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KEY PO INT S

� The survival benefit of
allo-HCT was
investigated in 1114
CMML patients with
time-dependent
analyses and
multistate models.

� Performing allo-HCT
before transformation
decreases life
expectancy in lower-
risk patients but may
be considered in
higher-risk patients.

To determine the survival benefit of allogeneic hematopoietic cell transplantation (allo-HCT) in
chronic myelomonocytic leukemias (CMML), we assembled a retrospective cohort of CMML
patients 18-70 years old diagnosed between 2000 and 2014 from an international CMML
dataset (n 5 730) and the EBMT registry (n 5 384). The prognostic impact of allo-HCT was
analyzed through univariable and multivariable time-dependent models and with a multistate
model, accounting for age, sex, CMML prognostic scoring system (low or intermediate-1
grouped as lower-risk, intermediate-2 or high as higher-risk) at diagnosis, and AML
transformation. In univariable analysis, lower-risk CMMLs had a 5-year overall survival (OS) of
20% with allo-HCT vs 42% without allo-HCT (P < .001). In higher-risk patients, 5-year OS was
27% with allo-HCT vs 15% without allo-HCT (P 5 .13). With multistate models, performing
allo-HCT before AML transformation reduced OS in patients with lower-risk CMML, and a
survival benefit was predicted for men with higher-risk CMML. In a multivariable analysis of
lower-risk patients, performing allo-HCT before transformation to AML significantly increased
the risk of death within 2 years of transplantation (hazard ratio [HR], 3.19; P < .001), with no
significant change in long-term survival beyond this time point (HR, 0.98; P 5 .92). In higher-

risk patients, allo-HCT significantly increased the risk of death in the first 2 years after transplant (HR 1.46; P 5 .01) but not
beyond (HR, 0.60; P 5 .09). Performing allo-HCT before AML transformation decreases life expectancy in lower-risk
patients but may be considered in higher-risk patients.
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Learning objectives
Upon completion of this activity, participants will:
� Describe the association of allogeneic hematopoietic cell transplantation (allo-HCT) and other factors with survival and other

outcomes in chronic myelomonocytic leukemia (CMML), according to a retrospective cohort study
� Determine the effect of timing of allo-HCT on the association of allo-HCT and other factors with survival and other outcomes

in CMML, according to a retrospective cohort study
� Identify clinical implications of the association of allo-HCT and other factors with survival and other outcomes in CMML,

according to a retrospective cohort study
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Introduction
Chronic myelomonocytic leukemia (CMML) is a rare disease pre-
dominantly affecting men, with a median age of 75 years at
diagnosis. The prognosis remains unsatisfactory, with median
overall survival (OS) of 30 to 36 months.1-5 Allogeneic hemato-
poietic cell transplantation (allo-HCT) is the only treatment rec-
ognized as potentially curative in CMML.6-12 However, allo-HCT
in CMML patients is associated with a 20% to 50% 3-year nonre-
lapse mortality and a 25% to 60% cumulative incidence of
relapse.6-12 The benefit of upfront allo-HCT over a nontransplant
treatment thus remains questionable. Because CMML is a rare
disease, transplantation indications and procedures are largely
extrapolated from myelodysplastic syndromes (MDSs) or classi-
cal myeloproliferative neoplasms. In MDS, a first study reported
that higher-risk patients had a survival benefit when transplanted
upfront.13 More recent studies including prospective compari-
sons between allo-HCT and hypomethylating agents confirmed
this finding.14-17 In CMML where the benefit of hypomethylating
agents is less established,18,19 the question of transplantation is
only relevant in the minority of patients young and fit enough
for transplantation. Among patients younger than 65 years, Pat-
naik et al reported that 20% of them underwent transplantation,
but the benefit of allo-HCT could not be analyzed in this
series.20

The current study leverages the international CMML dataset
(ICD)5 and the EBMT registry,9 applying statistical models taking

into account timing of allo-HCT to study the role of allo-HCT in
survival of CMML patients. This study, based on 2 large interna-
tional cohorts, represents the first multicentric transplantation
decision analysis in CMML.

