
Haematologica | 111 January 2026

122

- Acute Lymphoblastic LeukemiaARTICLE

Impact of minimal residual disease on the outcome of 
hematopoietic stem cell transplantation for childhood 
acute lymphoblastic leukemia within the FORUM trial

Adriana Balduzzi,1,2 Evgenia Glogova,3 Christina Peters,3,4 Petr Sedlacek,5 Jean-Hugues Dalle,6,7 

Franco Locatelli,8,9 Roland Meisel,10 Birgit Burkhardt,11 Jochen Buechner,12 Jacek Wachowiak,13 

Marc Bierings,14,15 Raquel Staciuk,16 Stelios Graphakos,17 Tayfun Güngör,18 Akif Yesilipek,19 Peter 

Svec,20 Julia Palma,21 Gergely Krivan,22 Cristina Diaz-de-Heredia,23 Francesca Limido,2 Marc 

Ansari,24,25 Krzysztof Kalwak,26 Peter Bader27# and Marianne Ifversen28#

1Pediatric Department, Fondazione IRCCS San Gerardo, Monza, Italy; 2School of Medicine and 

Surgery, Milano-Bicocca University, Monza, Italy; 3St. Anna Children’s Cancer Research 

Institute, Vienna, Austria; 4St. Anna Children’s Hospital, Medical University Vienna, Vienna, 

Austria; 5Department of Pediatric Hematology and Oncology, University Hospital Motol, 

Prague, Czech Republic; 6Hemato-Immunology Department, Robert-Debré Hospital, GHU 

AP-HP Nord, Paris, France; 7Université Paris Cité, Paris, France; 8Department of Pediatric 

Hematology and Oncology, Istituto di Ricovero e Cura a Carattere Scientifico (IRCCS), 

Ospedale Pediatrico Bambino Gesù, Roma, Italy; 9Catholic University of the Sacred Heart, 

Rome, Italy; 10Department of Pediatric Oncology, Hematology and Clinical Immunology, 

Division of Pediatric Stem Cell Therapy, Medical Faculty, Heinrich Heine University, 

Duesseldorf, Germany; 11Department of Pediatric Hematology and Oncology, University 

Children’s Hospital Muenster, Muenster, Germany; 12Department of Pediatric Hematology and 

Oncology, Oslo University Hospital, Oslo, Norway; 13Department of Pediatric Oncology, 

Hematology and Transplantology, University of Medical Sciences, Poznań, Poland; 14Princess 

Máxima Center for Pediatric Oncology, Utrecht, the Netherlands; 15Utrecht University 

Children’s Hospital, Utrecht, the Netherlands; 16Hospital de Pediatría “Prof. Dr. Juan P. 

Garrahan,” Buenos Aires, and Hospital Sor Maria Ludovica, La Plata, Buenos Aires, Argentina; 
17Aghia Sophia Children’s University Hospital, Athens, Greece; 18Eleonore Foundation & 

Children’s Research Center, Zürich, Switzerland; 19Pediatric Stem Cell Transplantation Unit, 

Antalya Medical Park Hospital, Antalya, Turkey; 20Department of Pediatric Hematology and 

Oncology, National Institute of Children’s Diseases, Comenius University, Bratislava, Slovakia; 
21Faculty of Medicine, Hospital Luis Calvo Mackenna, Department of Pediatrics-Bone Marrow 

Transplantation Unit, University of Chile, Santiago, Chile; 22Pediatric Hematology and Stem 

Cell Transplantation Department, Central Hospital of Southern Pest, National Institute of 

Hematology and Infectious Diseases, Budapest, Hungary; 23Division of Pediatric Hematology 

and Oncology, University Hospital Vall d’Hebron, Barcelona, Spain; 24CANSEARCH Research 

Platform for Pediatric Oncology and Hematology, Faculty of Medicine, Department of 

Pediatrics, Gynecology and Obstetrics, University of Geneva, Geneva, Switzerland; 
25Department of Women, Child and Adolescent, Division of Pediatric Oncology and 

Hematology, University Geneva Hospitals, Geneva, Switzerland; 26Department of Pediatric 

Hematology/Oncology and BMT, Wroclaw Medical University, Wroclaw, Poland; 27Department 

of Pediatrics, Division for Stem Cell Transplantation, Immunology, Goethe University, 

University Hospital Frankfurt am Main, Frankfurt am Main, Germany and 28Department of 

Pediatric and Adolescent Medicine, Rigshospitalet, Copenhagen University Hospital, 

Copenhagen, Denmark

#PB and MI contributed equally as senior authors. 

Correspondence: A. Balduzzi
adriana.balduzzi@unimib.it

Received:	 January 25, 2025.
Accepted: 	 July 30, 2025.
Early view: 	 August 7, 2025.

https://doi.org/10.3324/haematol.2025.287456

©2026 Ferrata Storti Foundation
Published under a CC BY-NC license 

Acute Lymphoblastic Leukemia

Impact of minimal residual disease on the outcome of hematopoietic stem cell transplantation for childhood acute lymphoblastic leukemia within the FORUM trial

A. Balduzzi et al.
https://doi.org/10.3324/haematol.2025.287456



Haematologica | 111 January 2026

123

ARTICLE - MRD within the FORUM trial  A. Balduzzi et al.

