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ABSTRACT

According to the European LeukemiaNet (ELN) 2022 classification, acute myeloid leukemia (AML) patients with intermediate or
adverse risk are offered allogeneic hematopoietic stem cell transplantation (allo-HSCT) in first remission. In this EBMT study, we
included 1735 adult AML patients with ELN-2022 adverse-risk cytogenetics allografted between 2010 and 2022 in first remission (67%
de novo AML, median age 56years). Eleven non-overlapping adverse-risk cytogenetics groups were defined. The five most frequent
were: Group 1 [n=394; monosomy 17 or abn(17p); 2-year leukemia-free survival (LFS) 22%, and overall survival (OS) 25%]; Group 2
[n=313; complex karyotype (CK) involving monosomy 5, monosomy 7, or del(5q) without monosomy 17 or abn(17p); LFS 27%, OS
37%]; Group 3 [n=201; monosomy 5, monosomy 7, or del(5q) without CK and without monosomy 17 or abn(17p); LFS: 55%, OS: 63%];
Group 4 [n=256; CK without monosomal karyotype (MK) or adverse additional cytogenetic abnormalities (ACA); LFS 50%, OS 61%;
Group 5 [n=213; t(v, 11q23) without adverse ACA; LFS 50%, OS 59%]. In multivariable analysis, compared to CK without adverse
ACA, LFS was negatively affected by monosomy 17 or 17p abnormalities, monosomy 5, 7, or del(5q) in the presence of CK, and t(8;16).
In conclusion, this study revealed a very poor outcome of allografted AML patients with monosomy 17 or 17p abnormalities or CK
involving monosomy 5, monosomy 7, and del5q. Outcomes were relatively favorable for most other ELN 2022 adverse categories,
including CK with or without MK other than 5, 7, and 17, indicating that allo-HSCT can overcome their poor outcome.

© 2025 Wiley Periodicals LLC.
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1 | Introduction

The presence of cytogenetic abnormalities continues to serve
as an important factor in determining clinical outcomes for
patients newly diagnosed with acute myeloid leukemia (AML).
Recognizing and comprehensively assessing cytogenetic abnor-
malities not only serves as diagnostic markers but also guides
therapeutic decisions. Risk groups in AML are classified into
three categories according to the 2022 European LeukemiaNet
(ELN) risk stratification based on genetics [1]. Currently, ac-
cording to the ELN 2022 classification, patients falling into the
intermediate- or adverse-risk categories are typically offered al-
logeneic hematopoietic stem cell transplantation (allo-HSCT) in
the first complete remission (CR1) [2].

The updated classification includes some changes in the cytoge-
netic criteria associated with adverse-risk, notably the addition
of those involving specific genetic alterations such as t(3q26.2;v)
affecting the MECOM gene and t(8;16)(p11;p13) linked with
KAT6A::CREBBP [3-5]. In addition, hyperdiploid karyotypes,
distinguished by the presence of multiple trisomies (or polyso-
mies), are presently omitted from the complex karyotype (CK)
classification [6]. Integrating cytogenetic alterations with other
prognostic factors is also essential when dealing with patients
categorized as adverse-risk [7].

While the ELN 2022 adverse-risk karyotypes have been pre-
viously analyzed in the general AML population [8-11], their
frequency and prognostic relevance in the specific context of allo-
HSCT in CR1 have not been comprehensively evaluated. Using a
large dataset from the European Society for Blood and Marrow
Transplantation (EBMT) registry, we aimed to evaluate the real-
world implications of the AML ELN 2022 adverse cytogenetic risk
classification on the prediction of relapse and survival in patients
receiving allo-HSCT in CR1, regardless of somatic mutation status.

2 | Patients and Methods
2.1 | Study Design and Inclusion Criteria

This is a retrospective, registry-based, multicenter analysis of
patients’ data provided and approved by the Acute Leukemia
Working Party (ALWP) of the EBMT. The EBMT is a voluntary
working group of more than 600 transplant centers that are
required to report all consecutive HSCTs and follow-ups once
a year. Audits are routinely performed to determine the accu-
racy of the data. Since January 2003, all transplant centers have
been required to obtain written informed consent prior to data
registration with the EBMT, following the guidelines of the
Declaration of Helsinki, 1975.

We included in this analysis, adult patients (>18years) with
AML and with availability of full karyotype at diagnosis, clas-
sified as ELN 2022 adverse cytogenetic risk, who received their
first allo-HSCT in CR1, between 2010 and 2022, from either a
matched sibling donor (MSD), matched or mismatched unre-
lated donor (UD), haploidentical donor, or cord blood. The stem
cell source was either granulocyte colony-stimulating factor mo-
bilized peripheral blood (PB), bone marrow, or cord blood.