Methods
Patients and study design
The ICD is a retrospective, multi-institution database assembled
by the International Consortium for MDS/myeloproliferative neo-
plasms under the aegis of the MDS Foundation. Data on diag-
nosis, treatment, and outcome since CMML diagnosis after
informed consent was collected from all participating centers
after approval by each institution’s review board and centrally
reviewed as previously published.5

Although ICD is informative with respect to the general progno-
sis and treatment of CMML, because these patients are rarely
transplanted, we used additional data from the EBMT registry
on survival after transplantation. EBMT is a nonprofit, scientific
society representing .600 transplant centers located mainly in
Europe. EBMT collects on a voluntary basis data on recipient
and donor characteristics, treatment, and follow-up of patients
undergoing blood and bone marrow transplantation.

To focus on allo-HCT eligible patients, the inclusion criteria for
the present study for both ICD and EBMT registry patients were
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(1) CMML diagnosis according to World Health Organization
(WHO) 2008 criteria21, (2) an age of 18 to 70 years at CMML
diagnosis, (3) an Eastern Cooperative Oncology Group perfor-
mance status ,3 at CMML diagnosis, (4) CMML diagnosis
between 2000 and 2014, (5) available follow-up data, including
information on AML transformation (note that patients from the
EBMT registry that died prior to the onset of allo-HCT condition-
ing were removed from the present analysis), and (6) available
CMML Prognostic Scoring System (CPSS) risk category22 at
CMML diagnosis (flowchart in supplemental Figure 1). The time

of closure for the ICD and EBMT datasets were June 2014 and
October 2019, respectively.

Definitions
CMML patients were stratified into myelodysplastic (CMML-MD)
and myeloproliferative subsets based on the WHO cutoff of
white blood cell . 13 3 109/L.21 Cytogenetic risk was classified
as previously published.23 CPSS risk was calculated according to
Such et al.22 Patients with low and intermediate-1 CPSS risk
were grouped into the lower-risk category, and the remainder
(CPSS intermediate-2 and high) in the higher-risk category. HLA
matching was classified according to HLA allele high resolution
on 10 antigens, and conditioning regimen intensity is defined as
previously reported.24,25

Multistate models
We used multistate models to study the survival before and
after allo-HCT and transformation to AML.26 The model
includes the following states: diagnosis, AML, transplantation
before transformation to AML, transplantation after transfor-
mation to AML, and death (distinguishing between death
before and after AML transformation and allo-HCT but irre-
spective of precise cause of death). The models were used to
predict probabilities for reference patients with specific com-
binations of baseline covariates. All patients start in the
“Diagnosis” state. A patient remains in the current state until
one of the modeled events (transformation to AML, allo-HCT,
or death) occurs. Depending on the current state, a patient is
at risk for subsequent events indicated by arrows from the
current state (supplemental Figure 2). At the end of their
follow-up, patients who have not reached an absorbing state
(death) are censored for all transitions they are at risk for. At
the time of an event, a patient transits from the current state
to the new state depending on the event and remains there
until a subsequent event or censoring occurs. We developed
time inhomogeneous Markov multistate models, meaning
that the hazard of transition from one state to another does
not depend on the time spent in the current state but only on
the current state and the time since diagnosis and that it is
nonconstant. The effect of age and sex on the hazard of each
transition is modeled using a semiparametric Cox propor-
tional hazards model. Schoenfeld residuals are used to
test for violations of the proportional hazards assumption.
The relative differences are expressed in terms of hazard
ratios (HRs).

Similar to predicting survival for a patient with certain risk fac-
tors from a Cox proportional hazards model, using multistate
models, we can estimate the probability of a patient being in a
certain state at a point in time, conditional on being in (possi-
bly) another state at the time the prediction is made.26,27 The
advantage of multistate models is that they can take competing
risks and series of events into account.28 By default, predictions
are made from time 0, when all patients are in the initial state
(diagnosis), but the time of the prediction (the landmark time)
can be varied just as the state from which the prediction is
made. For example, when a patient comes for a follow-up visit,
the prognosis can be updated using the information that the
patient has developed transformation to AML, which is referred
to as dynamic prediction.29 Alternatively, dynamic prediction
can be used to study different scenarios on whether or when to

Table 1. Patient characteristics and main events

ICD cohort
(n 5 730)

EBMT cohort
(n 5 384)

Year of diagnosis 2008 (2004-2010) 2011 (2008-2013)

Age at diagnosis, years 64.0 (58.8-67.8) 57.3 (51.0-61.9)

Sex

Male 508 (69.6) 266 (69.3)

Female 222 (30.4) 118 (30.7)

