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Curie, Paris, France; 5EBMT Acute Leukaemia Working Party, Paris France; 6Centre Hospitalier Université (CHU) Lille, INSERM, Université Lille, Infinite, Lille, France; 7EBMT
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Key Points

• Transplantation-related
mortality has fallen in
the past 40 years, with
the most substantial
improvement occurring
at about the year 2000.

• In the matched-pairs
analysis, nonrelapse
mortality at 1 year was
24.4% in the 1990s
and 9.5% from 2013
through 2016.

We performed a study to find out how advances in modern medicine have improved the

mortality risk of allogeneic stem cell transplantation. We analyzed major transplantation

outcome parameters in adult patients on the European Society for Blood and Marrow

Transplantation (EBMT) registry who had hematologic malignancies and had received

transplants frommatched sibling donors.We performedmultivariate analyses using the Cox

proportional-hazards model including known risk factors for nonrelapse mortality and

a matched-pairs analysis. We identified 38 800 patients who fulfilled the inclusion criteria.

Considerable changes in patient characteristics have occurred in the past decades, such as

older age, different underlying diseases, and a higher proportion of patients with advanced

disease. Major reasons for transplantation-related death in the 1980s were infectious

complications and graft-versus-host disease. Nonrelapse mortality, measured at 1 year after

transplantation, has decreased over time: 29.7% from 1980 through 1989, 24.4% from 1990

through 1999, 14.8% from 2000 through 2009, and 12.2% from 2010 through 2016. On

multivariate analysis, the year of transplantation was associated with reduced nonrelapse

mortality (P , .0001; hazard ratio [HR] [95% confidence interval (CI)], 0.8 [0.79-0.82], for

5-year intervals) and decreased overall mortality (P, .0001; HR [95% CI], 0.87 [0.86-0.88]. In

the matched-pairs analysis of 3718 patients in each group, nonrelapse mortality at 1 year

was 24.4% in the 1990s and 9.5% from 2013 through 2016 (P, .0001; HR [95% CI], 0.39 [0.34-

0.43]). Transplantation-related mortality has decreased significantly in the past 40 years.

These favorable data facilitate evidence-based treatment decisions on transplantation

indications in the context of the availability of novel immunotherapies.

Introduction

Allogeneic stem cell transplantation (allo-SCT) is a standard procedure for the treatment of hematologic
diseases and other illnesses. The use of allo-SCT is constantly increasing, with nearly 20000 transplantations
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reported to the European Society for Blood and Marrow Trans-
plantation (EBMT) per year.1 Allo-SCT has cured many patients with
life-threatening diseases since its broader use in clinical medicine
began;40 years ago. However, allo-SCT has a downside of causing
considerable treatment-related mortality, mainly driven by graft-versus-
host disease (GVHD), infectious complications, and conditioning-
related toxicity. Therefore, the decision to choose allo-SCT can be
difficult, and reliable information on the current nonrelapse mortality
(NRM) risk is needed. Over the past few decades, considerable
progress has been made in the management of GVHD, as well as in
prevention and treatment of infectious complications in allo-SCT
recipients.2,3 We performed a study using the largest real-life allo-SCT
registry, to find out if the NRM risk has been reduced in modern times.

Methods

Study design and data collection

This is a retrospective multicenter analysis derived from the data set
of the EBMT registry. The EBMT is a voluntary working group of
more than 600 transplantation centers that are required to report
regular follow-up on all consecutive stem cell transplantations.
Audits are routinely performed to determine the accuracy of the
data. The study was planned and approved by the Transplant
Complications Working Party of the EBMT. All patients gave their
written informed consent to use their personal information for
research purposes. The study was conducted in accordance with
the Declaration of Helsinki and Good Clinical Practice guidelines.
Eligibility criteria for this analysis included patients older than
18 years of age at allo-SCT who had acute lymphoblastic leukemia,
acute myeloid leukemia, lymphoma, myelodysplastic syndrome,
or myeloproliferative neoplasms and underwent a first allo-SCT
(previous autologous transplantation[s] allowed) with a transplant
from a matched sibling donor obtained from either bone marrow
or peripheral blood, from 1980 through 2016. The decision to
exclusively include allo-SCT recipients from matched family donors
was driven by the difficulty in assessing the influence of HLA
disparity over time. There have been major improvements in HLA
typing during the study period, making it impossible to match
recipients of transplants from unrelated donors in different historic
cohorts.

