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Abstract

The causes and rates of late patient-mortality following alloHCT for myelodysplastic syndromes or secondary acute myeloid
leukemia were studied, to assess the contribution of relapse-related, treatment-related, and population factors. Data from
EBMT on 6434 adults, who received a first alloHCT from January 2000 to December 2012, were retrospectively studied
using combined land-marking, relative-survival methods and multi-state modeling techniques. Median age at alloHCT
increased from 49 to 58 years, and the number of patients aged 265 years at alloHCT increased from 5 to 17%. Overall
survival probability was 53% at 2 years and 35% at 10 years post-alloHCT. Survival probability at 5 years from the 2-year
landmark was 88% for patients <45-year old and 63% for patients >65-year old at alloHCT. Cumulative incidence of
nonrelapse mortality (NRM) for patients <45-year old at transplant was 7% rising to 25% for patients aged 265. For older
patients, 31% of NRM-deaths could be attributed to population mortality. Favorable post-alloHCT long-term survival was
seen; however, excess mortality-risk for all age groups was shown compared to the general population. A substantial part of
total NRM for older patients was attributable to population mortality, information which aids the balanced explanation of

post-HCT risk and helps improve long-term care.

Introduction

The key motivation toward alloHCT for patients with
myelodysplastic syndromes (MDS) is the expectation of
long-term disease control or even cure. Data on long-term
outcomes after alloHCT for MDS is still scarce however.
Disease-specific long-term follow-up data have been pub-
lished for patients with chronic myeloid leukemia, chronic
lymphocytic leukemia, and in mixed cohorts dominated by

These authors contributed equally: JS, LCdW

Supplementary information The online version of this article (https://
doi.org/10.1038/s41375-018-0302-y) contains supplementary
material, which is available to authorized users.

>4 Johannes Schetelig
Johannes.Schetelig @uniklinikum-dresden.de

Extended author information available on the last page of the article

SPRINGER NATURE

patients with acute leukemias [1-5]. The absolute number
and percentage of patients with MDS in these cohorts was
relatively small; children were included and thus the median
age of patients with MDS in these studies was below 35
years [3, 4, 6]. In consequence, these data might not reflect
the contemporary population of adult patients with MDS
who are referred for alloHCT [7-11].

In our study, we present a large cohort of adult patients
with MDS who were registered with EBMT. We focus on
two issues: first, we present 10-year outcomes after
alloHCT from a very large group of patients, representing
current practice in Europe. Second, we analyzed three types
of mortality in one comprehensive model: general popula-
tion mortality, relapse-related mortality, and treatment-
related mortality (TRM). On the basis of this model we
can show that for patients transplanted at an age 265 years,
a significant proportion of total nonrelapse mortality
(NRM) can be explained by general population mortality.
For elderly patients we propose an estimate for TRM which
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is more accurate than assuming that TRM equals total
NRM.

Methods

The study population included all MDS patients who
received a first alloHCT between January 2000 and
December 2012, and who were recorded in the European
Society for Blood and Marrow Transplantation (EBMT)
registry. Patients were excluded if they fulfilled any of the
following criteria: (a) had received cord blood as a stem cell
source; (b) had a mismatched related or syngeneic donor;
(c) were below the age of 18 years at alloHCT, or (d) where
essential data were missing. Patients were also excluded if
they originated from countries which contributed less than
25 patients to the dataset, or for which no population data
were available in the Human Mortality Database. The
dataset was closed in December 2016.

The endpoints of interest were overall survival (OS),
event-free survival (EFS), relapse/progression, and NRM.
OS was defined as the time from either alloHCT or land-
mark (LM) until death, with surviving patients censored at
the moment of last follow-up. LM times were fixed at 2 and
5 years after alloHCT. At each LM, the analysis population
consisted of either all patients still in follow-up (OS
population) or all patients in follow-up without previous
relapse/progression (EF population) (see Figure S1). EFS
was defined as time to death or relapse/progression
(whichever occurred first), with surviving patients censored
at the last time-point they were reported disease-free. Its
components, the cumulative incidences of relapse/progres-
sion (CIR) and NRM, were analyzed together by a com-
peting risks model [12]. A multivariable Cox cause-specific
hazards model was fitted to assess the dependence of the
risk of NRM on year of alloHCT.

