q); -7; abnl(17p); complex karyotype§

‘t(8;21) and inv(16)/t(16;16) are frequently denoted as core binding factor AML
(CBF-AML). *Cytogenetically normal AML (CN-AML). #Includes all AMLs with normal
karyotype except for those included in the favorable subgroup. +For most 
abnormalities, adequate numbers have not been studied to draw firm conclusions
regarding their prognostic significance. §Three or more chromosome abnormalities in
the absence of one of the WHO designated recurring translocations or inversions, i.e.
t(15;17), t(8;21), inv(16) or t(16;16), t(9;11), t(v;11)(v;q23), t(6;9), inv(3) or t(3;3).



comprises mainly AML with CN-AML who achieve a CR
after induction therapy.

DNMT3A have been found to be frequently mutated in
AML with normal karyotype (30-35%).41-44 Two studies
have demonstrated that DNMT3A mutations are independ-
ently associated with poor OS.41,42 However, patients
exhibiting a DNMT3A mutation were significantly older in
both studies and thus again age may be an important con-
founding factor in these analyses. Marcucci et al. reported
on a differential prognostic effect of DNMT3A mutations in
older versus younger patients according to the affected
codon; older patients with DNMT3A mutations in codon
R882 in exon 23 had an inferior outcome, whereas in
younger patients, those with DNMT3A mutations other
than R882 did worse.42 In the largest analysis so far pub-
lished on 1770 young adults, DNMT3A mutations had no
consistent impact on survival end points in the whole
group.44 However, in subgroup analyses, DNMT3A muta-
tions were found to be associated with an unfavorable
prognosis in the ELN molecular unfavorable subgroup
(Table 2) of CN-AML.

Approximately two-thirds of RUNX1 mutations are
found in CN-AML and have been associated with a very
unfavorable prognosis in both young and elderly
patients.45,46 Gaidzik et al. reported a dismal outcome for all
survival end points in patients with RUNX1 mutations after
consolidation chemotherapy when compared to allogeneic
HSCT in first CR.45 

Based on the recommendations made according to the
integrated risk classification of the ELN-AML Working
Party, an allogeneic HSCT in this risk group is preferable in
cases for which a matched donor is available and in the
absence of relevant comorbidities reflected by an EBMT
and HCT-CI score equal to or below 2 (Table 3). An exemp-
tion may be AML with a FLT3-ITD in the presence of an
NPM1 mutation and a low FLT3-ITD mutant to wild-type
ratio (<0.5) with a reported favorable outcome also after
intensive chemotherapy.47 However these results need fur-
ther confirmation. Furthermore, FLT3-inhibitors are in clin-
ical evaluation,48 where maintenance after intensive consol-
idation therapy but also after allogeneic HSCT has been
evaluated in ongoing clinical trials (e.g. clinicaltrials.gov iden-
tifier 00651261 and 01477606).

Poor and very poor risk (table 3)
Patients categorized in the poor or very poor risk group

have per se a dismal prognosis and most of these patients
should be offered an allogeneic HSCT if a CR is achieved25

and even if a CR is not achieved.49 TP53 alterations are
closely associated with a complex karyotype and in partic-
ular also with a monosomal karyotype,50 and thus most are
already categorized in the very poor risk group. However, if
a CR is achieved, again an allogeneic HSCT should be
offered if possible. Whether maintenance therapy with
hypomethylating agents after an allogeneic HSCT improves
RFS is currently under evaluation in several clinical trials
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Table 3. Patient-specific, integrated risk-based application of allogeneic hematopoietic stem cell transplantation in AML CR1 according to
Cornelissen et al.25

AML-risk Group**     AML Risk assessment, including Risk of relapse Prognostic scores for nonrelapse mortality that would
response to induction-I following consolidation by indicate allogeneic HSCT as preferred consolidation

Chemo/auto alloHSCT EBMT-score HCT-CI score NRM
BSCT

Good t(8;21) with WBC ≤20 35-40% 15-20% NA (≤ 1) NA (<1) 10-15%
inv(16)/t(16;16)