Abstract

In the randomized cohort of the international phase-III FORUM trial, which showed the superiority of total-body irradiation 
(TBI) over chemotherapy-based conditioning prior to hematopoietic stem cell transplantation (HSCT) for pediatric acute 
lymphoblastic leukemia (ALL), type of conditioning and remission phase, but not pre-HSCT minimal residual disease (MRD), 
were associated with outcome. We report the impact of MRD within the extended FORUM cohort. Patients (N=1,014) aged 
4-21 years old, transplanted from a matched donor who had ≥1 MRD measurement prior to and/or 100 days and/or one year 
after HSCT were eligible. A threshold of 0.01% defined MRD positivity versus negativity. Prior to HSCT, 21% of patients were 
MRDpos. Three-year event-free survival (EFS) was 0.73 and 0.59 (P<0.001), and 3-year cumulative incidence of relapse (CIR) 
was 0.20 and 0.33 (P<0.001) in MRDneg and MRDpos patients, respectively. The level of MRD positivity pre-HSCT (<0.1% vs. 
≥0.1%) did not significantly affect outcome. Pre-HSCT MRDneg and TBI/etoposide conditioning were associated with a 2-fold 
lower risk of relapse, whereas MRDpos had a 2-fold higher risk of any failure and/or death. No detrimental effect of MRDpos 

pre-HSCT could be demonstrated in patients with T-cell ALL. MRDpos versus MRDneg patients at day 100 had an EFS of 0.47 
versus 0.77 (P<0.001) and a CIR of 0.51 versus 0.17 (P<0.001), respectively, but post-HSCT MRDpos did not necessarily imply 
relapse. In conclusion, the MRD status pre-HSCT and at day 100 post-HSCT was a strong prognostic factor for children 
transplanted for ALL in the extended FORUM cohort.

Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) 
is considered beneficial in first complete remission (CR1) 
for approximately 5% of children, adolescents and young 
adults (CAYA) with very high-risk acute lymphoblastic leu-
kemia (ALL) and for the majority experiencing disease re-
currence.1-6 ALL relapse is the primary cause of treatment 
failure after HSCT, since transplant-related mortality (TRM) 
in CAYA has been significantly reduced to <10%, mainly due 
to refined HLA-typing, improved graft-versus-host disease 
(GvHD) management, and better infection prophylaxis and 
treatment.6-9

The prognostic role of minimal residual disease (MRD) 
for patients with acute leukemia has been consistently 
demonstrated in the HSCT setting across studies of mul-
tiple co-operative groups or single institutions.3,6,10-14

The randomized, open-label, international, multicenter, 
phase III trial ALL SCTped 2012 FORUM - Allogeneic Stem 
Cell Transplantation in Children and Adolescents with 
Acute Lymphoblastic Leukaemia - was designed to test 
for the non-inferiority of chemotherapy-based regimens 
versus total body irradiation plus etoposide (TBI/VP16) in 
patients ≥4 years old and <21 years old at the time of HSCT 
with an indication for transplantation for ALL in morpholog-
ical CR from a compatible donor. A futility stopping rule was 
breached and random assignment halted because patients 
receiving chemo-conditioning with fludarabine, thiotepa, and 
either busulfan or treosulfan had inferior overall survival (OS) 
compared with those who received TBI/VP16 due to a higher 
cumulative incidence of relapse (CIR) (0.33; 95% Confidence 
Interval [CI]: 0.25-0.40 vs. 0.12; 95% CI: 0.08-0.17; P<0.0001).15 
In the randomized cohort, conditioning and remission phase 
were the only variables associated with risk of relapse where-
as, unexpectedly, no association between pre-HSCT MRD and 
CIR or event-free survival (EFS) was detected.15 

The primary aim of this analysis was to assess the impact of 
MRD status before and after HSCT in the extended FORUM 
cohort, which included patients enrolled prior to and after 
randomization was stopped.

Methods

Eligibility criteria 
Patients ≥4 years old in the FORUM trial (EudraCT: 2012-
003032-22; EU CT: 2024-512657-24-00; clinicaltrials.gov: 
NCT01949129) enrolled between April 2013 and February 
1st, 2024, and transplanted from an HLA-identical sibling or 
a 10/10 or a 9/10 HLA-matched related or unrelated donor 
were eligible, as long as they had at least one  MRD mea-
surement either prior to HSCT and/or 100 days after and/
or one year after HSCT (±45 days), assessed by polymerase 
chain reaction (PCR) or flow cytometry in the bone marrow, 
recorded in the study database (Marvin).
The cohort included patients from 97 centers in 21 coun-
tries where the randomization took place (randomizing 
countries) and 8 countries in which the randomization 
was not planned that could provide MRD data. Within the 
randomizing countries, non-randomized patients were also 
included (i.e., those considered ineligible for randomization 
due to patient-related factors or family/physician’s deci-
sion, or because they were enrolled after March 2019, when 
the randomization was stopped). Thus, the cohort of this 
analysis comprises a much broader population of patients 
than the previously reported FORUM analysis.15

Transplant procedure
Details regarding transplant procedures have been published 
previously15 and are outlined in the Online Supplementary 
Appendix. (See Online Supplementary Figure S1 for condi-
tioning regimens.)
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Changes in immunosuppression or administration of donor 
lymphocyte infusion (DLI) due to MRD levels were beyond 
the scope of this investigation.

