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Key Points

• ELN 2022 guidelines
improve survival
stratification for
patients with
intermediate and
adverse-risk AML
treated with induction
chemotherapy.

• Inclusion of new
cytogenetic and
molecular events
increased the number
of patients classified as
having intermediate- or
adverse-risk AML.
Risk stratification in acute myeloid leukemia (AML) remains principle in survival

prognostication and treatment selection. The 2022 European LeukemiaNet (ELN)

recommendations were recently published, with notable updates to risk group assignment.

The complexity of risk stratification and comparative outcomes between the 2022 and 2017

ELN guidelines remains unknown. This comparative analysis evaluated outcomes between

the 2017 and 2022 ELN criteria in patients enrolled within the multicenter Beat AML cohort.

Five hundred thirteen patients were included. Most patients had 1 or 2 ELN risk–defining

abnormalities. In patients with ≥2 ELN risk–defining mutations, 44% (n = 132) had

mutations spanning multiple ELN risk categories. Compared with ELN 2017 criteria, the

updated ELN 2022 guidelines changed the assigned risk group in 15% of patients, including

10%, 26%, and 6% of patients categorized as being at ELN 2017 favorable–, intermediate–,

and adverse–risk, respectively. The median overall survival across ELN 2022 favorable–,

intermediate–, and adverse–risk groups was not reached, 16.8, and 9.7 months,

respectively. The ELN 2022 guidelines more accurately stratified survival between patients

with intermediate- or adverse-risk AML treated with induction chemotherapy compared

with ELN 2017 guidelines. The updated ELN 2022 guidelines better stratify survival between

patients with intermediate- or adverse-risk AML treated with induction chemotherapy. The

increased complexity of risk stratification with inclusion of additional cytogenetic and

molecular aberrations necessitates clinical workflows simplifying risk stratification.
Introduction

Acute myeloid leukemia (AML) is an aggressive hematologic malignancy characterized by recurrent
cytogenetic and molecular abnormalities resulting in arrested differentiation and proliferation of
immature hematopoietic precursors.1,2 Although complete remission (CR) can be attained in ~60% to
70% of patients treated with intensive induction chemotherapy (IC), relapse remains the predominant
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cause of treatment failure, with few patients aged >60 years his-
torically experiencing long-term survival.3-5

Identification of cytogenetic subgroups with differing outcomes
improved survival prognostication, which was further refined
through integration of recurrent somatic mutations.1,6 The most
salient cytogenetic and molecular abnormalities are included within
current National Comprehensive Cancer Network and European
LeukemiaNet (ELN) guidelines.7,8

Classification of prognostic subgroups in AML remains principal in
the selection and individualization of induction and consolidation
therapy, particularly the use of allogeneic hematopoietic cell
transplantation (HCT).9-11 Current guidelines recommend HCT for
patients with a relapse risk exceeding 35% to 40% and is
considered for patients with intermediate- or adverse-risk disease
in the first CR or any risk stratification in the second CR or
beyond.9 Although measurable residual disease (MRD) serves as a
dynamic marker of treatment response and is an important adjunct
enabling therapy adaptation, baseline molecular factors retain a
strong prognostic influence.12-14

The 2017 ELN guidelines have recently been updated to aid in the
diagnosis and management of AML and include several key
changes to prognostic categories.9 In-frame mutations within the
bZIP domain of CEBPA are now considered favorable risk, irre-
spective of the presence of a second-hit CEPBA mutation.15 FLT3
internal tandem duplication (ITD) allelic ratio is no longer taken into
consideration, with patients who are FLT3 ITD positive being
classified as intermediate risk, irrespective of allelic ratio or con-
current mutations in NPM1.15 Patients with mutations in genes
associated with myelodysplasia-related (MR) changes (SRSF2,
SF3B1, U2AF1, ZRSR2, BCOR, EZH2, and STAG2 in addition to
ASXL1 and RUNX1, which were previously included in the 2017
guidelines) are considered to have adverse-risk AML in the
absence of a concurrent favorable-risk abnormality.15,16 In addition,
2 new translocations (KAT6A::CEBBP and MECOM(EVI1)-rear-
ranged) are included as adverse-risk cytogenetic events.17,18

Given these updates to the current risk stratification schema in
AML, it is imperative to understand how these changes subse-
quently affect risk group assignment and prognosis, which in turn
influence treatment decisions. Herein, we evaluated outcomes
using the updated ELN 2022 guidelines within an extensively
characterized, large, contemporary cohort of patients with AML.

Methods

Patient selection

All adult patients aged ≥18 years with newly diagnosed AML
(N = 513) enrolled in the Beat AML cohort between 1 January
2009 and 31 December 2019, were included for analysis.2,19,20

Patients with relapsed/refractory AML, a diagnosis of acute pro-
myelocytic leukemia, or acute lymphoblastic leukemia were
excluded. The Beat AML cohort represents a robust, contempo-
rary, multicenter data set of 942 patient samples from 805 patients
with hematologic malignancies and over 59 000 clinical annota-
tions, including diagnosis, clinical laboratory parameters, morpho-
logic and immunophenotypic characterization of leukemia,
treatments received, response, and survival outcomes. In addition,
the data set includes results of clinical laboratory improvement
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amendments–approved next-generation sequencing assays tar-
geting recurrently mutated genes in myeloid malignancies and
G-banded karyotype analyses, whole-exome sequencing, and bulk
RNA sequencing.2,19,20 A full list of frontline treatments received is
displayed in supplemental Table 1. Data were collected and
analyzed under an institutional review board–approved protocol of
the Oregon Health & Science University for prospective sample
collection and analysis of patients with hematologic malignancies.
The study was conducted in accordance with the Declaration of
Helsinki.

