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llogeneic hematopoietic stem-cell transplantation is a potentially
curative therapy for various hematologic diseases. An essential
component of this procedure is the pre-transplant conditioning
regimen, which should facilitate engraftment and reduce or eliminate
tumor cells. The recognition of the substantial association of a graft-versus-tumor effect and the high toxicity of the commonly used conditioning regimen led to the introduction of more differentiated intensity
strategies, with the aim of making hematopoietic stem-cell transplantation less toxic and safer, and thus more applicable to broader populations
such as older or unfit patients. In general, prospective and retrospective
studies suggest a correlation between increasing intensity and nonrelapse mortality and an inverse correlation with relapse incidence. In
this review, we will summarize traditional and updated definitions for
conditioning intensity strategies and the landscape of comparative
prospective and retrospective studies, which may help to find the balance between the risk of non-relapse mortality and relapse. We will try
to underscore the caveats regarding these definitions and analyses, by
missing complex differences between intensity and toxicity as well as
the broad influences of other factors in the transplantation procedure.
We will summarize evidence regarding several confounders which may
influence decisions when selecting the intensity of the conditioning regimen for any given patient, according to the individual risk of relapse and
non-relapse mortality.
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Although full consensus has not been reached within the hematopoietic stemcell transplantation (HSCT) community,1 conditioning regimens have usually been
classified as high-dose (MAC), reduced-intensity (RIC), and non-myeloablative
(NMA).2 Based on these criteria,3 myeloablative, or “high-dose” regimens, consisting of alkylating agents with or without total body irradiation (TBI), are expected
to ablate marrow hematopoiesis, not allowing autologous hematologic recovery.
In contrast, NMA regimens, although causing minimal cytopenia, do not require
stem cell support.4 Regimens that do not fit the definition of MAC or NMA are
classified as RIC regimens: they result in potentially prolonged cytopenia, and
they require hematopoietic stem cell support. What differentiates RIC regimens
from myeloablative regimens is that the dose of alkylating agents or TBI is generally reduced by ≥30%. Notably, “intensity” was defined here on the basis of grade
of reversible and irreversible myelotoxicity rather than of non-hematologic toxicity. Despite this imprecise definition of intensity and toxicity and the lack of their
universality (agreement for these criteria was found in <75%), this classification
has served as a clinical tool and enabled some, although still limited, comparability
with registries such as that of the European Society for Blood and Marrow
Transplantation (EBMT).5–7
It is important to recognize, however, that regimens classified as MAC or RIC
can vary substantially, regarding intensity and toxicity, which is also reflected by
so-called “sequential” strategies;8,9 and the rigidity of this scheme further impeded
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the inclusion of new regimens showing reduced nonhematologic toxicity and different safety profiles in general.10 Moreover, this classification ignores the additional
intensity of purine analogs used for immune-ablation11 or
of disease-specific drugs used to achieve reduction in
relapse risk. Thus, in literature less well-defined terms,
such as “reduced toxicity”,12 “hyper-intensive”13 or “augmented reduced intensity” are now more commonly
used.14 To address this increasing variability, the EBMT
has recently proposed an updated refined classification,
assigning intensity weight scores for frequently used
conditioning regimen components in relation to their
prognostic value for non-relapse mortality (NRM); and
using their sum to generate a transplant conditioning
intensity score. This also categorized classification
showed only slightly improved discrimination for the
outcome of NRM, while discrimination and thus prognostic utility with respect to the outcome of relapse were
comparable to the previous dichotomized RIC/MAC
classification.15

Prospective randomized studies with different
dose intensities
Prospective randomized studies comparing different
condition regimen intensities exist only for acute myeloid
leukemia (AML) and myelodysplastic syndrome (MDS)
(including very few patients with chronic myeloid
leukemia; see Table 1), while no prospective randomized
studies exist for other hematologic malignancies includ-

ing non-Hodgkin lymphoma, Hodgkin lymphoma and
multiple myeloma.

Toxicity-reduced myeloablative conditioning versus
myeloablative conditioning
The first trial of toxicity-reduced MAC versus MAC
was a randomized phase III trial by Bornhäuser et al. in
195 patients (median age 44 years) with intermediate- or
high-risk AML in first complete remission.16 Treatment in
the lower intensity arm consisted of a lower dose of TBI
(800 cGy) plus fludarabine which was compared to a
standard MAC approach of cyclophosphamide-TBI (1200
cGy). Although the study was concluded early because of
slow accrual of patients, outcomes were not significantly
different with regards to NRM, cumulative incidence of
relapse, and survival, with these findings being confirmed
in a long-term follow-up report.17 Interestingly, severe
mucositis and in-hospital mortality were less frequent in
the RIC group, leading to the conclusion that RIC regimens lessened the toxic effects of transplantation, and the
short-term mortality at 1 year was lower in the RIC
group. An age limit of 60 years may impede the interpretation of the findings. In contrast, these results suggest
that perhaps RIC regimens should be used preferentially
in patients <60 years old with AML in first complete
remission. Aside from this, the RIC regimen of TBI 800
cGy is, according to the current definition, still a MAC
regimen .
Another attempt to reduce intensity and toxicity without losing myeloablative intensity of the conditioning
regimen was made by replacing cyclophosphamide with

Table 1. Characteristics and results of prospective randomized trials comparing different intensities and toxicity of conditioning regimens.

