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In the field of hematopoietic stem cell transplantation, the common
approach is to focus outcome analyses on time to relapse and death,
without assessing the impact of post-transplant interventions. We

investigated whether a multi-state model would give insight into the
events after transplantation in a cohort of patients who were transplant-
ed using a strategy including scheduled donor lymphocyte infusions.
Seventy-eight consecutive patients who underwent myeloablative T-
cell depleted allogeneic stem cell transplantation for acute myeloid
leukemia or myelodysplastic syndrome were studied. We constructed a
multi-state model to analyze the impact of donor lymphocyte infusion
and graft-versus-host disease on the probabilities of relapse and non-
relapse mortality over time. Based on this model we introduced a new
measure for outcome after transplantation which we called ‘treatment
success’: being alive without relapse and immunosuppression for graft-
versus-host disease. All relevant clinical events were implemented into
the multi-state model and were denoted treatment success or failure
(either transient or permanent). Both relapse and non-relapse mortality
were causes of failure of comparable magnitude. Whereas relapse was
the dominant cause of failure from the transplantation state, its rate was
reduced after graft-versus-host disease, and especially after donor lym-
phocyte infusion. The long-term probability of treatment success was
approximately 40%. This probability was increased after donor lym-
phocyte infusion. Our multi-state model helps to interpret the impact of
post-transplantation interventions and clinical events on failure and
treatment success, thus extracting more information from observational
data.   
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ABSTRACT

Introduction

In the field of allogeneic stem cell transplantation (SCT), outcome analyses are
mainly focused on time to relapse and death, measured from the moment of trans-
plantation.1 This approach, however, does not take into account the increasing
availability and potential of post-SCT interventions. These interventions, in partic-
ular donor lymphocyte infusions (DLI), are of utmost interest as part of a treatment
strategy in which T-cell depleted (TCD-)SCT is followed by T-cell based therapeu-
tic interventions. T-cell depletion of the graft efficiently prevents the development
of severe graft-versus-host disease (GvHD) directly after transplantation, but also



adversely affects post-transplant anti-tumor and anti-
infectious immunity.2-4 Early intervention with DLI after
TCD-SCT may prevent the relapse of the malignancy and
improve immune reconstitution against pathogens, but is
associated with the reintroduction of the risk of GvHD.5,6

However, a long-term delay of DLI in patients without
clinical signs of GvHD may increase relapse risk in these
patients. At present, the optimal timing of DLI has not
been established.

There is a growing interest in the analysis of treatment
outcome measures other than overall survival and relapse-
free survival. Although these are crucial endpoints, they
do not concentrate on highly relevant intermediate events
or interventions essential to evaluate causes of failure or
success after transplantation. To assess the dynamic
impact of post-transplant clinical events and interventions,
the methodology of multi-state models has been devel-
oped.7-9 Multi-state models have several advantages with
respect to more widely used standard survival analysis

methods.10 The primary advantage is that sequences of
events -such as SCT, DLI, GvHD, death - and competing
events - such as relapse and death before relapse - can be
modeled simultaneously. Thus, the models can deal with
different post-transplant sequences and timing of events.
In contrast to composite survival outcomes such as failure-
free survival11 or GvHD-free survival12 where a patient’s
subsequent events after the first failure are not considered
anymore, multi-state models can be used to assess the role
of temporary states such as GvHD in relation to additional
interventions after transplantation. These models are
essential to evaluate more complex treatment strategies
like TCD-SCT with differentially scheduled post-trans-
plant cellular immune interventions.