FAB subsets

CMML-MD 348 (47.7) 173 (45)

CMML-MP 382 (52.3) 211 (55)

WHO category*

CMML-1 582 (79.7) 238 (62)

CMML-2 148 (20.3) 146 (38)

Hemoglobin level

$10 gr/dl 472 (64.7) 235 (61.2)

,10 gr/dl 258 (35.3) 149 (38.8)

Cytogenetic risk†

Low 498 (68.2) 264 (68.7)

Intermediate 113 (15.5) 46 (12.0)

High 119 (16.3) 74 (19.3)

CPSS risk‡

Low 159 (21.8) 61 (15.9)

Intermediate-1 227 (31.1) 116 (30.2)

Intermediate-2 286 (39.2) 162 (42.2)

High 58 (7.9) 45 (11.7)

Follow-up duration from
diagnosis, months
(median, 95% CI)

51.06
(47.34-56.77)

78.03
(67.61-84.07)

Underwent allo-HCT 98 (13.4) 384 (100)

Transformation to AML
before allo-HCT

33 (33.7)§ 78 (20.3)

Data are presented as median with interquartile range unless otherwise specified,
or numbers and percentages.

CMML-MP, CMML-myeloproliferative; FAB, French-American-British.

*According to Vardiman et al.21

†According to Such et al.23

‡According to Such et al.22

§Percentage of transplanted patients.
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transplant a patient by comparing the 5-year OS probability for
a patient who, 1 year after diagnosis, is still in the diagnosis
state vs a patient in the transplantation state. Note that
although both example patients are conditioned on being alive
1 year after diagnosis, we would be comparing survival of
patients not transplanted yet with the survival of patients who
have undergone transplantation within the first year after diag-
nosis and have not died between allo-HCT and 1 year.

The model includes the following states: diagnosis, AML,
transplantation before transformation to AML, transplantation
after transformation to AML, and death. Based on the cumu-
lative hazard plots, it was justified to assume that the transi-
tions from diagnosis or AML to death, from diagnosis or AML
to allo-HCT, and from allo-HCT (with and without prior trans-
formation to AML) to death are all proportional and thus
share the same baseline hazard functions. Age and sex
effects were estimated in transition-specific Cox models. To
avoid violation of the proportional hazards (PH) assumption,
we fit the multistate model separately in the 2 CPSS risk
groups.

Other statistical analyses
Unless otherwise specified, all survival times were measured
starting at the date of CMML diagnosis, and ICD and EBMT reg-
istries were merged. To prevent selection bias, EBMT patients
were included at the time of transplantation, with left truncation
of pretransplant survival. Because the ICD included European
centers that may have accrued transplanted patients to the
EBMT registry, ICD transplanted patients were censored at the
time of allo-HCT. Transplanted patients from ICD were used to
estimate the probability to be transplanted but were not used
to analyze posttransplant outcome. Hence, we assume that the
pretransplant and posttransplant disease course can only be
inferred from the ICD and the EBMT registry, respectively.

Median follow-up was calculated using the reverse Kaplan-
Meier method.30 Survival probabilities were estimated using
the Kaplan-Meier method. The log-rank test was used to
compare the survival between CPSS risk groups. Cumulative
incidences of AML transformation and allo-HCT were estimated
in a competing-risks framework, also considering death (irre-
spective of cause) as competing event. The cumulative inci-
dence of allo-HCT after AML transformation was calculated in a
new competing-risks model with death as competing event,
where the time was set to 0 at the time of AML transformation.

We used Simon-Makuch curves to visualize the (hypothetical)
effect of undergoing transplantation immediately after diagnosis
by CPSS risk group31 and tested with the Mantel-Byar method.32

We modeled the effect of transplantation on OS in a Cox pro-
portional hazards model allowing different baseline hazards for
the 2 CPSS risk groups. The model was adjusted for age and
sex. Transformation to AML and allo-HCT were included as
time-dependent covariates, and both main effects and interac-
tions were estimated separately in the 2 risk groups. Schoenfeld
residuals were used to investigate possible violations of the PH
assumption. Because allo-HCT violated the PH assumption due
to different prognostic impact in the longer vs shorter term, dif-
ferent HRs were estimated for the first 2 years after allo-HCT
(to give an average short-/midterm effect) and the later period
(2 years after allo-HCT and beyond). All analyses were
performed in R version 3.6.2, using packages “survival,”
“prodlim,” and “mstate.”27