Minimal residual disease analysis
Minimal residual disease status reported within the 45 days 
prior to HSCT and at day +100 and day +365 (±45 days) was 
analyzed (see Online Supplementary Appendix). A thresh-
old of 1x10-4 was selected to stratify patients according to 
their MRD level. Patients with undetectable MRD, detect-
able but unquantifiable MRD, and those who were MRD 
positive but <1x10-4 by PCR or <0.01% by flow cytometry 
were defined as MRDneg whereas patients with positive 
MRD ≥1x10-4 by PCR or ≥0.01% by flow cytometry were de-
fined as MRDpos consistent with previous reports.3,13,16  For 
additional sub-analyses, patients with positive MRD were 
further divided in subgroups of patients with MRD ≥1x10-4 
but <1x10-3 (MRDpos-low), and ≥1x10-3 (MRDpos-high).
The protocol and statistical analysis plan were approved 
by the Vienna Investigational Review Board (IRB) and Ethics 
Committee (EC), as well as the IRB and EC for each center. 
The trial was performed in accordance with the principles of 
the Declaration of Helsinki. Informed consent was obtained 

from each participant or each participant’s guardian.
Statistical methods are detailed in the Online Supplemen-
tary Appendix.

Results

Enrollment
Of the 1,619 patients enrolled up to February 1st, 2024, the 
first was transplanted in April 2013 and the last in Novem-
ber 2023. Of 1,247 patients aged four years or older and 
transplanted from a compatible donor, 1,014 (81%) met 
the inclusion criteria regarding MRD data as shown in the 
Consort diagram (Figure 1). (MRD levels were recorded for 
at least one timepoint, namely for 852 before HSCT, 714 at 
100 days and 504 at one year after HSCT). Of 2,070 MRD 
assessments, 1,385 (67%) were by PCR and 685 (33%) by 
flow cytometry.
Patient outcomes were last updated on January 1st, 2024, 
resulting in a median follow-up of 3.0 years (range: 0.03-
9.35). 
Patient characteristics are listed in Online Supplementary 
Table S1. In brief, median age was 10.5 years (1st and 3rd 

Figure 1. CONsolidated Standards Of Reporting Trials diagram. CONSORT: CONsolidated Standards Of Reporting Trials. HSCT: 
hematopoietic stem cell transplantation; MRD: minimal residual disease; PCR: polymerase chain reaction; TBI: total body irradi-
ation; VP16: etoposide.



Haematologica | 111 January 2026

125

ARTICLE - MRD within the FORUM trial  A. Balduzzi et al.

interquartile: 7.7 and 14.1 years). The conditioning regimen 
consisted of TBI/VP16 in 719 (71%) and chemo-condition-
ing in 295 (29%) patients (busulfan-based, 16%; treosul-
fan-based 13%). ALL immunophenotype was B lineage in 
76% and T lineage in 23%. In terms of disease risk, 47% 
were transplanted in CR1, 45% in CR2, and 7% ≥CR3; 29% 
were higher risk (see Online Supplementary Appendix). 
Grafts were from matched donors (MD) in 71% and from 
matched sibling donor (MSD) in 29%; 71% received BM 
stem cells.