Variables collected included recipient age at transplant, re-
cipient and donor gender, karyotype at diagnosis, NPMI,
FLT3-ITD, CEBPA, and TP53 mutation status at diagno-
sis, time from diagnosis to transplant, year of transplant,
measurable residual disease (MRD) status at transplant,
Karnofsky performance status score at transplant, hemato-
poietic cell transplant-specific comorbidity index, in addition
to transplant-related factors including conditioning regimen,
graft-versus-host disease (GVHD) prophylaxis, the use of post-
transplant cyclophosphamide (PTCy), in vivo T-cell depletion,
donor type, recipient and donor cytomegalovirus status, and
stem cell source (PB or bone marrow).

2.2 | Definitions

Cytogenetics was reported by full karyotype, using the
International System for Human Cytogenomic Nomenclature
(ISCN) guidelines. Adverse-risk cytogenetic subgroups were
classified according to the ELN 2022 but considered only cytoge-
netic features. As defined in the ELN2022: CK consisted of three
or more abnormalities; however, hyperdiploid karyotypes, dis-
tinguished by the presence of multiple trisomies (or polysomies),
are presently omitted from the CK classification. Monosomal
karyotype (MK) was defined as the presence of two or more
distinct monosomies (excluding loss of X or Y) or one single au-
tosomal monosomy in combination with at least one structural
chromosome abnormality.

Conditioning intensity was measured using the transplant con-
ditioning regimen intensity myeloablative conditioning/reduced
intensity conditioning (RIC) classification [12] and transplant
conditioning intensity score [13]. Myeloablative conditioning
was defined as a regimen containing either total body irradia-
tion with a dose greater than 6 Gy, a total dose of oral busulfan
greater than 8 mg/kg, or a total dose of intravenous busulfan
greater than 6.4mg/kg or treosulfan greater than 36g/m?2. All
other regimens were defined as RIC. The diagnosis and grading
of acute and chronic GVHD were performed by transplant cen-
ters using standard criteria [14].

2.3 | Statistical Analysis

Quantitative variables are described as median, quartiles 1 and
3, minimum, and maximum. Qualitative variables are described
as numbers and percentages.

To evaluate the associations between 10 individual cytogenetic
abnormalities (including adverse 3q26), secondary AML, and
the monosomal and complex nature of karyotypes, we per-
formed a multiple correspondence analysis (MCA).

MCA is a statistical technique that allows simultaneous assess-
ment of relationships between multiple qualitative variables. It
transforms the matrix of patients and categorical variables into
anumerical format, capturing the greatest variability in the data
within the first few dimensions. Each patient is assigned a set of
values, with the first two dimensions accounting for the most
significant variability.
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Using these two dimensions, we created a two-dimensional
graphical representation of the patients. Each variable modality
(e.g., presence or absence of a specific cytogenetic abnormality)
is represented by its centroid (barycenter), providing a visual
summary of their relationships. The final output is a graphical
representation of the different modalities across the first two di-
mensions of the 13 analyzed variables.

This multidimensional approach provides a comprehensive
overview of how variables are linked. Interpretation is based
on spatial proximity: when two modalities appear close to each
other, it indicates they are frequently observed together in the
same patients.

Endpoints included leukemia-free survival (LFS), overall sur-
vival (OS), non-relapse mortality (NRM), relapse incidence (RI),
acute and chronic GVHD, and GVHD-free and relapse-free
survival (GRFS). All outcomes were measured from the time of
allo-HSCT. LFS was defined as survival without leukemia re-
lapse or progression; patients alive without leukemia relapse or
progression were censored at the time of last contact. OS was de-
fined as death from any cause. NRM was defined as death with-
out previous leukemia relapse. GRFS was defined as survival
without grade ITI-IV acute GVHD, extensive chronic GVHD, re-
lapse, or death. The probabilities of OS, LFS, and GRFS were cal-
culated using the Kaplan-Meier method. Cumulative incidence
functions were used to estimate RI, NRM, and GVHD outcomes
in a competing risk setting. Death and relapse were considered
as competing events for acute and chronic GVHD. Univariate
comparisons were performed using the log-rank test for LFS,
OS, and GRFS, and Gray's test for cumulative incidences. Cox
proportional-hazards models were built to evaluate the impact
of cytogenetics groups adjusted on age at HSCT, donor type, year
of HSCT, Karnofsky score, intensity of the conditioning regimen
(myeloablative/RIC), and nature of the AML (de novo/second-
ary). Potential center effects have been taken into account as
frailty. The Type-1 error rate was fixed at 0.05. All analyses were
performed using R 4.1.1 (R Development Core Team, Vienna,
Austria, URL:https://www.R-project.org/). The MCA has been
performed using the R package FactoMineR.

