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Abstract
Clofarabine is an active antileukemic drug for subgroups of patients with acute 
myeloid leukemia (AML). Multi-state models can provide additional insights 
to supplement the original intention-to-treat analysis of randomized controlled 
trials (RCT). We re-analyzed the HOVON102/SAKK30/09 phase III RCT for 
newly diagnosed AML patients, which randomized between standard induction 
chemotherapy with or without clofarabine. Using multi-state models, we evalu-
ated the effects of induction chemotherapy outcomes (complete remission [CR], 
measurable residual disease [MRD]), and post-remission therapy with allogeneic 
stem cell transplantation [alloSCT] on relapse and death. Through the latter a 
consistent reduction in the hazard of relapse in the clofarabine arm compared 
to the standard arm was found, which occurred irrespective of MRD status or 
post-remission treatment with alloSCT, demonstrating a strong and persistent 
antileukemic effect of clofarabine. During the time period between achieving CR 
and possible post-remission treatment with alloSCT, non-relapse mortality was 
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1   |   INTRODUCTION

Active antileukemic activity by clofarabine has been 
demonstrated in acute myeloid leukemia (AML) pa-
tients, but its impact on long-term survival has been 
less clear.1-13  We recently reported the results of a pro-
spective randomized phase III trial (HOVON102AML/
SAKK30/09), showing that clofarabine reduces relapse 
rates and may improve event-free survival (EFS), the lat-
ter being restricted to the subgroup of intermediate risk 
AML patients.10 Our study and other phase III studies 
in cancer often select long-term survival endpoints such 
as EFS or overall survival (OS) for the primary efficacy 
analysis. However, long-term clinical outcomes are de-
termined by series of treatments rather than only the 
treatment given at onset. For example, the application of 
different post-remission treatments in AML may hamper 
a straightforward evaluation of drugs used in induction 
treatment.9  Moreover, post-remission treatment is con-
sidered based on the risk of relapse determined by the 
genetic profile of the AML and presence of measurable re-
sidual disease (MRD), and counterbalancing non-relapse 
mortality (NRM) risk, which further complicates the anal-
ysis.14-16  Therefore, to disentangle the effects of various 
treatments, more advanced statistical methodology are 
needed.1-3

Intention-to-treat (ITT) analysis is the gold standard 
in randomized controlled clinical trials (RCT) since it 
provides a valid overall evaluation of the efficacy of a 
treatment regimen. However, ITT does not consider any 
intermediate events––either treatments or clinical events, 
such as achievement of MRD. Several standard survival 
analysis methods are available that attempt to take time-
dependent treatments into account: (a) censoring sur-
vival outcomes at the time of treatment initiation; (b) 
using treatment initiation as a time-dependent covariate 
in a Cox regression model; (c) landmarking, where the 
groups (with or without treatment) are defined based on 
the treatment allocation before the landmark time; but 
they all have considerable limitations. Multi-state models 
have been introduced several decades ago but have gained 

increased interest recently. These models put long-term 
survival outcomes and intermediate outcomes and treat-
ments into one framework, which allows to evaluate the 
effect of a sequence of events on the long-term outcomes. 
Therefore, we set out to re-analyze relapse and death in 
a recent HOVON102/SAKK30/09 study evaluating clofa-
rabine as induction treatment in AML, by taking the out-
comes of remission-induction therapy and post-remission 
treatment with allogeneic stem cell transplantation (allo-
SCT) into account.

The re-analysis of a recently published RCT using the 
multi-state methodology showed that clofarabine exerts 
a strong antileukemic effect irrespective of MRD status 
and post-remission treatment with alloSCT, which trans-
lates into improved current leukemia-free survival (CLFS) 
as a novel composite endpoint for the group of patients 
randomized to clofarabine. With this type of additional 
analysis, we demonstrate that multi-state models comple-
ment standard survival analysis methods and can be used 
to study the contributions of consecutive and competing 
events to standard and new composite survival outcomes.

2   |   METHODS

2.1  |  Study protocol and subjects

The HOVON102AML/SAKK30/09  study included pa-
tients with newly diagnosed AML and high-risk myelod-
ysplastic syndrome (refractory anemia with excess blasts 
with International Prognostic Scoring Scale ≥1.5), aged be-
tween 18 and 65 years. Patients were randomized between 
two cycles of standard remission-induction chemotherapy 
with or without clofarabine. Here, we included all eligible 
patients randomized between the standard arm and the 
experimental arm with clofarabine 10  mg/m2. Patients 
achieving CR within two remission-induction cycles re-
ceived post-remission treatment with either a third cycle 
of chemotherapy, or high-dose chemotherapy followed by 
autologous stem cell transplantation or an alloSCT, as de-
scribed previously.10

higher in patients receiving clofarabine. An overall net benefit of treatment with 
clofarabine was identified using the composite endpoint current leukemia-free 
survival (CLFS). In conclusion, these results enforce and extend the earlier re-
ported beneficial effect of clofarabine in AML and show that multi-state models 
further detail the effect of treatment on competing and series of events.