Minimal residual disease status pre-hematopoietic stem 
cell transplantation
Patient distribution - Of the 852 patients with pre-HSCT 
MRD status reported, 79% were MRDneg and 21% were MRDpos. 
The proportion of MRDpos patients was higher among recip-
ients conditioned with TBI/VP16 (81%) or busulfan-based 
chemo-conditioning (82%) versus treosulfan-based che-
mo-conditioning (65%) (Table 1).
Engraftment - 832 of 852 patients with pre-HSCT MRD 
status achieved myeloid engraftment (absolute neutro-
phil count >0.5x109/L) at a median of 21 days after HSCT, 
821 achieved platelet engraftment (unsupported platelet 
count >50x109/L) at a median of 32 days after HSCT, and 20 
patients did not achieve myeloid engraftment by day 100. 
Cumulative incidence of myeloid and platelet engraftment 
at 30 days was 0.93 (Standard Error [SE]: 0.01) and 0.86 
(SE: 0.01), respectively. Engraftment kinetics did not differ 
by MRD status pre-HSCT (Online Supplementary Figure S2).
Outcomes - 3-year OS were 0.82 (SE: 0.02) and 0.71 (SE: 
0.04) for the MRDneg and MRDpos patients pre-HSCT, respec-
tively (P=0.003), and 3-year EFS was 0.73 (SE: 0.02) and 
0.59 (SE: 0.04), respectively (P<0.001) (Figure 2A, B, Online 
Supplementary Table S2).
Three-year CIR was 0.20 (SE: 0.02) and 0.33 (SE: 0.04) 
for the pre-HSCT MRDneg and MRDpos groups, respectively 
(P<0.001), whereas 3-year TRM was 0.06 (SE: 0.01) and 
0.07 (SE: 0.02), respectively (P=0.53) (Figure 2C, D, Online 
Supplementary Table S2).
According to disease risk profile, 3-year CIR was 0.17 (SE: 
0.02) and 0.27 (SE: 0.04) for the lower risk patients who 
had pre-HSCT MRDneg and MRDpos, respectively (P=0.020), 
and 0.26 (SE: 0.03) and 0.57 (SE: 0.09) for the higher risk 
patients who had pre-HSCT MRDneg and MRDpos, respectively 
(P=0.036) (Online Supplementary Table S2).
Differentiated outcomes for MRD positive patients according 
to level of positivity are detailed in Online Supplementary 
Figure S4 and no differences could be detected between 
pre-HSCT MRDpos-low and MRDpos-high patients.
Detailed outcomes for pre-HSCT MRDneg and MRDpos patients 
receiving TBI/VP16 versus those receiving chemo-condition-
ing are shown in Figure 2G, H, and Online Supplementary 
Table S2.
For patients with B-ALL, 3-year EFS was 0.73 (SE: 0.02) and 
0.54 (SE: 0.05) (P<0.001) and 3-year CIR was 0.20 (SE: 0.02) 

and 0.38 (SE: 0.05) (P<0.001), for the pre-HSCT MRDneg and 
MRDpos groups, respectively. For patients with T-ALL, 3-year 
EFS was 0.75 (SE: 0.04) and 0.73 (SE: 0.07) (P=0.747) and 
3-year CIR was 0.18 (SE: 0.03) and 0.21 (SE: 0.07) (P=0.796) 
for pre-HSCT MRDneg and MRDpos groups, respectively (Figure 
3, Online Supplementary Table S2). The test for interaction 
between immunophenotype and MRD for the purpose of 
EFS was not significant (P=0.349).
The impact of MRD within B- and T-lineage ALL, according 
to disease risk profile and conditioning regimen, is shown 
in Table 2.
Outcome results by univariable analyses are summarized 
in Online Supplementary Table S2.
Acute and chronic graft-versus-host disease - acute GvHD 
(aGvHD) grade and incidence overall and by pre-HSCT MRD 
status and by conditioning regimen were reported for 799 
patients (94%) with MRD status reported pre-HSCT (Table 
3). The test for interaction between aGvHD and MRD for 
the purpose of EFS was not significant (P=0.914).
Cumulative incidence (CI) of chronic GvHD (cGvHD) was 0.12 
(SE: 0.01) for MRDneg and 0.20 (SE: 0.03) for MRDpos patients 
pre-HSCT (P=0.017) (Online Supplementary Figure S3A). 
The CI of limited and extensive cGVHD are also reported 
in Online Supplementary Figure S3B and C.
In patients with MRD status pre-HSCT, 3-year EFS was 0.74 
(SE: 0.02), 0.82 (SE: 0.03), and 0.61 (SE: 0.06) for those with 
no or grade I aGvHD, grade II aGvHD, or grade III-IV aGvHD, 
respectively (P=0.027). Three-year CIR was 0.23 (SE: 0.02), 
0.15 (SE: 0.03), and 0.21 (SE: 0.06) in patients with no or 
grade I aGvHD, grade II aGvHD or grade III-IV aGvHD, respec-
tively (P=0.105). Three-year TRM was 0.03 (SE: 0.01), 0.02 
(SE: 0.01), and 0.14 (SE: 0.05) in patients with no or grade I 
aGvHD, grade II aGvHD or grade III-IV aaGvHD, respectively 
(P=0.002) (Online Supplementary Figure S5).
Multivariable analyses - the Hazard Ratio (HR) of relapse 
in the pre-HSCT MRDpos versus MRDneg groups was 2.039 
(P<0.0001) in the multivariable analysis, adjusting for type 
of donor (MD vs. MSD; not significant [n.s.]), remission 
phase and risk profile (higher risk vs. lower risk, HR: 2.209; 
P<0.0001), type of conditioning (chemo-conditioning vs. TBI/
VP16, HR: 2.291; P<0.0001), age (>10 years vs. ≤10 years; n.s.), 
and immunophenotype (B lineage vs. others; n.s.). Results 
of multivariable analyses are reported in Table 4, in which 
the HR of failure from any cause (1-EFS), associated with 
MRD status, risk profile and type of conditioning; the HR 
of death (1-OS) are also shown.
The HR of non-leukemic death was not significantly asso-
ciated with pre-HSCT MRD status or conditioning regimen, 
but was associated with remission phase (higher vs. lower 
risk, HR: 2.026; P=0.035) and older age (>10 years vs. ≤10 
year, HR: 2.793; P=0.002), and there was a trend for an as-
sociation with donor type (MD vs. MSD, HR; 2.041; P=0.059).
In the model accounting for aGvHD and cGvHD, as time-de-
pendent co-variates, the occurrence of aGvHD grade II 
compared with grade 0 (absent) or I, was associated with 
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Table 1. Patient distribution by minimal residual disease status pre-hematopoietic stem cell transplantation and by conditioning 
regimen in patients for whom minimal residual disease status was available pre-hematopoietic stem cell transplantation.