Results
Patient characteristics
In total, 730 patients from ICD and 384 EBMT patients were
included in the analysis (supplemental Figure 1). Median year of
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Figure 1. Simon-Makuch survival curves according to CMML risk group. Simon-Makuch survival curves representing the effect of transplantation for the hypothetical
scenario where all patients are transplanted immediately after diagnosis vs never transplanted according to the CMML risk group. Lower risk: CPSS low or
intermediate-1; higher risk: CPSS intermediate-2 or high. P values from Mantel-Byar tests.
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diagnosis was 2008 for ICD patients and 2011 for EBMT
patients (Table 1). Patients from the ICD were older (median,
64 [ICD] vs 57 [EBMT] years). Most patients were male (69.6%
and 69.3% in the ICD and EBMT registry, respectively). The
proportion of patients with CMML-MD (ICD, 47.7%; EBMT,
45.1%) and with low cytogenetic risk (ICD, 68.2%; EBMT,
68.8%) was similar in the 2 cohorts. CPSS risk at diagnosis
was lower and higher in 386 (52.9%) and in 344 (47.1%) ICD
patients, respectively; 177 (46.1%) and 207 (53.4%) EBMT
patients had lower and higher CPSS risk at diagnosis, respec-
tively. At the time of allo-HCT, 50 of 312 (16%) evaluable
EBMT patients had bone marrow blasts $10%, whereas 121
of 170 evaluable patients (71.2%) with ,10% bone marrow
blasts had either red blood cell or platelet transfusion depen-
dence. Of the 78 EBMT patients having transformed to AML
before allo-HCT, 40 (51.3%) had achieved complete remission
before allo-HCT. Reassessment of CPSS at the time of allo-
HCT was only available in 172 (44.8%) EBMT patients
(detailed in supplemental Table 2) and thus could not be
accounted for. In the EBMT cohort, 140 patients (36.8%) were

transplanted with an HLA-matched sibling donor, 21 (5.5%)
with an HLA-mismatched related donor, 144 (37.9%) with an
HLA-matched unrelated donor, 59 (15.5%) with an HLA-
mismatched unrelated donor, 16 (4.2%) were transplanted
with an unrelated donor without HLA information, and
information was missing for 4 (0.1%) patients (supplemental
Table 1).

Main events
Median follow-up from diagnosis was 51 months in ICD and
78 months in EBMT cohort (Table 1). Ninety-eight (13.4%)
ICD patients were transplanted, of whom 33 were trans-
formed into AML before allo-HCT. Transformation to AML
before allo-HCT occurred in 78 (20.3%) EBMT patients. In
the ICD cohort (censored at allo-HCT), the 5-year cumulative
incidences of AML were 22% (95% confidence interval [CI],
17% to 27%) and 36% (95% CI, 30% to 41%) in lower
and higher CMML-risk patients, respectively (supplemental
Figure 3).

Table 2. Transition-specific covariate effect estimates in the multistate model according to CMML risk at diagnosis

Covariates Transition

Lower-risk CMML Higher-risk CMML

HR (95% CI) P HR (95% CI) P

AML vs diagnosis state To death 4.99 (3.23-7.72) ,.001 3.60 (2.51-5.16) ,.001

Allo-HCT from AML vs from
diagnosis

To death 1.49 (0.86-2.59) .159 1.19 (0.68-2.07) .547

AML vs diagnosis state To allo- HCT 8.34 (3.97-17.50) ,.001 5.48 (2.60-11.52) ,.001

Female vs male Diagnosis to AML 0.78 (0.46-1.33) .367 0.72 (0.47-1.11) .135

Age at diagnosis* Diagnosis to AML 1.07 (0.77-1.49) .683 0.79 (0.66-0.94) .008

Female vs male Diagnosis to allo-HCT 1.11 (0.55-2.24) .766 1.40 (0.68-2.89) .359

Age at diagnosis* Diagnosis to allo-HCT 0.47 (0.35-0.64) ,.001 0.60 (0.45-0.78) ,.001