Trial

Population

Regimen

Toxicity reduced MAC vs. MAC or RIC
AML
BuFlu (MAC)
BuCy (MAC)
Rambaldi et al.20
Age >40 y
Bornhäuser et al.16
AML CR1
8 GyTBIFlu (MAC) 12 GyTBI/Cy (MAC)
Age 18-60 y
IR/HR cytogenetics
AML/MDS
TreoFlu (MAC)
BuFlu (RIC)
Beelen et al.24
Age ≥50 y and/or
CI >2/KPS >60%
RIC vs. NMA
Hematologic
BuFlu (RIC)
FluTBI (NMA)
Blaise et al.2
malignancies
RIC vs. MAC
AML/CML
BuFlu (RIC)
BuCy(MAC)
Ringdén et al.90
Age ≤60 y
incl n=4 CML (NMA)
Scott et al.26
AML/MDS in CR
BuFlu; FluMel
BuFlu; BuCy;
Age 18-65 y
(RIC)
TBICy (MAC)
MDS/sAML
BuFlu (RIC)
BuCy (MAC)
Kröger et al.25
Age 18-60 y UD
Age 18-65 RD
RIC vs. sequential RIC
AML /MDS
FLAMSA-Bu
Bu/Flu or
Craddock et al.14
Age 18-75 y
(seq RIC)
Mel/Flu (RIC)

RFS
% (P)

Relapse
% (P)

NRM
% (P)

OS
% (P)

40 vs. 47
(ns)
58 vs. 56
(ns)

24 vs. 21
(ns)
28 vs. 26
(ns)

8 vs. 18
(0.03)
13 vs. 18
(ns)

27 vs. 35
(ns)
61 vs. 58
(ns)

64 vs. 50
(0.001)

25 vs. 23
(ns)

11 vs. 23
(0.05)

71 vs. 56
(0.01)

35 vs. 23
(ns)

27 vs. 54
(<0.01)

38 vs. 22
(0.03)

41 vs. 41
(ns)

NR
47 vs. 68
(<0.01)
62 vs. 58
(ns)

12 vs. 35
(ns)
48 vs. 14
(<0.001)
17 vs. 15
(ns)

11 vs. 11
(ns)
4 vs. 16
(<0.01)
17 vs. 25
(ns)

76 vs. 62
(ns)
78 vs. 68
(0.07)
76 vs. 63
(0.08)

54 vs. 49
(ns)

27 vs. 30
(ns)

21 vs. 17
(ns)

61 vs. 59
(ns)

RIC: reduced intensity conditioning; MAC: myeloablative conditioning; NMA: nonmyeloablative; RFS: relapse-free survival; NRM: non-relapse mortality; OS: overall survival; (s)AML:
(secondary) acute myeloid leukemia; CML: chronic myeloid leukemia; CR: complete remission; Cy: cyclophosphamide; Treo: treosulfan; Flu: fludarabine; TBI: total body irradiation; Bu: busulfan; IR: intermediate-risk; HR: high-risk; Mel: melphalan; MDS: myelodysplastic syndrome; UD: unrelated donor; RD: related donor; ns: not significant; y: years; CI:
comorbidity index; KPS: Karnofsky performance status; NR: not reported; seq: sequential.
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a less toxic immunosuppressive agent, fludarabine.18,19
The important prospective randomized study by
Rambaldi et al. comparing busulfan-fludarabine conditioning versus busulfan-cyclophosphamide in patients >40
years of age with AML showed significantly reduced 1year transplant-related mortality (8% vs. 17%).20
Importantly, the comparison showed reduced NRM
specifically for patients with a higher comorbidity index
and busulfan-fludarabine conditioning, as well as in
patients in first complete remission. Adverse event rates
were similar in the two groups, except for organ-failure,
which was more frequent in the group treated with
cyclophosphamide.
Another option to maintain myeloablation, according
to the given definition, and immunosuppression but also
to reduce non-hematologic toxicity was investigated by
replacing busulfan by the alkylator treosulfan,21 which
exhibits low inter- and intra-patient variability without
the need for dose adjustments.22,23 A recent prospective
randomized trial by Beelen et al. in older (≥50 years)
and/or comorbid AML/MDS patients randomly assigned
patients to receive either intravenous 3x10 g/m2 treosulfan or reduced intensity busulfan. The initial treosulfan
dose of 14 g/m2 daily was changed due to safety concerns.24 Both groups received 30 mg/m² intravenous fludarabine. Overall, the 2-year event-free survival rate was
64% in the treosulfan group and 50% in the busulfan
group, but differences were most pronounced in the subgroup of patients ≥50 years receiving matched unrelated
HSCT, whereas there was not a significant difference
among patients with a comorbidity index of ≥2. Notably,
despite higher intensity, the survival benefit of treosulfan
was caused by a higher NRM in the busulfan group
which did, however, appear somewhat higher than previously reported.25,26