Exclusion criteria were lack of information on disease progression
(status or date), conditioning (intensity or use of total body
irradiation), status at transplantation, and in vivo T-cell depletion.
Data collected included recipient and donor characteristics (age,
sex, cytomegalovirus serostatus and Karnofsky performance status
score), diagnosis and status at transplantation, interval from
diagnosis to transplantation, and transplantation-related factors,
including conditioning regimen, use of antithymocyte globulin or
alemtuzumab before transplantation for in vivo T-cell depletion, stem
cell source, ex vivo T-cell depletion, and posttransplantation GVHD
prophylaxis. Grading of acute GVHD was performed according to
established criteria.4 Chronic GVHD was classified as limited or
extensive, according to published criteria.5 For the purpose of this
study, all necessary data were collected according to the EBMT
guidelines, using the EBMT Minimum Essential Data forms.

Statistical analysis

Study end points were NRM, overall survival, progression-free
survival, relapse incidence, and incidence and severity of acute

GVHD and chronic GVHD. The start time for all end points was the
date of transplantation. NRM was defined as death without relapse/
progression, and progression-free survival was defined as survival
without relapse or progression. Probabilities of overall survival and
progression-free survival were calculated by the Kaplan-Meier
method. Cumulative incidence functions were used to estimate
NRM and relapse incidence in a competing risk setting, with death
and relapse competing with each other.6 For the estimation of the
cumulative incidence of acute and chronic GVHD, relapse and
death were considered to be competing events. Follow-up was
truncated at 4 years for all patients, to avoid any bias related to
a longer follow-up for patients who underwent transplantation in the
early decades. Multivariate analyses were performed by using the
Cox proportional hazards model for all end points. All factors known
to be potential risk factors for NRM were included in the final
models: previous autologous transplantation(s), stem cell source,
diagnosis, complete remission at transplant, patient age, patient
sex, donor sex, intensity of conditioning, total body irradiation, and
in vivo T-cell depletion. Some factors that were not readily available,
especially in old transplantation records, were not included: ex vivo
T-cell depletion, cytomegalovirus status, and Karnofsky perfor-
mance status score. In the matched-pair subgroup analysis
comparing transplant recipients in the 1990s with those from
2013 through 2016, patients were matched 1:1 for diagnosis,
status at transplant, sex, and age (5-year categories). All tests were
2-sided. Statistical analyses were performed with R 3.4.2 software
(R Development Core Team, Vienna, Austria) packages.

Results

Patient characteristics and causes of death

We analyzed NRM over time in adult patients undergoing a first allo-
SCT from a matched sibling donor for hematologic malignancy
reported to the EBMT. We identified 38800 patients who fulfilled
the inclusion criteria. The quantitative assessment of time of
transplantation and its association with outcome was made by
assuming year of allo-SCT as a continuous linear variable. However,
for better visualization in figures and for presentation in some of the
tables, we built 4 historic patient cohorts: 1980 through 1989,
1990 through 1999, 2000 through 2009, and 2010 through 2016.
Patient characteristics of the cohorts changed fundamentally
over time (Table 1). More recent cohorts were characterized
by a higher proportion of (1) older patients; (2) peripheral blood
as the donor stem cell source; (3) lymphoma, myelodysplastic
syndrome, or myeloproliferative diseases as underlying malig-
nancies; (4) reduced-intensity conditioning; (5) chemotherapy-
only conditioning (without total body irradiation); and (6) in vivo
T-cell depletion with antithymocyte globulin or alemtuzumab. The
causes of mortality are given in Table 2. The most frequent cause
of death across all cohorts was relapse of the underlying malignancy,
closely followed by infections and GVHD. As expected, a higher
number of secondary malignancies was reported as the cause of
death in patients in early transplantation cohorts, considering the
longer observation period. However, in all cohorts, a relatively low
percentage of death attributable to secondary malignancies was
present (Table 2).