ELN variant calling

ELN risk–defining mutations were identified according to
consensus classification using a computed internal filtering pipeline
of whole-exome sequencing results in conjunction with the manual
review of available clinical laboratory improvement amendments–
certified targeted next-generation sequencing assays. Cytoge-
netic analysis was performed using standard G-banded metaphase
chromosomes. Gene fusions were identified using clinically avail-
able fluorescent in situ hybridization and/or RNA-sequencing data.
After manual review, patients were assigned to respective ELN
2022 risk groups.9

Response definitions

CR and CR with incomplete hematologic recovery (CRi) were
recorded in accordance with the revised international working
group criteria for AML.21 Overall survival (OS) was calculated from
the time of AML diagnosis to the date of death or last follow-up.
Survival was not censored at the time of HCT.

Statistical considerations

Categorical variables were compared using Fisher exact or χ2

tests, whereas continuous variables were compared using the
Wilcoxon or Kruskal-Wallis test, as appropriate. Survival outcomes
were assessed using the log-rank method, with Cox proportional
hazard modeling, as appropriate. Adjustments for multiple com-
parisons were undertaken using the false discovery rate method, as
described by Benjamini and Hochberg.22

Results

In total, 513 adult patients were included in the final analysis. Median
patient agewas 62 years (range, 18-88 years). A portion of the cohort
had a clinical diagnosis of secondary AML (sAML; 16% [n = 82])
progressing from myelodysplastic syndromes (8.6% [n = 44]),
myeloproliferative neoplasms (4.7% [n = 24]), or MDS/MPN (2.7%
[n = 14]). Most patients with available race data (87% [n = 322 of
369]) self-identified as White, with a slight male predominance
(56% [n = 288]). ELN 2022 risk was favorable, intermediate, and
adverse in 29% (n = 147 of 513), 34% (n = 121 of 513), and 48%
(n = 245 of 513), respectively. Additional baseline demographics
based on ELN 2022 risk group are displayed in Table 1.

Patients with ELN 2022 adverse–risk disease were older (median
age, 66 years; [range, 21-88 years]) compared with patients with
favorable- (56 years; [range, 18-83 years]) or intermediate-risk AML
(59 years; [range, 18-87 years]) (P value < .001), more likely to have
a clinical diagnosis of sAML (favorable, 2%, [n = 3 of 147]; inter-
mediate, 5% [n = 6 of 121]; and adverse, 30% [n = 73 of 245];
P value < .001) and receive lower-intensity/hypomethylating agent
9 MAY 2023 • VOLUME 7, NUMBER 9



Table 1. Baseline patient demographics across ELN 2022 risk groups

Characteristic

Overall

N = 513, n/N (%)

Favorable

n = 147, n/N (%)

Intermediate

n = 121, n/N (%)

Adverse

n = 245, n/N (%) P value q-value

Age (y) at diagnosis* 62 (18-88) 56 (18-83) 59 (18-87) 66 (21-88) < .001 < .001

Biological sex < .001 < .001

Female 225 of 513 (44) 69 of 147 (47) 71 of 121 (59) 85 of 245 (35)

Male 288 of 513 (56) 78 of 147 (53) 50 of 121 (41) 160 of 245 (65)

Reported race .56 .71

White 322 of 369 (87) 96 of 113 (85) 77 of 86 (90) 149 of 170 (88)

Black 13 of 369 (3.5) 5 of 113 (4.4) 2 of 86 (2.3) 6 of 170 (3.5)

Multiracial 3 of 369 (0.8) 2 of 113 (1.8) 1 of 86 (1.2) 0 of 170 (0)

Pacific Islander 3 of 369 (0.8) 2 of 113 (1.8) 1 of 86 (1.2) 0 of 170 (0)

Asian 9 of 369 (2.4) 4 of 113 (3.5) 1 of 86 (1.2) 4 of 170 (2.4)

Declined 3 of 369 (0.8) 1 of 113 (0.9) 1 of 86 (1.2) 1 of 170 (0.6)

Unknown 16 of 369 (4.3) 3 of 113 (2.7) 3 of 86 (3.5) 10 of 170 (5.9)

Secondary AML 82 of 513 (16) 3 of 147 (2.0) 6 of 121 (5.0) 73 of 245 (30) < .001 < .001

Prior MDS 44 of 513 (8.6) 3 of 147 (2.0) 1 of 121 (0.8) 40 of 245 (16.3)

Prior MDS/MPN 14 of 513 (2.7) 0 of 147 (0) 2 of 121 (1.7) 12 of 245 (4.9)

Prior MPN 24 of 513 (4.7) 0 of 147 (0) 3 of 121 (2.5) 21 of 245 (8.6)