Female vs male Diagnosis to death 0.69 (0.45-1.05) .082 0.73 (0.51-1.06) .099

Age at diagnosis* Diagnosis to death 1.14 (0.87-1.48) .347 1.29 (1.01-1.64) .045

Female vs male AML to allo-HCT 0.44 (0.10-1.97) .280 0.90 (0.32-2.53) .844

Age at diagnosis* AML to allo-HCT 0.64 (0.40-1.02) .058 0.72 (0.51-1.01) .056

Female vs male AML to death 0.74 (0.37-1.46) .383 0.87 (0.52-1.44) .583

Age at diagnosis* AML to death 1.15 (0.77-1.70) .494 1.16 (0.88-1.52) .289

Female vs male Allo-HCT (prior to AML) to
death

0.55 (0.33-0.93) .025 1.24 (0.85-1.87) .317

Age at diagnosis* Allo-HCT (prior to AML) to
death

1.17 (0.87-1.58) .304 1.05 (0.87-1.26) .625

Female vs male Allo-HCT (post-AML) to death 0.54 (0.17-1.64) .274 0.83 (0.31-2.22) .708

Age at diagnosis* Allo-HCT (post-AML) to death 1.83 (0.74-4.52) .192 1.09 (0.67-1.79) .729

Because some pairs of transitions were assumed to be proportional, they share the same baseline hazard function. The relative difference of the hazards, within a pair, is expressed
in terms of hazard ratio. For example, the hazard of death (without/before transplantation) after transformation to AML for lower-risk patients is estimated to be 5 times as high as
the hazard of death without transformation to AML. Similarly, an effect of transformation to AML was estimated on the hazard of transplantation and the hazard of death after
transplantation. Additionally, transition-specific age and sex effects were modeled. The same multistate model was estimated separately in lower- and higher-risk CMML patients as
CPSS risk violated the proportional hazards assumption.

*Age by unit of 10 years.
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In the ICD, 5-year OS from diagnosis was 40% (95% CI, 34-47)
in lower-risk patients and 20% (95% CI, 15% to 25%) in higher
risk (supplemental Figure 4). Five-year OS from transplantation
was similar in EBMT patients with lower-risk CMML (5-year
OS, 33%; 95% CI, 25-41) and those with higher risk at

diagnosis (5-year OS, 33%; 95% CI, 24-40; P 5 .76, supple-
mental Figure 5). Of note, there was no significant difference
in posttransplant OS between patients transplanted from an
HLA-matched donor and those transplanted with other donor
types (P 5 .22, supplemental Figure 6) and between those
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Figure 2. Transition probabilities in a 60-year-old male patient. Transition probabilities predicted from the multistate model for 60-year-old male patients in (A) the
lower-risk CMML group and (B) the higher-risk CMML group. At each point in time, the distance between 2 adjacent curves represents the probability of being in the
corresponding state. The probability of being in an intermediate state can both increase and decrease over time, whereas the probability of absorbing (death) states can
only increase over time. Additionally, the order of the states is such that the figure shows predicted OS curves: the sum of the probabilities of being in the states diagnosis,
transformation to AML (AML), and treatment with allogeneic stem cell transplantation before AML (w/o AML) and after AML (after AML) transformation to AML, indicated
by the red line, equals the probability of being alive (ie, OS). Similar transition probabilities for 60-years-old females are provided in supplemental Figure 8. w/o, without.
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transplanted after a standard- or a reduced-intensity condi-
tioning regiment (P 5 .6, supplemental Figure 7).

Univariable analysis of the impact of allo-HCT
To analyze the impact of allo-HCT according to CPSS risk, we
first considered allo-HCT as a time-dependent parameter in the
global cohort, where pretransplant data are left-truncated in
EBMT patients and posttransplant censored in ICD patients.
Figure 1 presents Simon-Makuch curves for OS after allo-HCT
according to risk category determined at CMML diagnosis.
Lower-risk patients had a 5-year OS of 20% (95% CI, 12% to
33%) with allo-HCT vs 42% (95% CI, 35% to 49%) without allo-
HCT (Mantel-Byar P , .001). In higher-risk patients, 5-year OS
was 27% (95% CI, 21% to 34%) with allo-HCT vs 15% (95% CI,
11% to 22%) without allo-HCT (Mantel-Byar P 5 .13, Figure 1).

Of note, patients alive 24 months after a diagnosis of lower-risk
CMML and transplanted within this time frame were significantly
younger than those alive 24 months after diagnosis without
allo-HCT (transplanted n 5 79, median age 57.7 years vs

nontransplanted n 5 200, median age 64 years; P , .001), but
these 2 patients populations were otherwise comparable at
CMML diagnosis in terms of gender, WHO category, French-
American-British subset, hemoglobin level, and cytogenetic risk
(all P ..05, supplemental Table 3).