K E Y W O R D S

AML, clofarabine, current leukemia-free survival, HSCT, multi-state model, RCT



632  |      BAKUNINA et al.

2.2  |  Definitions

The definition of CR was modified from the International 
Working Group Criteria.10,17  MRD was assessed after two 
cycles of induction chemotherapy, or after the first cycle if 
no sample was available after the second cycle. MRD was 
assessed by flow cytometry and considered negative (MRD-) 
if the leukemia-associated immunophenotype was detected 
in less than 0.1% in the white blood cell compartment as 
validated previously.18 AlloSCT was considered as an event 
irrespective of timing of the transplant as long as the patient 
had not relapsed before alloSCT (in 1st remission). Relapse 
was defined according to the criteria described in the study 
protocol.10 Death from all causes was considered. All mor-
tality occurring after relapse is denoted as relapse mortal-
ity (RM). All other deaths occurring before/without relapse, 
and including deaths due to lack of response/progressive 
disease after induction therapy, are denoted as NRM.

We defined the outcome measure of CLFS as being alive in 
CR before alloSCT (state “CR” meaning in CR after induction 
treatment followed by a post-remission therapy other than al-
loSCT (if any)) or relapse-free after alloSCT (state “AlloSCT” 
[adapted from the original definition by Klein et al.19]). In con-
trast to standard survival endpoints where the probability can 
only decrease over time due to failures, CLFS probability is 0 
at time =0, and increases over time with entry events (CR or 
alloSCT) and decreases due to exit events (relapse or death).

2.3  |  Statistical analyses

Time was measured from randomization in all analyses, 
and patients were analyzed according to the treatment 

arm they were randomized to. For consistency with the 
primary publication,10 patients who were considered 
ineligible at hindsight were excluded from all analyses. 
In order to study the difference in relapse and death 
between the treatment arms before and after alloSCT 
(in 1st remission), we used the multi-state model struc-
ture presented in Figure 1.20,21 All patients start in the 
“Randomization” state. A patient remains in the cur-
rent state until one of the modelled events CR, alloSCT 
(in 1st remission), relapse, or death occurs. We devel-
oped time in-homogeneous Markov multi-state models 
meaning that the hazard of transition from one state to 
another does not depend on the time spent in the cur-
rent state, but only on the current state and the time 
since randomization. The effect of the treatment arm on 
the hazard of each transition is modelled using a semi-
parametric Cox proportional hazards model. Schoenfeld 
residuals were used to test for violations of the pro-
portional hazards assumption. The relative differences 
between the treatment arms are expressed in terms of 
hazard ratios (HR).

Subgroup analysis was performed by separately es-
timating the same semi-parametric multi-state model 
in each of the four subgroups defined by European 
LeukemiaNet (ELN) 2010 risk classification.22

For the purpose of studying the role of MRD status, we 
built a separate model where the “CR” state was split into 
three MRD states: MRD-, MRD+, and MRD-unknown 
(MRDunk).

Additional specification of the statistical analyses is 
provided in the supplement.

All analyses were performed in R, version 3.6.0, using 
the packages “survival” and “mstate”.21,23

F I G U R E  1   Multi-state model: Each event of interest is represented as a separate state. All patients start in the state “Randomization” at 
time 0. The arrows depict all possible transitions a patient is at risk for. The preceding state is denoted in brackets. A patient remains in the 
current state until the next event occurs or censoring (at the end of follow-up) occurs. “NRM” and “RM” states are absorbing, meaning that 
no further transitions are possible once a patient enters any of these states. Event counts per treatment arm “clofarabine/ standard” are listed 
for each transition. CLFS is defined as the sum of the probabilities of being in state “CR” or “AlloSCT” at a given point in time. AlloSCT, 
allogeneic stem cell transplantation; CR, complete remission; NRM, non-relapse mortality; RM, relapse mortality (all mortality taking place 
after relapse).
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3   |   RESULTS

3.1  |  Patient cohort

Between 25 February 2010 and 28 September 2013, 412 
patients were randomized to the standard arm and 413 
to the clofarabine arm. In total 30 patients (10 in the 
standard arm and 20 in the experimental arm) were 
considered ineligible at hindsight and were excluded, 
leaving 795 patients for the analyses. Study population, 
treatment, and standard clinical outcomes were previ-
ously reported.10

At data lock on 24 May 2019 the median follow-up was 
72 months (range 10–108 months), 18 patients were lost to 
follow-up, and 216 patients in the clofarabine arm and 242 
patients in the standard arm had died. The CR rates within 
6 months did not differ between the treatment arms (87% 
in the clofarabine arm vs. 85% in the standard arm). The 
median time to post-remission therapy with alloSCT was 
3.9 months since randomization (interquartile range 3.2–
4.8 months). A total of 176 (45%) patients in the clofara-
bine arm received alloSCT versus 184 (46%) patients in the 
standard arm.