Evolution of mortality after transplantation over time

We found that NRM at 1 year after transplantation decreased over
time: 29.7% from 1980 through 1989, 24.4% from 1990 through
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1999, 14.8% from 2000 through 2009, and 12.2% from 2010
through 2016 (Figure 1A). The evolution of NRM in 5-year periods
over time is visualized in Figure 1B. Supplemental Table 1
demonstrates that reduction of NRM over time was present in
different transplant-recipient age groups. The reduced NRM
translated into decreased overall mortality after transplantation.
Overall survival at 1 year after allo-SCT was 54.8% from 1980
through 1989, 57.6% from 1990 through 1999, 67.5% % from
2000 through 2009, and 72.1% from 2010 through 2016
(Figure 1C). Progression-free survival, considering the underly-
ing malignancy, was also higher in the more recent cohorts:
49.2% from 1980 through 1989, 49.8% from 1990 through
1999, 56.4% from 2000 through 2009, and 60.8% from 2010
through 2016 (Figure 1D). In multivariate analysis, the year of
transplantation (in 5-year increments) was associated with re-
duced NRM (P , .0001; HR [95% CI], 0.8 [0.79-0.82]), reduced
overall mortality (P , .0001; HR [95% CI], 0.87 [0.86-0.88]), and
improved progression-free survival (P , .0001; HR [95% CI],
0.9 [0.89-0.91]). A description of the univariate outcomes is
given in Table 3. Detailed results of multivariate analyses are given
in supplemental Table 2.

Relapse and GVHD

The incidence of relapse of the primary malignancy increased
slightly in univariate description over time (Table 3). However,

after adjustment for confounders in multivariate analyses, we
found a different picture. The incidence of relapse decreased
slightly but significantly over time in the multivariate analysis
(P , .0001; HR [95% CI], 0.96 [0.95-0.98] for 5-year increments).
This discrepancy between univariate and multivariate analyses
probably reflects the increasing number of high-risk patients
over time.

The incidence and severity of acute GVHD decreased over time
(Table 3). In multivariate analysis, the year of transplantation (5-year
increments) was associated with reduced acute GVHD grades 2
to 4 (P, .0001; HR [95% CI], 0.92 [0.91-0.94]) and grades 3 to
4 (P , .0001; HR [95% CI], 0.9 [0.88-0.93]). Table 3 shows

Table 1. Patient characteristics in different historic transplantation cohorts

Variable 1980-1989 1990-1999 2000-2009 2010-2016

Donor cell source

Bone marrow 1479 (99.9) 3494 (75.1) 2 913 (19.8) 2 180 (12.1)

Peripheral blood 1 (0.1) 1157 (24.9) 11784 (80.2) 15 792 (87.9)

Diagnosis

Acute lymphoblastic leukemia 524 (35.4) 1263 (27.2) 2 573 (17.5) 3 056 (17)

Acute myeloid leukemia 770 (52) 2268 (48.8) 7 546 (51.3) 8 953 (49.8)

Lymphoma 83 (5.6) 550 (11.8) 2 643 (18) 2 890 (16.1)

Myelodysplastic/myeloproliferative disease 103 (7) 570 (12.3) 1 935 (13.2) 3 073 (17.1)

Complete remission at transplant

Yes 1170 (79.1) 3050 (65.6) 9 641 (65.6) 12 130 (67.5)

No 310 (20.9) 1601 (34.4) 5 056 (34.4) 5 842 (32.5)

Age, median (min-max) [IQR], y 29.2 (18-55.7) [23.1-36] 37.4 (18-74.7) [28.8-45.2] 45.7 (18-76.4) [34.4-54.9] 49.5 (18-83.8) [36.9-58.3]

