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The outcome of patients with acute myeloid leukemia (AML) worsens with increasing age. Dichotomization into “younger” and “older”
patients is clinically routine and often dictates treatment options. We aimed to delineate whether molecular genetic features and/or
outcome measures support assorting patient populations by age, including division into “younger” and “older” groups. We analyzed 2823
adult AML patients enrolled onto frontline chemotherapy-based clinical protocols of two cooperative study groups from USA and Germany
who were profiled molecularly via targeted sequencing platforms. Frequencies of gene mutations and cytogenetic findings were depicted
in 5-year age increments. Clinical outcomes of 2756 AML patients were analyzed with respect to molecular features, genetic-risk groups
and age. Age-associated distributions of gene mutations and cytogenetic abnormalities were similar in both cohorts. There was almost
linear shortening of overall survival with increasing age among all patients (P< 0.001) and within 2022 European LeukemiaNet-defined
genetic-risk groups, with survival decreasing as age increased (favorable-risk, P< 0.001; intermediate-risk, P< 0.001; adverse-risk, P< 0.001).
Although mutational profiles and outcomes of the youngest patients differed from those of older patients, there was no age cut-off
identifying “younger” and “older” patients. These findings support more age-associated flexibility for drug approval and trial eligibility.

Leukemia (2025) 39:2926–2934; https://doi.org/10.1038/s41375-025-02644-0

INTRODUCTION
Acute myeloid leukemia (AML) is a disease affecting predomi-
nantly older patients, but it does occur across the entire age
spectrum. Patient outcomes strongly correlate with patient-

associated factors such as age, race and performance status
as well as disease-associated factors such as AML-associated
cytogenetic [1–3] and molecular genetic abnormalities [4–7]. The
contribution of increasing age to worsening survival has been well
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established [8, 9] and, as a consequence, age currently represents
a major factor in the consideration of treatment options [10],
including curative intensive chemotherapy regimens, eligibility for
many clinical trials and has even found a place on the United
States (US) Food and Drug Administration (FDA) label for one
targeted therapy [11]. Notably, this aged-based distinction derives
from the observation that AML in the elderly is a distinct clinical
entity compared with the AML in younger patients, as well as the
assumption of concurrent decreasing fitness and increasing
comorbidities, an assumption that has rightly been challenged
with the rise of more comprehensive and objective geriatric
assessments [4, 10, 12–15].
However, our understanding of the underlying disease biology

and driver mutations has tremendously improved and at last
translated into both novel targeted therapies and effective
combinations outside of intensive induction regimens [16–19].
Thus, in the current era of expedient genomic classification
[20–22], the question of relevance of age alone in AML - rather
than the presence or absence of targetable molecular features or
genetic risk groups - is again being challenged [5, 6, 23–32]. Age
as a major criterion for inclusion (or exclusion) from clinical
trials could preclude patients from getting an effective
therapy, and could bias and impede our understanding of the
biology of disease as well as responses to therapy [33]. Distinct
age cut-offs between the different study cohorts can confound
interpretation of the results and could result in loss of valuable
information.
In the present work, we performed a multi-dimensional analysis

of mutational patterns and survival correlations through 5-year
age intervals from 18 to 92 years, using two large datasets of de
novo AML patients from Germany and USA. The aims of this study
were: 1) to perform an unbiased characterization of the molecular
landscape across the age spectrum of adult AML, 2) to analyze the
survival of adult AML patients receiving similar, frontline
chemotherapy on clinical trials stratified by age groups, and 3)
to evaluate the rationale for age cuts used in the characterization
and treatment guidance of AML via integration of molecular,
clinical and survival parameters when traditional chemotherapy is
utilized.

METHODS
Patients and treatment
Our combined patient cohort comprised 2823 patients diagnosed with
AML (other than acute promyelocytic leukemia) who were treated in the
setting of frontline treatment protocols of two large cooperative groups,
including 1743 patients from the Cancer and Leukemia Group B (CALGB)
enrolled between 1986 and 2016 [34–48], and 1080 patients enrolled on
protocols of the AML Cooperative Group (AMLCG) between 1999 and 2017
[8, 49, 50] (for details see Supplementary Information). CALGB is now part
of Alliance for Clinical Trials in Oncology (Alliance). Treatment of all
patients included in outcome analyses included intensive cytarabine-based
induction therapy. Performance of allogeneic hematopoietic stem-cell
transplantation (HSCT), on or off protocol, was considered as independent
variable. The treatment regimens are described in the Supplementary
Information. The CONSORT diagram with the patient inclusion/exclusion
criteria in this study is shown in Fig. 1. For subsequent outcome analyses,
patients who received incomplete or inadequate treatment were excluded,
resulting in a total of 2756 patients included in the outcome analyses
(CALGB/Alliance, n= 1698; AMLCG, n= 1058; Fig. 1).