Extramedullary AML† 20 of 513 (3.9) 7 of 147 (4.8) 4 of 121 (3.3) 9 of 245 (3.7) .83 .9

Received treatment 456 of 513 (89) 136 of 147 (93) 106 of 121 (88) 214 of 245 (87) < .001 < .001

Intensive 345 of 456 (76) 117 of 136 (86) 92 of 106 (87) 136 of 214 (64)

HMA-based/lower-intensity 90 of 456 (20) 16 of 136 (12) 10 of 106 (9.4) 64 of 214 (30)

Targeted therapy 21 of 456 (4.6) 3 of 136 (2.2%) 4 of 106 (3.8) 14 of 214 (6.5)

Received HCT 165 of 456 (36) 39 of 136 (29) 56 of 106 (53) 70 of 214 (33) < .001 .001

Bone marrow blasts, % 69 (0-98) 71 (4-97) 79 (0-97) 60 (2-98) < .001 < .001

Peripheral blood blasts, % 50 (0-99) 55 (0-99) 70 (0-99) 39 (0-98) < .001 < .001

Hemoglobin, g/dL 8.40 (3.70-16.10) 8.40 (4.60-15.00) 8.70 (3.70-15.50) 8.30 (4.60-16.10) .81 .9

Platelets, 103/μL 45 (4-916) 42 (8-358) 44 (8-330) 48 (4-916) .92 .92

*Median (Range).
†Patients classified as having extramedullary involvement if documented within 14 days of initial AML diagnosis.
(HMA)–based therapy (favorable, 12%, [n = 16 of 136]; interme-
diate, 9.4%, [n = 10 of 106]; and adverse, 30%, [n = 64 of 214];
P value < .001).

Distribution of ELN molecular and cytogenetic

abnormalities

At diagnosis, most patients had 1 (36%, [n = 183]) or 2 (31%, [n =
159]) ELN risk–defining abnormalities (out of a possible 31 unique
cytogenetic events and/or mutations included in the ELN 2022
guidelines) Figure 1B. Six percent (n = 33) of patients had no
identifiable ELN risk–defining mutation or cytogenetic event; within
this group, other recurrent mutations identified in AML (ie,
DNMT3A, IDH1, etc) but not currently included in the ELN 2022
guidelines were present in 76% (n = 25 of 33) of patients.

Newly included MR-gene mutations (SRSF2, SF3B1, U2AF1,
ZRSR2, BCOR, EZH2, and STAG2) were identified in 33%
(n = 171 of 513) of patients and were enriched in patients with a
clinical diagnosis of secondary vs de novo AML (68% [n = 56 of 82]
vs 27% [n = 115 of 431]; P value < .001). SRSF2 mutations were
most common (13% [n = 65]), followed by STAG2 (8% [n = 43]),
BCOR (6% [n = 30]), U2AF1 (6% [n = 30]), SF3B1 (4% [n = 22]),
9 MAY 2023 • VOLUME 7, NUMBER 9
EZH2 (4% [n = 18]), and ZRSR2 (2% [n = 11]). These MR muta-
tions frequently co-occurred with RUNX1 and/or ASXL1 mutations
(46% [n = 79 of 171]) or other ELN 2022 adverse–risk abnormal-
ities without ASXL1 or RUNX1 (18% [n = 31 of 171]). In patients
classified as ELN 2022 favorable risk, it was 14% (n = 23 of 171).

In-frame mutations within the bZIP domain of CEBPA were iden-
tified in 4% (n = 18) of patients; 78% (n = 14 of 18) occurring
within the context of biallelic mutations in CEBPA. Newly included
translocations were infrequent (both <1%); KAT6A::CREBBP and
MECOM-rearranged karyotypes were identified in 3 and 2 patients,
respectively.

Consistent with prior analyses, certain ELN defining mutations and
cytogenetic abnormalities were significantly correlated with one
another (ie, NPM1 and FLT3-ITD; TP53 with adverse-risk cytoge-
netic events) Figure 1A. Patients with STAG2 mutations commonly
had comutations in SRSF2 (44% [n = 19 of 43]), and patients with
GATA2::MECOM-rearranged AML commonly had comutations in
SF3B1 (40% [n = 4 of 10]).

In patients with ≥2 ELN risk–defining mutations (58% [n = 297]),
44% (n = 132; representing 26% of the entire cohort) had co-
COMPARATIVE ANALYSIS OF ELN 2022 CRITERIA FOR AML 1901
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Figure 1. Distribution of ELN risk defining mutations within the Beat AML Cohort. (A) Correlation plot demonstrating relationship of ELN risk-defining mutations. NPM1

frequently associated with FLT3 ITD mutations, both of which were associated with diploid karyotypes. Conversely, adverse-risk cytogenetics and TP53 mutations tended to

correlate with each other. Size of circles indicates the frequency (larger circles indicate increasing and smaller circles indicate decreasing frequency) of co-occurrence. Only

correlations with P < .001 are displayed. (B) Percentage of patients with no identifiable, 1 identifiable, or multiple identifiable ELN risk–defining mutations. Colored bars indicate

percentage of patients with multiple ELN risk–defining mutations spanning different (ie, favorable and adverse) risk groups. (C) Number of ELN risk–defining mutations identified

per patient across ELN 2022 risk groups. Red circles indicate cases that were reclassified based on the updated ELN 2022 guidelines. (D-E) Bar plot demonstrating the

percentage of patients reclassified according to ELN 2022 risk group (D) and overall (E). Patients listed as ambiguous ELN include 17 patients with co-occurring NPM1 and FLT3