Sex

Male 839 (56.7) 2667 (57.3) 8 362 (56.9) 10 458 (58.2)

Female 641 (43.3) 1984 (42.7) 6 335 (43.1) 7 514 (41.8)

Intensity of conditioning

Reduced 0 (0) 305 (6.6) 5 667 (38.6) 7 739 (43.1)

Myeloablative 1480 (100) 4346 (93.4) 9 030 (61.4) 10 233 (56.9)

Conditioning contains total body irradiation

Yes 1408 (95.1) 3348 (72) 5 827 (39.6) 4 448 (24.7)

No 72 (4.9) 1303 (28) 8 870 (60.4) 13 524 (75.3)

In vivo T-cell depletion

Yes 28 (1.9) 387 (8.3) 3 171 (21.6) 6 052 (33.7)

No 1452 (98.1) 4264 (91.7) 11526 (78.4) 11 920 (66.3)

Data are absolute number of patients (percentage), unless noted otherwise.

Table 2. Cause of death in the historic transplantation cohorts

Cause of death 1980-1989 1990-1999 2000-2009 2010-2016

Relapse of primary disease 357 (40.3) 1124 (43.0) 3651 (52.8) 3384 (50.4)

Infection related 260 (29.4) 748 (28.6) 1291 (18.7) 1392 (20.7)

GVHD 122 (13.8) 266 (10.2) 546 (7.9) 522 (7.8)

Secondary malignancy 1 (0.1) 8 (0.3) 47 (0.7) 51 (0.8)

Multiorgan failure 2 (0.2) 76 (2.9) 803 (11.6) 890 (13.3)

Other 144 (16.3) 395 (15.1) 574 (8.3) 476 (7.1)

Data missing 6 38 86 81

Data are absolute number of patients (percentage).
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a higher incidence of chronic GVHD in the more recent cohorts.
However, in the multivariate analysis, the year of transplantation (in
5 years increments) was associated with decreased chronic GVHD of
all grades (P 5 .0003; HR [95% CI], 0.97 [0.96-0.99]), but not with
extensive chronic GVHD (P 5 .31; HR [95% CI], 1.01 [0.99-1.03]).

Matched-pairs analysis

We wanted to better quantify the improvement in nonrelapse
mortality by comparing the mortality of patients with similar character-
istics in the 1990s vs today.We therefore performed a matched-pairs

analysis, taking into consideration the type of malignancy, remission
status before transplantation, age, and sex. In the 1990s cohort we
identified 3718 patients who could be matched 1:1 to 3718 patients
who underwent transplantation from 2013 through 2016. Additional
patient characteristics in the matched cohorts are given in Table 4.
Again, the most prominent differences between the cohorts included
the use of peripheral blood stem cells, in vivo T-cell depletion, and
reduced-intensity conditioning in the more recent cohort.

In matched patients, we found that NRM at 1 year was 24.4% from
1990 through 1999, compared with 9.5% from 2013 through 2016
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Figure 1. Outcomes in different time periods of adult patients with hematologic malignancy who underwent first allo-SCT with a transplant from a matched family

donor. The periods were separated into decades (A,C-D), and NRM was separated into 5-year periods (B). NRM (A-B), overall survival (C), and progression-free survival (D).
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(P , .0001; HR [95% CI], 0.39 [0.34-0.43]; Figure 2A).
Consequently, overall survival at 1 year was superior in the 2013
through 2016 cohort (75.3%), compared with the 1990 through
1999 cohort (58.2%; P , .0001; HR [95% CI], 0.6 [0.56-0.64];
Figure 2B). Survival free from progression of the primary malignancy
was also higher in the more recent cohort (63% vs 50.3%; HR
[95% CI], 0.73 [0.68-0.78], P , .0001; Figure 2C). The relapse
rates in the 2 different cohorts were not significantly different (HR
[95% CI], 1.02 [0.95-1.11]; P 5 .55).