Mutated CEBPA (double mutated)
Mutated NPM1 without FLT3–ITD 

Early first complete remission 
and no MRD

Intermediate t(8;21) with WBC >20 50-55% 20-25% ≤ 2 ≤ 2 <20-25%
Cytogenetically normal 

(or with loss of X and Y chromosomes), 
WBC count ≤100 and early first complete remission 

(after first cycle of chemotherapy)
Poor Otherwise good or intermediate, 70-80% 30-40% ≤ 3/4 ≤ 3/4 <30%

but no complete remission after first 
cycle of chemotherapy

Cytogenetically normal and WBC >100
Cytogenetically abnormal

Very poor Monosomal karyotype >90% 40-50% ≤ 5 ≤ 5 <40%
abn(3q26)

High EVI1 expression
*The proposed patient-specific application of allogeneic HSCT in patients with AML in their first complete remission integrates the individual risks for relapse and non-relapse mor-
tality and aims for a disease-free survival (DFS) benefit of at least 10% for the individual patient compared with consolidation by a non-allogeneic HSCT approach. ‡The categoriza-
tion of AML is based on cytogenetic, molecular and clinical parameters (including white blood cell count) into good, intermediate and (very) poor subcategories and is subject to
continuing study and debate. Here, categories are arbitrarily presented according to the latest policy of the Dutch-Belgian Cooperative Trial Group for Hematology Oncology and
Swiss Group for Clinical Cancer Research (HOVON–SAKK) consortium. Relapse percentages were derived from published reports.25 §Includes response to first induction.
Categorization requires one of the parameters indicated. AML: acute myeloid leukemia; EBMT: European Group For Blood and Marrow Transplantation; DFS: disease-free survival;
EVI1: Ecotropic viral integration site 1; HCT–CI: hematopoietic cell transplantation comorbidity index; HSCT: hematopoietic stem cell transplantation; CEBPA: gene encoding CCAAT
enhancer-binding protein α; FLT3: gene encoding fms-like tyrosine kinase receptor‑3; ITD: internal tandem duplication; NA: not advocated; NPM1: gene encoding nuclear matrix
protein; MRD: minimal residual disease; WBC: white blood cell count.



(e.g. clinicaltrials.gov identifier 01168219, 01995578, and
01541280). However, azacitidine in combination with
donor lymphocytes is an active treatment in high-risk
patients who have relapsed after allogeneic HSCT.51

Minimal residual disease assessment during treatment
and follow up

Beyond pre-treatment risk stratification, measurement of
the disease burden during treatment and follow up emerges
as a tool to fine tune the risk assessment on an individual
basis with dynamic adaptation of post-remission treatment
strategy. Minimal residual disease (MRD) can be evaluated
by polymerase chain reaction (PCR) and multiparameter
flow cytometry (MPFC); approaches using next generation
sequencing are currently evaluated.

Leukemia fusion genes and gene mutations can be detect-
ed by RT-PCR or the currently more widely used real time
quantitative (RQ)-PCR. By using this technique, MRD can
be measured with high sensitivity (10-4 to 10-6) in CBF-AML
(RUNX1-RUNX1T152 and CBFβ-MYH1153) as well as in
AML with t(9;11), MLL-AF9.54 Consistently, either negativ-
ity or marked reduction in transcript level at different time
points were associated with a lower risk of relapse. After
first induction therapy, a more than 3 log reduction in AML
with t(8;21) or an absolute reduction to copy numbers
below 10 in AML with inv(16)/t(16;16) were associated
with a low relapse probability of 4% and 21% at two years,
respectively, whereas patients with intermediate reduction,
1-3 log reduction in AML with t(8;21) and 10-500 copy
numbers in AML with inv(16)/t(16;16) had significantly
higher relapse rates of 30%-42% and 52%, respectively.52