ITD mutations in whom the FLT3 ITD allelic ratio was unknown.
occurring mutations spanning ELN categories including 41% (n =
54 of 133) with favorable- and intermediate-risk mutations, 27%
(n = 36 of 133) with favorable- and adverse-risk mutations, 22%
(n = 29 of 133) with intermediate- and adverse-risk mutations, and
10% (n = 13 of 133) with mutations spanning all 3 risk categories
Figure 1B. Most cases with mutations spanning multiple ELN
categories were results of co-occurring mutations in NPM1, FLT3-
ITD, or adverse-risk gene mutations supplemental Table 2.

Patients with ELN 2022 adverse–risk AML had more risk-defining
mutations per patient (median 3; [range, 1-7]) compared with
1902 LACHOWIEZ et al
patients classified as favorable (median 1; [range, 1-4]) or inter-
mediate risk (median 1; range, 0-5; P value < .001). However, the
median number of risk-defining mutations in patients reclassified
between the 2017 and 2022 guidelines was 2 (range, 1-3), high-
lighting the relative abundance of adverse-risk markers and a
tendency for these to co-occur Figure 1C.

Reclassification of ELN categories

The ELN 2022 guidelines revised risk group classification in 15%
(n = 75) of patients, resulting in reclassification of 10% of patients
9 MAY 2023 • VOLUME 7, NUMBER 9



with ELN 2017 favorable (n = 16 of 160), 26% of patients with
ELN 2017 intermediate (n = 29 of 112), and 6% (n = 13 of 224) of
patients with ELN 2017 adverse risk Figure 1D-E. Risk classifica-
tion was able to be accurately assigned to 17 patients with
ambiguous (ie, favorable or intermediate and intermediate or
adverse) ELN 2017 classification because of the removal of FLT3-
ITD allelic ratio requirements from the updated guidelines. Most
patients were reclassified into ELN 2022 intermediate– (51%
[n = 38]) or adverse–risk groups (45% [n = 34]).

Reasons for changes in risk group included reclassification of
patients with FLT3 ITD mutations (53% [n = 40]), presence of a
MR mutation (33% [n = 25]), reclassification of CEBPA (n = 4),
identification of a newly included KAT6A::CREBBP fusion (n = 1),
TP53 variant allele frequency of <10% (n = 1), change in hyper-
diploidy classification (n = 1), or multiple changes (n = 3; ie, FLT3-
ITD reclassification and identification of a newly included MR
mutation) supplemental Figure 1A.

Given the high frequency of competing ELN risk–defining muta-
tions spanning multiple risk categories identified per patient and
the progressively complex nature of AML risk stratification, a
workflow was created to simplify prognostic risk assignment based
on the work of Döhner et al Figure 2.9

Response outcomes according to ELN 2022 criteria

Eighty-nine percent (n = 456) of patients received treatment (IC,
n = 345; HMA-based, n = 90 [including 14 patients treated with
inv(16)(p13.1q22)/t(16;16)(p13.1;q22) CBFB::MYH11
t(8;21)(q22;q22.1) RUNX1::RUNX1T1

Cytogenetic evaluation

t(6;9)(p23;q34.1)/DEK::NUP214
t(v;11q23.3)/KMT2A-rearranged

t(9;22)(q34.1;q11.2)/BCR::ABL1
t(8;16)(p11;p13)/KAT6A::CREBBP
inv(3)(q21.3q26.2)or t(3;3)(q21.3;q26.2)/GATA2, MECOM(EVI1)
t(3q26.2;v)/MECOM(EVI1)-rearranged

Complex or monosomal karyotypeγ

No

Yes

No

–5, del(5q), –7, –17/abn(17p)
Yes

No

No

t(9;11)(p21.3;q23.3) MLLT3::KMT2A

No

Yes

Other cytogenetic
abnormalities or diploid

karyotype
Molecular evaluation

Yes

Yes ELN 2022
Favorable Risk

ELN 2022
Adverse Risk

ELN 2022
Intermediate Risk

ELN 2022
Adverse Risk

ELN 2022
Adverse Risk

γ
 Complex karyotype defined as ≥ 3 chromosomal abnormalities with in the same leukemic clone in the absence of
   polysomies without structural abnormalities

* Limited data exists regarding risk stratification in the rare instance of CBF-AML with co-occurring TP53 mutation
° Jahn N, Terzer T, Sträng E, et al. Genomic heterogeneity in core-binding factor acute myeloid leukemia and its
° Opatz S, Bamopoulos SA, Metzeler KH, et al. The clinical mutatome of core binding factor leukemia. Leukemi

ψ
 monoallelic bZIP (basic leucine zipper domain: p.278-345) mutations in CEBPA. Approximately 90% occur in th

° Taube F, Georgi JA, Kramer M, et al. CEBPA mutations in 4708 patients with acute myeloid leukemia:different
° Wakita S, Sakaguchi M, Oh I, et al. Prognostic impact of CEBPA bZIP domain mutation in acute myeloid leuk

Figure 2. Proposed workflow using hierarchal classification of ELN risk–defining

co-occurred (ie, core binding factor AML with mutated TP53) without clear risk group ass
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HMA+venetoclax combinations]; targeted therapy, n = 21). Patients
receiving ICwere younger (median age, 57 years; [range, 18-79 years])
than those receiving HMA-based (median age, 72 years; [range, 43-87
years]) or targeted therapy (median age, 73 years; [range, 24-87
years]) (P value < .001). Thirty-six percent (n = 165) of patients
underwent consolidative HCT (74% [n = 123] in CR/CRi) after a
median of 4.1 months (range, 0-36 months).