Discussion

Since the 1980s, we have observed a significant reduction in
NRM with allo-SCT from HLA-matched sibling donors. The
results of the multivariate analysis, adjusted for known risk
factors for NRM, suggest that improvements in patient manage-
ment rather than patient characteristics were the major factors
driving the decreased transplantation-related mortality in modern
times. We found that NRM was largely related to posttransplanta-
tion infections, severe GVHD, and organ toxicity. Although we found
improvements in each of these categories, the study design did not
allow conclusions to be drawn regarding the direct causes of the
observed effects.

We found a continuous improvement in NRM over time. To better
quantify and visualize the improvements that have been made, we

performed a matched-pairs analysis of patients who underwent
transplantation from 1990 through 1999, compared with a current
cohort. We found that current patients were 62% less likely to die
of NRM after allo-SCT than comparable patients in the 1990s.
NRM decreased from 27% to 11% in patients in the 1990s and
current patients, respectively, which led to an absolute reduction
of 16%. Numerous advances in different areas related to allo-SCT
may have contributed to improved outcomes. Important aspects
involve improvements in supportive care (intensive care medicine,
infectious complications, and GVHD management) and condi-
tioning regimens. The survival of patients admitted to intensive
care wards after allo-SCT has improved significantly, thanks to
global improvements in intensive care medicine and to specific
management aspects, such as earlier referral and earlier use
of noninvasive ventilation techniques in patients with pulmonary
complications after allo-SCT.7,8 A contributory reason for im-
proved infection-related mortality in transplant recipients in recent
years is the availability of more potent antiviral and antifungal
drugs.3 In addition, the more frequent use of peripheral blood as
a donor stem cell source is associated with shorter periods of
neutropenia compared with bone marrow, potentially leading to
a reduced infection risk.9 Furthermore, more sensitive labora-
tory tests, as well as improved imaging techniques have been
developed during this period, enabling earlier diagnosis and more
effective treatment of infections. Important modifications in GVHD

Table 3. Description of univariate outcomes in the historic transplantation cohorts

Outcome Time 1980-1989 1990-1999 2000-2009 2010-2016

NRM At 6 mo 25.1 (22.9-27.3) 19.9 (18.8-21.1) 10.8 (10.3-11.3) 8.4 (8-8.9)

At 12 mo 29.7 (27.4-32) 24.4 (23.2-25.6) 14.8 (14.3-15.4) 12.2 (11.7-12.7)

At 24 mo 31.5 (29.2-33.9) 26.7 (25.4-28) 17.4 (16.8-18) 14.8 (14.3-15.4)

Overall survival At 6 mo 67.4 (65.1-69.8) 70.6 (69.3-72) 79.7 (79.1-80.4) 83.4 (82.8-83.9)

At 12 mo 54.8 (52.3-57.4) 57.6 (56.2-59) 67.5 (66.7-68.3) 72.1 (71.4-72.8)

At 24 mo 46.1 (43.6-48.7) 48.3 (46.8-49.7) 57.3 (56.5-58.1) 61.9 (61.1-62.7)

Progression-free survival At 6 mo 60.2 (57.7-62.7) 62.3 (60.9-63.7) 69.2 (68.5-70) 72.1 (71.4-72.8)

At 12 mo 49.2 (46.7-51.8) 49.8 (48.3-51.2) 56.4 (55.6-57.2) 60.8 (60.1-61.6)

At 24 mo 42.4 (39.9-45) 42.3 (40.9-43.8) 48.2 (47.3-49) 52.4 (51.6-53.2)

Relapse incidence At 6 mo 14.7 (13-16.6) 17.8 (16.7-18.9) 20 (19.3-20.6) 19.5 (18.9-20.1)

At 12 mo 21.1 (19.1-23.2) 25.8 (24.6-27.1) 28.8 (28-29.5) 27 (26.3-27.7)

At 24 mo 26.1 (23.9-28.4) 31 (29.7-32.3) 34.5 (33.7-35.2) 32.8 (32-33.5)