Patients with only a marginal reduction in MRD levels after
induction therapy virtually all relapsed. In a study of the
German-Austrian AMLSG focusing on AML with
inv(16)/t(16;16), RQ-PCR negativity during consolidation
and early follow up (first 3 months) was associated with an
RFS of 91% compared to only 35% in the MRD-positive
group after two years.53 Similarly, in AML with NPM1
mutation, RQ-PCR negativity after completion of consoli-
dation therapy was associated with a low cumulative inci-
dence of relapse of 15.5% compared to 66.5% in the RQ-
PCR positive group after four years.55 Thus, intensification
of post-remission therapy with an allogeneic HSCT in first
CR can be envisaged if MRD levels stay either positive or
above a distinct level in CBF-AML and AML with NPM1
mutation. However, such an approach with MRD-directed

treatment intensification has so far not been studied
prospectively in a controlled manner. The concept of the
HOVON/SAKK 132 AML study integrates this approach
based on MPFC MRD assessment. For this purpose, the
prognostic value of MPFC MRD assessment has been estab-
lished in the HOVON/SAKK AML-42A study.56 After two
cycles of induction treatment, an MRD level of less than
0.1% was associated with a lower cumulative incidence
(CIR) of relapse of 37% compared to patients with an MRD
level of more than 0.1% with a CIR of 68%.56 Similar results
had been reported by the MRC in older patients receiving
intensive treatment.57 After the second course of induction
therapy, patients with an MRD level less than 0.1% had a
CIR of 73% compared to 82% in those with MRD levels of
more than 0.1%. Although the differences were statistically
significant, the positive predictive value was limited in both
studies. Therefore, a prospective evaluation of this impor-
tant clinical question is mandatory. Consistently in all stud-
ies, a steady increase in MRD levels during the follow-up
period was closely associated with hematologic relapse.
Thus, the initiation of a pre-emptive salvage therapy inter-
vention during molecular relapse may be advantageous; but
again, this has to be evaluated prospectively.

Conclusions

1.It is still strongly recommended that, if informed con-
sent is given, patients with AML should be treated in clini-
cal trials.

2.High-dose cytarabine in a dosage of 2-3 g/m², bid, Days
1,3,5, remains the standard for intensive post-remission
chemotherapy. 

3.It is key to weigh the risk of relapse and non-relapse
mortality in post-remission therapy with allogeneic HSCT
against intensive chemotherapy to identify the best treat-
ment option for each individual patient.

4.Minimal residual disease assessment during treatment
and follow up allows post-remission treatment and pre-
emptive salvage treatment to be adapted before overt
hematologic relapse occurs.

Authorship and Disclosures
Information on authorship, contributions, and financial & other

disclosures was provided by the authors and is available with the
online version of this article at www.haematologica.org.

R.F. Schlenk

1668 haematologica | 2014; 99(11)

References
1. Cancer Genome Atlas Research Network.

Genomic and Epigenomic Landscapes of
Adult De Novo Acute Myeloid Leukemia.
N Engl J Med. 2013;368(22):2059-74.

2. WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues.
Fourth Edition. Swerdlow SH, Campo E,
Harris NL, Jaffe ES, Pileri SA, Stein H, et al.
(eds). Geneva, Switzerland. WHO PRESS
2008.

3. Schlenk RF, Ganser A, Döhner K. Prognostic
and Predictive effect of molecular and cyto-
genetic aberrations in acute myeloid
leukemia. ASCO Educational Book.
2010;228-32.

4. Döhner H, Estey EH, Amadori S,

Appelbaum FR, Büchner T, Burnett AK, et
al. Diagnosis and management of acute
myeloid leukemia in adults: recommenda-
tions from an international expert panel, on
behalf of the European LeukemiaNet.
Blood. 2010;115(3):453-74.

5. Mrózek K, Marcucci G, Nicolet D, Maharry
KS, Becker H, Whitman SP, et al. Prognostic
significance of the European LeukemiaNet
standardized system for reporting cytoge-
netic and molecular alterations in adults
with acute myeloid leukemia. J Clin Oncol.
2012;30(36):4515-23.