Cytogenetic and molecular analyses
Cytogenetic analyses of pretreatment bone marrow and/or blood samples
subjected to short-term (24- or 48-h) unstimulated cultures were
performed by the CALGB/Alliance- and AMLCG-approved institutional
laboratories, and the results were confirmed by central karyotype review
[51] (Supplementary Information).
Patients in both cohorts were profiled for molecular features via

targeted sequencing platforms. The respective US and German targeted
molecular panels contained 24 shared AML-associated genes. We used a
variant allele frequency (VAF) cut-off ≥2%, which represents the lower limit
of detection for most clinically used next generation sequencing assays,
and as previously reported by our groups [5, 27]. In the analysis of
mutation frequency in the entire cohort, we focused on those mutations
that occurred in at least 4% of patients [5, 27, 52]. Frequency determination
of selected gene mutations and cytogenetic findings in both datasets was
done in age groups, first comprising patients aged 18–24 years and then
by 5-year intervals until the age of 74 years and finally for patients aged 75
years or older (range, 75–92).

Statistical analyses
Definitions of clinical endpoints are provided in the Supplementary
Information. Early death (ED) is defined as death within 30 days after
protocol enrollment. Estimated probabilities of OS were calculated using

Acute myeloid leukemia (AML) adult patients with molecular data
(n=2904)  
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Fig. 1 A CONSORT diagram indicating the inclusion and exclusion criteria for the patients data analyzed in the present study. CALGB
Cancer and Leukemia Group B, AMLCG AML Cooperative Group.
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the Kaplan-Meier method. Hazard ratios (including 95% confidence
intervals [CIs]) were estimated from Cox proportional hazard models.
Analyses were performed by the Alliance Statistics and Data Management
Center on a database locked on February 11, 2021, using SAS 9·4, TIBCO
Spotfire S + 8·2 and GraphPad Prism version 10.

RESULTS
Clinical characteristics of AML patients
The median age was 55 years (range, 18–92 years), with 45% of
patients being female. Thirty-four percent of patients belonged to
the 2022 European LeukemiaNet (ELN) favorable genetic-risk
group, and 27% and 39% were classified as having intermediate or

adverse genetic risk, respectively. Seventy-nine percent of patients
were either fully active or ambulatory (ECOG 0-1) with respect to
their performance status at time of diagnosis. Twenty-six percent
of patients received an allogeneic HSCT in first CR (Table 1).
Pretreatment characteristics of patients in the US and German
cohorts are provided in Supplementary Table 1. The median
follow-up for patients who are alive is 8.2 years.

AML-related gene mutations follow different patterns
over time
We analyzed the genetic alterations across the age spectrum of
adult patients with AML (from 18 to 75+ years) and found age-
associated frequency patterns of gene mutations and recurrent
cytogenetic abnormalities. The first group comprised alterations
with non-linear age-frequency distribution, which included three
most common AML-associated gene mutations, that is, mutations
in the NPM1 and DNMT3A genes and FLT3 internal tandem
duplication (FLT3-ITD), FLT3 tyrosine kinase domain mutations
(FLT3-TKD), NRAS and EZH2 mutations and mutations affecting the
cohesin complex genes (RAD21, SMC1A, SMC3, SF3B1, STAG2). The
second group consisted of genetic alterations whose frequency
increased with age, namely mutations in the ASXL1, BCOR, IDH1,
IDH2, RUNX1, SRSF2, TET2 and TP53 genes and both complex and
normal karyotypes. The third group included alterations whose
frequency decreased with increased age, such as mutations in the
CEBPA, GATA2, KIT, KRAS, PTPN11 and WT1 genes, and core-binding
factor balanced rearrangements [i.e., t(8;21)(q22;q22) and inv(16)
(p13.1q22)/t(16;16)(p13.1;q22)] and rearrangements involving
band 11q23 and the KMT2A (formerly MLL) gene (Fig. 2A,
Supplementary Tables 2–4). These patterns were strikingly similar
between the US and German cohorts (Fig. 2A). Notably, we could
not identify a distinct age cut-off that could delineate a specific
age at which the patterns of genetic alterations would noticeably
change consistently across different mutations. This was also true
for previously defined functional groups [4] (Fig. 2B, Supplemen-
tary Table 5).