3.2  |  Multi-state model

Longer follow-up data yield similar results for the pri-
mary study endpoint as reported in the original publi-
cation10 with no sufficient evidence for an OS (HR 0.91, 
95% confidence interval [CI] 0.76–1.10, p  =  0.34, sup-
plemental Figure S1), or an EFS (HR 0.85, 95% CI 0.72–
1.02, p = 0.08, Figure 2A) benefit in patients treated with 
clofarabine. Cumulative incidence curves of relapse and 
NRM are presented in the supplemental Figure  S2. We 
built the multi-state model in Figure  1, which distin-
guishes between relapse in patients who did and did not 
receive alloSCT (in 1st remission), to further investigate 
the previously reported reduced hazard of relapse in the 
clofarabine arm.10 We found that clofarabine compared to 
standard treatment is associated with lower risk of relapse 
after achievement of CR and possible post-remission treat-
ment: HR 0.67 (95% CI 0.47–0.95, p = 0.02) for recipients 
of alloSCT and HR 0.78 (95% CI 0.57–1.08, p = 0.14) for 
patients not receiving alloSCT. Hazard ratios of the clofar-
abine arm versus standard arm for all transitions are pre-
sented in supplemental Table S1. There was no evidence 
for violations of the proportional hazards assumption.

The multi-state model distinguishes between NRM be-
fore achievement of CR (state “NRM (no CR)”), after CR 
(state “NRM (CR)”), and after post-remission treatment 
with alloSCT (state “NRM (AlloSCT)”). We compared the 
relative difference in the incidence of these three types of 

NRM between the treatment arms (Table S1), and found 
that the main contributor to the previously reported over-
all higher incidence of NRM in the clofarabine arm versus 
the standard arm is NRM before post-remission treatment 
with alloSCT (state “NRM (CR)” in Figure  3, HR 2.02, 
95% CI 1.21–3.37, p = 0.01).10 The causes of death for pa-
tients in each of the three NRM states are summarized in 
Table S2.

3.3  |  Current leukemia-free survival

In order to assess the net benefit of treatment with clofara-
bine, we employed the outcome measure of CLFS, which 
is defined as the sum of the probabilities of being in either 
the state “CR” or “AlloSCT”, in other words, being alive in 
CR before alloSCT (or possibly having undergone another 
post-remission therapy), or alive and relapse-free after 
alloSCT (transplant in 1st remission). The probability of 
CLFS over time is shown in Figure  2B. CLFS increases 
within the first 4 months from randomization as patients 
achieve CR and receive post-remission treatment with al-
loSCT. The CLFS curves of the two treatment arms start to 
diverge after 8 months since randomization. The probabil-
ity of being in one of the CLFS states decreases to 57% and 
53% after 1 year, and reaches 41% and 35% after 5 years in 
the clofarabine and the standard arm, respectively.

3.4  |  Multi-state model with MRD status

It has previously been shown that achievement of MRD- is 
associated with a better prognosis.15,24-26 In this study we 
assessed the effect of treatment with clofarabine on relapse 
based on MRD status. We split the “CR” state into three 
states: “MRD-", “MRD+”, and “MRDunk”. MRD status 
determined by flow cytometry was available in 53% of the 
CR patients (54% in the clofarabine arm and 51% in the 
standard). We observed 278 patients achieving MRD-, 150 
(44% of CR patients) and 128 (37%) in the clofarabine and 
standard arm, respectively (HR 1.12, 95% CI 0.88–1.42, 
p = 0.34, Figure S3). The forest plot in Figure 4 presents 
the estimated hazard ratios of the clofarabine arm versus 
standard arm for the transition from each MRD state to 
relapse (i.e., during the time period between achieving 
CR and possible post-remission treatment with alloSCT). 
MRD- patients treated with clofarabine have a lower haz-
ard of relapse than the patients in the standard arm (HR 
0.59, 95% CI 0.35–0. 99, p  =  0.05). A similar decreased 
hazard of relapse by clofarabine was observed in MRD+ 
patients, which might indicate that clofarabine induces 
deeper remission not captured by the dichotomization of 
MRD status.
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No statistically significant difference in the hazard 
of relapse was found between the standard and the clo-
farabine arm in patients with unknown MRD status. In 
addition, no apparent differences were present in base-
line characteristics between the treatment arms in the 
MRDunk subgroup. We hypothesize that an imbalance 
between the treatment arms in distribution of MRD- and 
MRD+ status among MRDunk patients might drive this 
observation.

We further investigated the hypothesis that clofarabine 
might induce deeper remission not captured by the di-
chotomization of MRD status. The median percentage of 
the leukemia-associated immunophenotype in the white 
blood cell compartment was lower in the clofarabine arm 
0.01% (mean 0.016%, IQR 0.00–0.02%) compared with 
0.02% (mean 0.023%, IQR 0.01–0.03%) in the standard arm 
in MRD- patients; Wilcoxon p-value 0.03. Among MRD+ 
patients no significant difference was found in the levels 
of leukemia-associated immunophenotype in the clofar-
abine versus the standard arm (median 0.44% vs. 0.52%, 
respectively, p = 0.68).