6. Juliusson G, Lazarevic V, Hörstedt AS,
Hagberg O, Höglund M; Swedish Acute
Leukemia Registry Group. Acute myeloid
leukemia in the real world: why popula-
tion-based registries are needed. Blood.

2012;119(17):3890-9.
7. Juliusson G, Antunovic P, Derolf A, et al.

Age and acute myeloid leukemia: real
world data on decision to treat and out-
comes from the Swedish Acute Leukemia
Registry. Blood. 2009;113(18):4179-87.

8. Burnett AK, Milligan D, Prentice AG, et al.
A comparison of low-dose cytarabine and
hydroxyurea with or without all-trans
retinoic acid for acute myeloid leukemia
and high-risk myelodysplastic syndrome in
patients not considered fit for intensive
treatment. Cancer. 2007;109(6):1114-24.

9. Kantarjian HM, Thomas XG, Dmoszynska
A, et al. Multicenter, randomized, open-
label, phase III trial of decitabine versus
patient choice, with physician advice, of
either supportive care or low-dose cytara-



bine for the treatment of older patients
with newly diagnosed acute myeloid
leukemia. J Clin Oncol. 2012;30(21):2670-7.

10. Fenaux P, Mufti GJ, Hellström-Lindberg E,
et al. Azacitidine prolongs overall survival
compared with conventional care regimens
in elderly patients with low bone marrow
blast count acute myeloid leukemia. J Clin
Oncol. 2010;28(4):562-9.

11. Cassileth PA, Harrington DP, Hines JD,
Oken MM, Mazza JJ, McGlave P, et al.
Maintenance chemotherapy prolongs
remission duration in adult acute nonlym-
phocytic leukemia. J Clin Oncol. 1988;
6:583-7

12. Cassileth PA, Lynch E, Hines JD, Oken
MM, Mazza JJ, Bennett JM, et al. Varying
intensity of postremission therapy in acute
myeloid leukemia. Blood. 1992;79(8):
1924-30.

13. Mayer RJ, Davis RB, Schiffer CA, Berg DT,
Powell BL, Schulman P, et al. Intensive
postremission chemotherapy in adults with
acute myeloid leukemia. Cancer and
Leukemia Group B. N Engl J Med. 1994;
331(14):896-903.

14. Thomas X, Elhamri M, Raffoux E,
Renneville A, Pautas C, de Botton S, et al.
Comparison of high-dose cytarabine and
timed sequential chemotherapy as consoli-
dation for younger adults with AML in first
remission: The ALFA-9802 study. Blood.
2011;118(7):1754-62.

15. Miyawaki S, Ohtake S, Fujisawa S, Kiyoi
H, Shinagawa K, Usui N, et al. A random-
ized comparison of 4 courses of standard
dose multiagent chemotherapy versus 3
courses of high-dose cytarabine alone in
postremission therapy for acute myeloid
leukemia in adults: The JALSG AML201
study. Blood. 2011;117(8):2366-72.

16. Schaich M, Parmentier S, Kramer M, Illmer
T, Stölzel F, Röllig C, et al. High-dose
cytarabine consolidation with or without
additional amsacrine and mitoxantrone in
acute myeloid leukemia: results of the
prospective randomized AML2003 trial. J
Clin Oncol. 2013;31(17):2094-102.

17. Burnett AK, Russell NH, Hills RK, Hunter
AE, Kjeldsen L, Yin J, et al. Optimization of
chemotherapy for younger patients with
acute myeloid leukemia: results of the med-
ical research council AML15 trial. J Clin
Oncol. 2013;31(27):3360-8.

18. Plunkett W, Liliemark JO, Estey E, Keating
MJ. Saturation of ara-CTP accumulation
during high-dose ara-C therapy: pharmaco-
logic rationale for intermediate-dose ara-C.
Semin Oncol. 1987;14(2 Suppl 1):159-66.