3 | Results
3.1 | Patient and Transplant Characteristics

We identified 1735 adult AML patients with ELN 2022 adverse-
risk cytogenetics allografted in CR1 between 2010 and 2022.
Patients and transplant characteristics are summarized in
Table 1. Most of these patients had de novo AML (67%), with
a median age of 56years (range: 18-78), and 52% were male. At
diagnosis, NPMI and FLT3-ITD were mutated in 6% and 12% of
patients with available data, respectively. In patients with avail-
able MRD data, 234 patients (39%) were MRD positive and 373
(61%) were MRD negative at transplant. Karnofsky performance
status was less than 90 in 499 patients (30%). Patients received
primarily RIC (54%) and PB stem cells (88%) from an MSD (24%),
UD (57%), or haploidentical donor (17%). Approximately 60% of
patients received in vivo T-cell depletion, while PTCy was given
to 20% of patients. Almost two-thirds of the patients (62%) and
nearly half of the donors (48%) were cytomegalovirus positive.

3.2 | Frequency of Adverse Cytogenetic
Abnormalities

Eleven distinct nonoverlapping adverse-risk cytogenetic groups
were defined and ranked by decreasing frequency (Table 1).

Group 1 (n=394) comprised cases with monosomy 17 or
abn(17p), irrespective of adverse additional cytogenetic abnor-
malities (ACA). In more detail (Figure 1A, Table S1), monosomy
17 was present in 67% of the patients and abn(17p) in 38%. Only
17 patients had simultaneously a monosomy 17 and an abn(17p).
Regarding the other adverse features, karyotypes were almost
always CK (96%), predominantly associated with MK (90%),
monosomy 7 (35%), del(5q) (36%), and monosomy 5 (30%). The
other adverse abnormalities were present in less than 1% of cases.

Group 2 (n=313) included cases with CK involving monosomy
5 (20%), monosomy 7 (46%), or del(5q) (54%) but without mono-
somy 17 or abn(17p), regardless of adverse ACA. Regarding the
other adverse features, MK was present in 81%, adv(3q26) in
12%, t(9;22) in 2%, and the other adverse abnormalities in less
than 1% of cases.

Group 3 (n=201) included monosomy 5, monosomy 7, or del(5q)
without CK and without monosomy 17 or abn(17p). In 48% of
cases, the abnormality was isolated; 36% had MK, and 16% had
only one other abnormality. The second adverse abnormality
was t(9;22) for two patients.

Group 4 (n=256) included CK without MK or other known ad-
verse ACA, while Group 5 (n=213) featured t(v;11q23) trans-
locations without adverse ACA other than CK or MK. In that
group, for 52% of the patients, the abnormality was isolated,
21% had one other nonadverse abnormality, 25% had CK, less
than 1% MK without CK, and 1% CK and MK. Group 6 (n=178)
included CK with MK (excluding abnormalities involving chro-
mosomes 5, 7, or 17) and no other adverse ACA. Group 7 (n=58)
included abn(3q26) without adverse ACA other than t(9;22)
which was present in 10% of cases. Group 8 (n=50) was defined
by t(6;9) without other adverse ACA, and this abnormality was
isolated for 90% of cases. Group 9 (n=43) included cases with
t(9;22) without other adverse ACA. The abnormality was iso-
lated for 44% of cases. Group 10 (n=15) included MK (exclud-
ing abnormalities of chromosomes 5, 7 and 17) without other
adverse ACA. Finally, Group 11 (n=14) included t(8;16) without
adverse ACA. The abnormality was isolated in 43% of cases.