Reduced intensity conditioning versus myeloablative
conditioning
The BMT-CTN study reported by Scott et al.26 prospectively compared RIC versus MAC approaches in AML and
MDS. In order to have more flexibility, transplant physicians had some choice of preparative approaches. The
study design allowed higher-dose busulfan (12.8 mg/kg
intravenously) with fludarabine or busulfan with
cyclophosphamide along with cyclophosphamide-TBI in
the MAC arm and lower-dose busulfan (8 mg/kg intravenously) with fludarabine or fludarabine with melphalan in the RIC arm. Enrollment was more rapid and
accured 272 patients with AML/MDS patients aged 18-65
years with a comorbidity index <5 and <5% marrow
myeloblasts prior to matched-related or unrelated donor
HSCT. The study was closed early because of the finding
of superior relapse-free survival in the MAC arm. This
study clearly demonstrated that myeloablative busulfan
regimens resulted in a significantly improved relapse-free
survival (despite a higher NRM rate) and in a significantly
lower relapse incidence than the lower-dose busulfan/fludarabine RIC arm. The main cause of death in the MAC
arm was graft-versus-host disease (GvHD) (50%), as compared to relapse (86%) in the RIC arm. The ability to perform subgroup analyses was limited by the early closure.
Nevertheless, these analyses showed survival benefit for
MAC for AML patients, high-risk patients and patients
with a comorbidity index of 0.
The EBMT RICMAC trial25 prospectively addressed this
1796

issue in patients with MDS or secondary AML. The
patients included in this trial had to be 18-60 years for
those with unrelated donors and 18-65 years for those
with related donors. Eighty-five percent of chemotherapies before transplantation were administered in
advanced MDS (chronic myelomonocytic leukemia,
refractory anemia with excess of blasts, and secondary
AML) to reduce the number of blasts. Regimens were
busulfan (16 mg/kg orally or 12.8 mg/kg intravenously)
and cyclophosphamide (120 mg/kg) for MAC and busulfan (8 mg/kg orally or 6.4 mg/kg intravenously) and fludarabine (150 mg/m2) for RIC. The trial also accrued
slowly, assigning 129 patients, and was closed early after
calculations suggested enough power to address the primary aim of determining differences in NRM. The trial
showed similar 2-year incidences of relapse, relapse-free
survival, and overall survival. Short-term NRM, at 1 year,
was also similar but was much lower than predicted. In
the multivariable model of NRM, an interaction was
found between conditioning intensity and cytogenetics,
which led to a subgroup analysis stratified by cytogenetic
risk group. In the low-risk cytogenetic group, lower performance status was associated with higher NRM, while
the comparison of conditioning intensities showed lower
NRM after RIC in this risk group. In the intermediate- and
high-risk cytogenetic groups, RIC resulted in a higher
NRM rate.

Reduced intensity conditioning versus sequential
reduced intensity conditioning
More recently, Craddock et al. compared, in a prospective, randomized fashion, a sequential transplant regimen
with fludarabine-amsacrine-cytarabine followed by
busulfan “augmented” RIC to a fludarabine-based RIC in
high-risk AML and MDS and did not find any statistically
significant difference in therapy-related mortality, relapse
or overall survival between the two groups.14

Reduced intensity conditioning versus
non-myeloablative conditioning
A further reduction of intensity and toxicity was introduced by a non-myeloablative regimen with only 2 Gy
TBI and fludarabine. A prospective randomized study
reported by Blaise et al. compared a 2 Gy TBI-based NMA
regimen with a busulfan-fludarabine-based RIC regimen.27 The incidence of grade 2-4 acute GvHD was 47%
in the RIC group versus 27% in the group given NMA
conditioning, with no difference in chronic GvHD. The
RIC group showed a lower relapse rate (27% vs. 54%),
while the NRM rate was higher (38% vs. 22%). At 5
years, the overall survival rates were identical (41%).

Evidence summary
In summary, prospective studies in AML/MDS show a
challenging landscape of evidence. No superiority for any
arm regarding relapse or NRM was found for AML patients
with intermediate-/high-risk cytogenetics and ≤60 years or
MDS/secondary AML patients,16,25 with a trend towards
better overall survival after RIC in the trial by Kröger et al.25
In contrast, Scott et al.26 showed a clearly reduced risk of
relapse and better overall survival for MAC, despite higher
NRM in AML/MDS patients. Intensifying RIC by administering sequential RIC did not improve outcome compared
to conventional RIC in high-risk AML/MDS.14
Meta-analyses summarizing findings from the aforehaematologica | 2021; 106(7)
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mentioned randomized trials have been published but are
limited by the heterogeneous characteristics across the
trials.28,29 In conclusion, for AML and MDS, the overall
quality of evidence for the optimal conditioning intensity
is low. For higher-risk patients, MAC appeared to provide
some benefit.29 However, in the current setting, only data
synthesis on the level of individual patient data may be of
additional value.

