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myeloid leukemia (AML). Multi-state models can provide additional insights

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.'™® 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.’® 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.’ 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.'*!® Therefore, to disentangle the effects of various
treatments, more advanced statistical methodology are
needed.'”

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
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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.

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

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/m?® 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.'
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2.2 | Definitions

The definition of CR was modified from the International
Working Group Criteria.'”"” 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.'® 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.'® 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-
10SCT (if any)) or relapse-free after alloSCT (state “AlloSCT”
[adapted from the original definition by Klein et al.**]). 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,

arm they were randomized to. For consistency with the
primary publication,'® 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.°>?' 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.*?

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

and patients were analyzed according to the treatment the packages “survival” and “mstate”.*"*
39/ 46
/ » NRM (no CR)
342/343 65/ 86 51/ 67
165/ 172
e 11/12 35/38
Randomization » >

AlloSCT
52/73 Relapse

48/ 69
e S RM (AllOSCT)

(AlloSCT)

FIGURE 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.'”

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-
cation'® 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.'® 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
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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)."° The causes of death for pa-
tients in each of the three NRM states are summarized in
Table S2.

3.3 | Currentleukemia-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-
1oSCT. 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.ls’z“'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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FIGURE 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 Lowenberg 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.

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-
10SCT 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
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Transition probabilities in time

Arm: standard Arm: clofarabine
1.0

0.8

AlloSCT
0.6

NRM (no CR) NRM (no CR)

0.4

0.2

Transition probabilities from randomization
Transition probabilities from randomization

0.0
0 12 24 36 48 60 0 12 24 36 48 60

Months since randomization Months since randomization

FIGURE 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).

State HR (95% ClI)
CR 0.78 (0.57 — 1.08) .
MRD- 0.59 (0.35 — 0.99) .
MRD+ 0.38 (0.16 - 0.87) [ ]
MRDunk 1.38 (0.81 - 2.19) .
AlloSCT 0.67 (0.47 - 0.95) ]
Overall 0.70 (0.55 - 0.89) ———

0.18 0.25 0.35 0.50 0.70 1.0 1.4 2.0 2.7
Hazard ratio

FIGURE 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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FIGURE 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.

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,'® 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.'® 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,** 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.?”?® 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.”'*'> 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
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FIGURE 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.

patients who received post-remission treatment with al-
1oSCT 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.”’** Despite the encouraging publication of Le-
Rademacher et al,*> these models have rarely been ap-
plied for re-analysis of RCTs.*>*¢ Multi-state models have
a number of advantages over other existing methods, in-
cluding censoring at intermediate events, time-dependent
Coxregression, 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.'®*"*
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,
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FIGURE 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).

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.*" Post-remission treat-
ment can also be modelled as a time-dependent covariate
in a Cox proportional hazards model.”**** 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.'>***** 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
IIT 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
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studying the sequence of various events which take place
after randomization in a RCT.
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