Patients and transplant characteristics for each of these 11
cytogenetic groups are presented in Table 1. Clinically de-
fined secondary AML was more frequent in the monosomy
5/7/del(5q) not CK group (47%) and the t(8;16) group (57%),
and was as follows in other groups: CK involving monosomy
5/7/del(5q) (41%), the monosomy 17/abn(17p) group (41%),
CK without MK group (27%), CK with MK group (30%), and
the abn(3q26) group (35%). In contrast, it was infrequent in
the t(v;11q23) group (13%), the t(6;9) group (12%), the t(9;22)
group (19%), and the MK group (7%). Older age (median above
55years) was more commonly observed in the monosomy 5/7/
del(5q), monosomy 17/abn(17p), CK with and without MK,
and abn(3q26) groups. FLT3-ITDs were more frequent in the
t(6;9) group (65%), and to a lesser extent in the CK without
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FIGURE 1 | (A) Frequency of the various individual adverse cytogenetic abnormalities in the whole cohort and according to cytogenetic sub-

category. (B) Multiple correspondence analysis. This plot graphically depicts the associations between 13 different variables, including cytogenetic
subgroup and AML type. The most significant correlated cytogenetic subgroups are highlighted in red. Monosomy 5, 7, and 17 are very close. Also,
complex karyotype, 17p abnormality, and del5q are close to each other and are associated with secondary AML; the third group, which includes ad-
v(3q26), t(6;9) and t(9;22), is also close to each other; the fourth group includes t(v,11q23) and t(8;16).

MK (12%), the CK with MK group (12%), t(9;22) group (20%),
and the MK group (20%). TP53 mutations were more frequent
(88%) in monosomy 17/abn(17p) patients, and in monosomy
5/7/del(5q) with CK (76%).

The frequency of the various adverse cytogenetic abnormalities
in the whole cohort as well as in each of the 11 groups is pre-
sented in Figure 1A and Table S1.

3.3 | Multiple Correspondence Analysis

We then performed a MCA in order to have the global overview
of the associations between the 10 groups of ACA, including also
the CK and secondary AML indicators. We can observe on the
MCA four categories of co-occurring cytogenetic abnormalities:
the first category includes monosomy 5, 7, and 17; the second
includes CK, 17p abnormality, and del5q; the third includes
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FIGURE 2 | Leukemia-free survival and overall survival curves according to cytogenetic subcategories. HSCT: hematopoietic stem cell trans-

plant; LFS: leukemia-free survival; OS: overall survival.

abv(3q26), t(6;9) and t(9;22); the fourth includes t(v,11q23) and
t(8;16). The MCA is shown in Figure 1B.

3.4 | Outcome Analysis According to Adverse
Cytogenetic Abnormalities

Median follow-up was 3years. Overall, the 2-year RI, LFS, and
OS were 43%, 40%, and 48%, respectively. Post-transplant out-
comes according to the 11 groups of adverse cytogenetic ab-
normalities are summarized in Table 2 and Figures 2 and 3.
Outcomes were relatively poor for patients in Group 1 with
monosomy 17/abn(17p) with 2-year RI, LFS, and OS of 62%, 22%,
and 25%, respectively, and Group 2 with monosomy 5/7/del(5q)
and CK: 51%, 27%, and 37%, respectively. Conversely, outcomes
of patients with CK without adverse ACA were relatively favor-
able with 2-year LFS and OS of 50% and 61% in the absence of
MK and 48% and 55% in the presence of MK other than chromo-
somes 5, 7, and 17.

3.5 | Multivariable Analysis

In the multivariable analysis (Table 3), compared to the group
of CK without adverse ACA, RI, LFS, OS, and GRFS were neg-
atively affected by monosomy 17/abn(17p) (hazard ratio [HR]
2.65, 2.21, 2.41, and 2.05, respectively, all p<0.001) and Group
2 with CK involving monosomy 5/7/del(5q) (HR 1.81, 1.77, 1.86,
and 1.66, respectively, all p<0.001). LFS and OS were negatively
affected by the presence of t(8;16) (HR 2.02; p=0.04 and 2.81;
p=0.003, respectively) while OS was better in the t(9;22) group
(HR 0.43; p=0.03). Finally, compared to MSD grafts, RI was
significantly decreased with a mismatched related donor (pre-
dominantly haploidentical; HR 0.62; p <0.001) or almost for UD
(HR 0.84; p=0.05) resulting in improved LFS in the former (HR
0.80; p=0.04) and improved GRFS in both types of alternative
donor (mismatched related: HR 0.79; p=0.02 and UD: HR 0.86;
p=0.03). OS and NRM were negatively affected by older age
(HR 1.07; p=0.03 and 1.18; p=0.003, respectively, per 10-year
increment).
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FIGURE 3 | Relapse incidence and non-relapse mortality according to

NRM: non-relapse mortality; RI: relapse incidence.