Even though this methodology has been available for
over a decade thanks to the work of Klein and colleagues,
the number of clinical questions in the field of hematology
addressed by means of these models has been very limited
thus far.8,13-17 This has partly been caused by a lack of famil-
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Table 1. Patient characteristics.
Variable Categories Entire cohort (79 patients) 

n (%)/Median (range)

Gender male 41 (52%)
female 38 (48%)

Age at SCT years median 46 years (18-61 years)
Initial diagnosis prior to SCT AML 70 (89%) 

MDS 9  (11%; median IPSS 2.0 range 1.0-3.0)
AML risk group at diagnosis (n=70) intermediate 12 (17%)

poor 45 (64%)
very poor 13 (19%)

Remission status prior to allo SCT CR1 66 (84%)
CR2 13 (16%)

Conditioning regimen Cyclophosphamide/TBI 77 (97%)
Busulphan/Cyclophosphamide 2  (3%)

Stem cell source bone marrow 6  (8%)
G-CSF stimulated PB 73 (92%)

Donor type sibling 52 (66%; 51 10/10 HLA-match)
unrelated 27 (34%; 17 10/10 HLA-match)

Ex vivo T-cell depletion Alemtuzumab 73 (92%)
CD34-selection 6  (8%)

CD34 cells 106/kg median 7.0 (1.1-28.3)
Acute GvHD after SCT of patients who engrafted (n=78) grade 0-1 53 (68%)

grade 2 18 (23%)
grade 3-4 7 (9%)

Number of prophylactic DLIs per patient 0 42 (53%)
1 16 (20%)
2 9 (11%)
3 9 (11%)
4 3 (4%)

Time to first DLI (n=37) days median 216 (91-820)
GvHD after first DLI (n=37) no 24 (65%) 

yes 13 (35%; 6 required IS)

SCT: allogeneic stem cell transplantation; IPSS: international prognostic scoring system; CR1: first complete remission; CR2: second complete remission; TBI: total body irradiation;
G-CSF: granulocyte-colony stimulating factor; CD34-selection: MACS-sorted CD34+cell collection; DLI: donor lymphocyte infusion; IS: systemic immunosuppression. Intermediate-risk
AML was defined as the combination of WBC <100x109/L at diagnosis, absence of cytogenetic abnormalities (except for -X, -Y), achievement of morphological complete remission
after the first remission induction course and transplantation in first complete remission (CR1). Poor-risk AML was defined as either WBC >100x109/L at diagnosis, and/or presence
of cytogenetic abnormalities (excluding the favorable cytogenetic abnormalities t(15;17), t(8;21) and inv(16)), and/or FLT3/ITD positivity, and/or absence of morphological com-
plete remission after the first remission induction course and/or transplantation not in CR1. Very poor-risk AML was defined as monosomal karyotype, and/or 3q26 rearrangement,
and/or EVI-1 expression at diagnosis. One patient (AML, poor-risk) was not included in the multi-state analysis because of graft rejection.



iarity with the method or its potential, and partly by insuf-
ficient data quality: a multi-state model requires reliable
follow-up information for the events in the model.
Another major reason was the lack of easily accessible
software. This has changed in the last years, among others
by the development of the package ‘mstate’ in R that
enables users to analyze general multi-state models.7,9

In the current study we investigated how multi-state
models can be applied to complex phenomena including
cellular interventions after transplant. We focused on two
topics: (1) the impact of DLI and development of GvHD
requiring immuno-suppressive treatment (IS) on the fail-
ure probabilities of relapse and non-relapse mortality
(NRM) over time, and; (2) the probability of treatment
success, which is defined as the absence of disease and
GvHD requiring IS over time. We demonstrate how a
multi-state model helps to interpret the consequences of
the therapeutic interventions after SCT in a cohort of
patients with acute myeloid leukemia (AML) and
myelodysplastic syndrome (MDS) who were transplanted
in our center using a TCD-SCT strategy including sched-
uled post-transplant DLI.

Methods

Study protocol
Seventy-nine patients who underwent myeloablative allogeneic

SCT for AML or MDS in complete remission (CR) in our center
between January 2002 and June 2011 were included in this analy-
sis. Two other patients who received CD4+-DLI in the context of
an experimental CD4+-DLI study during this time period were not

included in the analysis. Until June 2007 only patients with mixed-
chimerism but without early relapse of AML or MDS were eligible
for prophylactic DLI at 6 months after SCT. If severe GvHD (over-
all grade II or higher) was present, DLI infusion was postponed.
From June 2007 onwards, patients with poor or very poor-risk
AML were eligible for low dose prophylactic DLI at 3 months after
SCT (see Table 1 for definition of risk groups). For details on trans-
plantation protocol, engraftment, dosing of DLI and assessment of
GvHD and mixed-chimerism, see the Online Supplementary
Appendix. The study was approved by Leiden University Medical
Center Research Ethics Committee. Informed consent was
obtained prior to data collection. Data were analyzed as of
December 2012. 