19. Bloomfield CD, Lawrence D, Byrd JC,
Carroll A, Pettenati MJ, Tantravahi R, et al.
Frequency of prolonged remission duration
after high-dose cytarabine intensification in
acute myeloid leukemia varies by cytoge-
netic subtype. Cancer Res. 1998;
58(18):4173-9.

20. Gardin C, Turlure P, Fagot T, Thomas X,
Terre C, Contentin N, et al. Postremission
treatment of elderly patients with acute
myeloid leukemia in first complete remis-
sion after intensive induction chemothera-
py: results of the multicenter randomized
Acute Leukemia French Association (ALFA)
9803 trial. Blood. 2007;109(12):5129-35.

21. Schlenk RF, Fröhling S, Hartmann F, Fischer
JT, Glasmacher A, Del Valle F, et al.
Intensive consolidation versus oral mainte-
nance therapy in patients 61 years or older
with acute myeloid leukemia in first remis-
sion: results of second randomization of
the AML HD98-B treatment trial.

Leukemia. 2006;20(4):748-50.
22. Castaigne S, Pautas C, Terré C, Raffoux E,

Bordessoule D, Bastie JN, et al. Effect of
gemtuzumab ozogamicin on survival of
adult patients with de-novo acute myeloid
leukaemia (ALFA-0701): a randomised,
open-label, phase 3 study. Lancet. 2012;
379(9825):1508-16.

23. Thol F, Schlenk RF. Gemutuzumab
ozogamicin in acute myeloid leukemia
revisited. Expert Opin Biol Ther. 2014;
14(8):1185-95.

24. Löwenberg B, Beck J, Graux C, van Putten
W, Schouten HC, Verdonck LF, et al.
Gemtuzumab ozogamicin as postremission
treatment in AML at 60 years of age or
more: results of a multicenter phase 3
study. Blood. 2010;115(13):2586-91.

25. Cornelissen JJ, Gratwohl A, Schlenk RF,
Sierra J, Bornhäuser M, Juliusson G, et al.
The European LeukemiaNet AML Working
Party consensus statement on allogeneic
HSCT for patients with AML in remission:
an integrated-risk adapted approach. Nat
Rev Clin Oncol. 2012;9(10):579-90.

26. Marcucci G, Haferlach T, Döhner H.
Molecular genetics of adult acute myeloid
leukemia: prognostic and therapeutic impli-
cations. J Clin Oncol. 2011;29(5):475-86.

27. Paschka P, Du J, Schlenk RF, Gaidzik VI,
Bullinger L, Corbacioglu A, et al. Secondary
genetic lesions in acute myeloid leukemia
with inv(16) or t(16;16): a study of the
German-Austrian AML Study Group
(AMLSG). Blood. 2013;121(1):170-7.

28. Koreth J, Schlenk R, Kopecky KJ, Honda S,
Sierra J, Djulbegovic BJ, et al. Allogeneic
stem cell transplantation for acute myeloid
leukemia in first complete remission: sys-
tematic review and meta-analysis of
prospective clinical trials. JAMA. 2009;
301(22):2349-61.

29. Gorin NC, Labopin M, Frassoni F, Milpied
N, Attal M, Blaise D, et al. Identical out-
come following autologous or allogeneic
genoidentical hematopoietic stem cell
transplantation in first remission of acute
myelocytic leukemia carrying inversion 16
(inv 16) or t(8;21) A retrospective study
from the European Cooperative Group for
Blood and Marrow Transplantation. J Clin
Oncol. 2008;26(19):3183-8.

30. Paschka P, Schlenk RF, Gaidzik VI, Habdank
M, Krönke J, Bullinger L, et al. IDH1 and
IDH2 mutations are frequent genetic alter-
ations in acute myeloid leukemia and con-
fer adverse prognosis in cytogenetically
normal acute myeloid leukemia with
NPM1 mutation without FLT3 internal tan-
dem duplication. J Clin Oncol. 2010;
28(22):3636-43.