Retrospective studies in acute myeloid
leukemia/myelodysplastic syndromes
The wide basis for current clinical consensus statements
with regards to conditioning intensity in AML/MDS draws
on data from retrospective comparisons (Table 2). The first
study to compare outcomes of conventional MAC versus
RIC was from an EMBT registry study that looked at 722
patients with AML >50 years.30 Four hundred seven
patients received MAC consisting of TBI doses >10 Gy or
busulfan doses >8 mg/kg plus other drugs, and 315 patients
underwent RIC including fludarabine in combination with
low-dose TBI (<2 Gy) or busulfan doses <8 mg/kg. The
results showed that NRM was higher after MAC, while
RIC transplants were associated with a higher relapse risk,
even after adjustment for various factors. There was, however, no difference in 2-year relapse-free and overall survival. The incidences of grades 2-4 acute GvHD and chronic
GvHD were also lower after RIC. (Table 2).
Another retrospective EBMT registry study by Martino et
al. in MDS patients compared RIC (mainly consisting of fludarabine-busulfan regimens) with standard MAC (mainly
TBI-cyclophosphamide or busulfan-cyclophosphamide).31
In multivariate analysis, the 3-year incidence of relapse was
significantly higher in the RIC group, with a risk increased
by 64%. In contrast, the risk of NRM was significantly
decreased by 39% compared with that in the MAC arm.
Acute GvHD was seen more frequently in MAC, while
rates of chronic GvHD were comparable. The 3-year estimated progression-free and overall survival rates were similar in both groups. Of note, these findings were also confirmed after long-term follow-up.32
Similar conclusions were reached from comparative
analyses of unrelated donor transplants.33 More stratified
comparisons of NMA, RIC, conventional, and so-called
hyper-intensive MAC in patients with AML/MDS with
<10% blasts13 showed significant and interesting differences in NRM over time: while the NRM at day 100 was
highest for hyper-intensive MAC (22%) followed by MAC
(11%) and RIC (4%) and NMA (0%), the landmark NRM

after day 100 showed the highest NRM rate for NMA
(32%) followed by RIC (17%), MAC (14%) and hyperintensive conditioning (11%).
Another large Center for International Blood & Marrow
Transplant Research (CIBMTR) analysis considered 3,731
MAC and 1,448 RIC/NMA procedures performed between
1997 and 2004. The relapse rates were significantly higher
in the RIC and NMA groups than in the MAC group, but
there was no difference in NRM rates. Adjusted overall survival rates at 5 years were 34%, 33% and 26% for MAC,
RIC and NMA transplants, respectively. NMA conditioning
resulted in inferior disease-free survival and overall survival,
but there was no difference in these survival outcomes
between RIC and MAC regimens (Table 2).34
In summary, retrospective studies in AML/MDS depict a
homogeneous landscape of evidence, suggesting increased
risk of relapse after RIC and a higher NRM after MAC,
while overall survival appeared to be similar comparing
both intensities.

Retrospective studies in other diseases
Other myeloid malignancies
In chronic phase chronic myeloid leukemia, using
CIBMTR information 1,395 allogeneic HSCT recipients
aged 18-60 years were evaluated in the era of tyrosine
kinase inhibition (2007-2014).35 No significant differences
between conditioning intensities were detected in multivariable analysis with respect to leukemia-free survival and
NRM. Regarding relapse, the RIC group showed a higher
risk of early relapse, and the incidence of chronic GvHD
was lower with RIC than with MAC.
In myelofibrosis, an EBMT analysis using data from
2000-2014 showed comparable incidences of NRM
between the intensity groups and slightly increased relapse
incidence for RIC, with rates at 1 and 5 years of, respectively, 14% and 23% for RIC, and 11% and 20% for MAC.36
No significant difference in 5-year overall survival was
seen between the two arms.

Lymphoid malignancies
In acute lymphoblastic leukemia, an analysis evaluated
the outcomes of 576 adult patients ≥45 years, undergoing
HSCT from an HLA-identical sibling in complete remission.37 With a median follow-up of 16 months, the 2-year
NRM rate was higher in the MAC group and relapse was
increased following RIC. In multivariate analysis, the type
of conditioning regimen was not significantly associated
with survival.

Table 2. Selected retrospective registry comparisons of conditioning intensity in acute myeloid leukemia/myelodysplastic syndromes.

Trial

Registry

Population

N

LFS/RFS

Relapse
NRM
%, RIC vs. MAC (P)

Aoudjhane et al.30

EBMT

722

Martino et al.13

EBMT

AML
Age >50 y
AML/MDS
Blasts <10%
AML/MDS
Age 18-69 y

40 vs. 47
(ns)
48 vs. 54
(ns)
30 vs 33
(ns)

41 vs. 24
(<0.01)
34 vs. 24
(0.01)
40 vs 32*
(<0.01)

Luger et al.34

CIBMTR

878
5179

18 vs. 32
(<0.01)
18 vs. 22
(ns)
29 vs 29
(ns)

OS
44 vs. 46
(ns)
53 vs. 56
(ns)
33 vs 34
(ns)