3.5  |  Transition probabilities

A favorable feature of multi-state models is the possibil-
ity to integrate the underlying hazards of events with 
the estimated relative effects of the treatment arms, and 
thus derive probabilities of being in a certain state at dif-
ferent points in time (Figure  3). The total probability of 
relapse after each intermediate event is equal to the sum 
of the respective “Relapse” and “Relapse mortality” states. 
Comparing the probabilities of being in these states be-
tween the treatment arms shows that the relative reduc-
tion of relapse in patients with and without post-remission 
treatment with alloSCT translates to an absolute benefit 
in terms of relapse when randomized into the clofara-
bine arm. Transition probabilities (plus 95% CI) at 24 and 
60 months since randomization are listed in Table S3.

Multi-state models also enable to calculate the tran-
sition probabilities from any state at later time points. 
Figure 5 presents the transition probabilities conditional 
on being in the “CR” state at 3 months since randomiza-
tion (exact estimates at 24 and 60  months are listed in 
Table S4). The probability of undergoing alloSCT is com-
parable between the treatment arms (sum of the transition 
probabilities to the states “AlloSCT”, “Relapse (AlloSCT)”, 
“RM (AlloSCT)”, and “NRM (AlloSCT)”), just as the proba-
bility of being alive after relapse in patients undergoing al-
loSCT as post-remission treatment (“Relapse (AlloSCT)”). 
Compared to the standard arm, less patients are expected 
to relapse and subsequently die if treated with clofarabine 
irrespective of the type of post-remission therapy (transi-
tion probabilities to the states “RM” and “RM (AlloSCT)” 
are lower for the clofarabine arm).

Like CLFS in Figure  2B, we can sum the transition 
probabilities of being in the “CR” and “AlloSCT” states to 
the relapse-free survival (RFS) curves from CR achieved 
within 3  months, or sum the transition probabilities 
of being in the “CR”, “AlloSCT”, and both (alive after) 
relapse states to OS curves (emphasized in Figure  5). 
Consequently, multi-state models allow us to study the 

F I G U R E  2   Panel A: Event-free survival since randomization 
where events are no CR at the end of induction treatment, relapse, 
or death. Updated result from Löwenberg et al. (Blood 2017) with 
median follow-up of patients still alive of 72 months (range 10–
108 months). Panel B: Current leukemia-free survival: Probability 
of current leukemia-free survival over time per treatment arm, 
where CLFS is defined as the sum of the probabilities of being 
in state “CR” or “AlloSCT” at a given point in time, based on 
the multi-state model in Figure 1. AlloSCT, allogeneic stem cell 
transplantation, CR, complete remission.
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F I G U R E  3   Transition probabilities to all states from randomization: Transition probabilities derived from the multi-state model (see 
Figure 1). At each point in time, the distance between two adjacent curves represents the probability of being in the corresponding state, 
conditional on being in state “Randomization” at time 0. The probability of being in an intermediate state can both increase and decrease 
over time, while the probability of absorbing (death) states can only increase over time. Transition probabilities (plus 95% CI) at 24 and 
60 months since randomization are listed in supplemental Table S3. AlloSCT, allogeneic stem cell transplantation, CR, complete remission, 
NRM, non-relapse mortality, RM, relapse mortality (all mortality taking place after relapse).

F I G U R E  4   Forest plot: Estimated hazard ratios of the clofarabine arm versus standard arm for the transitions to relapse starting from 
different states (plus 95% confidence intervals). “CR” for patients currently in CR without having experienced alloSCT (possibly having 
undergone another post-remission treatment), and “AlloSCT” for patients receiving alloSCT. In a separate model we split the patients in CR 
(without/before having experienced alloSCT) according to their MRD status. The overall estimate is the hazard ratio of the transition from 
CR to relapse, ignoring alloSCT. A hazard ratio of less than 1 (to the left of the vertical line) indicates lower risk of relapse for the clofarabine 
arm compared to the standard arm. AlloSCT, allogeneic stem cell transplantation, CI, confidence interval, CR, complete remission, HR, 
hazard ratio, MRD-, measurable residual disease negativity, MRD+, measurable residual disease positivity, MRDunk, unknown measurable 
residual disease status.
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composition of these endpoints in terms of intermediate 
events and competing risks.

3.6  |  Subgroup analysis by ELN 2010

As in the previous publication of this trial,10 we investi-
gated possible subgroup effects based on ELN 2010 risk 
classification. For this purpose, we estimated the main 
multi-state model in each subgroup defined by ELN 
risk group (Table  S5). In none of the subgroups there 
were evidence for violations of the proportional hazards 
assumption.