Multistate models
Multistate models were next used to estimate the potential
advantage of allo-HCT when performed at different times from
diagnosis. Supplemental Figure 2 shows the multistate model
structure along with data used to estimate each transition. The
ICD cohort was used to inform the course of the disease until
allo-HCT, including probability to be transplanted or death
before allo-HCT. EBMT data were used to estimate the transi-
tions from transplant to death. Transition-specific covariate effect
estimates are available in Table 2, where hazard ratios indicate
the relative risk of transitioning to a given state (AML transforma-
tion, allo-HCT, or death) according to current state (diagnosis,
AML transformation, or allo-HCT), age (as a continuous variable),
and sex. The same multistate model was estimated separately in
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Figure 3. Change in 5-year OS probabilities with allo-HCT prior to AML transformation, compared with no allo-HCT, derived from the multistate models with
landmarks by 6 months from diagnosis to 24 months. The multistate model was used to predict 5-year OS for reference patients defined by patient sex, age at
diagnosis, and CPSS risk group at diagnosis in (A) 40-year-old, (B) 50-year-old, (C) 60-year-old, and (D) 70-year-old patients, respectively, for landmark times 6, 12, 18,
and 24 months since diagnosis (x-axis). Predictions are conditional on surviving without transformation to AML until the landmark time. At each landmark time,
the difference between the 5-year OS predicted for patients who have undergone allo-HCT without prior transformation to AML at any time between diagnosis and
the landmark time and that of patients who have not transformed to AML and have not been transplanted (yet) is displayed in the y-axis. Positive values indicate
advantage of undergoing allo-HCT, and negative values suggest that not-transplanted patients have better prognosis.

1414 blood® 22 SEPTEMBER 2022 | VOLUME 140, NUMBER 12 ROBIN et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/12/1408/1921377/bloodbld2021015173.pdf by guest on 04 M

ay 2024



lower- and higher-risk CMML patients because CMML risk vio-
lated the proportional hazards assumption. These estimates can
then be used to predict the probability for a given reference
patient to be in each state at different time points, as exempli-
fied for a 60-years-old male (Figure 2) or female (supplemental
Figure 8) patient by CPSS risk group.

Expectedly, most patients moved from diagnosis to another
state (death, AML, allo-HCT) during follow-up. The transition
probabilities from diagnosis to AML and to death were lower
in patients with lower-risk CMML at diagnosis than those with
higher risk, older patients had a higher risk of AML, AML
transformation increased the risk of dying, and most patients
died without undergoing allo-HCT. Figure 3 shows the
model-based benefit or loss of OS provided by performing
allo-HCT before transformation to AML for different reference
patients characterized by age, sex, and CPSS risk, conditional
on performing transplantation (and surviving) within the first 6,
12, 18, or 24 months from diagnosis. Performing allo-HCT
was always detrimental in patients with lower-risk disease at
diagnosis, regardless of age, sex, and interval between diag-
nosis and transplantation. The survival benefit of allo-HCT in
CMML patients with higher-risk disease at diagnosis was

mostly confined to men, without clear survival gain or loss in
women, except women 60 years or older transplanted and
alive 18 months after diagnosis or later. A similar modeling
analysis was applied to estimate the change in OS in patients
receiving allo-HCT after AML transformation (supplemental
Figure 9). Performing allo-HCT in this context always provided
a survival advantage, regardless of age, sex, and disease risk
at CMML diagnosis.