RIC: reduced intensity conditioning; EBMT: European Society for Blood and Marrow Transplantation; CIBMTR: Center for International Blood & Marrow Transplant Research;
MAC: myeloablative conditioning; AML: acute myeloid leukemia; CML: chronic myeloid leukemia; DLBCL: diffuse large B-cell lymphoma; ALL: acute lymphoblastic leukemia; MM:
multiple myeloma; MDS: myelodysplastic syndromes; N: number; LFS: leukemia-free survival; RFS: relapse-free survival; NRM: non-relapse mortality; OS: overall survival; ns: not significant; y: years. *in the RIC arm of the CIBMTR study non-myeloablative conditioning regimens are also included.
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Regarding diffuse large B-cell lymphoma, the CIBMTR
analyzed 396 patients, of whom 165 received MAC, 143
RIC, and 88 NMA.38 NRM was higher after MAC, while
relapse incidence was higher after RIC. Survival and GvHD
rates did not differ between groups. In patients with
relapsed/refractory Hodgkin lymphoma,39 NRM rates were
similar and relapse risk was slightly reduced for MAC compared with RIC. Subsequently, survival appeared to be better for recipients of MAC.
In multiple myeloma patients, an analysis from the
EBMT (1991-2012) evaluated patients 40-60 years old at
the time of HSCT.40 At a median follow-up of 54 months,
MAC was associated with a higher risk of death than
RIC.41 Notably, results after 2002 were comparable. The
main results of the retrospective analyses for hematologic
malignancies other than AML/MDS comparing RIC versus
MAC are summarized in Table 3.

Factors which may be helpful in the decision
process: balance between the risk of relapse
and non-relapse mortality
Since, in general, compared to a lower intensity conditioning regimen, a higher intensity one is associated with
more NRM but less relapse, selecting the optimal intensity of the conditioning regimen requires an appropriate

balance between the risk of relapse and NRM (Figure 1).
Thus, other disease-, patient-, and transplant-specific risk
factors that affect the risk of relapse and NRM should be
taken into account. Next we summarize specific factors
that may complicate clinical decision-making (Table 4).

Measurable disease status
Multiple studies, mainly in acute lymphoblastic
leukemia and more recently in AML, have investigated
the association between the presence of measurable
residual disease (MRD) prior to allogeneic HSCT,42 showing an increased risk of relapse and death among MRDpositive patients. However, significant between-study
heterogeneity was found, underscoring site-specific
methodological differences. A recent European
LeukemiaNet consensus document identified key clinical
and scientific issues in the measurement and application
of MRD in AML, providing guidelines for the current and
future use of MRD in clinical practice.43
With regards to the conditioning intensity, Walter et al.44
showed that MRD status had strong predictive value
both in the MAC and NMA settings, with MRD-defined
depth of response prior to HSCT being the most important predictor of outcome. Conversion from MRD-positivity before HSCT to MRD-negativity after MAC was
shown to not substantially improve the incidence of
relapse or survival rate.45

Table 3. Selected retrospective registry comparisons of conditioning intensity in other hematologic malignancies.

Trial
McLornan et al.36

Registry

Population

N

LFS/RFS

Relapse
NRM
%, RIC vs MAC (P)

EBMT

MF
Age 18-74 y
CML
Age18-60 y
DLBCL
Age 18-69 y
rrHL
Age 25-40 y
ALL
Age ≥45 y
MM
Age 29-66 y

2224

26 vs. 32
(0.001)*
43 vs. 44
(ns)
15 vs. 18
(ns)
36 vs. 48
(0.07)
32 vs. 38
(0.07)
19 vs. 34
(<0.01)

20 vs. 23
(0.08)
25 vs. 26
(ns)
38 vs. 26
(0.03)
60 vs. 50
(ns)
47 vs. 31
(<0.01)
54 vs. 27
(<0.01)

Chhabra et al.35

CIBMTR

Bacher et al.38

CIBMTR

Genadieva-Stravrik et al.39

EBMT

Mohty et al.37

EBMT

Crawley et al.41

EBMT

1395
396
312
576
516

34 vs. 34
(ns)
29 vs. 32
(ns)
47 vs. 56
(0.01)
12 vs. 13
(ns)
21 vs. 29
(0.03)
24 vs. 37
(<0.01)

OS
51 vs. 53
(ns)
53 vs. 53
(ns)
20 vs. 18
(ns)
62 vs. 73
(ns)
48 vs. 45
(ns)
39 vs. 51
(ns)

RIC: reduced intensity conditioning; EBMT: European Society for Blood and Marrow Transplantation; CIBMTR: Center for International Blood & Marrow Transplant Research;
MAC: myeloablative conditioning; AML: acute myeloid leukemia; CML: chronic myeloid leukemia; DLBCL: diffuse large B-cell lymphoma; ALL: acute lymphoblastic leukemia; MM:
multiple myeloma; MDS: myelodysplastic syndromes; N: number; LFS: leukemia-free survival; RFS: relapse-free survival; NRM: non-relapse mortality; OS: overall survival; ns: not significant; y: years. *Unadjusted graft-versus-host disease/relapse-free survival at 5 years.