Acute GVHD grade 2-4 At 30 d 27.5 (25.2-29.8) 28.1 (26.8-29.4) 16.6 (16-17.3) 6.2 (5.8-6.6)

At 100 d 36.4 (33.9-38.8) 37.5 (36.1-38.9) 27.5 (26.7-28.2) 24.8 (24.2-25.5)

At 180 d 36.6 (34.1-39) 37.8 (36.4-39.3) 27.8 (27.1-28.6) 25.4 (24.8-26.1)

Acute GVHD grade 3-4 At 30 d 11.5 (9.9-13.2) 11.4 (10.5-12.3) 4.7 (4.3-5) 2.3 (2.1-2.6)

At 100 d 14.5 (12.8-16.4) 15.6 (14.5-16.7) 10.8 (10.2-11.3) 9.7 (9.2-10.1)

At 180 d 14.7 (12.9-16.5) 15.7 (14.7-16.8) 10.9 (10.4-11.4) 9.9 (9.5-10.4)

Chronic GVHD At 6 mo 18.1 (16.1-20.2) 18.7 (17.5-19.9) 21.2 (20.5-21.9) 19.7 (19.1-20.3)

At 12 mo 22.5 (20.3-24.8) 26.3 (24.9-27.6) 34.1 (33.3-34.9) 32.5 (31.7-33.2)

At 24 mo 24.7 (22.4-27) 29.2 (27.8-30.6) 39 (38.1-39.8) 38.1 (37.3-38.9)

Extensive chronic GVHD At 6 mo 7.6 (6.2-9.1) 8.3 (7.5-9.2) 10.4 (9.8-10.9) 8.3 (7.8-8.7)

At 12 mo 9.5 (8-11.1) 11.8 (10.9-12.8) 16.4 (15.7-17) 13.9 (13.3-14.5)

At 24 mo 10.1 (8.5-11.7) 13.4 (12.3-14.4) 19.1 (18.4-19.7) 17.2 (16.6-17.8)

Data are HR (95% CI).
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prevention include a higher frequency of the use of in vivo T-cell
depletion as prophylaxis, leading to a reduced incidence of
GVHD.10 Furthermore, there is a trend toward the use of lower
steroid doses in less severe cases of GVHD, potentially leading to

better immunity.11,12 Finally, an increased use of less toxic
conditioning regimens (reduced-intensity conditioning) in the
recent cohort may have had favorable effects on organ toxicities,
including multiorgan failure, and on infections as well as on
GVHD.13,14

Our current results must be put into perspective with those of
existing related publications. Single center analyses from the Fred

Table 4. Patient characteristics in the matched-pairs analysis of

patients who underwent transplantation in the 1990s or from 2013

through 2016

Variable 1990s 2013-2016

Donor cell source

Bone marrow 2746 (73.9) 512 (13.8)

Peripheral blood 972 (26.1) 3206 (86.2)

Diagnosis

Acute lymphoblastic leukemia 930 (25)

Acute myeloid leukemia 1838 (49.4)

Lymphoma 486 (13.1)

Myelodysplastic/myeloproliferative
disease

464 (12.5)

Complete remission at transplantation

Yes 2538 (68.3)

No 1180 (31.7)

Patient age, y

18-24 571 (15.4)

25-29 421 (11.3)

30-34 446 (12)

35-39 507 (13.6)

40-44 615 (16.5)

45-49 593 (15.9)

50-54 374 (10.1)

55-59 147 (4)

60-64 41 (1.1)

65-69 1 (0)

70-75 2 (0.1)

Patient sex

Male 2134 (57.4)

Female 1584 (42.6)

Donor sex

Male 2065 (55.5) 2050 (55.1)

Female 1653 (44.5) 1668 (44.9)

Intensity of conditioning

Reduced 286 (7.7) 1009 (27.1)

Myeloablative 3432 (92.3) 2709 (72.9)

Conditioning contains total body

irradiation

Yes 2641 (71) 1043 (28.1)

No 1077 (29) 2675 (71.9)

In vivo T-cell depletion

Yes 322 (8.7) 1214 (32.7)