Definitions of events after SCT
For an accurate and objective determination of the duration of

severe GvHD, the time interval between the start date of IS (indi-
cated for GvHD) until cessation of IS (stop IS) was taken. In
patients with an unrelated donor receiving prophylactic
cyclosporine, the date of the start of additional IS, e.g. prednisone,
was taken as the starting point of severe GvHD. 

Relapse after SCT was defined as an increase of blasts in the
bone marrow (BM) to ≥5% by morphology; and/or by the pres-
ence of >1% blasts in peripheral blood (PB); and/or by the reap-
pearance of molecular and/or cytogenetic AML markers. NRM
was defined as death in continuous complete remission after SCT. 

Statistical analysis
For all analyses, time was measured from the date of SCT.

Probabilities of overall survival with associated 95% confidence
intervals (95% CI) were calculated by the Kaplan-Meier method.
Overall survival was estimated with SPSS/PASW Statistics 20,
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Figure 1. Multi-state model. The name of each state reflects the event the occurrence of which makes the patient enter the state; he/she remains in this state until
a next event occurs or until the end of follow-up. Patients entered a new state on the day when such an event took place and could not visit the same state twice.
The starting state of all patients is 1. SCT. The intermediate states are depicted by numbers 2 to 6. Each arrow indicates a possible transition to an intermediate
state in the model. Transition between severe GvHD (Start IS) and initiation of DLI was only possible after cessation of systemic immunosuppression. The absorbing
states (in red) are Relapse and NRM. States 1, 3, 4, 6 (in green) indicate treatment success; states 2, 5, 7, 8 (in orange and red) indicate treatment failure. Transition
to the absorbing states was possible from any other state in the model; for simplicity these transitions are omitted from the figure. 



release 20.0.0 (2011). The cumulative incidence of prophylactic
DLI was estimated in a competing risks framework, considering
relapse and NRM before prophylactic DLI as competing events.
The cumulative incidence of DLI was estimated by means of the
‘cmprsk’ library in R. 

All other outcomes were analyzed by means of a multi-state
model (see the Online Supplementary Appendix for an explanation of
the methodology). The quantities of interest in the multi-state
model were estimated in R, version 3.0.1, with library ‘mstate’.7,9

Results 

Patient cohort
Characteristics of patients and transplantation proce-

dures are presented in Table 1. A rejection was observed in
one patient (day 43). The median follow-up of surviving
patients of the entire cohort was 63 months (range 20-128
months). The cumulative incidence of DLI was 21% at 6
months and 29% at 9 months (see Online Supplementary
Figure S2). At the end of follow-up, 37 patients (47%) had
received prophylactic DLI (median 2 prophylactic DLIs
per patient; range 1-4). Although very poor-risk patients
were scheduled for early DLI, in practice the timing of DLI
was not very different for those patients compared to the
other patients (median time to DLI for the 5 very poor-risk
patients: 6.9 months (range 3.2-9.9 months) for the other
patients: 7.7 months (3.0-27.0 months)). Forty-two
patients (53% of 79 patients) did not receive DLI (very
poor-risk AML n=8, poor-risk AML n=24, intermediate-
risk AML n=7, MDS n=3). Reasons for not receiving DLI
were rejection (n=1), NRM (n=13), early relapse (n=9),
severe GvHD (n=8), full-donor hematopoiesis (n=9,
including one patient with poor-risk AML who relapsed at
day 270), and logistical problems (n=2; these patients with
very poor-risk AML who were transplanted before June
2007 showed mixed-chimerism at 6 months after SCT but
relapsed before DLI was initiated (at days 216 and 275,
respectively)). 