Figure 1. The balance between risk
for non-relapse mortality and risk for
relapse when choosing conditioning
intensity.
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In a comparison of conditioning regimen intensities, a
correlative analysis was performed of ultra-deep DNA
sequencing of blood samples from patients treated in the
BMT-CTN trial.26,46 Of the 218 AML patients, 190
patients had blood samples collected prior to HSCT,
which were analyzed using a 13-gene, targeted error-corrected, next-generation sequencing panel for the presence of genomic MRD. Among these patients, 63% randomized to RIC and 68% randomized to MAC had evidence of MRD by detection of one or more of the tested
genes. It should, however, be pointed out that current
European LeukemiaNet recommendations do not support mutations such as FLT3-ITD, NRAS, DNMT3A, or
ASXL1, and expression levels of EVI1 as single MRD
markers.43 Instead, these markers are suggested to be
useful when used in combination with a second MRD
marker.
Among MRD-positive patients in this analysis,46 outcomes were dismal for those given RIC, with a 3-year
incidence of relapse of 67% versus 19% in the MAC
group. After adjusting for disease risk and donor group,
RIC was associated with a significantly increased risk of
relapse and decreased survival in MRD-positive patients,
when compared to MAC. However, the 3-year NRM rate
was higher in those who underwent MAC (27%) than in
those who received RIC (9%), and this difference was not
affected by MRD status. Furthermore, overall survival
was comparable in the two groups among patients who
were MRD-negative.
In line with these results, an EBMT analysis of 2,292
AML patients in first complete remission showed that
less intensive conditioning was only inferior to MAC for
patients <50 years old who were MRD-positive, showing
higher relapse and lower survival rates.47 Irrespective of
age, conditioning intensities were associated with similar
outcomes in patients who were MRD-negative. This
analysis also revealed the better caption of the “real
world” using our proposed balanced conditioning
approach, because RIC/MAC groups shared the same
heterogeneous spectrum of regimens used, with only different distributions of certain regimens. A significant
caveat regarding this study is that the MRD methodology
and allocation were determined by individual participating centers, utilizing molecular and/or immunophenotyping criteria. An earlier CIBMTR analysis of 197 patients
with acute lymphoblastic leukemia showed that MRDpositive patients had a higher risk of relapse with RIC,48
but MRD-negative patients who also received tyrosine
kinase inhibitor therapy before HSCT had superior survival after RIC compared to a similar population after
MAC. After multivariable adjustment, RIC reduced NRM
but increased relapse risk.
In light of these results that suggest benefits of more
intensive conditioning primarily for some or all AML
patients who were MRD-positive prior to HSCT, a recent
analysis suggested that MAC should also be considered
for MRD-negative AML patients if tolerated.49
In an analysis of 287 patients with MDS,50 of whom one
quarter had >5% marrow blasts and more than a half were
MRD-positive at HSCT, as determined by multiparameter
flow cytometry and cytogenetics on marrow aspirates, it
was found that the risk of overall mortality was higher
with lower intensity retimens than with higher intensity
regimens among the MRD-positive patients. On the other
hand, MRD-negative patients had similar risks of mortalihaematologica | 2021; 106(7)

Table 4. Risk factors influencing treatment failure (relapse or NRM) after allogeneic HSCT.
Disease-specific factors
Advanced disease status
relapse > NRM
Unfavorable cytogenetics/molecular genetics
relapse > NRM
Susceptibility to GVL-effect
relapse > NRM
Patient-specific risk factors
Age
NRM > relapse
Performance status
NRM > relapse
Comorbidities
NRM > relapse
Transplant-specific risk factors
MRD positivity
relapse > NRM
HLA disparity
NRM > relapse
CMV incompatibility
NRM > relapse
Center effect (JACIE accredited)
NRM > relapse
NRM, non-relapse mortality; HSCT, hematopoietic stem cell transplantation; GVL, graft-versusleukemia effect; MRD, measurable residual disease; CMV, cytomegalovirus; JACIE, Joint
Accreditation Committee ISCT-Europe & EBMT.

ty. The main reason for mortality after lower intensity conditioning in MRD-positive patients was relapse.
Evidence from comparison of conditioning regimens of
different intensities according to MRD status in AML is
still based on retrospective or post-hoc analyses including
heterogeneous use of regimens for each group. Current signals point to a benefit for more intensive approaches in
MRD-positive AML patients but the increased risk of
NRM needs to be considered. In addition, other factors
such as donor selection or graft type may further affect
MRD-related outcomes. For example, one retrospective
analysis suggested that pre-HSCT MRD-positive patients
receiving cord blood as the source of stem cells had a
reduced incidence of relapse. in comparison with those
receiving transplants from matched unrelated donors and
even better survival than those given grafts from mismatched unrelated donors.51 Another study reported better
outcome after haploidentical HSCT in comparison to HLAidentical sibling transplants in MRD-positive AML
patients.52