The difference in CLFS between the treatment arms is 
most pronounced in the intermediate I risk group, where 
CLFS is higher in the clofarabine arm (Figure 6). Similar 
results with respect to EFS were presented in the primary 
study publication.10 However, here we extend our under-
standing of these results by investigating the occurrence 
of relapse and death before and after post-remission 
treatment with alloSCT. For the intermediate I risk group 
(Figure 7), the difference in CLFS between the treatment 
arms in the first 6 months since randomization is primar-
ily driven by the higher probability of NRM for patients 
treated in the standard arm who do not achieve CR (6.3% 
vs. 13.0% transition probability to state “NRM (no CR)” 
at 6 months for the clofarabine vs. standard arm, respec-
tively). This difference increases beyond 6 months due to 

the higher probability of relapse and relapse followed by 
death for patients in the standard arm undergoing allo-
SCT (5.7% vs. 14.8% transition probability to state “RM 
(AlloSCT)” at 24 months, Table S6). The transition prob-
abilities for the rest of the risk groups are presented in 
Figure S4.

4   |   DISCUSSION

Clofarabine is an active antileukemic drug in AML which 
increases response rates,3-13 and has also been associated 
with promising outcomes when used as salvage treatment 
for patients with relapsed or refractory AML patients as 
bridge to alloSCT.27,28 However, the beneficial effect of 
clofarabine was earlier suggested to be restricted to sub-
groups of patients. The analysis of clinical trials for patients 
with AML is complex, since these patients may experience 
different beneficial and detrimental clinical events during 
induction, post-remission treatment, and follow-up. In 
addition, post-remission treatment in AML varies accord-
ing to risk category, which may further complicate the in-
terpretation of an ITT analysis.9,10,15 By using multi-state 
methodology, we evaluated the effect of the intermediate 
events CR, MRD status, and alloSCT (in 1st remission) on 
the hazard of relapse and death. Compared to the stand-
ard arm, the hazard of relapse was significantly lower in 
the clofarabine arm, which effect was observed among 

F I G U R E  5   Transition probabilities to all states from the CR state at 3 months since randomization (see multi-state model in Figure 1). 
At each point in time, the distance between two adjacent curves represents the probability of being in the corresponding state for 
patients in state “CR” (see Figure 1) at 3 months since randomization. Transition probabilities are easily combined to construct standard 
survival outcomes like RFS from CR and OS. Transition probabilities (plus 95% CI) at 24 and 60 months since randomization are listed in 
supplemental Table S4. AlloSCT: allogeneic stem cell transplantation, CR, complete response; NRM, non-relapse mortality, OS, overall 
survival, RFS, relapse-free survival from CR, RM, relapse mortality (all mortality taking place after relapse), TP, transition probability.
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patients who received post-remission treatment with al-
loSCT as well as in CR patients who were not allografted. 
Furthermore, clofarabine reduced the hazard of relapse in 
both MRD- and in MRD+ patients, although missing data 
(46% of patients) preclude strong conclusions. NRM in CR 
patients not receiving alloSCT was higher in the clofara-
bine arm compared to the standard arm, indicating that 
some of the favorable effects of clofarabine on relapse may 
be compromised by toxicity-related mortality. In addition, 
we introduced the composite survival endpoint CLFS, and 
showed an overall benefit of randomization to clofarabine 
in terms of CLFS.

Multi-state models are increasingly being applied in 
cancer research, particularly in the context of intermediate 

events.29-34 Despite the encouraging publication of Le-
Rademacher et al,35 these models have rarely been ap-
plied for re-analysis of RCTs.35,36 Multi-state models have 
a number of advantages over other existing methods, in-
cluding censoring at intermediate events, time-dependent 
Cox regression, and landmarking. First, the method of cen-
soring survival at intermediate events like time-dependent 
treatments has been regularly applied to adjust survival 
outcomes for the effect of intermediate events.10,37-40 
However, when OS is censored at the time of alloSCT, in-
formative censoring is being introduced leading to biased 
estimates of treatment effects. On the one hand, patients 
who undergo alloSCT have a different risk profile than the 
patients who are not allografted, and on the other hand, 

F I G U R E  6   Current leukemia-free survival by treatment arm in each of the ELN risk groups: current leukemia-free survival is defined 
as the sum of the probabilities of being in state “CR” or “AlloSCT” at a given point in time (based on the multi-state model in Figure 1). Each 
panel presents one ELN risk group: panel A - Favorable risk, panel B - Intermediate I, panel C - Intermediate II, and panel D - Adverse risk 
group. AlloSCT, allogeneic stem cell transplantation; CR, complete remission, ELN, European Leukemia Net.
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alloSCT strongly influences prognosis, both leading to dif-
ferent outcomes after the censoring time for the censored 
and non-censored patients.

Second, landmarking is inefficient for statistical com-
parisons, since it excludes all patients who reach the end-
point before the landmark, arbitrary due to the subjective 
choice of the landmark time, and conservative compared 
to time-dependent Cox regression.41 Post-remission treat-
ment can also be modelled as a time-dependent covariate 
in a Cox proportional hazards model.9,42,43 This approach, 
however, assumes a time-independent constant ratio of 
the hazards, with and without the intermediate event. 
That assumption is not valid when the intermediate event 
is alloSCT due to the initial high risk of NRM and relapse, 
followed by a decrease in the hazard. Yet, this method is 
more flexible and accurate than the preceding ones, and it 
gives a valid averaged over time effect estimate.