The estimated 2-year overall survival calculated from

the start day of SCT of the entire cohort of 79 patients was
58% (95% CI 48-68%). The two-year overall survival of
patients with intermediate-risk AML, poor-/very poor-risk
AML, and MDS calculated from the start day of SCT were
67% (95% CI 40%-94%), 55% (95% CI 42-68%), and
67% (95% CI 35%-98%), respectively (see Figure 2). 

The multi-state model
A multi-state model was constructed to model the

occurrence and impact of relevant events after SCT (see
Figure 1). Since no patient received prophylactic DLI
before IS had been tapered, the transition between ‘start
IS’ and ‘DLI’ was omitted from the model. Only one
patient in the entire cohort experienced a rejection (at day
43), which excluded transition to the state DLI, and there-
fore both this patient and the state ‘Rejection’ were not
included in the model. Outcomes of the other 78 patients
were analyzed in the multi-state model. None of them
were lost to follow-up. The number of events in the
dataset and the number of patients in each state at the end
of their follow-up time are presented in the Online
Supplementary Figure S1.

Outcomes of the multi-state model 
All transition probabilities from SCT during the first 60

months of the follow-up are presented in the Online
Supplementary Figure S3. The proportions of patients suf-
fering relapse and NRM are comparable in size. From 11
months after SCT, a substantial proportion of patients (ca.
30%) remained in the ‘DLI’ state, implying they had
received DLI, were still alive without relapse and did not
require IS for GvHD after DLI. Correspondingly, we
observed that only a minority of patients suffered from
severe GvHD after DLI (see ‘Start IS after DLI’, Online
Supplementary Figure S3) and that the probability to be in
the ‘Start IS’ or ‘Start IS after DLI’ state was zero after 33
months, indicating that IS could be tapered successfully in
all patients with an episode of severe GvHD. 

It cannot be excluded that patients likely to develop
GvHD post-DLI failed before DLI could have been admin-
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Figure 2. Overall survival curves. Kaplan Meier curves illustrat-
ing probabilities of overall survival of 12 patients with interme-
diate-risk AML (solid green line), 58 patients with poor-/very
poor-risk AML (dashed red line), and 9 patients with MDS (dot-
ted orange line).  



istered. However, several factors are likely to contribute to
the reduced development of GvHD after DLI. The timing
of DLI is one factor. DLI was not given to patients with
active GvHD, but postponed in these patients (n=9). After
DLI, new episodes of IS-requiring GvHD were hardly
observed (1 out of 9 patients (11%) with previous IS-
requiring GvHD, 5 out of 28 (18%) without previous IS-
requiring GvHD). In conclusion, postponing DLI appears
to alleviate the induction of severe GvHD, even in patients
with GvHD prior to infusion of donor lymphocytes. Thus,
the selection of patients who were unlikely to develop
GvHD does not appear to have played a major role. 

Finally, the small probability of remaining in the state
SCT in the long run indicates that follow-up without
experiencing a further event was highly uncommon,
which is in line with the strategy of scheduled prophylac-
tic post-transplant DLI. The wide confidence intervals
reflect the small size of the dataset and show that all esti-
mates should be interpreted with caution.

Figure 3 gives an overview of the outcomes of the multi-
state model, by combining all individual transition proba-
bilities as represented in the Online Supplementary Figure S3
in one figure. The area below the relapse curve of this fig-
ure represents relapse-free survival and indicates how the
patients alive and relapse-free were distributed over the
different states at different moments during follow-up.