Probabilities of NRM and death after relapse of MDS
were estimated on the basis of the data. We investigated
which proportion of these probabilities could be considered
as population mortality. Population mortality is defined as
death due to causes acting in the general population from
which the patient originates. This proportion could be
estimated by assuming that the hazard (risk) for population
mortality is the same for the patient population as for the
general population. The hazard was calculated by the
common method in relative survival, in which patients are
matched by age, sex, and country in the year of alloHCT to
a synthetic cohort from the general population, for whom
survival information is available in the Human Mortality
Database population tables (www.mortality.org) [13, 14].
Population NRM was subtracted from total NRM to obtain
excess NRM. We used this as an approximation of TRM,
defined as mortality which is related to either alloHCT (e.g.,

from graft-versus-host disease (GVHD)) or previous MDS
treatment (e.g., resulting from iron overload). Due to the
very poor prognosis associated with relapse/progression, the
contribution of population mortality to death after relapse/
progression was negligible. For this reason, death after
relapse due to population reasons is not shown as a separate
outcome while death after relapse and relapse-related mor-
tality can be considered equivalent. All associated prob-
abilities were estimated using a multistate model (see
Supplementary material) [15].

We then fitted Cox proportional-hazards models for the
excess hazard for death, defined as the difference between
the observed hazard of the patient cohort and the hazard of
the matched general population. Risk factors investigated
were age, sex, year of alloHCT, MDS subclassification,
conditioning, and donor. For the OS LM populations, pre-
vious relapse was added as a risk factor.

All analyses were performed in SPSS Version 23 and R
3.3.0 (https://cran.r-project.org/), packages “survival”,

“cmprsk”, “prodlim”, “relsurv”, and “mstate”.

Results
Patient characteristics

Data of 6434 patients from 21 countries were analyzed. The
number of transplants increased from 185 in 2000 to 862 in
2012. Median age at alloHCT increased from 49 years
(range: 18-70 years) in 2000 to 58 years (18-76 years) in
2012 (Wilcoxon rank sum test, p <0.001). During the same
period, the number of patients who were 65 years or older at
the time of alloHCT increased from nine (5% of all patients
transplanted in that year) to 150 (17%). Totally, 21% of
patients received alloHCT for MDS without excess blasts
(EB), 42% for MDS with EB, and 37% for secondary acute
myeloid leukemia (SAML) with a history of MDS. Patients
with higher risk MDS subtypes were older at the time of
alloHCT. For example, 29% of patients with MDS without
EB were below 45-year old compared to 20% of patients
with SAML, but only 8% of patients with MDS without EB
were over 65-year old compared to 16% of patients with
SAML (chi-square test, p <.001). The percentage of patients
with unrelated donors increased from 35% in 2000 to 69%
in 2012. Details on baseline patient characteristics are in
Table 1.

Completeness of follow-up

The median follow-up of survivors after alloHCT was 4.4
years. To assess the reporting quality during follow-up,
we calculated the completeness of follow-up index

(briefly, C-index), which gives the ratio of the total
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Table 1 Patient characteristics at baseline

Parameter Total number, N = 6434
[%]
Patient sex
Male 59
Female 41
Age at alloHCT
Median age (range) [y] 56 (18-76)
<45 years [%] 21
45-55 years 25
55-65 years 41
>65 years 13
Year of alloHCT
<2002 11
2003-2004 10
2005-2006 14
2007-2008 18
2009-2010 21
2011-2012 27
Patient Nationality
Belgium 4
France 13
Germany 31
Great Britain 13
Italy
The Netherlands
Spain
Remaining Countries* 19
MDS subtype
MDS w/o excess blasts 21
MDS with excess blasts 42
Secondary AML 37
Secondary origin (N = 5016, 78%)
Preceding malignancy/autoimmune 19
disease
Interval diagnosis MDS-alloHCT
Median time (range) [y] 1(043)
Remission status at alloHCT
Complete remission 34
No complete remission 35
No remission attempt 31
Karnofsky Status (N = 4323, 67%)
90-100% 72
<80% 28
Previous auto HCT
No 99
Yes 1
Donor match
HLA-identical sibling 41

SPRINGER NATURE

Table 1 (continued)