Total MRDneg

(neg, NQ, <10-4) 
 MRDpos

(pos ≥10-4) P

N % N % N %

Total 852 100 674 79 178  21  

Sex
Male
Female

 
552
300

 
65
35

 
436
238

 
65
35

 
116
62

 
65
35

 
0.930

 

Age, years
4-10
10-14
14-18
>18

 
415
241
166
30

 
49
28
19
4

 
327
190
134
23

 
49
28
20
3

 
88
51
32
7

 
49
29
18
4

 
0.926

 
 
 

Median age, years (Q1, Q3) 10.4 (7.7-14.0) - 10.7 (7.9-14.0) - 9.8 (7.4-13.5) - 0.409

Donor
MSD
MD

 
241
611

 
28
72

 
190
484

 
28
72

 
51

127

 
29
71

 
0.926

 

Remission status
CR1
CR2
CR3
>CR3
Missing

 
412
376
60
3
1

 
48
44
7
0
-

 
318
305
48
3
0

 
47
45
7
0
-

 
94
71
12
0
1

 
53
40
7
0
-

 
0.236

 
 
 
 

Risk
CR1, CR2 late relapse
CR2 early relapse, ≥CR3
Missing

 
602
243

7

 
71
29
-

 
466
202

6

 
70
30
-

 
136
41
1

 
77
23
-

 
0.076

 
 

Stem cell source
BM
PB
CB
Missing

 
595
231
23
3

 
70
27
3
-

 
465
192
15
2

 
69
29
2
-

 
130
39
8
1

 
73
22
5
-

 
0.059

 
 
 

Conditioning regimen
TBI/VP16
FLU/THIO/BU
FLU/THIO/TREO

 
601
154
97

 
71
18
11

 
485
126
63

 
72
19
9

 
116
28
34

 
65
16
19

 
0.002

 
 

Immunophenotype
BCP
T-ALL
Other
Missing

 
651
195

2
4

 
77
23
0
 -

 
526
142

2
4

 
79
21
0
- 

 
125
53
0
0

 
70
30
0
- 

 
0.049

 
 
 

BCR-ABL or t(9,22)
Negative
Positive
Missing

 
741
73
38

 
91
9
-

 
585
58
31

 
91
9
-

 
156
15
7

 
91
9
-

 
1.000

 
 

TEL-AML or t(12,21)
Negative
Positive
Missing

 
693
84
75

 
89
11
-

 
545
71
58

 
88
12
-

 
148
13
17

 
92
8
-

 
0.254

 
 

aff1(aff4)mll or t(4,11)
Negative
Positive
Missing

 
755
21
76

 
97
3
-

 
595
16
63

 
97
3
-

 
160

5
13

 
97
3
-

 
0.787

 
 

BCP: B-cell precursor; BM: bone marrow; BU: busulfan; CB: cord blood; CR: complete remission; FLU: fludarabine; HSCT: hematopoietic stem 
cell transplantation; MD: matched donor; MRD: minimal residual disease; MSD: matched sibling donor; neg: negative; NQ: non-quantifiable; 
pos: positive; PB: peripheral blood; T-ALL: T-cell acute lymphoblastic leukemia; TBI: total body irradiation; THIO: thiotepa; TREO: treosulfan; 
VP16: etoposide.
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a lower risk of death from any cause (HR: 0. 587; P=0.031), 
of any failure (HR: 0.613; P=0.010), and of relapse (HR: 

0.574; P=0.011). The occurrence of grade III-IV compared 
with grade 0-I aGvHD was associated with a higher risk of 

Figure 2. Outcome according to minimal residual disease status at the time of hematopoietic stem cell transplantation. Overall 
survival (OS) (A), event-free survival (EFS) (B), cumulative incidence of relapse (CIR) (C), and transplant-related mortality (TRM) 
(D). EFS (E) and CIR (F) for the total body irradiation/etoposide (TBI/VP16) subgroup. EFS (G) and CIR (H) for the chemo-condi-
tioning subgroup. HSCT: hematopoietic stem cell transplantation; MRD: minimal residual disease; PCR: polymerase chain reaction; 
pos: positive; SE: Standard Error; TBI: total body irradiation; VP16: etoposide.
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death from any cause (HR: 1. 741; P=0.026) and of TRM (HR: 
3.543; P=0.001) (Table 4). Extensive cGvHD was associated 

with a significantly higher risk of TRM (HR: 4.913; P=0.001).