Predictions from 7.5 months after SCT
The multi-state model enables the update of predictions

of subsequent failures when information about post-SCT
events accumulates over time. This approach can be consid-
ered as an extension of landmark modeling in which both
start and end time, and starting and end state are variable.
Figure 4 shows transition probabilities for patients in differ-
ent starting states (1 to 4) at 7.5 months after SCT. The

time-point 7.5 months after SCT was chosen as the start
time of these analyses because prophylactic DLI was sched-
uled at 6 months after SCT, after which an effective
immune response is generally seen 5-6 weeks later, adding
up to 7.5 months.18 According to the model, patients who
had not experienced severe GvHD and had not yet received
prophylactic DLI within 7.5 months after SCT (in state
‘SCT’ at 7.5 months) had a predicted probability of relapse
of 0.26 (95% CI: 0.07-0.45) within the first 2 years after
transplantation. In contrast, patients in the state ‘DLI’ at the
same time point had a predicted probability of relapse of
0.07 (95% CI: 0.00-0.21) within 2 years after transplanta-
tion. These results suggest that the risk of relapse, which is
the major reason for failure from the ‘SCT’ state, is reduced
after GvHD, and especially after DLI administration. In
patients without any event, and also in patients in the ‘DLI’
state at 7.5 months after SCT, NRM did not play a promi-
nent role during later follow-up. 

These differences in outcomes cannot be explained by
relevant differences in the baseline risk characteristics of the
patients in the respective states at 7.5 months, since (very)
poor-risk patients were not underrepresented in the ‘DLI’
state compared to the other states (‘SCT’ state: 55% poor
AML, 15% very poor AML; ‘Start IS’ state: 45% poor, 9%
very poor; ‘DLI’ state: 58% poor, 17% very poor).

Treatment success
The same multi-state model can be used to summarize

the outcomes of the transplantation procedure by focusing
on the probability of treatment success at different time
points after transplantation (see Figure 5). In general, the
goal of our treatment strategy was to administer DLI safe-
ly to all patients at risk for relapse. Therefore, at each time
point, treatment success included patients who experi-
enced relapse-free survival, and did not suffer from severe
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Figure 3. Transition probabilities to all states from SCT. Transition
probabilities derived from the multi-state model of Figure 1. At
each point in time, the distance between 2 adjacent curves repre-
sents the probability of being in the corresponding state, given
that the patient was in the ‘SCT’ state at time 0. Online
Supplementary Figure S3 shows these same transition probabili-
ties in separate panels. As before, names of states represent the
events with which patients enter them. Since all patients started
in the ‘SCT’ state, the probability of being in that state was 1 at
time 0 and decreased afterward, because patients could only
leave this state. For all other states, the probability to have
entered this state at time 0 was 0. For the ‘Relapse’ and ‘NRM’
states, which are absorbing states, the probabilities can only
increase over time since patients cannot leave these states any-
more. For the 5 intermediate states, probabilities increase and
decrease over time. The figure shows that already at 1 year post-
SCT only a very small minority of patients are still in the SCT state.
The probability to receive IS is always low, both before and after
DLI, and transient in all cases. For relapse-free patients, from ca.
1 year onward, the dominant state is being alive after DLI.



GvHD at that time point, i.e. patients remaining in the
state ‘SCT’, or present in the states ‘Stop IS’, ‘DLI’, or ‘Stop
IS after DLI’. The probability of treatment success over
time was calculated by adding up the estimated time-
dependent probabilities of being in these states. The long-
term estimated probability of treatment success from start
was approximately 0.43 (Figure 5A). If a patient survived
the first 7.5 months after SCT without subsequent events,
this success probability substantially improved to approx-
imately 0.60. Patients who required IS for GvHD at 7.5
months after SCT (Figure 5B) showed a similar success
probability of approximately 0.55 at 60 months after SCT.
By definition, these patients were not considered to expe-
rience treatment success at 7.5 months after SCT, but a
part of them acquired treatment success after cessation of
IS possibly followed by DLI, corresponding to an increas-
ing curve. Patients who required IS after DLI or failing
from NRM or relapse led the curve to decline again. 

Finally, a comparison with the prospects for patients in
the ‘DLI’ state at the same point in time (Figure 5C) sug-
gests that their probability of treatment success was high-
er: 0.70 at 60 months after SCT.