Parameter Total number, N = 6434
[%]
Other donor 59
Patient—donor sex constellation
Male-male 40
Male-female 19
Female-male 23
Female-female 17
Conditioning
Myeloablative 44
Reduced Intensity 56
Source of graft
Bone marrow 14
Peripheral Blood 86

alloHCT allogeneic hematopoietic stem cell transplantation, y year, N
number, MDS myelodysplastic syndrome, w/o without, AML acute
myeloid leukemia

Numbers and percentages behind the variable name indicate number
of patients with data for this variable, if less than 95% of data
available; *countries contributing less than 3% patients to the study

observed person-time of follow-up and the potential time of
follow-up [16]. Overall, the reporting quality was good. The
proportion of patients with complete data was 0.71.
The median C-index for patients lost-to-follow-up was 0.56.
The median C-index per center was 87% with an inter-
quartile range from 53 to 99%. OS was not significantly
different across centers with different reporting quality
grouped by the C-index (log-rank test, p = 0.15).

As sensitivity analyses, the main analyses have been
redone in the subgroup of patients transplanted in the period
2000-2008 (see Tables S1 and S2) to investigate if the
inclusion of more recent patients biased the estimates of
interest. For this earlier period, the median follow-up of
patients alive at last follow-up was 7.6 years, the proportion
of patients with complete data was 0.75 and the median C-
index for patients with incomplete data was 0.58. Tables S1
and S2 show that the results were only marginally different
from those performed on the whole cohort and would not
lead to differences in interpretation. Therefore, results
shown in this manuscript are based on the whole cohort.

We also investigated the impact of the risk factors
included in our models, extended with center of transplan-
tation, on censoring time and status, and found that only
center, year of alloHCT and conditioning had a significant
impact. For the last two variables, this is fully explained by
the fact that patients transplanted more recently per defini-
tion have a shorter follow-up, and that reduced intensity
conditioning was given more frequently in recent years. We
investigated the impact of center on OS by means of a
frailty model and found no significant impact. For these



Late treatment-related mortality versus competing causes of death after allogeneic transplantation for... 689

reasons, we conclude that the data allow to estimate reliable
long-term outcomes.

Outcomes from transplantation and of LM
populations

Outcome from alloHCT

For the whole cohort of patients, the probability of OS
decreased from 53% (95% CI: 52-55%) at 2 years to 43%
(95% CI. 42-45%) at 5 years and to 35% (95% CIL:
34-37%) at 10 years after alloHCT. The probability of EFS
at 2 years was 47% (95% CI: 46-49%) and decreased to
32% (95% CI: 30-33%) at 10 years. NRM and Relapse
were causes of treatment-failure of the same magnitude. The
NRM probability was 26% (95% CI: 25-27%) at 2 years
and 34% (95% CI: 33-35%) at 10 years after alloHCT.
Death after relapse was closely associated with the moment
of relapse: the median survival after relapse was only
4.6 months (95% CI: 4.2-5.0 months). Two-year survival
after relapse was 19% (95% CI: 17-21%). Plots for OS,
EFS, CIR, and NRM since alloHCT by type of MDS are
shown in Fig. 1.

The risk of NRM has decreased in recent years. In a
multivariable model for the cause-specific hazard of NRM,
a more recent year of transplantation was significantly
associated with improved outcome (hazard ratio (HR) for 5
years difference 0.9, 95% CI: 0.8-1.0, p value = 0.002).
Cumulative incidence of relapse was 27% (95% CI:
26-28%) at 2 years and 34% (95% CI: 33-36%) at 10 years
after alloHCT.

The 5-year survival probability was lower with increas-
ing age from 53% (95% CI: 50-56%) for patients <45 years
of age at alloHCT, 46% (95% CI: 43-48%) for patients
aged 45-55 years, 40% (95% CI: 38—-42%) at ages 55-65
years, to 35% (95% CI: 32-39%) for patients above 65
years. Conversely, 5-year nonrelapse mortality was higher
with increasing age: 25% (95% CI: 22-27%), 30% (95%
CI: 28-32%), 32% (95% CI: 30-34%), and 36% (95% CI:
32-39%) for the respective age groups. Notably, the oldest
patient alive at last follow-up (83 years) was 67-year old at
transplant. The highest age reached in this cohort came from
a patient who was 75 years old at transplantation and died
aged 84 years. Survival estimates for patients with MDS
with or without EB or secondary AML are provided in
Table S3.