CR/CRi rates across ELN 2022 favorable–, intermediate–, and
adverse–risk groups were 79% (n = 108 of 136), 54% (n = 57 of
106), and 38% (n = 82 of 214), respectively (P value < .001). In
patients treated with IC, corresponding CR/CRi rates across
favorable-, intermediate-, and adverse risk–groups were 86%
(n = 100 of 117); 59% (n = 54 of 92) and 49% (n = 67 of 136),
respectively (P value < .001).

No significant difference in response was observed between ELN
risk groups in patients treated with HMA-based therapies, which
were uniformly suboptimal (favorable, 38% [n = 6 of 16]; inter-
mediate, 30% [n = 3 of 10]; and adverse, 19% [n = 12 of 64];
P value = .20).

Survival outcomes according to ELN 2022 criteria

After a median follow-up of 36 months (95% confidence interval
[CI], 33.6-44.2), median OS of all patients that had received
treatment was 16.6 months (95% CI, 13.8-20.7). The median OS
across ELN 2022 favorable–, intermediate–, and adverse–risk
groups was not reached (estimated 5-year OS, 53% [standard
Mutated ASXL1, BCOR, EZH2, RUNX1,
SF3B1, SRSF2, STAG2, U2AF1, ZRSR2

Mutated TP53
(VAF ≥10%)

Mutated FLT3-ITD
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YesMutated bZIP
CEBPAψ
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ELN 2022
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Intermediate Risk

ELN 2022
Adverse Risk

ELN 2022
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ELN 2022
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Mutated ASXL1, BCOR, EZH2, RUNX1,
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 other class-defining recurrent genetic abnormalities. Excludes hyperdiploid karyotypes ≥ 3 trisomies or

s. Current literature suggests inferior outcomes in this setting.
 clinical implication. Blood Adv. 2020;4(24):6342-6352.
a. 2020;34(6):1553-1562.

e context of biallelic CEBPA mutations
ial impact of bZIP and TAD mutations on outcome. Blood. 2022;139(1):87-103.
emia. Blood Adv. 2022;6(1):238-247. 

abnormalities. Notably, instances in which a favorable-risk and adverse-risk mutation

ignment were infrequent.

COMPARATIVE ANALYSIS OF ELN 2022 CRITERIA FOR AML 1903



error (SE), 0.06%]), 16.8 (95% CI, 11-48), and 9.7 (95% CI, 8.3-
10.8) months, respectively. OS in all patients that had received
treatment, and in those treated with IC based on ELN 2017 vs ELN
2022 criteria is displayed in supplemental Figure 2.

Overall, in comparison with the ELN 2017, the ELN 2022 stratifi-
cation more accurately stratified survival in patients with interme-
diate- or adverse-risk AML. Using the ELN 2022 criteria, compared
with patients with intermediate-risk AML, patients with favorable-risk
AML (hazard ratio [HR], 0.44; 95% CI, 0.30-0.65; P value < .001)
had significantly improved survival, whereas patients with adverse-risk
AML had significantly inferior survival (HR, 1.62; 95% CI, 1.20-2.20;
P value = .002) Figure 3A-B. Using ELN 2017 criteria, compared with
patients with intermediate-risk AML, patients with favorable-risk AML
had significantly improved survival (HR, 0.43; 95% CI, 0.30-0.63;
P value < .001), whereas only a trend for inferior survival was
observed in patients with adverse-risk AML (HR, 1.31; 95% CI, 0.96-
1.79; P value = .09).

The ELN guidelines are predominantly validated in patients
receiving IC. A sensitivity analysis performed in this population
(n = 345) yielded similar results with respect to survival
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Figure 3. OS of patients based on 2017 and 2022 ELN classifications for all treatm

(B) criteria in all treated patients. Although both criteria appropriately identified patients w

patients with intermediate and adverse-risk AML. (C-D) Similar findings were observed when

ELN guidelines are most well validated.
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stratification. Patients with favorable-risk AML had improved sur-
vival (HR, 0.38; 95% CI, 0.24-0.59; P value < .001), whereas
patients with adverse-risk AML had inferior survival (HR, 1.58; 95%
CI, 1.12-2.25; P value = 0.01) compared with patients with
intermediate-risk AML treated with IC Figure 3C-D.

No significant survival difference was observed in patients treated
with HMA-based therapies based on ELN 2022 risk group, with a
median OS of 8.8 (95% CI, 3; not estimated [NE]), 9.4 (95% CI,
2.0; NE), and 9.4 (95% CI, 4.9-11.7) months across favorable-,
intermediate-, and adverse-risk groups, respectively.