Figure 3. Outcome by minimal residual disease status at the time of hematopoietic stem cell transplantation according to im-
munophenotype. Overall survival (OS) (A), event-free survival (EFS) (B), cumulative incidence of relapse (CIR) (C), and transplant-re-
lated mortality (TRM) (D) for patients affected with B-lineage acute lymphoblastic leukemia (ALL). OS (E), EFS (F), CIR (G), and 
TRM (H) for those affected with T-lineage ALL. HSCT: hematopoietic stem cell transplantation; MRD: minimal residual disease; 
PCR: polymerase chain reaction; pos: positive; SE: Standard Error; TBI: total body irradiation; VP16: etoposide.
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Minimal residual disease status after hematopoietic 
stem cell transplantation
Of the 714 patients alive and in continuous morphological 
CR who were assessed for MRD 100 days after HSCT, 92% 
were MRDneg and 8% MRDpos.
Three-year OS was 0.88 (SE: 0.01) for MRDneg and 0.63 (SE: 
0.07) for MRDpos 100 days after HSCT (P<0.001), whereas 
3-year EFS was 0.77 (SE: 0.02) and 0.47 (SE: 0.07) (P<0.001), 
respectively (Online Supplementary Figure S6A, B). Three-
year CIR was 0.17 (SE: 0.02) and 0.51 (SE: 0.07) for MRDneg 
and MRDpos 100 days after HSCT, respectively (P<0.001), 
whereas 3-year TRM was 0.04 (SE: 0.01) and 0.02 (SE: 0.02), 
respectively (P=0.370) (Online Supplementary Figure S6A). 
Similarly, the outcome of the 504 patients alive and in 
continuous CR whose MRD status was assessed one year 
after HSCT and was shown with 95% being MRDneg and 5% 
being MRDpos (Online Supplementary Figure S7).

Discussion

This study demonstrated the impact of MRD pre-HSCT on 
outcome in the extended FORUM cohort of CAYA with ALL 
in CR aged 4-21 years receiving an HSCT from a compatible 
donor after myeloablative conditioning. According to pre-

vious reports,3,13,16 the MRDneg group included patients with 
MRD positivity that was either unquantifiable or <1x10-4.
The majority of the patients (79%) were MRDneg pre-HSCT, 
i.e., negative/non-quantifiable / <1x10-4, as assessed by 
either PCR or flow cytometry. MRD status pre-HSCT was 
highly predictive of outcome. The finding of higher 3-year 
EFS (0.73 vs. 0.59; P<0.001) and OS (0.82 vs. 0.71; P=0.003), 
and lower CIR (0.20 vs. 0.33; P<0.001) in MRDneg versus 
MRDpos patients is consistent with previous reports in CAYA 
patients.3,6,10-14 
There are many reasons which may explain the discrep-
ancy between the present analysis and the randomized 
FORUM cohort published in 2021, in which no significant 
association between MRD pre-HSCT and outcome was de-
tected.15 Namely: i) the sample size of the current analysis 
is greater (852 vs. 336 patients); ii) a different cut-off was 
used to define MRD positivity by flow cytometry (0.01%, 
consistent with 1x10-4 used in PCR analyses, instead of 
the 0.1% adopted in the previous analysis; and iii) median 
follow-up was longer (3.0 vs. 2.1 years).15 The proportion of 
MRDneg patients in the current analysis was 79% versus 57% 
in the previous analysis, which may reflect better disease 
control pre-HSCT, although the proportion of patients who 
had received further intensified treatment is unknown.
There was no difference in prognostic value of MRD status 

Table 3. Incidence of acute graft-versus-host disease by minimal residual disease status pre-hematopoietic stem cell transplan-
tation and by conditioning regimen in patients for whom minimal residual disease status was available pre-hematopoietic stem 
cell transplantation.

Total TBI/VP16 FLU/THIO/BU or 
 FLU/THIO/TREO

Total
MRDneg

(neg, NQ,  
<10-4)

MRDpos

(≥10-4)
P

Total
MRDneg

(neg, NQ,  
<10-4)

MRDpos

(≥10-4)
P

Total
MRDneg

(neg, NQ,  
<10-4)

MRDpos

(≥10-4)
P

N % N % N % N N % N % N N % N %

Total 852 100 674 100 178 100  601 485 100 116 100  251 189 100 62 100  

aGvHD grade
Absent
I
II
III
IV
Unknown

Death prior to d100 
(without aGvHD)