LM populations

Characteristics of patients still alive and in follow-up are in
Table S4. Outcomes of LM populations were evaluated to
focus on the long-term perspectives of patients who had
survived the most risky, early period after alloHCT.

Overall, the 1-year and 5-year risks of mortality for the
2-year OS LM population were 9% (95% CI: 8-10%) and
26% (95% CI. 24-28%). Separated by information on
relapse between alloHCT and the 2-year LM, 2-year sur-
vivors who had experienced previous relapse had a 1-year
mortality of 34% (95% CI: 29-39%), whereas 2-year event-
free survivors had a l-year mortality of 6% (95% CI:
5-7%). Information on outcomes of patients who passed the
2-year LM event-free is in Table 2.

We evaluated the causes of death of all 676 patients
whose death occurred more than 2-year post-alloHCT.
Causes of death for patients who were deceased between 2
and 5 years after alloHCT are given in Table S5. Between 5
and 10 years, 208 deaths were reported, 104 of which were
after relapse. Notably, even three patients (3%) of this
subgroup died subsequent to the diagnosis of a second
malignancy unrelated to MDS. In these three patients the
secondary malignancy was adjudicated as primary cause of
death by the local transplant physician.

NRM was also reported for 104 patients. Information on
the main and contributing causes of death was available for
91 patients (87.5%). The main cause of death was directly
related to alloHCT in 33 patients (36%). In these cases,
GVHD was mentioned for 21 patients and infection for 14
patients as contributory cause of death. Secondary malig-
nancies as the main cause of death were reported for 33
patients (36%). Among other main causes of death which
were adjudicated to be independent from alloHCT for 21
patients, cardiovascular events (23%) were mentioned most
frequently followed by neurologic diseases and chronic
lung failure.

Treatment-related mortality and risk factors for excess
mortality

Overall, population mortality explained only a small part of
early mortality after alloHCT. When we calculated different
components of mortality for patients who were alive with-
out previous relapse at the 2-year LM, we saw a different
picture (see Fig. 2): for patients <45 years at alloHCT the
estimated 5-year population mortality was 0.5% (95% CI:
0.4-0.6%) compared to 8% (95% CI: 7-8%) for patients
who were 265 years at transplantation. The estimated 5-year
TRM of these LM populations were 6% (95% CI: 4-8%)
and 17% (95% CI: 10-25%) for these age groups, respec-
tively. Combining this information shows that population
mortality accounted for 8% of 5-year post-LM NRM for
patients transplanted at an age <45 years, compared to 31%
of NRM for patients transplanted at an age >65 years.
Finally, we performed multivariable analyses of risk
factors for excess mortality. We confirmed the adverse
impact of higher age on excess mortality (Table 3 and S6).
For later LM populations (HR = 1.2, 95% CI: 1.1-1.3 and

SPRINGER NATURE
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Fig. 1 Long-term outcomes after alloHCT by subtype of MDS.
a—c show the Kaplan—-Meier plots for OS of three subtypes of MDS
since alloHCT, with their 95% confidence intervals. The dashed lines
show the survival probability of the general population matched by
age, sex, country, and calendar year. a MDS without EB; b MDS with

HR =1.3, 95% CI: 1.1-1.6, for the 2- and 5-year LM OS
population, respectively), this impact was higher than at
HCT (HR=1.1, 95% CI: 1.1-1.2). Female patients had a
significantly better prognosis than male in the 5-year LM
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population (HR=0.7, 95% CI: 0.5-1.0). Later calendar
year of HCT was associated with better outcome in the first
2 years after HCT. We found a slightly worse outcome after
the 2-year LM in more recent calendar years, possibly
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Table 2 Outcomes of patients who passed the 2-year landmark event-free: overall and event-free survival, cumulative incidences of relapse/
progression and non-relapse mortality by MDS subtype and age groups at 5 years since landmark

Classification Overall survival

Event-free survival

Incidence of relapse/PD Non-relapse mortality

Point estimates at 5 years since landmark in % (95% CI)

MDS subtype MDS w/o EB 87 (84-90) 85 (82-88) 5 (3-8) 10 (7-12)
MDS with EB 76 (73-80) 70 (67-74) 16 (13-19) 14 (11-17)
SAML 74 (70-77) 70 (66-74) 16 (13-19) 14 (11-17)