OS diminishes with increasing age in adult patients with AML
The 5-year OS rate of all patients in our study was 40%, and there
was a positive correlation between shortening of OS and
increasing age (Fig. 3A). This age-associated worsening of OS
was consistent across 2022 ELN genetic-risk groups. In the 2022
ELN favorable genetic-risk patients, the estimated proportion of
patients alive at 5 years ranged from 21% for those aged 75 years
or older to 73% for the youngest patients (18–24 years old;
Fig. 3B). Similarly, 2022 ELN intermediate genetic-risk patients
followed this survival pattern, with 5-year OS rate of 4% in
patients aged ≥75 years compared with 53% in those aged 18–24
years (Fig. 3C). In 2022 ELN adverse genetic-risk patients, we
found, expectedly, less variability, with the lowest 5-year OS
rate of 2% in patients aged 70–74 years compared with the
highest 5-year OS rate of 37% in patients aged 25–29 years
(Fig. 3D). Thus, although application of the 2022 ELN criteria
allows risk stratification of patients with AML, age itself is also an
important factor with regard to determining OS within each 2022
ELN genetic-risk group. Consistent with the aforementioned
results, we found no specific age that would serve as a cut-off
point to identify patients with better and those with worse OS
within each of the 2022 ELN genetic-risk group, further
supporting age as a continuum in AML for both biology and
risk stratification.
Concerning the CR and ED rates in age intervals, we observed a

trend in CR rates decreasing with age and a trend in ED rates
increasing with age, although again without a clear age-
dependent delineator (Table 2). Of note, all results mentioned
above were comparable in the US and German cohorts when each
cohort was considered separately (data not shown).

Table 1. Pretreatment characteristics and outcomes of patients with
AML included in our study.

Characteristic All patients n= 2823

Age, years

Median 55

Range 18–92

Sex, no. (%)

Female 1270 (45)

Male 1553 (55)

Hemoglobin, g/dL

Median 9.1

Range 2.3–25.1

Platelet count, ×109/L

Median 55

Range 0–1760

WBC count, ×109/L

Median 22.2

Range 0.1–798.2

Bone marrow blasts, %

Median 70

Range 0-100

Performance status, no. (%)

Fully active 654 (30)

Ambulatory 1085 (49)

In bed <50% of the time 356 (16)

In bed >50% of the time 88 (4)

Completely bedridden 16 (1)

2022 ELN, no. (%)

Favorable 944 (35)

Intermediate 721 (27)

Adverse 1067 (39)

Treatment in first CR, no. (%)

Chemotherapy 1329/1807 (74)

Allogeneic HSCT 478/1807 (26)

CR rates, no. (%)

Achieved CR 1850 (66)

Did not achieve a CR 973 (34)

Overall survival, % (95% CI)

Alive at 3 years 35 (33–37)

WBC white blood cell, ELN European LeukemiaNet, CR complete remission,
HSCT hematopoietic stem cell transplantation.
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Age-dependent outcome varies along mutational subgroups
We then assessed the impact of age on outcome of select groups
of patients harboring specific, recurring, AML-associated gene
mutations, with focus on mutations for which approved targeted
inhibitors exist, including mutations in the IDH1 and IDH2 genes,
FLT3-ITD and FLT3-TKD. Of note, for these targeted inhibitors,
distinct age cut-offs were introduced in the trials testing them and
thus led to questions about the generalizability of results in
subsequent clinical practice [7, 41, 53].