Multi-state methods overcome these limitations and 
present new possibilities in the form of dynamic predic-
tion and novel composite endpoints.19,29,36,44,45 However, 
when applied to randomized controlled trials, multi-state 
models should be interpreted with caution as they intro-
duce selection on the basis of the observed intermediate 
events. While comparing the outcomes between the treat-
ment arms after the intermediate event, one should keep 
in mind that at this point the arms are no longer balanced 
with respect to risk factors as we implicitly condition on 
experiencing the intermediate event.

Our study has a number of limitations. First, we have 
developed Markov models in which the transition prob-
abilities do not depend on the time spent in the current 
state, but only on the current state itself and the time since 
randomization. In the context of alloSCT this assumption 
may be questioned. AlloSCT is associated with an in-
creased risk of NRM, particularly in the early phase after 
alloSCT. In this case, modelling the effect of time since 
alloSCT may be of interest for some transitions. Second, 
we aimed to study whether clofarabine reduces the haz-
ard of relapse by inducing deeper remission as measured 
by MRD-. Although the data suggest supporting this hy-
pothesis, our findings are compromised by missing MRD 
status in 46% of the CR patients.

In conclusion, we have used multi-state models to fur-
ther elucidate the previously reported reduced hazard of 
relapse in the clofarabine arm of the HOVON102AML/
SAKK30/09 prospective, randomized, controlled, phase 
III trial. We found a lower hazard of relapse in the clo-
farabine arm compared to the standard arm even after 
post-remission treatment with alloSCT. Altogether, these 
results suggest that clofarabine provides an active antileu-
kemic effect when added to induction treatment for AML 
patients aged 65 and younger. However, when taking the 
higher probability of NRM into account, the net differ-
ence between the treatment arms, expressed by CLFS, 
was reduced. The methods presented here generated addi-
tional insights into the effects of a series of treatments by 

F I G U R E  7   Transition probabilities to all states from randomization for the Intermediate I European LeukemiaNet (ELN) risk group: 
Semi-parametric estimates of the transition probabilities to all states from randomization for the Intermediate I ELN risk group by treatment 
arm (based on the multi-state model in Figure 1). The transition probabilities for the rest of the risk groups are presented in supplemental 
Figure S4. AlloSCT, allogeneic stem cell transplantation; CR, complete remission; ELN, European LeukemiaNet; NRM, non-relapse 
mortality; RM, relapse mortality (all mortality taking place after relapse).
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studying the sequence of various events which take place 
after randomization in a RCT.

CONFLICT OF INTEREST
The authors declare no conflicts of interest.

AUTHOR CONTRIBUTION
Katerina Bakunina, Hein Putter, Jurjen Versluis, Jan 
J. Cornelissen, Liesbeth C. de Wreede. participated 
in the data analyses and drafted the manuscript. All 
other co-authors contributed to the final version of the 
manuscript.

ETHICS APPROVAL
The HOVON 102 RCT was approved by all respective eth-
ics committees, however the novel research presented is 
not subject to ethical approval.

DATA AVAILABILITY STATEMENT
Data sharing not applicable – no new data generated.

ORCID
Katerina Bakunina   https://orcid.
org/0000-0003-3737-7971 
Eva A. S. Koster   https://orcid.org/0000-0002-8446-5133 

REFERENCES
	 1.	 Plunkett W, Saunders PP. Metabolism and action of purine nu-

cleoside analogs. Pharmacol Ther. 1991;49(3):239-268.
	 2.	 Genini D, Adachi S, Chao QI, et al. Deoxyadenosine analogs 

induce programmed cell death in chronic lymphocytic leuke-
mia cells by damaging the DNA and by directly affecting the 
mitochondria. Blood. 2000;96(10):3537-3543.

	 3.	 Faderl S, Gandhi V, O'Brien S, et al. Results of a phase 1–2 study of 
clofarabine in combination with cytarabine (ara-C) in relapsed 
and refractory acute leukemias. Blood. 2005;105(3):940-947.

	 4.	 Faderl S, Ravandi F, Huang X, et al. A randomized study of clo-
farabine versus clofarabine plus low-dose cytarabine as front-
line therapy for patients aged 60 years and older with acute 
myeloid leukemia and high-risk myelodysplastic syndrome. 
Blood. 2008;112(5):1638-1645.

	 5.	 Burnett AK, Russell NH, Kell J, et al. European development of 
clofarabine as treatment for older patients with acute myeloid 
leukemia considered unsuitable for intensive chemotherapy. J 
Clin Oncol. 2010;28(14):2389-2395.

	 6.	 Kantarjian HM, Erba HP, Claxton D, et al. Phase II study of 
clofarabine monotherapy in previously untreated older adults 
with acute myeloid leukemia and unfavorable prognostic fac-
tors. J Clin Oncol. 2010;28(4):549-555.

	 7.	 Faderl S, Wetzler M, Rizzieri D, et al. Clofarabine plus cytara-
bine compared with cytarabine alone in older patients with re-
lapsed or refractory acute myelogenous leukemia: results from 
the CLASSIC I Trial. J Clin Oncol. 2012;30(20):2492-2499.