31. Marcucci G, Maharry K, Wu YZ,
Radmacher MD, Mrózek K, Margeson D,
et al. IDH1 and IDH2 gene mutations iden-
tify novel molecular subsets within de novo
cytogenetically normal acute myeloid
leukemia: a Cancer and Leukemia Group B
study. J Clin Oncol. 2010;28(14):2348-55.

32. Patel JP, Gönen M, Figueroa ME, et al.
Prognostic relevance of integrated genetic
profiling in acute myeloid leukemia. N Engl
J Med. 2012;366(12):1079-89.

33. Gaidzik VI, Paschka P, Späth D, et al. TET2
mutations in acute myeloid leukemia
(AML): results from a comprehensive
genetic and clinical analysis of the AML
study group. J Clin Oncol. 2012;
30(12):1350-7.

34. Metzeler KH, Maharry K, Radmacher MD,
et al. TET2 mutations improve the new
European LeukemiaNet risk classification

of acute myeloid leukemia: a Cancer and
Leukemia Group B study. J Clin Oncol.
2011;29(10):1373-81.

35. Schlenk RF, Döhner K, Krauter J, Fröhling S,
Corbacioglu A, Bullinger L, et al. Mutations
and treatment outcome in cytogenetically
normal acute myeloid leukemia. N Engl J
Med. 2008;358(18):1909-18. 

36. Wouters BJ, Lowenberg B, Erpelinck-
Verschueren CA, van Putten WL, Valk PJ,
Delwel R. Double CEBPA mutations, but
not single CEBPA mutations, define a sub-
group of acute myeloid leukemia with a
distinctive gene expression profile that is
uniquely associated with a favorable out-
come. Blood. 2009;113(13):3088-91.

37. Dufour A, Schneider F, Metzeler KH, et al.
Acute myeloid leukemia with biallelic
CEBPA gene mutations and normal kary-
otype represents a distinct genetic entity
associated with a favorable clinical out-
come. J Clin Oncol. 28(4):570-7.

38. Green CL, Koo KK, Hills RK, Burnett AK,
Linch DC, Gale RE. Prognostic significance
of CEBPA mutations in a large cohort of
younger adult patients with acute myeloid
leukemia: impact of double CEBPA muta-
tions and the interaction with FLT3 and
NPM1 mutations. J Clin Oncol. 2010;
28(16):2739-47.

39. Taskesen E, Bullinger L, Corbacioglu A, et
al. Prognostic impact, concurrent genetic
mutations, and gene expression features of
AML with CEBPA mutations in a cohort of
1182 cytogenetically normal AML patients:
further evidence for CEBPA double mutant
AML as a distinctive disease entity. Blood.
2011;117(8):2469-75.

40. Schlenk RF, Taskesen E, van Norden Y,
Krauter J, Ganser A, Bullinger L, et al. The
value of allogeneic and autologous
hematopoietic stem cell transplantation in
prognostically favorable acute myeloid
leukemia with double mutant CEBPA.
Blood. 2013;122(9):1576-82.

41. Ley TJ, Ding L, Walter MJ, McLellan MD,
Lamprecht T, Larson DE, et al. DNMT3A
mutations in acute myeloid leukemia. N
Engl J Med. 2010;363(25):2424-33.

42. Marcucci G, Metzeler KH, Schwind S, et al.
Age-related prognostic impact of different
types of DNMT3A mutations in adults
with primary cytogenetically normal acute
myeloid leukemia. J Clin Oncol. 2012;
30:742-50.

43. Thol F, Damm F, Lüdeking A, Winschel C,
Wagner K, Morgan M, et al. Incidence and
prognostic influence of DNMT3A muta-
tions in acute myeloid leukemia. J Clin
Oncol. 2011;29(21):2889-96.

44. Gaidzik VI, Schlenk RF, Paschka P, Stölzle
A, Späth D, Kuendgen A, et al. Clinical
impact of DNMT3A mutations in younger
adult patients with acute myeloid
leukemia: a comprehensive analysis of the
AML Study Group (AMLSG). Blood. 2013;
121(23):4769-77.