Survival with HCT

Survival across ELN 2022 risk groups based on the receipt of HCT
is displayed in supplemental Figure 3A. A landmark analysis per-
formed at the median time to HCT in patients with intermediate- or
adverse-risk AML undergoing HCT compared with patients in
CR/CRi not undergoing HCT demonstrated a survival benefit from
HCT during remission within these subgroups supplemental
Figure 3C. No survival benefit was observed with HCT in
patients classified as favorable risk using ELN 2022 criteria.
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Comparison of ELN 2017 and ELN 2022 in patients

having received intensive treatment, and in all

patients that had received treatment

After multivariate modelling adjusting for age group (≥60 years vs
<60 years), ELN 2022 risk, and the receipt of HCT, patients with
favorable-risk AML continued to demonstrate improved survival (HR,
0.26; 95%CI, 0.16-0.41;P value < .001), and patients with adverse-
risk AML demonstrated inferior survival (HR, 1.47; 95% CI, 1.03-
2.11; P value = .035) compared with patients with intermediate-risk
AML when treated with IC; no significant difference was observed
based on age group (HR, 1.22; 95% CI, 0.89-1.67; P value = .21).
When comparing the model using ELN 2022 vs 2017 risk classifi-
cation in patients treated with IC, inclusion of the ELN 2022 criteria
demonstrated a modest improvement in goodness of fit (concor-
dance index, 0.68 [SE, 0.02] vs 0.66 [SE, 0.02]).

After adjusting to include all treatments, receipt of venetoclax,
age group, and ELN 2022 risk, ELN favorable risk (HR, 0.45;
95% CI, 0.30-0.66; P value < .001) was associated with
improved survival, whereas no significant survival difference was
observed in patients with ELN adverse-risk compared with
patients with intermediate-risk AML (HR, 1.27; 95% CI, 0.92-
1.74; P value = .11). Age ≥60 years was associated with inferior
survival compared with those aged <60 years (HR, 1.44; 95% CI,
1.07-1.93; P value = .017). Compared with HMA-based therapy,
the receipt of IC (HR, 0.56; 95%CI, 0.41-0.79; P value < .001)
was associated with improved survival, whereas no difference
was observed in those receiving targeted therapy regimens (HR,
0.95; 95% CI, 0.53-1.69; P value = .86). Receipt of venetoclax-
based therapy was associated with a nonsignificant trend toward
improved OS, similar to that observed with IC (HR, 0.51; 95% CI,
0.24-1.05; P value = .069).

Survival outcomes according to ELN 2022 criteria

in patients treated with HMA+venetoclax

combinations

As a minority of included patients (n = 14) in the Beat AML cohort
received HMA+venetoclax combinations, an additional institutional
cohort of 41 patients treated with HMA+venetoclax were identified
to evaluate outcomes using ELN criteria in this expanded patient
population (N = 55).

Patients treated with HMA+venetoclax were comparable to the
Beat AML HMA population with respect to age (HMA+venetoclax
median age, 71 years [range, 19-87 years] vs HMA, 73 years
[43-87 years]; P value = .6), and ELN risk group (P value = .13).
HMA+venetoclax treatment improved CR/CRi rates (51% vs 17%;
P value < .001), and median OS (12 vs 9 months; HR, 0.61; 95%
CI, 0.39-0.96; P value = .031) after adjusting for ELN risk.

Similar to patients treated with HMA, ELN 2022 risk classification
did not result in significant survival stratification between patients
with favorable- (HR, 0.51; 95% CI, 0.14-1.92; P value = .32) or
adverse-risk AML (HR, 0.91; 95% CI, 0.34-2.50; P value = .86)
compared with patients with intermediate-risk AML treated with
HMA+venetoclax. Notably, patients with adverse-risk AML
demonstrated a median OS of 12 months and 32 months if
attaining CR/CRi supplemental Figure 4A-D.
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Survival outcomes with reclassified ELN 2022 risk

groups

Supporting the updated risk stratification, survival was significantly
improved in patients who had received treatment who were
reclassified as ELN 2022 intermediate risk (n = 30) vs adverse risk
(n = 35) (median OS, 16.8 months; 95% CI, 10.8, NE vs 9.5
months, 95% CI, 4.2-15.2; HR, 2.03; 95% CI, 1.08-3.8;
P value = .027).

In patients with mutations spanning multiple risk groups, patients
with co-occurring favorable- and adverse-risk mutations had similar
survival (P value = .22), whereas patients with mutations spanning
ELN favorable-intermediate (P value < .001), favorable-
intermediate-adverse (P value = .007), and intermediate-adverse
risk (P value < .001) had inferior survival compared to patients
with ELN favorable risk AML (Figure 4).