 
334
202
193
52
18
49
4

 
42
25
24
6
2
-

0.5

 261
169
151
35
12
42
4

 
39
25
22
5
2
6
1

 
73
33
42
17
6
7
0

 
41
19
24
10
3
4
0

-
-
-
-
-
-
-

 
205
159
145
38
14
38
2

 
163
136
116
25
11
32
2

 
34
28
24
5
2
7
0

 
42
23
29
13
3
6
0

 
36
20
25
11
3
5
0

-
-
-
-
-
-
-
-

 
129
43
48
14
4
11
2

 
98
33
35
10
1

10
2

 
52
17
19
5
1
5
1

 
31
10
13
4
3
1
0

 
50
16
21
6
5
2
0

-
-
-
-
-
-
-

Grade 0-I/II
Grade III-IV
Unknown

733
70
49

91
9
-

585
47
42

87
7
6

148
23
7

83
13
4

0.021
-
-

511
52
38

417
36
32

86
7
7

94
16
6

81
14
5

0.042
-
-

222
18
11

168
11
10

89
6
5

54
7
1

87
11
2

0.172
-
-

Grade 0-I
Grade II
Grade III-IV
Unknown

540
193
70
49

67
24
9
 -

434
151
47
42

64
22
7
6

106
42
23
7

60
24
13
4

0.045
-
-
-

366
145
52
38

301
116
36
32

62
24
7
7

65
29
16
6

56
25
14
5

0.090
-
-
-

174
48
18
11

133
35
11
10

70
19
6
5

41
13
7
1

66
21
11
2

0.337
-
-
-

aGvHD: acute graft-versus-host disease; BU: busulfan; d: day; FLU: fludarabine; HSCT: hematopoietic stem cell transplantation; MRD: minimal 
residual disease; N: number; NQ: non-quantifiable; TBI: total body irradiation; THIO: thiotepa; TREO: treosulfan; VP16: etoposide.
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according to method of determination (PCR vs. flow cy-
tometry) (data not shown).
The level of MRD positivity pre-HSCT, i.e., MRDpos-low <1x10-3 and 
MRDpos-high ≥1x10-3, was not relevant to outcome; in particular, 
it did not significantly affect EFS (0.60 vs. 0.58; P=0.780) or 
CIR (0.31 vs. 0.37; P=0.468), even after stratification by con-
ditioning regimen.
In the multivariable analysis, MRD negativity pre-HSCT, 
conditioning with TBI/VP16, and lower risk profile (CR1 and 
CR2 after late relapse) were associated with approximately 
half the risk of relapse, whereas pre-HSCT MRD positivity 
was associated with twice the risk of any failure (1-EFS) 
and death (1-OS). Observations regarding the conditioning 
regimen should be interpreted in consideration of the low 
rate of randomization (32%); non-randomized patients were 
assigned to a regimen based on physician preference. Prior 
to the stopping rule which was breached in March 2019, 
regimen assignment might have been based on disease 
risk, with patients with more refractory disease more likely 
to receive TBI/VP16 and patients with comorbidities more 
likely to receive chemo-conditioning. After this, the vast 
majority of the patients were conditioned with TBI/VP16. 
Furthermore, no differences in outcome were detected 
between the randomized and the non-randomized patients 
assigned to TBI/VP16.
The disparity in the outcome between MRDpos and MRDneg 
patients pre-HSCT was apparently greater among recipients 
receiving chemo-conditioning versus TBI/VP16, suggesting 
that TBI/VP16 could partially compensate for poorer dis-
ease control, thus rescuing some MRDpos patients. In fact, 
the 3-year CIR of 0.26 in MRDpos patients given TBI/VP16 is 
remarkable, suggesting that TBI/VP16 can be effective in 
CAYA patients with MRDpos. This compares favorably with 
a 2-year CIR of 0.54 (±0.14) reported in a recent pediatric 
series conditioned without TBI in the Netherlands.17

Treatment-related mortality in our overall cohort was 0.06 
and was similar across MRD groups, which is remarkably 
low in the context of previous reports, especially given the 
international setting. Besides a trend for higher mortality 
in MD versus MSD recipients, as expected, older age (>10 
years) was associated with an almost 3-fold higher risk of 
TRM compared with younger age. 
Despite the fact that immunophenotype was not associated 
with outcome, the impact of the MRD status pre-HSCT was 
striking for B-cell precursor ALL, whereas it was virtually 
absent for patients with T-ALL, in whom EFS, OS, and CIR 
were superimposable for MRDneg and MRDpos patients. This 
suggests that the graft-versus-leukemia effect may be 
stronger in T-ALL than B-cell precursor ALL. Based on these 
findings, intensifying treatment and postponing transplant 
in patients with T-ALL who are MRDpos pre-HSCT, in the 
attempt to reduce MRD levels, might be unwarranted.
Furthermore, the relatively large gap between OS and EFS 
in B-lineage ALL, both overall (0.81 vs. 0.69) and according 
to pre-HSCT-MRD status (0.84 vs. 0.77 in pre-HSCT MRDneg 

patients; 0.70 vs. 0.59 in pre-HSCT MRDpos patients), reflects 
the availability of further treatments, such as immuno-
therapy, after post-HSCT relapse. In contrast, in T-lineage 
ALL, EFS is very similar to OS (0.77 vs. 0.74), as very few 
chances would be available to treat a post-HSCT relapse. 
The only option could be a subsequent HSCT, possibly with 
the additional value of TBI (if not used previously) or the 
alloreactive effect of a partially incompatible donor. 
The overall risk of aGvHD was low in our cohort (69% 
grade 0-I aGvHD, and 9% grade III-IV aGvHD). Cumulative 
incidence of overall cGvHD was higher in pre-HSCT MRDpos 

compared with MRDneg patients (0.20 vs. 0.12; P=0.017), but 
extensive cGvHD was similar. aGvHD grade II versus 0-I was 
associated with lower risk of relapse (HR: 0.57; P=0.008), 
whereas grade III-IV aGvHD was associated with a 4-fold 
higher risk of TRM. Nevertheless, there was no evidence of 
interactions between MRD and aGvHD; therefore, whether 
the occurrence of mild GvHD could have been protective 
against the risk of any failure with a different pattern in 
MRDpos compared with MRDneg patients could not be demon-
strated. This finding is in line with those from pooled data 
of several consortia, as reported by Bader et al.,13 but is in 
contrast to those of Pulsipher et al., who described that 
pre-HSCT MRDpos patients who developed no degree of 
GvHD had higher rates of relapse versus MRDpos patients 
with mild aGvHD.18