Multivariable Cox models for survival
The potential advantage of allo-HCT was further studied in Cox
models considering allo-HCT and transformation to AML as
time-dependent covariates and adjusting for CPSS risk at diag-
nosis, age (as a continuous variable), and sex. Consistent with
the multistate model, older age and male sex were significantly
associated with a higher risk of mortality (Table 3). In lower-risk
patients, performing allo-HCT before transformation to AML sig-
nificantly increased the risk of death in the first 2 years after allo-
HCT (HR, 3.19; 95% CI, 2.30-4.42; P , .001), without providing
a significant long-term benefit beyond this time point (HR, 0.98;
95% CI, 0.58-1.64; P 5 .92). In higher-risk patients, allo-HCT
performed before transformation was detrimental within 2 years
from allo-HCT (HR, 1.46; 95% CI, 1.09-1.96; P 5 .01), with a
nonsignificant trend toward survival benefit beyond 2 years (HR,
0.60; 95% CI, 0.34-1.08; P 5 .09). Comparatively, the overall
benefit of allo-HCT was much clearer in patients transplanted
after transforming to AML, regardless of their CPSS risk category
at CMML diagnosis (Table 3). Focusing on patients transplanted
with matched related or unrelated donors led to similar results
(supplemental Table 4). When inspecting each disease-related
parameter included in the CPSS (white blood cell count, anemia,
bone marrow blast count, and cytogenetic risk), none of these
CPSS components identified by itself a subset of patients with
unequivocal survival benefit of allo-HCT (ie, lack of significant
OS loss in the first 2 years after allo-HCT) and significant OS
benefit after 2 years (supplemental Table 5).

Discussion
In this large-scale study combining 2 CMML registry cohorts, we
report that transplanting patients diagnosed with lower-risk
disease is detrimental. Univariable and multivariable time-
dependent analyses found a nonsignificant trend for improved
OS in higher-risk patients. According to our multistate model,
men with higher-risk CMML benefit from allo-HCT regardless of
its timing, whereas a survival benefit with allo-HCT is restricted
to women 60 years or older when transplant is delayed. Finally,
allo-HCT is always beneficial in patients having transformed
to AML.

A recent German multicenter study retrospectively comparing
the outcome of 119 transplanted patients to that of 142 non-
transplanted patients, adjusting for age, found a clear survival
benefit for allo-HCT in higher-risk patients but not in lower-risk
patients.33 Another single-center study of 70 transplanted
patients matched 1-to-1 with nontransplanted patients to adjust
for age and CMML risk suggested an OS benefit with allo-
HCT.34

Compared with prior reports, our study accounted for the
time-dependent impact of allo-HCT on survival and the

Table 3. Multivariable analysis of OS

Hazard
ratio (95% CI) P

Patient sex: female
vs male

.80 (0.67-0.96) .017

Age at diagnosis* .12 (1.02-1.24) .023

Lower-risk patients

Td AML .14 (3.63-7.28) ,.001

Td allo-HCT (without
AML): 0-2 y

.19 (2.30-4.42) ,.001

Td allo-HCT (without
AML): .2 y

.98 (0.58-1.64) .924

Td allo-HCT (after
AML): 0-2 y

.89 (0.53-1.50) .675

Td allo-HCT (after
AML): 21 y

.20 (0.0.07-0.56) .002

Higher-risk patients

Td AML .68 (2.74-4.92) ,.001

Td allo-HCT (without
AML): 0-2 y

.46 (1.09-1.96) .012

Td allo-HCT (without
AML): 21 y

.60 (0.34-1.08) .089

Td allo-HCT (after
AML): 0-2 y

.45 (0.28-0.73) .001

Td allo-HCT (after
AML): 21 y

.08 (0.0.02-0.33) .001

Effect estimates from multivariable Cox proportional hazards model allowing different
baseline hazards for lower and higher CPSS risk groups. The model was adjusted for
age and sex. Transformation to AML and transplantation were included as time-
dependent (Td) covariates. To overcome violations of the proportional hazards
assumption, the effect of allo-HCT was split into an average short-/midterm effect
covering the first 2 years after transplantation and an average long-term effect
covering the period beyond 2 years after allo-HCT. The latter is estimated in patients
who are alive at 2 years since allo-HCT

*Unit 10 years

TIMING OF ALLO-HCT IN CMML blood® 22 SEPTEMBER 2022 | VOLUME 140, NUMBER 12 1415

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/12/1408/1921377/bloodbld2021015173.pdf by guest on 04 M

ay 2024



selection process from diagnosis to allo-HCT. We studied the
impact of allo-HCT by using univariable Simon-Makuch and
multivariable Cox models considering allo-HCT and transfor-
mation to AML as time-dependent covariates. This approach
allows to account for the exact timing of allo-HCT. However,
Cox models only yield relative (HR) rather than absolute
(survival probabilities) risk estimations. This limitation was
overcome by a multistate model, a method ideally suited to
study the impact of postdiagnosis events and interventions
and thus already applied to analyze outcome after allo-
HCT,28,35 including in MDS.13,14,36-38 Our multistate model
further expands on those reports by allowing flexible, time-
dependent hazards. Overall, these methods limit the biases
inherent to retrospective comparisons of transplanted vs non-
transplanted patients.33,34