45. Gaidzik VI, Bullinger L, Schlenk RF,
Zimmermann AS, Röck J, Paschka P,  et al.
RUNX1 mutations in acute myeloid
leukemia: results from a comprehensive
genetic and clinical analysis from the AML
study group. J Clin Oncol. 2011;
29(10):1364-72.

46. Mendler JH, Maharry K, Radmacher MD,
Mrózek K, Becker H, Metzeler KH, et al.
RUNX1 mutations are associated with poor
outcome in younger and older patients
with cytogenetically normal acute myeloid
leukemia and with distinct gene and
MicroRNA expression signatures. J Clin

Therapy for acute myeloid leukemia

haematologica | 2014; 99(11) 1669



Oncol. 2012;30(25):3109-18.
47. Pratcorona M, Brunet S, Nomdedéu J, Ribera

JM, Tormo M, Duarte R, et al. Favorable out-
come of patients with acute myeloid
leukemia harboring a low-allelic burden
FLT3-ITD mutation and concomitant NPM1
mutation: relevance to post-remission thera-
py. Blood. 2013;121(14): 2734-8. 

48. Kayser S, Levis MJ. FLT3 tyrosine kinase
inhibitors in acute myeloid leukemia: clini-
cal implications and limitations. Leuk
Lymphoma. 2014;55(2):243-55. 

49. Schlenk RF, Döhner K, Mack S, Stoppel M,
Király F, Götze K, et al. Prospective evalua-
tion of allogeneic hematopoietic stem-cell
transplantation from matched related and
matched unrelated donors in younger
adults with high-risk acute myeloid
leukemia: German-Austrian trial
AMLHD98A. J Clin Oncol. 2010; 28(30):
4642-8.

50. Rücker FG, Schlenk RF, Bullinger L, et al.
TP53 alterations in acute myeloid leukemia
with complex karyotype correlate with

specific copy number alterations, monoso-
mal karyotype, and dismal outcome. Blood.
2012;119(9):2114-21.

51. Schroeder T, Czibere A, Platzbecker U, Bug
G, Uharek L, Luft T, et al. Azacitidine and
donor lymphocyte infusions as first salvage
therapy for relapse of AML or MDS after
allogeneic stem cell transplantation.
Leukemia. 2013;27(6):1229-35.

52. Yin JA, O'Brien MA, Hills RK, Daly SB,
Wheatley K, Burnett AK. 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(14):2826-35.

53. Corbacioglu A, Scholl C, Schlenk RF, et al.
Prognostic impact of minimal residual dis-
ease in CBFB-MYH11-positive acute
myeloid leukemia. J Clin Oncol. 2010;
28(23):3724-9.

54. Scholl C, Schlenk RF, Eiwen K, Döhner H,
Fröhling S, Döhner K; AML Study Group.
The prognostic value of MLL-AF9 detection

in patients with t(9;11)(p22;q23)-positive
acute myeloid leukemia. Haematologica.
2005;90(12):1626-34.

55. Krönke J, Schlenk RF, Jensen KO, Tschürtz
F, Corbacioglu A, Gaidzik VI, et al.
Monitoring of minimal residual disease in
NPM1-mutated acute myeloid leukemia: a
study from the German-Austrian acute
myeloid leukemia study group. J Clin
Oncol. 2011;29(19):2709-16.

56. Terwijn M, van Putten WL, Kelder A, van
der Velden VH, Brooimans RA, Pabst T, et
al. High prognostic impact of flow cyto-
metric minimal residual disease detection
in acute myeloid leukemia: data from the
HOVON/SAKK AML 42A study. J Clin
Oncol. 2013;31(31):3889-97.

57. Freeman SD, Virgo P, Couzens S,
Grimwade D, Russell N, Hills RK, et al.
Prognostic relevance of treatment response
measured by flow cytometric residual dis-
ease detection in older patients with acute
myeloid leukemia. J Clin Oncol. 2013;
31(32):4123-31.

R.F. Schlenk

1670 haematologica | 2014; 99(11)