Discussion

This detailed study of a group of AML/MDS patients
with a long, complex follow-up illustrates the potential of

a multi-state model to assess the risk of relapse and NRM
for patients in a TCD-SCT population for which an infu-
sion of donor lymphocytes was an essential intervention
within the strategy. The model separates fatal and non-
fatal events, thus enabling the summing up of several
favorable episodes to estimate the probability of treat-
ment success. The model also enables one to give long-
term prognoses adjusted during follow-up which is rele-
vant for clinical decision making. 

We previously reported the feasibility of a TCD-SCT
with sequential DLI strategy in a population of patients
with acute lymphoblastic leukemia.19 In the present study,
the majority of patients had poor or very poor-risk AML
prior to SCT, and thus the estimated 2-year overall sur-
vival of 58% of the entire cohort appears favorable. A sub-
stantial proportion of patients receiving DLI did not expe-
rience an adverse event during later follow-up. This
implies that few patients relapsed after DLI, and also that
the development of severe GvHD after DLI was rare.
These results cannot be explained by a selection for DLI of
patients with favorable-risk characteristics at SCT as a
comparison of the patients in different states at 7.5
months shows. Predictions from 7.5 months after SCT
show that patients who had not experienced any event
(i.e., no severe GvHD, DLI or relapse) so far had the high-
est probability of relapse, whereas NRM did not play a
prominent role in these patients. According to these pre-
dictions, patients in the ‘DLI’ state at 7.5 months after SCT
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Figure 4. Predictions from 7.5 months after SCT. Estimated probabilities of relapse (green line) and NRM (black line) over time for patients present at 7.5 months
since transplantation in states ‘SCT’, ‘Start IS’, ‘Stop IS’, and ‘DLI’, respectively. Results from ‘Start IS after DLI’ and ‘Stop IS after DLI’ are not shown because of the
small sample size.

Starting from SCT (state 1) at 7.5 months Starting from Start IS (state 2) at 7.5 months

Starting from DLI (state 4) at 7.5 monthsStarting from Stop IS (state 3) at 7.5 months



had a relatively low relapse risk and NRM, leading to the
highest probability of treatment success. Finally, most
patients never needed IS, and IS was stopped during later
follow-up in the majority of patients who required IS for
GvHD at 7.5 months after SCT. The results show the
favorable outcomes of a strategy of TCD-SCT with DLI.
The vast majority of patients alive and relapse-free were
also free from IS. After 1 year, by far the largest part of this
group consisted of patients who had received a DLI. 

Although the decision to administer DLI may be driven
by many clinical events, and although the variable timing
of the DLI itself is associated with different disease histo-
ries hampering causal interpretation, the results show
that ultimately being in the DLI state is beneficial. From
these different observations it can be interpreted that the
prevention of severe GvHD by T-cell depletion con-
tributes to the reduction of NRM, and that the absence of
significant GvHD leads to an increased relapse rate that
may be decreased by DLI. Apparently, the low probabili-
ty of relapse after DLI was not outbalanced by the induc-
tion of severe GvHD, which is supported by several other
studies.20-22 In conclusion, treatment of patients with
absent or limited GvHD after TCD-SCT can safely be
consolidated by DLI, which appears to reduce the relapse
rate. 

The observation that the relapse risk was decreased
after DLI without a high probability of severe GvHD can
be explained by a sufficiently long time interval between
the myeloablative conditioning regimen and infusion of
DLI, allowing the recipient to recover from conditioning-
induced inflammation, thus reducing pro-inflammatory

conditions at the time of DLI, without fully extinguishing
the beneficial effect of the anti-recipient hematopoietic
cell directed T-cells.6,21,23-25 Timely infusion of donor lym-
phocytes will remain an important factor, because the
delay of DLI will increase the time to a favorable immune
response and is therefore associated with an increased
relapse risk.26-28