Disease risk
The evidence regarding the impact of conditioning intensity on different disease risk index (DRI) groups53,54 is still
limited to some retrospective analyses. One analysis evaluated 380 AML/MDS patients with either high/very high
or low/intermediate DRI.55 Among patients with high/very
high DRI, there was no difference in outcome between the
RIC and MAC groups. For low/intermediate risk DRI,
recipients of MAC showed better 3-year overall survival
(69% vs. 57%), disease-free survival (65% vs. 51%), and a
decreased incidence of relapse (17% vs. 32%) but similar,
slightly increased NRM (19% vs. 17%). Except for overall
survival, which was not significantly different in multivariable analysis, results for the remaining outcomes were confirmed after multivariable adjustment. In a larger, very
recent CIBMTR analysis, MAC resulted in an improved
survival in comparison to RIC in AML/MDS patients 40 to
65 years old with low/intermediate risk DRI, but similar
clinical benefit to RIC despite higher risk of relapse in
patients with high/very high risk DRI.56
In conclusion, compared with RIC, MAC may be associated with improved outcomes among patients with
low/intermediate DRI, while no benefit has been noted
for any intensity among those in high/very high DRI
groups.
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Transplant risk score
Several studies have been published to further aid physicians in balancing the risks and benefits of HSCT for
patients. The EBMT transplantation risk score,57 initially
established for chronic myeloid leukemia, has now been
expanded and validated to assess post-transplant risk for
multiple hematologic disorders that can be treated with a
transplant. The risk score includes: the patient’s age class
(<20, 20-40, or >40 years), disease stage (early, intermediate, or advanced), donor type (HLA-identical sibling or
unrelated donor), and donor-recipient sex match/mismatch
(specifically, an increased score for a male recipient with
female donor). The score held for all acquired hematologic
disorders (score 0-5) and was independent of the HSCT
procedure itself. This risk scheme does not specifically consider comorbidities (see below), and notably places all
patients >40 years in a high-risk category. Importantly, the
EBMT risk score was independently valid, irrespective of
the intensity of the conditioning.
In line with these findings, an EBMT mega-file analysis
showed that patients' pre-HSCT risk factors determine survival,58 independently of conditioning intensities, suggesting that outcomes may be improved more effectively
through better identifying patients with their individual
pre-HSCT characteristics.
In summary, the recent increased efforts will shape
future research to establish more individualized risk models for predicting outcome after HSCT in several diseases,
irrespective of conditioning intensity.59–62

Genetic risk
The Japanese Society of Hematopoietic Stem Cell
Transplantation reported a significant survival benefit from
MAC versus RIC in 840 AML patients with poor cytogenetics, irrespective of subgroup analysis for age <60 years or
high comorbidity index.63 In contrast, EBMT studies failed
to show any survival benefit of either type of conditioning
regimen in patients with cytogenetically poor-risk AML64,65
One such study with AML patients 40-60 years old in first
complete remssion, stratified according to cytogenetic risk,
found better survival with RIC in low-risk patients but not
in the intermediate- or poor-risk groups.65 In the latter
groups, relapse incidence was lower with MAC, but NRM
was higher with MAC in all cytogenetic risk groups. The
analysis concluded that in patients 40-60 years old, MAC
had no significant advantage. Bornhäuser et al. also reported no difference between MAC and RIC for intermediateand high-risk AML patients in a prospective randomized
trial.16
Another very recent study in MDS showed that the
adverse impact of shorter telomeres on NRM was more
frequently observed in patients receiving more intensive
conditioning and was associated with the development of
GvHD.66 Thus, strategies in MDS patients with shorter
telomere length may focus on minimizing toxicity and
reducing conditioning intensity.

Performance status, comorbidities and age
There is conflicting evidence regarding the association of
conditioning intensity and comorbidities. As described
above, the study by Rambaldi et al. showed significantly
reduced NRM after busulfan-fludarabine conditioning
compared with busulfan-cyclophosphamide conditioning
in patients with a comorbidity index >2.20 A recent analysis
in patients ≥50 years old with Philadelphia-positive acute
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lymphoblastic leukemia who received tyrosine kinase
inhibitor therapy before HSCT and who achieved MRDnegativity showed similar outcomes after RIC or MAC,67
with subgroup analyses suggesting better outcomes for
RIC in patients with a poor performance status or a high
HCT-Comorbidity Index.68,69 In contrast, the above mentioned Japanese study in patients with cytogenetically
poor-risk AML and first complete remission showed an
association with better outcomes for MAC,63 irrespective
of subgroup analysis for patients <60 years old or high
HCT-Comorbidity Index.
A single-center experience including 875 adults highlights both the pitfalls of arbitrary dichotomization of conditioning intensity and the value of patient-specific balanced evaluations.70 The following were classified as RIC:
fludarabine 150 mg/m2 with busulfan 6.4 mg/kg; fludarabine 150 mg/m2 with treosulfan 30 g/m2; and fludarabine
150 mg/m2 with melphalan 100-140 mg/m2. With respect
to specific comorbidities in the overall population, which
varied widely across regimens, renal dysfunction, hypoalbuminemia, and severe hepatic disease were associated
with worse NRM. Notably, the risk was not associated
with intensity as classified. Instead, outcome was associated with regimen-specific profiles, showing increased NRM
for fludarabine-busulfan in patients with cardiac disease,
and for fludarabine-melphalan and fludarabine-treosulfan
in patients with severe pulmonary disease and a pre-existing infection. The HCT-Comorbidity Index was only associated with worse outcome in patients receiving fludarabine-melphalan conditioning but not in those given other
regimens.
With respect to RIC versus MAC, several analyses
showed similar outcomes in patients ≥50 years old.47,71 Of
note, generally, patients receiving RIC are older by a median of 10 years.72 For the evaluation of less intensive conditioning, a retrospective analysis compared the efficacy of
RIC in MDS patients >50 years, analyzing patients <65 or
≥65 years at HSCT separately. Subsequently, in patients
<65 years, NMA conditioning was associated with higher
NRM and shorter survival, while the cumulative incidence
of relapse was similar in both the RIC and NMA groups.
The EBMT recently analyzed the outcome of AML
patients with reduced performance status according to the
Karnofsky performance status of ≤80%. Patients with a
Karnofsky performance status of 80% benefited more
from MAC, while patients with a performance status
<80% benefited more from RIC.73
In conclusion, simple recommendation of RIC/NMA for
older unfit patients or MAC for young and fit ones is not
reflected by current evidence. Neither age nor comorbidities are associated with significantly different outcomes for
these categorizations.74,75 Ultimately, only patients with
exceptionally limiting comorbidities/performance may
experience different outcomes.