Positive MRD at day 100 post-HSCT, seen in 8% of the eval-
uable patients, was associated with dismal outcome, even 
though MRD detection did not necessarily imply relapse: 
MRDpos at 100 days post HSCT had an EFS of 0.47 and a 
CIR of 0.51 at three years, compared with 0.77 and 0.17 of 
MRDneg patients, respectively.
At one year, 5% of patients were MRDpos and this resulted in 
overt relapse in approximately half. EFS in MRDpos patients 
at 1-year post-HSCT was relatively high. 
The intrinsic limitations of this study include the fact that 
MRD analyses are standardized within most European 
countries, but not worldwide, and that the range of 45 
days for the timing of MRD assessments may affect the 
pre-HSCT analyses more than analyses at 100 days or one 
year. Moreover, treatment prior to HSCT was performed 
according to local policies and was not accounted for in 
the study. However, no significant differences in outcome 
were observed among countries, even when accounting 
for center size (data not shown). Furthermore, MRD levels 
were not recorded for one-third of the FORUM cohort and 
assessment of the impact of interventions to manage MRD 
positivity (including early immunosuppression discontin-
uation, DLI, infusion of immune effector cells or second 
HSCT) was beyond the scope of this study.
The high proportion of MRDneg patients pre-HSCT (79%) 
provides only partial clues regarding the responsiveness or 
refractoriness of disease, as MRD recorded pre-HSCT may 
have been achieved by treatment per protocol or treatment 
intensification. Unfortunately, exploring the role of additional 
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pre-HSCT chemo- or immune-therapy, to achieve deeper 
remission in patients who otherwise would have received 
HSCT with higher MRD levels, was beyond the scope of this 
study and could not be assessed. Moreover, the predictive 
value of pre-HSCT MRD achieved with immunotherapy 
versus conventional chemotherapy is still to be assessed.
Specific recommendations might be provided by a panel of 
experts involved in prospective studies dealing with HSCT 
in ALL. Based on our data, confirming the crucial role of 
the MRD status at HSCT on outcome, we conclude that a 
pre-HSCT MRD level <1x10-4 is recommended overall and, 
as demonstrated, in B-lineage ALL. Such a finding would 
suggest intensifying treatment and/or adding immunother-
apy to achieve MRD negativity prior to HSCT in patients 
who would otherwise still be MRD positive prior to HSCT. 
Nevertheless, we were unable to determine whether achiev-
ing MRD negativity before HSCT was attributable to the 
disease response to standard treatment or was achieved 
by treatment intensification, possibly with immunothera-
py. Whether a MRD negative status achieved by means of 
immunotherapy had the same favorable prognostic impact 
of MRD negativity achieved with standard treatment could 
not be assessed by this study, but multiple reports would 
confirm it.
In this study, MRD data analyzed before transplantation 
and subsequently at 100 days and one year (±45 days) are 
reported. In terms of potential interventions, a graft-ver-
sus-leukemia effect could be enhanced by an early tapering 
of immunosuppression, based on either pre- or post-HSCT 
MRD positivity. In this regard, an additional timepoint of 
assessment, approximately in the second month, could 
drive the decision-making process of immunotapering, at 
least in patients who do not experience GvHD. Additional 
timepoints should be considered in case of MRD positivity. 
Furthermore, more frequent assessments could drive post-
HSCT immunotherapy, based on the detection of post-HSCT 
MRD positivity. The prescription of monoclonal antibodies or 
chimeric antigen receptor (CAR) T-cell therapy are beyond 
the scope of this study and are also limited by regulatory/
contract restrictions, which vary between countries.
A subsequent analysis assessing the role of immunother-
apy pre- and post-HSCT is ongoing and recommendations 
might follow based on those findings.
In conclusion, in a large, prospective, international trial 
of CAYA undergoing HSCT for ALL, we can demonstrate 
that: i) pre-HSCT MRD level ≥10-4 was associated with 
worse outcome, due to higher incidence of relapse; ii) the 
detrimental effect of pre-HSCT MRD positivity could not 
be demonstrated in T-ALL; iii) the level of positivity did 
not significantly affect outcome; and iv) post-HSCT MRD 
positivity has a dismal prognosis but does not necessar-
ily imply relapse. Furthermore, the superiority of TBI over 
chemo-conditioning was confirmed, grade II aGvHD was 
associated with better OS and EFS, and lower CIR, patients 
>10 years of age or developing grade III-IV aGvHD had higher 

risk of any failure and experienced higher mortality.
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