In these molecularly defined subgroups, we examined patient
survival and found that age in fact has a negative prognostic
impact within the IDH1 and IDH2 mutations groups and in both
FLT3-ITD and FLT3-TKD (Fig. 4A–D). To further investigate the
relevance of age on outcome for individual mutations, we
calculated the hazard ratio of age in the mutational subgroups,
considering age as a continuous variable. In this analysis,
increasing age associated with inferior survival in a significant
way in all prognostically relevant AML-associated gene mutations
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Fig. 2 Mutational analysis of patients with AML in the US and German cohorts. A Heatmap showing the frequency of the common
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and chromosome rearrangements we analyzed, with the excep-
tion of rearrangements involving 11q23/KMT2A other than t(9;11)
(p22;q23) (Fig. 5). The median age of patients with each mutation
did not correlate with the magnitude of the effect that age had on
risk of death, which is to say that within each individual mutation
grouping, it did not matter whether a mutation was more
common in younger or older patients; the spectrum of age
remains an important factor in each case. In conclusion,
association of age with prognosis can only in part be attributed
to certain gene distributions and the reasons for age-dependent
prognosis within certain gene groups remain elusive.

DISCUSSION
To our knowledge, this is one of the first large scale cross-
continent depictions of mutational patterns and outcome
in AML inclusive of the entire adult age spectrum. We
characterize different age-associated molecular distribution
patterns that do not provide support for a molecular basis of a
singular age that would justify a younger versus older age
categorization. Importantly, it was not our scientific objective to
define precise cut points among age groups, but instead we
aimed to depict molecular patterns across ages, and test whether
associated survival patterns may outweigh any age-restricted
definitions.

While this study sought to challenge the relevance of
chronologic age in AML, we have in fact shown that age provides
further risk stratification to patients already classified by 2022 ELN
in an almost continuous fashion, with substantive differences in OS
between the youngest and oldest patients belonging to the
same 2022 ELN genetic-risk group. The age-associated survival
was less pronounced in the adverse risk group, which is
not surprising given that overall outcomes of patients in this
group are poor, suggesting that the weight of adverse risk disease
features supersedes the importance of age-related factors in this
risk group.
When we examined the prognostic impact of prognostically

relevant AML-associated gene mutations and recurrent chromo-
some abnormalities with respect to age, we found that the
established negative survival association of most of these
alterations worsened with increasing age (Fig. 5). Similarly, some
genetic abnormalities associated with favorable outcome such as
NPM1 mutations without FLT3-ITD and inv(16) also tended to lose
their favorable influence as patients aged. In contrast, the poor
prognostic impact of 11q23/KMT2A rearrangements other than
t(9;11) was independent of age; but will require additional
validation due to the relatively small sample size. Surprisingly,
this was not the case for other known adverse risk subtypes, such
as TP53, complex karyotype or FLT3-ITD mutation groups,
although they had relatively lower hazard ratios. This provides a
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50-54 years (n=315)       55-59 years (n=307)
60-64 years (n=318)       65-69 years (n=325)
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18-24 years (n=53)         25-29 years (n=41) 
30-34 years (n=61)         35-39 years (n=74) 
40-44 years (n=109)       45-49 years (n=91) 
50-54 years (n=126)       55-59 years (n=103)

18-24 years (n=48)       25-29 years (n=36) 
30-34 years (n=50)       35-39 years (n=44) 
40-44 years (n=72)       45-49 years (n=72) 
50-54 years (n=83)       55-59 years (n=81)
60-64 years (n=79)       65-69 years (n=71)
70-74 years (n=51)       75+ years (n=27)

18-24 years (n=32)         25-29 years (n=21) 
30-34 years (n=44)         35-39 years (n=47) 
40-44 years (n=56)         45-49 years (n=80) 
50-54 years (n=103)       55-59 years (n=114)
60-64 years (n=139)       65-69 years (n=159)
70-74 years (n=143)       75+ years (n=111)

60-64 years (n=81)       65-69 years (n=84)
70-74 years (n=45)       75+ years (n=37)

Fig. 3 Overall survival (OS) of patients from both cohorts divided by age intervals. A OS of all patients. B–D OS of patients assigned to the
2022 ELN genetic-risk groups: B favorable, C intermediate and D adverse.
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rationale for individualized risk- and associated treatment-
eligibility assessments that take both age and molecular features
into account.
This study is limited to patients who met eligibility require-

ments for clinical trials, which means that subsets of real-world
patients with more severe organ dysfunction, uncontrolled
infections and concurrent malignancies are not included in our
study. Additionally, owing to a relatively small sample size of
Hispanic or Black patients, caution should be applied when
considering how our findings might relate to these patient
groups, and underscores the importance of diversity and
inclusivity considerations for all future trial design and enroll-
ment. Similarly, while an analysis of the contribution of
allogeneic stem cell transplant to outcomes by age and ELN
risk group would be ideal, lack of complete data for all patients
(concurrent performance status, co-morbidity index) and differ-
ences between US and German application of transplant in
consolidation preclude an unbiased look at the specific impact
of transplant, and this needs to be carefully evaluated in
future work.
In conclusion, choosing a precise age cut-off such as age