	 8.	 Jabbour E, Short NJ, Ravandi F, et al. A randomized phase 
2 study of idarubicin and cytarabine with clofarabine or 

fludarabine in patients with newly diagnosed acute myeloid 
leukemia. Cancer. 2017;123(22):4430-4439.

	 9.	 Thomas X, de Botton S, Chevret S, et al. Randomized phase II 
study of clofarabine-based consolidation for younger adults 
with acute myeloid leukemia in first remission. J Clin Oncol. 
2017;35(11):1223-1230.

	10.	 Löwenberg B, Pabst T, Maertens J, et al. Therapeutic value of 
clofarabine in younger and middle-aged (18–65 years) adults 
with newly diagnosed AML. Blood. 2017;129(12):1636-1645.

	11.	 Burnett AK, Hills RK, Nielsen OJ, et al. A comparison of FLAG-
Ida and daunorubicin combined with clofarabine in high-risk 
acute myeloid leukaemia: data from the UK NCRI AML17 
Trial. Leukemia. 2018;32(12):2693-2697.

	12.	 Burnett AK, Russell NH, Hunter AE, et al. Clofarabine doubles 
the response rate in older patients with acute myeloid leukemia 
but does not improve survival. Blood. 2013;122(8):1384-1394.

	13.	 Burnett AK, Russell NH, Hills RK, et al. A comparison of clo-
farabine with ara-C, each in combination with daunorubicin as 
induction treatment in older patients with acute myeloid leu-
kaemia. Leukemia. 2017;31(2):310-317.

	14.	 Schuurhuis GJ, Heuser M, Freeman S, et al. Minimal/mea-
surable residual disease in AML: a consensus document 
from the European LeukemiaNet MRD Working Party. Blood. 
2018;131(12):1275-1291.

	15.	 Cornelissen JJ, Gratwohl A, Schlenk RF, et al. The European 
LeukemiaNet AML Working Party consensus statement on allo-
geneic HSCT for patients with AML in remission: an integrated-
risk adapted approach. Nature Rev Clin Oncol. 2012;9(10):579-590.

	16.	 Versluis J, Cornelissen JJ. Risks and benefits in a personalized 
application of allogeneic transplantation in patients with AML 
in first CR. Semin Hematol. 2019;56(2):164-170.

	17.	 Cheson BD, Bennett JM, Kopecky KJ, et al. Revised recom-
mendations of the international working group for diagnosis, 
standardization of response criteria, treatment outcomes, and 
reporting standards for therapeutic trials in acute myeloid leu-
kemia. J Clin Oncol. 2003;21(24):4642-4649.

	18.	 Terwijn M, van Putten WLJ, Kelder A, et al. High prognostic 
impact of flow cytometric minimal residual disease detection 
in acute myeloid leukemia: data from the HOVON/SAKK AML 
42A study. J Clin Oncol. 2013;31(31):3889-3897.

	19.	 Klein JP, Szydlo RM, Craddock C, Goldman JM. Estimation 
of current leukaemia-free survival following donor lympho-
cyte infusion therapy for patients with leukaemia who relapse 
after allografting: application of a multistate model. Stat Med. 
2000;19(21):3005-3016.

	20.	 Putter H, Fiocco M, Geskus RB. Tutorial in biostatis-
tics: competing risks and multi-state models. Stat Med. 
2007;26(11):2389-2430.

	21.	 de Wreede LC, Fiocco M, Putter H. The mstate package for 
estimation and prediction in non-and semi-parametric multi-
state and competing risks models. Comput Methods Programs 
Biomed. 2010;99(3):261-274.

	22.	 Döhner H, Estey EH, Amadori S, et al. Diagnosis and manage-
ment of acute myeloid leukemia in adults: recommendations 
from an international expert panel, on behalf of the European 
LeukemiaNet. Blood. 2010;115(3):453-474.

	23.	 de Wreede LC, Fiocco M, Putter H. mstate: an R package for 
the analysis of competing risks and multi-state models. J Stat 
Softw. 2011;38(7):1-30.

https://orcid.org/0000-0003-3737-7971
https://orcid.org/0000-0003-3737-7971
https://orcid.org/0000-0003-3737-7971
https://orcid.org/0000-0002-8446-5133
https://orcid.org/0000-0002-8446-5133


640  |      BAKUNINA et al.

	24.	 Jongen-Lavrencic M, Grob T, Hanekamp D, et al. Molecular 
minimal residual disease in acute myeloid leukemia. N Engl J 
Med. 2018;378(13):1189-1199.

	25.	 Ossenkoppele G, Schuurhuis GJ, van de Loosdrecht A, Cloos J. 
Can we incorporate MRD assessment into clinical practice in 
AML? Best Pract Res Clin Haematol. 2019;32(2):186-191.

	26.	 Hanekamp D, Ngai LL, Janssen JJ, van de Loosdrecht AA, 
Ossenkoppele GJ, Cloos J. Early assessment of clofarabine ef-
fectiveness applying measurable residual disease, including 
AML stem cells. Blood. 2021;137:1694-1697.