4 | Discussion

This retrospective registry-based study provides a comprehen-
sive analysis of the frequency and clinical impact of adverse
cytogenetic abnormalities in a large number of AML patients
(n=1735) undergoing allo-HSCT in CR1. Our findings highlight
the heterogeneity within these abnormalities, challenging the
classification of CK and MK as universally adverse, particularly
when chromosomes 5, 7, and 17 are not involved.

The adverse cytogenetic abnormalities were observed with
variable frequency across the groups. Group 1 abnormalities,
which involve monosomy 17/abn(17p), were the most frequent
and highly associated with CK/MK and mutated TP53, fol-
lowed by abnormalities in chromosomes 5 and 7 with CK.
These groups demonstrated the poorest outcomes, with only
20% of patients achieving long-term survival post-transplant,
similar to previous reports [15-17]. However, these findings
reinforce the curative potential of allo-HSCT in this subset,
albeit small. On the other hand, patients with chromosome 5
and 7 abnormalities without CK and/or abn(17p), which are
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cytogenetic subcategories. HSCT: hematopoietic stem cell transplant;

classified as the third group by frequency, had relatively fa-
vorable outcomes, with long-term LFS achieved in 55% of pa-
tients. Similar findings were previously reported in a smaller
study by the ALWP studying the prognosis of -5/5q- with or
without other cytogenetic abnormalities in patients trans-
planted in CR1 [18]. The 5q sole group, which contained 47
patients, had a 2-year LFS and OS of 39% and 60%, respec-
tively, significantly better than other groups including the CK
group (25% and 31%), MK group (20% and 6%), and abn(17p)
group (12% and 16%) [18].

Surprisingly, patients with CK showed relatively better out-
comes when abnormalities in chromosomes 5, 7, and 17 were
excluded. MK has consistently been classified as very poor in all
reports, primarily due to the presence of monosomy 5, 7, or 17,
which are strongly associated with poor survival, rather than
other abnormalities [19-23]. Similar to our results, Middeke
et al. demonstrated that the highly adverse prognostic signifi-
cance of MK and CK in AML was mitigated after allo-HSCT,
particularly when cases with abn(17p) or —5/del(5q) were ex-
cluded from these subcategories [24].
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We have also examined the outcomes of other relatively rare
entities, such as abn(3q26) and t(8;16), which are associated
with intermediate post-transplant survival rates (2-year OS:
51% and 40%, respectively). These two groups represent dis-
tinct entities with more favorable outcomes compared to those
with higher risk cytogenetic features, as approximately 40% of
patients with these abnormalities achieved long-term disease
control. Our findings demonstrate outcomes surpassing pre-
viously reported 2-year LFS and OS rates of 24% and 35%, re-
spectively [25]. Of course, our cohort might represent a highly
selected patient population with chemo-sensitive disease,
transplanted in CR1, and is therefore not representative of
the whole cohort of these entities at diagnosis. In addition, pa-
tients with BCR-ABL1-positive AML exhibited favorable sur-
vival outcomes, possibly highlighting the beneficial effects of
allo-HSCT with peri-transplant use of tyrosine kinase inhibi-
tors. Our results appear to surpass those previously reported,
with a 2-year LFS of 66% compared to 47% in the earlier study
[26, 27].

Interestingly, haploidentical and UD transplants demon-
strated better outcomes compared to MSD grafts in this high-
risk population. Unlike prior published studies, which did
not report any difference based on donor type, these findings
may be linked to enhanced graft-versus-leukemia effects as-
sociated with haploidentical or UD grafts, or the use of PTCy
post-transplant, warranting further investigation into opti-
mizing donor selection strategies for these patients with ad-
verse cytogenetics.

One of the major limitations of this study is the reliance on pa-
tients with a complete cytogenetic report, which was essential
for conducting the proposed analysis. Another limitation was
the TP53 mutation status unavailable for 81% of cases, limiting
the ability to perform further analysis regarding the likelihood
of overlap between the poor cytogenetic profiles and TP53-
mutated AML, as well as its potential contribution to the poor
post-transplant outcomes observed.

In conclusion, this large real-world study revealed a very poor
outcome of allografted AML patients with monosomy 17 or 17p
abnormalities and CK involving monosomy 5, monosomy 7,
del5q, and a poor outcome for those with abn(3q26) and t(8;16).
Importantly, our findings suggest that the presence of either 17p
abnormalities or the combination of CK with monosomy 5 or 7 is
necessary to define the subset of patients with the worst progno-
sis. Within the ELN-2022 adverse risk population, patients with
CK alone or monosomy 5 or 7 alone exhibited relatively favor-
able post-transplant outcomes.
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