No 3396 (91.3) 2504 (67.3)

Median follow-up, mo (95% CI) 210.0 (204.4-216.3) 28.3 (27.2-29.7)

Data are absolute number (percentage) of patients, unless noted otherwise.
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Figure 2. Matched-pairs analyses of mortality in patients after allo-SCTs

performed from 1990 through 1999 vs those performed from 2013 through

2016. NRM (A), overall survival (B), and progression-free survival (C).
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Hutchinson Cancer Research Center15,16 and the Karolinska In-
stitute17 have demonstrated reduced NRM over longer periods of time.
These studies have analyzed mortality after family donor transplantation
as well as unrelated donor transplantation. Our current results confirm
these observations in a large international data set of sibling donor
transplant recipients with different patient and treatment character-
istics. The Center for International Blood and Marrow Transplant
Research has published analyses of patients with acute myeloid
leukemia, who underwent allo-SCT after myeloablative conditioning.18

In this specific patient population, the NRM decreased between 1985
and 2004. These data were later confirmed by the EBMT in patients
with acute myeloid leukemia19 and with acute lymphoblastic leuke-
mia.20 A recent publication, also from the EBMT, analyzed survival in
a large data set of adult patients with hematological malignancies who
underwent allo-SCT from 2001 through 2015, including all donor
types and stem cell sources.21 The researchers found a moderate
improvement in overall survival during the study period (from 46.3% to
50.5% at 3 years after transplantation) that was consistent in the
different donor type groups. The most prominent differences in study
design compared with our present study are (1) the different durations
of the study periods (2001 through 2015 vs 1980 through 2016),
which enabled investigation of long-term changes, and (2) the inclusion
criteria, which allowed for the use of all donor types and stem cell
sources in the recent EBMT study vs our focus on matched sibling
donors with peripheral blood or bone marrow as the donor graft
source. The focus on sibling donors enabled us to analyze NRM
independent from the influence of high-resolution HLA typing quality,
which improved considerably over time. However, based on our results,
only limited conclusions can be drawn regarding the use of transplants
from other than matched sibling donors. Another limitation of our study
is the absence of data on genetic risk stratification of the underlying
malignancy in the earlier cohorts. The probability of relapse after
transplantation depends on certain genetic risk factors present in the
hematologic malignancy,22,23 making it challenging to interpret data on
relapse incidence without this information.

The current analysis has several clinical implications. One aspect is that
the present data can be used as a benchmark for quality management
purposes in individual transplantation centers. In addition, these results
can be used to guide treatment decisions in patients with hematologic
malignancies and other diseases. The choice of treatment is
specifically a matter of current debate, because several novel therapies
(such as chimeric antigen receptor T cells, bispecific antibodies,
checkpoint inhibitors, and small molecules) for hematologic malignan-
cies have already gained market access or are expected to be available
in the near future, thereby coming in competition with allo-SCT for
similar indications. Short-term efficacy and safety data of novel
therapies are encouraging, but the availability of long-term follow-up
data is a significant advantage in favor of allo-SCT. Our study delivers
reliable mortality-risk data of allo-SCT over a longer period. Dissem-
ination of knowledge in the medical community on improved stem cell

transplantation outcomes may influence referral of patients to this life-
saving procedure in light of the increasing number of alternative
treatment options for hematologic malignancies.

A future challenge is how to achieve further improvement of survival
after allo-SCT. A relevant factor is reduction of relapse rates by
including novel treatment approaches and therapies in posttrans-
plantation therapeutic strategies. Further reduction of NRM may
be achieved by refining the use of risk-adapted transplantation
strategies based on combining already validated prediction tools24-26

or by merging them with novel prediction tools based on molecular
testing or on machine learning algorithms.

Taken together, the results of our analyses showed that NRM
has decreased significantly over time. Advances in intensive care
medicine and treatments of infectious disease and GVHD and
reductions in the intensity of conditioning regimens are the likely
contributors to better outcomes after allo-SCT.
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