Results from our models must nevertheless be interpreted
with caution. For instance, the large survival benefit associ-
ated with allo-HCT in patients having transformed to AML
could reflect the selection of patients achieving remission
prior to allo-HCT and the known high mortality of AML sec-
ondary to CMML39 and thus the fact that the only survivors
are those who received an allogeneic transplantation, even
though few patients could receive an allo-HCT in this situa-
tion. As we and others have reported, the long-term survival
of patients who transformed from myeloproliferative disease
remains poor and should encourage transplantation before
transformation.40,41

While EBMT patients are prospectively accrued from the date of
transplantation, the ICD is a retrospective registry from diagno-
sis.5,9 Consequently, the ICD may underestimate mortality rate
(alive patients may have been more frequently reported) and
EBMT misses patients planned for transplantation but never
receiving it. ICD and EBMT recruited patients from different cen-
ters, even if some were overlapping. We adjusted our analysis
on the main prognostic factors to balance the potential differ-
ences between both registries. Because a proportion of ICD
patients received allo-HCT, we could estimate the probability to
be transplanted, in contrast to studies comparing transplant and
nontransplant cohort, where the transplant eligibility of patients
in the nontransplant cohort is often unknown.

Our study used CPSS to stratify patients at diagnosis because it
relies on broadly available parameters, including cytogenetics,
and has been externally validated.22 Though several other
clinical prognostic models have been applied to CMML,4,42-46

none has shown superiority over CPSS.5 Future studies including
comorbidity indexes, splenomegaly, and other extramedullary
disease, as well as somatic mutations, which were available only
in a small minority of transplanted patients in the present study,
may delineate CMML subsets benefiting from allo-HCT.2,3,47-49

Conversely, neither donor type nor conditioning regimen inten-
sity impacted posttransplant survival overall, and these variables
were thus not accounted for in our models. Further studies will
be required to explore the potential survival with matched
donors in lower-risk patients or of haplo-identical donors in
higher-risk cases. The latter could not be captured over the time
period (2000-2014) of the present study.

The expected under-representation of females in our cohort
makes estimation of allo-HCT benefit less precise in this

population. Moreover, the overall better outcome of females,
regardless of allo-HCT, may account for the less-robust benefit
of allo-HCT noted in females compared with males in our study.
Differences in comorbidities, pathogenesis, and response to
nontransplant therapies may also have contributed to this differ-
ential effect.50,51

Repeated assessment of disease risk during follow-up, prior
to transplantation or transformation to AML, would certainly
have refined both time-dependent Cox models and multi-
state modeling. The limited data available in the EBMT
cohort suggest that a third of lower-risk patients were
referred to transplantation because of progression to higher
risk. However, aside from younger age (accounted for in mul-
tistate and multivariable models), baseline disease character-
istics seemed comparable in transplanted vs nontransplanted
lower-risk disease. Future studies accounting for progression
to higher-risk disease before allo-HCT and not only transfor-
mation to AML may refine this analysis, though contrary to
several MDS prognostic systems,52,53 the dynamic use (ie,
after diagnosis) of CPSS or other CMML prognostic models
has yet to be validated. Conversely, patients with higher-risk
disease may have received treatments before undergoing
transplantation. Although nontransplant therapies have yet to
show robust disease-modifying potential in CMML, future
studies will need to account for the dynamic landscape of
these options.18,19

Our analyses highlighted the increased risk of death within
the first 2 years posttransplant. Such biphasic posttransplant
mortality has notably been reported in MDS and attributed to
transplant-related mortality caused by early complications,
including graft rejection, acute graft-versus-host disease,
infection, and organ failures in registries and in prospective
studies.14,17,54 Ongoing progresses in the management of
these complications may decrease this early mortality and
nuance our conclusions.15,16,55,56 Future studies should also
consider extensive chronic graft-versus-host disease in multi-
variable Cox and multistate models to account for quality of
life after allo-HCT.57

Overall, our study supports current recommendations, largely
based on expert opinion and previous MDS studies,14,36,37 to
defer allo-HCT in lower-risk patients and consider it carefully in
those with higher-risk disease.58 Any other practice modification
should be undertaken in the context of a clinical trial.
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