Our treatment strategy was not part of a randomized
trial, but we aimed to administer DLI to all patients with
a high-risk of relapse, e.g. patients with high-risk AML or
patients with persisting mixed-chimerism, and to all high-
risk patients from June 2007 onwards, whose risk may be
modulated by DLI.5,22,23,29 The different DLI strategies for
different risk groups make the role of timing of DLI even
more difficult to assess and complicates the comparison of
outcomes of patients with or without DLI. These issues
can only be addressed properly in prospective randomized
trials.30,31 However, in current transplant practice, random-
ized trials are performed infrequently due to both the rel-
atively small numbers of patients affected and to patient
and physician treatment preferences.32 This lack of ran-
domized trials necessitates alternative analysis methods,
in which as many insights as possible are extracted from
observational data.17 For instance, a comparison of treat-
ment strategies could be performed by analyzing the data
from different centers by the same model. 

Multi-state models such as the example presented here-
in offer several advantages over traditional statistical
approaches. The models are more flexible than Cox mod-
els with time-dependent covariates since there is no pro-
portional hazards assumption considering hazard ratios as
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Figure 5. Probability of treatment success over time. Treatment success as calculated
in the multi-state model of Figure 1 is defined as the probability of being alive without
disease or severe GvHD, i.e., the sum of the probabilities of being in either of the
states 1, 3, 4 and 6. (A) probability of treatment success for a patient in the ‘SCT’ state
at 0 and 7.5 months after SCT, respectively. (B) probability of treatment success for a
patient in the ‘Start IS’ state at 7.5 months after SCT. (C) probability of treatment suc-
cess for a patient in the ‘DLI’ state at 7.5 months after SCT. Outcomes from ‘Start IS’
and ‘DLI’ at 0 months have been omitted since these do not represent a clinically
meaningful situation. The curves from ‘SCT’ and ‘DLI’ start at probability 1 since a
patient in one of these states by definition experiences treatment success at the
moment when the clock starts; on the contrary, the curve from ‘Start IS’ begins at 0
because a patient in that state first has to make a transition to a beneficial state
before being considered a treatment success. The steep rise in this curve can be inter-
preted as a sign of successful quick cessation of IS in the majority of patients who
require IS for the treatment of early GvHD. The treatment success probabilities
increase and decrease over time depending on the proportions of patients entering
and leaving the beneficial states.

A B

C



constant over time. They are more comprehensive than
landmark models where the particular choice of the land-
mark time point leads to restrictions. Moreover, land-
mark analyses do not take into account the probability of
arriving in the state from where the prediction is made
and are not suitable for analyzing sequences of events
after the landmark time point. In addition, multi-state
models do not only offer insight into the incidence of cer-
tain events as yielded by competing risks methods, but
also into the probability of remaining in a certain condi-
tion over time, thus offering the option to consider new
treatment outcomes. With our study, we illustrated the
feasibility of assessing outcomes of a treatment strategy
by means of a multi-state model.33 Multi-state models
have been advocated before as a means to model alterna-
tive outcomes after SCT, e.g. current leukemia-free sur-
vival, yet these models focused on fewer events and on
outcomes since SCT, not using the full potential of
updated prediction.8,14,15,34 Other similar models can be
constructed to assess several post-SCT interventions or
events, such as the timing of CMV reactivation in rela-
tionship to the development of GvHD, also in the con-
text of T-cell replete transplantations. Multi-state models
can also help to extend and refine new outcomes such as
GvHD-free, relapse-free survival after transplant, or fail-

ure-free survival after the initial systemic treatment of
chronic graft-versus-host disease.11,35

In conclusion, our treatment strategy to infuse donor
lymphocytes in patients without severe GvHD after mye-
loablative TCD-SCT did not lead to an increase of severe
GvHD after DLI, and appeared to decrease relapse risk.
Therefore, the probability of treatment success of these
patients was relatively high. In the absence of randomized
trials, large cohorts with detailed follow-up are required to
further specify the role of prophylactic DLI in patients at
risk for relapse. In general, multi-state models can increase
insight into complex clinical situations by predicting out-
comes of patients with different disease states which may
change over time. The current study shows the potential
of multi-state models in the analysis of new clinically
meaningful outcomes. 
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