Co-occurring NPM1 and FLT3 ITD mutations represented the
largest molecular subgroup with mutations spanning multiple ELN
risk groups (n = 52). Compared with other patients at intermediate
risk, no significant difference in OS was observed in patients with
co-occurring NPM1 and FLT3 ITD mutations (HR, 1.34; 95% CI,
0.79-2.27; P value = .27), supporting recent guideline changes,
supplemental Figure 5. No survival difference was observed in
patients with low vs high FLT3 ITD allelic ratio. A minority of patients
with mutated FLT3 ITD received FLT3 inhibitors (41% [n = 41
of 100]), resulting in a nonsignificant improvement in median OS
(23 months; 95% CI, 9-NE vs 14 months; 95% CI, 11-23, P
value = .27). Of patients with FLT3 ITD–mutated AML, 53% pro-
ceeded to HCT, correlating with a median OS of 48 months (95%
CI, 14.4, NE) (supplemental Figure 3D).

Within the ELN 2022 adverse-risk group, mutations in ZRSR2 (HR,
2.20; 95% CI, 1.08-4.49; P value = .031) or U2AF1 (HR, 1.77;
95% CI, 1.11-2.80; P value = .016) correlated with inferior survival,
similar to patients with TP53-mutated AML (HR, 2.75; 95% CI,
1.90-3.99; P value < .001) (supplemental Figure 6A-D). Only 5
patients had KAT6A::CREBBP (n = 3) or MECOM-rearranged
(n = 2) fusions; median OS for these 2 groups were 4.5 (95% CI,
0.8, NE) and 8.3 (95% CI, 8.3, NE) months, respectively. Given the
small sample size of certain molecular and cytogenetic subgroups,
these outcomes should be considered exploratory in nature.

Isolated MR mutations (ie, ASXL1, RUNX1, SRSF2, SF3B1,
U2AF1, ZRSR2, BCOR, EZH2, and STAG2) were identified in
19% (n = 25 of 134) of patients with de novo AML and a co-
occurring favorable-risk abnormality who had received treatment.
Within this setting, the negative prognostic impact of MR mutations
appeared abrogated (supplemental Figure 1B-C).
Discussion

AML is a heterogeneous disease characterized by numerous
mutations requiring individualization of treatment based on clinical
and molecular risk stratification. Within a large population of
patients with AML, the updated ELN 2022 guidelines resulted in
risk reclassification in 15% of the study population and better
stratified survival in patients classified as intermediate and adverse
risk treated with IC, in comparison with the ELN 2017 guidelines.
COMPARATIVE ANALYSIS OF ELN 2022 CRITERIA FOR AML 1905



Overall Survival: Favorable+Intermediate-risk mutations
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Overall Survival: Intermediate+Adverse-risk mutations

N at risk (censored)
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Group: F/I/A Favorable (Fav.) Intermediate (Int.) Adverse (Adv.)

Figure 4. OS of patients with co-occurring mutations spanning multiple risk groups compared with patients with mutation(s) in a single ELN risk group. (A-D)

Patients with mutations in ELN favorable and adverse-risk categories (B) had survival similar to that of patients classified as ELN favorable-risk, whereas patients with other

combinations of mutations, such as ELN favorable– and intermediate–risk (predominantly comprised of patients with co-occurring NPM1 and FLT3 ITD mutations) (A); favorable-,

intermediate-, and adverse-risk (C); and intermediate- and adverse-risk (D) had inferior outcomes.
This analysis highlights the progressively complex process of risk
stratification as the number of included gene abnormalities and
cytogenetic events increases, and the role of risk stratification in a
varied treatment landscape.

The ELN 2022 guidelines incorporate only a fraction of the muta-
tions identified in patients with AML.1,2 Strikingly, using only this
limited panel of molecular drivers, over half of the included patients
had >1 ELN risk–defining abnormality (58% [n = 297]). Of these
patients, 44% (n = 132; representing 26% of entire study popu-
lation) had mutations spanning multiple ELN risk groups (most
commonly NPM1 and FLT3 ITD). Clinicians may frequently
encounter conflicting risk–defining abnormalities within the same
patient that may affect management. Given the importance of
proper risk stratification, a proposed flow diagram simplifying risk
assignment for clinicians and highlighting areas devoid of sub-
stantive literature has been provided.

Notable updates to the ELN 2022 guidelines include removal of
FLT3 ITD allelic ratio and NPM1 comutation status with subse-
quent allocation of FLT3 ITD into the intermediate-risk group and
inclusion of additional adverse-risk MR-gene mutations in
1906 LACHOWIEZ et al
conjunction with RUNX1 and ASXL1. These changes were
responsible for the largest shifts in risk reclassification, accounting
for 53% (n = 40) and 33% (n = 25) of patients, respectively.
Mutations in MR genes often co-occurred with mutations in
RUNX1 or ASXL1 (46%, n = 79 of 171) or other ELN 2022
adverse-risk mutations (18%; n = 31 of 171). Nonetheless, inclu-
sion of these additional MR mutations resulted in 5% of the study
population being allocated to the adverse-risk group.

Overall, the updated guidelines resulted in 96% of reclassified
patients being allocated to the intermediate- or adverse-risk groups
and better stratified survival in patients with intermediate- or
adverse-risk AML treated with IC compared with the ELN 2017
guidelines. Patients with ELN favorable-risk AML experienced long-
term survival irrespective of consolidative HCT. However, the
median OS in patients with intermediate- or adverse-risk AML
remained suboptimal (16.8 vs 9.7 months). Within the entire study
cohort, older age also remained an independent predictor of infe-
rior survival (HR, 1.44; 95% CI, 1.07-1.93; P value = .017).