Age group <45 years 88 (86-91) 83 (80-87) 10 (7-13) 7 (4-9)
45-55 years 79 (75-82) 75 (71-79) 14 (11-17) 12 (9-15)
55-65 years 74 (71-78) 71 (67-74) 14 (12-17) 15 (12-18)
265 years 63 (55-71) 56 (49-65) 19 (13-25) 25 (18-32)

CI confidence interval, PD progressive disease, MDS myelodysplastic syndrome, EB excess blasts, w/o without, SAML secondary acute myeloid

leukemia

indicating that in recent years, less early mortality came at
the expense of a somewhat increased later mortality, sug-
gesting that for frail patients, cure had not been achieved.
The more advanced stages of MDS kept their adverse
prognostic impact over time, with even the highest HRs for
the patients event-free at the 5-year LM (MDS with EB: 3.1,
95% CI. 1.4-7.0, p value =0.005, sAML: 2.8, 95% CI:
1.2-6.3, p value =0.01).

Discussion

The 10-year event-free survival in this population of
patients with MDS was 32% (95% CI: 30-33%). The
observed rate of late relapse leveled off: in only 2% of
patients with MDS and without EB and 3% of patients with
SAML, relapse occurred between 5 and 10 years after
alloHCT. These very low incidences of late relapses argue
in favor of sustained immunologic disease control or com-
plete eradication of the malignant founding clone after
alloHCT.

Outcome after alloHCT improved during the 13-year
period of treatment. We observed a risk reduction of 10%
per S-year period for excess mortality (HR=0.9, p<
0.001). In line with data reported from one large center
that compared past and recent outcomes during a 14-year
period, this improvement was mainly due to a reduction of
NRM [17].

Patients aged below 45 years at the time of alloHCT who
passed the 2-year LM event-free have an excellent prog-
nosis. Their excess mortality compared to the matched
general population is relatively small (see Fig. 2a). The
main strength of this study is, however, to show results of
elderly patients, transplanted at a wide variety of centers.
Altogether, 848 patients in this study were transplanted at
an age above 65 years. Compared to existing publications
on long-term survival, the median age of this cohort is more
than 20 years higher [1, 3, 4]. The percentage of patients

who were transplanted at an age 265 years increased from
4% in 2002 to 17% in 2012. Taking into account these rapid
changes in patients referred for alloHCT, this cohort pro-
vides robust data on long-term survival of contemporary
patients [9]. The importance of having such data is under-
scored by the notion that alloHCT is probably under-
utilized in patients >65 years [10].

Current recommendations for alloHCT for patients with
MBDS state that fit patients without comorbidities should be
considered for alloHCT regardless of their age [18]. Indeed,
there is some controversy over the impact of age on trans-
plant outcomes. McClune et al. [19] reported that age was
no predictor for 2-year survival rates after alloHCT. How-
ever, it has been demonstrated more recently that even after
adjustment for comorbidities and the performance status,
age retains an impact on survival after alloHCT [20, 21].
We also found an impact of age on survival rates in our
cohort of patients with MDS. However, in line with the
publication from McClune et al. the impact of age on excess
mortality was relatively small (HR = 1.1, 95% CI: 1.1-1.2)
in the first 2 years after alloHCT. Notably, the impact of age
on excess mortality increased for the 2-year (HR =1.2,
95% CI: 1.1-1.3) and 5-year (HR =1.3, 95% CI: 1.1-1.6)
LM populations. The numbers given indicate average
effects over all ages included in the study. For the oldest age
group (>70 years at transplantation), not enough data were
available to give a precise estimate of the incremental
impact of higher age. Outside the setting of alloHCT, Della
Porta et al. [22] integrated age into their age-adjusted WPSS
and showed that higher age may lead to a shift to a
higher risk category. Current data thus suggest that age
should be taken into account when assessing the risk
profile, but not used to preclude elderly patients from
alloHCT [23-25].