39 years for separating adolescents and young adult patients from
older adults, or 59 years for identifying “younger” and “older” AML
patients, does not seem to be supported by the results of our
analyses. While our intention was to assess whether defined age
cut-offs are supported by patterns of genetic alterations, our data
tend to refute the existence of any uniform cut-offs across the age
spectrum, whether considering the younger adults population
aged 18–39 years, or the distinction between “younger and older”
AML patients with age greater than 55 or 60 years defining older
patients with AML.
Previous reports have already described age-associated differ-

ences in mutation frequencies [5, 6, 52, 54]. However, these
observations have been limited by the comparison between only
two pre-defined age groups, such as <60 versus as ≥60 years, or
children/adolescents versus adults. In our study, we did analyze
age using 5-year intervals, and this allowed us to observe different
age patterns for different mutations. The shortcomings associated
with the use of age as a dichotomized variable for therapy
decisions or inclusion in clinical trials are also supported by several
reports that revealed strong age disparities between clinical trials
and “real” world data [33, 55, 56]. This is exemplified by 18% of
AML patients <60 years harboring either IDH1 or IDH2 mutations,
which would qualify them for the use of a targeted inhibitor but
who might be excluded from receiving this therapy given their
younger age.
The last few years have seen the exciting translation of

biologic drivers in specific subsets of AML into targets of
inhibitors that have demonstrated single agent activity in
relapsed and refractory disease, as well as increased survival
when used in combination with standard therapies [41, 57]. It is
hoped that in the future, the number of patients who are treated
with these targeted therapies and have a longer follow-up time
will increase sufficiently to enable performing studies similar to
the one we report here, including analyses of age influence on
patient outcomes within the 2022 ELN genetic-risk groups and
among patients harboring specific, prognostically relevant driver
mutations and/or cytogenetic abnormalities. This will allow
determination of whether our conclusions hold-up in patient
populations treated differently from the one we studied, that is
patients receiving intensive chemotherapy only. Moreover,
integrated algorithms based on age, mutational profiles and
performance status will likely be developed that would aid in
making individual therapy decisions. Together with increased
openness adopted by all clinical trials, this will give the chance
to all patients to get the best available therapy tailored to their
individual characteristics.
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AML IDH2 mutated PatientsAML IDH1 mutated Patients

18-24 years (n=17)       25-29 years (n=10) 
30-34 years (n=15)       35-39 years (n=18) 
40-44 years (n=30)       45-49 years (n=44) 
50-54 years (n=42)       55-59 years (n=33)
60-64 years (n=31)       65-69 years (n=32)
70-74 years (n=23)       75+ years (n=14)

18-24 years (n=36)       25-29 years (n=34) 
30-34 years (n=36)       35-39 years (n=43) 
40-44 years (n=61)       45-49 years (n=75) 
50-54 years (n=72)       55-59 years (n=79)
60-64 years (n=89)       65-69 years (n=74)
70-74 years (n=67)       75+ years (n=41)

18-24 years (n=10)       25-29 years (n=5) 
30-34 years (n=7)         35-39 years (n=17) 
40-44 years (n=27)       45-49 years (n=22) 
50-54 years (n=43)       55-59 years (n=39)
60-64 years (n=59)       65-69 years (n=60)
70-74 years (n=45)       75+ years (n=39)

18-24 years (n=9)         25-29 years (n=12) 
30-34 years (n=9)         35-39 years (n=12) 
40-44 years (n=21)       45-49 years (n=27) 
50-54 years (n=30)       55-59 years (n=27)
60-64 years (n=59)       65-69 years (n=51)
70-74 years (n=40)       75+ years (n=32)

Fig. 4 Overall survival of patients with AML harboring clinically relevant mutations who were grouped by age intervals. A Patients with
IDH1 mutations, B IDH2 mutations, C FLT3-ITD, and D FLT3-TKD.

Fig. 5 Relevance of age on patient outcome and the distribution of age of diagnosis for individual mutations. A Forrest plot showing the
hazard ratio for survival per mutation by age. B Plot demonstrating the age of diagnosis distribution for each mutation.
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