Infections and late effects
Presumably, less intensive conditioning may lead to
reduced rates of infection. However, published evidence
on this issue remains limited. Early investigations suggested that RIC may decrease the risk of dying from an
opportunistic infection, reducing the frequency of
cytomegalovirus infection/disease.76 In a recent CIBMTR
analysis of 1,755 AML patients ≥40 years old, although
absolute numbers of patients with ≥1 infection were not
different in the RIC/NMA (58%) and MAC (61%) groups,
haematologica | 2021; 106(7)
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the median time to initial infection after MAC occurred
earlier, at a median of 15 versus 21 days.77 Patients receiving MAC were more likely to experience ≥1 bacterial
infection, whereas ≥1 viral infection was more prevalent
among those receiving RIC/NMA. Another recent smaller
analysis regarding mucositis found infections were less
frequent after less intensive conditioning, with the rate
being lowest after fludarabine-treosulfan conditioning.78
Evaluations regarding long-term effects of different
intensity conditioning regimens are scarce. One study
showed similar long-term leukemia-free survival and
GvHD-free/relapse-free survival at 10 years for RIC and
MAC, with most events occurring within the first 2 years
after allogeneic HSCT.79 Relapse was the major cause of
late death in both groups; while NRM and especially
chronic GvHD as well as second cancers were more frequent causes of late death after MAC.

maintenance therapy with tyrosine kinase inhibitors in
AML, specifically for patients with FLT3-ITD mutations.
Two prospective studies showed that sorafenib maintenance was associated with significantly better relapse and
relapse-free survival outcomes.88,89 In the Chinese study all
patients were given MAC,88 while 58% of patients in the
German study received sorafenib and underwent RIC
HSCT;89 no stratified comparisons according to conditioning intensity were conducted within this latter study.
Limited indirect comparison of the two studies suggest at
least comparable outcomes in both, with 2-year survival
rates in the sorafenib arm of 82% in the Chinese study
and 90% in the German study. Whether the impressive
effect of maintenance on relapse, with a 60% risk reduction, may broaden the utility of less intensive conditioning, is yet to be determined.

Graft-versus-host disease

Summary

Prospective and retrospective comparisons show that
relapse is the major cause of death in RIC patients while
most MAC patients die from GvHD. This led to the concept of influencing risk of relapse and GvHD to improve
outcomes for any given conditioning intensity.80 Regarding
the latter, the use of post-HSCT cyclophosphamide significantly reduced the risk of GvHD and was associated with
better outcomes when used in haploidentical HSCT, at
least compared with transplants from mismatched unrelated donors.81 In view of this consistent effect of post-HSCT
cyclophosphamide, no significant differences according to
conditioning intensity in haploidentical transplants were
found after meta-regression analyses81 and in two large registry analyses.82,83 So far, it has not been possible to confirm
the hypothesis of an association between reduced GvHD
after post-HSCT cyclophosphamide and better survival in
patients treated with MAC regimens, but comparisons still
lack stringent control and assessments in specific donor
settings. Here, it is important to underscore the complex
interplay of GvHD and risk of relapse with the type of disease or tumor burden, including phenomena that are not
yet fully clarified.84 In acute lymphoblastic leukemia and
BCR-ABL-negative myeloproliferative neoplasms there are
similar and obvious correlations between the occurrence of
GvHD and risk of relapse when compared with chronic
myeloid leukemia, and in MDS and lymphoproliferative
disorders there are intermediate correlations between
GvHD and relapse risk. Only in AML and plasma cell disorders is GvHD associated with only modest reductions in
relapse risk.

The answer to “when and f\or whom” with respect to
HSCT conditioning intensity is complex, individualized,
and constantly evolving. Apart from factors such as pretreatment, disease risk, donor source, GvHD prophylaxis,
and maintenance strategies, the conditioning regimen is
only one factor affecting the risk of treatment failure
through relapse or NRM after allogeneic HSCT. As of
2021, the traditional, simplified section of a conditioning
regimen between RIC and MAC is no longer appropriate
because it significantly underestimates the complexity of
currently used regimens with respect to toxicity. Updated
categorizations from the EBMT15 are one step in the right
direction but still provide only modest improvements in
facilitating decision-making, considering all outcomes. A
critical individual balance between the risk of NRM and
the risk of relapse must be inclluded in a personalized
medicine approach. These individual and continuous
considerations may include diverse factors such as disease burden, MRD status and other disease-specific,
patient-specific, and transplant-specific risk factors.
Furthermore, recent advances in the incorporation of toxicity-reduced conditioning regimens (e.g., treosulfan) and
improvements in relapse reduction by including maintenance strategies, as well as immunotherapy approaches
after allogeneic HSCT may further refine considerations
regarding conditioning intensity, steering towards the use
of less intensive and toxic regimens in the future.
Discosures
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Maintenance therapy
A more personalized approach might incorporate posttransplant strategies to prevent relapse.85-87 There is accumulating evidence regarding the efficacy of post-HSCT
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