NRM is usually regarded as an indicator of the risk of a
transplant procedure. While the causality of alloHCT and
transplant-specific complications such as GVHD can be
established unequivocally, the definition of NRM by itself

SPRINGER NATURE
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between the lines
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does not constitute a relationship between the treatment and
the complication leading to death. At the individual level it
is often impossible to assess whether a fatality was trans-
plantation-related, pretreatment-related or independent. For
example, GVHD may cause or aggravate endothelial
damage and thus may increase the risk of cardiovascular
disease, which is one of the most common causes of death
in the general population. The same is true for secondary
cancers diagnosed after alloHCT. The risk for certain can-
cers is increased after HCT, compared with the general
population [26]. Yet, at the level of an individual patient, it
is usually impossible to distinguish between a treatment-
induced and a spontaneous solid cancer. The same holds
true for cardiovascular disease and some infections for
which treatment-induced and idiopathic events cannot be
differentiated at patient level [27, 28]. To avoid subjective
adjudication of causes of death, we chose a population-
based approach. We assumed that patients with MDS had
the same background risk of death from causes unrelated to
the MDS and its treatment as the general population and
that the excess risk of death was caused either directly or
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indirectly by the MDS and its treatment. Based on this
assumption, we could split NRM into population mortality
and excess NRM, where we interpreted the latter as TRM.
We show that for patients transplanted at an age <45 years,
total NRM is near-identical to TRM. However, for patients
who are transplanted at an age >65 years, a substantial part
of total NRM is population mortality, i.e., mortality which
patients of that age inevitably face. Recent data suggest that
patients with MDS are at greater risk of death from cardi-
ovascular disease [29]. The percentage of cancer survivors
may also be higher among patients with MDS than in the
general population [30]. This implies that part of the excess
NRM might not be TRM, but death due to morbidity
associated with—but not caused by—MDS, and that true
TRM might be somewhat smaller.

Huge efforts are being made to gain deeper insights into
late complications after alloHCT and to improve long-term
survivorship [31, 32]. Nevertheless, Rubinstein et al. [33]
show that cancer survivorship services are not well inte-
grated in primary care. A more precise approximation of
treatment-related mortality by correcting for population
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Table 3 Impact of risk factors in
different time periods after
alloHCT

Time-period/population

0-2 years, all patients

2-10 years, 2-year LM 5-10 years, 5-year LM
population population

Risk factor

HR (95% CI) p-value

HR (95% CI) p-value HR (95% CI) p-value

Patient sex

Male 1 1

Female 0.9 (0.9-1.0) 0.2 0.9 (0.7-1.0) 0.1 0.7 (0.5-1.0) 0.04
Age at alloHCT (per decade) 1.1 (1.1-1.2) <0.001 1.2 (1.1-1.3) <0.001 1.3 (1.1-1.6) 0.001
Year of alloHCT (per 5 years) 0.8 (0.8-0.9) <0.001 1.2 (1.0-1.4) 0.02 1.4 (1.0-2.0) 0.06
MDS subtype

MDS w/o EB 1 1

MDS with EB 1.2 (1.1-1.4) <0.001 1.9 (1.4-24) <0.001 2.3 (1.3-4.0) 0.003
sAML 1.4 (1.2-1.5) <0.001 2.1 (1.6-2.8) <0.001 2.0(1.2-3.6) 0.01
Donor match

HLA-identical sibling 1 1

Other donor 1.2 (1.1-1.3) <0.001 1.1 (0.9-1.3) 0.3 1.1 (0.8-1.6) 0.5
Conditioning

Myeloablative 1 1

Reduced intensity

0.9 (0.9-1.0) 0.1

Previous relapse NA

0.8 (0.7-1.0) 0.02
5.1 (4.2-6.1) <0.001

0.8 (0.5-1.1) 0.2
5.0 3.5-7.2) <0.001

Cox models for excess mortality in defined time periods for patients alive at different landmarks.

LM landmark, HR hazard ratio, CI confidence interval, NA not applicable. Patients with missing information
for conditioning were kept in the analysis in a separate category (not shown)

mortality may help to define more realistic targets for
cancer-survivor programs and to communicate more clearly
with patients. It may already make a difference for a cancer-
survivor to know that a substantial part of the risk of
mortality is shared by an age- and sex-matched population
of that country. In particular, for the growing number of
elderly patients who are referred for alloHCT, the distinc-
tion between population mortality and true treatment-related
mortality becomes increasingly important.

In conclusion, we propose that the consideration of
population mortality should become standard, especially
when long-term follow-up data after alloHCT are reported
for elderly patients.
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