	27.	 Middeke JM, Herbst R, Parmentier S, et al. Clofarabine salvage 
therapy before allogeneic hematopoietic stem cell transplanta-
tion in patients with relapsed or refractory AML: results of the 
BRIDGE trial. Leukemia. 2016;30(2):261-267.

	28.	 Locke F, Agarwal R, Kunnavakkam R, et al. A novel clofarabine 
bridge strategy facilitates allogeneic transplantation in patients 
with relapsed/refractory leukemia and high-risk myelodysplas-
tic syndromes. Bone Marrow Transplant. 2013;48(11):1437-1443.

	29.	 Eefting M, de Wreede LC, Halkes CJM, et al. Multi-state analy-
sis illustrates treatment success after stem cell transplantation 
for acute myeloid leukemia followed by donor lymphocyte in-
fusion. Haematologica. 2016;101(4):506-514.

	30.	 Iacobelli S, de Wreede LC, Schönland S, et al. Impact of CR 
before and after allogeneic and autologous transplantation in 
multiple myeloma: results from the EBMT NMAM2000 pro-
spective trial. Bone Marrow Transplant. 2015;50(4):505-510.

	31.	 Gerstung M, Papaemmanuil E, Martincorena I, et al. Precision 
oncology for acute myeloid leukemia using a knowledge bank 
approach. Nat Genet. 2017;49(3):332-340.

	32.	 De Bock GH, Putter H, Bonnema J, Van Der Hage JA, Bartelink 
H, Van De Velde CJ. The impact of loco-regional recurrences on 
metastatic progression in early-stage breast cancer: a multistate 
model. Breast Cancer Res Treat. 2009;117(2):401-408.

	33.	 Putter H, van der Hage J, de Bock GH, Elgalta R, van de Velde 
CJ. Estimation and prediction in a multi-state model for breast 
cancer. Biom J. 2006;48(3):366-380.

	34.	 Manzini G, Ettrich TJ, Kremer M, et al. Advantages of a 
multi-state approach in surgical research: how intermediate 
events and risk factor profile affect the prognosis of a patient 
with locally advanced rectal cancer. BMC Med Res Methodol. 
2018;18:23.

	35.	 Le-Rademacher JG, Peterson RA, Therneau TM, Sanford BL, 
Stone RM, Mandrekar SJ. Application of multi-state models in 
cancer clinical trials. Clin Trials. 2018;15(5):489-498.

	36.	 Bluhmki T, Schmoor C, Finke J, Schumacher M, Socié G, 
Beyersmann J. Relapse-and immunosuppression-free survival 

after hematopoietic stem cell transplantation: how can we as-
sess treatment success for complex time-to-event endpoints? 
Biol Blood Marrow Transplant. 2020;26(5):992-997.

	37.	 Voso MT, Hohaus S, Guidi F, et al. Prognostic role of glutathi-
one S-transferase polymorphisms in acute myeloid leukemia. 
Leukemia. 2008;22(9):1685-1691.

	38.	 Shimizu H, Saitoh T, Hatsumi N, et al. Clinical significance of 
granulocytic sarcoma in adult patients with acute myeloid leu-
kemia. Cancer Sci. 2012;103(8):1513-1517.

	39.	 De Freitas T, Marktel S, Piemontese S, et al. High rate of he-
matological responses to sorafenib in FLT 3-ITD acute myeloid 
leukemia relapsed after allogeneic hematopoietic stem cell 
transplantation. Eur J Haematol. 2016;96(6):629-636.

	40.	 Huls G, Chitu DA, Havelange V, et al. Azacitidine maintenance 
after intensive chemotherapy improves DFS in older AML pa-
tients. Blood. 2019;133(13):1457-1464.

	41.	 Putter H, van Houwelingen HC. Understanding landmark-
ing and its relation with time-dependent Cox regression. Stat 
Biosci. 2017;9(2):489-503.

	42.	 Versluis J, Hazenberg CLE, Passweg JR, et al. Post-remission 
treatment with allogeneic stem cell transplantation in patients 
aged 60 years and older with acute myeloid leukaemia: a time-
dependent analysis. Lancet Haematol. 2015;2(10):e427-436.

	43.	 Cornelissen JJ, Versluis J, Passweg JR, et al. Comparative 
therapeutic value of post-remission approaches in patients 
with acute myeloid leukemia aged 40–60 years. Leukemia. 
2015;29(5):1041-1050.

	44.	 van Houwelingen H, Putter H. Dynamic prediction in clinical 
survival analysis. CRC Press; 2011.

	45.	 Liu L, Logan B, Klein JP. Inference for current leukemia free 
survival. Lifetime Data Anal. 2008;14(4):432-446.

SUPPORTING INFORMATION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.

How to cite this article: Bakunina K, Putter H, 
Versluis J, et al. The added value of multi-state 
modelling in a randomized controlled trial: The 
HOVON 102 study re-analyzed. Cancer Med. 
2022;11:630–640. doi:10.1002/cam4.4392

https://doi.org/10.1002/cam4.4392