Given the inferior long-term survival observed in patients with ELN
intermediate- or adverse-risk AML, investigations of regimens
9 MAY 2023 • VOLUME 7, NUMBER 9



combining cytotoxic chemotherapy with targeted therapies, such
as venetoclax and the routine incorporation of consolidative HCT
(which was notably used in only 36% of the present study popu-
lation) for eligible patients should be prioritized given the demon-
strable improvements in MRD eradication and survival observed
with this approach, particularly within these risk groups.10,23-25

Decreased survival is also observed in older adults with AML
compared with younger adults, including those with ELN favorable-
risk mutations (ie, core-binding factor or NPM1-mutated AML) in
which HCT in first remission is not currently standard.26,27 Older
adults may also be more likely to receive noncurative, lower-
intensity therapies. Within this population, the use of dynamic
markers of disease assessment, such as MRD, to guide manage-
ment and the consideration of curative HCT irrespective of ELN
risk classification in select patients remains an attractive
approach.7,12-14,28,29

Survival outcomes of reclassified patients support recent changes
to the guidelines. Patients with in-frame bZIP mutations in CEBPA
had survival comparable with other favorable-risk patient sub-
groups (ie, core binding factor AML or NPM1-mutated AML),
whereas patients with FLT3 ITD mutations (of whom only 41%
received a FLT3 inhibitor, however 53% proceeded with HCT)
experienced survival comparable with other patients at
intermediate-risk. Neither comutations in NPM1 nor the FLT3 ITD
allelic ratio influenced outcomes, supporting reclassification of
these patients as intermediate risk.

Inferior survival was observed in the few patients with KAT6A::
CREBBP orMECOM rearrangements, and patients with mutations
in ZRSR2 or U2AF1 (both previously associated with inferior sur-
vival in patients treated with IC).30,31 In the present analysis, sur-
vival in patients harboring these MR mutations was similar to
patients with mutated TP53, identifying subgroups with particularly
poor outcomes.

In patients with de novo AML, isolated MR mutations were asso-
ciated with inferior survival. However, no detrimental survival impact
was observed when occurring in patients classified as ELN favor-
able risk. It is plausible some MR mutations represent a back-
ground preleukemic clone in this latter setting, with the later
acquisition of a favorable-risk mutation driving leukemogenesis.31

The ELN 2022 risk stratification guidelines represent an improve-
ment compared with the 2017 guidelines and should be com-
mended. A potential limitation that may prohibit broad applicability
is the predominant inclusion of studies using IC regimens.30-33

Although the ELN criteria appropriately prognosticated survival in
patients treated with IC, survival prognostication was less clear
when including patients receiving alternative therapies. In the
subset of included patients treated with HMA-based therapies
without venetoclax in this study cohort, ELN 2022 risk classification
did not differentiate outcomes, which were uniformly poor.
Improved outcomes were observed in patients treated with
HMA+venetoclax combinations despite comprising a minority of
included patients; however, ELN criteria similarly did not result in
significant survival prognostication in this patient population.

Azacitidine with venetoclax is now the standard of care in older
patients unfit for IC therapy, and differing sensitivity to venetoclax
has been observed across molecular subgroups and AML sub-
types.19,20,34 Given the near ubiquitous use of azacitidine and
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venetoclax and the potential for differing outcomes in this setting,
development of treatment-specific risk stratification schemas akin
to the ELN 2022 guidelines incorporating patients receiving
venetoclax-based regimens are eagerly awaited.35-39

Whether the current ELN criteria are readily applicable to patients
receiving molecularly targeted therapies (ie, FLT3, IDH1, or IDH2
inhibitors) or oral azacitidine maintenance therapy (which recently
demonstrated improved relapse-free and OS irrespective of MRD,
NPM1, and FLT3 mutation status) also remains unknown.40,41 The
relatively recent approval of these agents requires additional follow-
up to understand how such therapies influence prognosis within
certain molecular and cytogenetic subgroups.

Further adding to the complexity of risk stratification, recent revi-
sions to both the international consensus classification and the
World Health Organization guidelines for myeloid neoplasms now
recognize numerous genetically defined AML subtypes with a
myeloblast threshold of ≥10%.42,43 Variation exists between
guidelines with respect to specifics of included mutations (ie,
CEBPA) and disease-defining subgroups with a broader blast
enumeration (the international consensus classification now clas-
sifies 10%-20% blasts as MDS/AML).42,43

Certain molecular subgroups (ie, TP53) indeed have similar out-
comes irrespective of blast enumeration.44 These changes to dis-
ease classification may also alter ELN survival prognostication as it
pertains to other ELN risk–defining molecular aberrations. Because
the present study included patients using the prior classification
schema, future investigations are needed to address risk stratifi-
cation in patients with ≥10% myeloblasts categorized as MDS/
AML or AML with a defining genetic abnormality.

In conclusion, the updated ELN 2022 guidelines improve survival
stratification in patients with AML treated with IC. Risk stratification
is becoming increasingly complex as our understanding of disease
heterogeneity expands. Future guideline iterations will need to
account for recent changes in AML classification, the increasing use
of targeted therapies, and venetoclax-based combination therapies,
which will continue to improve outcomes in patients with AML.
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