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Background
Allogeneic HSCT may improve survival in pediatric ALL patients who relapse. In this study, 
we analyzed the outcome and prognostic factors of 62 ALL patients (35 male, 56.5%) who 
received allogeneic HSCT in second complete remission (CR) at our institution between 
April 1st 2009 and December 31st 2019.

Methods
The median time from diagnosis to relapse was 35.1 months (range, 6.0‒113.6 mo). 
Fifty-three patients (85.5%) experienced bone marrow relapse only. The number of pa-
tients who received transplant according to each donor type was as follows: HLA matched 
family donor 17 (27.4%), matched unrelated donor (UD) 22 (35.5%), mismatched donor 
23 (37.1%). All patients received HSCT with a myeloablative conditioning, 58 patients 
(93.5%) with the incorporation of TBI [31 patients 12 Gray (Gy), 24 patients 13.2 Gy, 3 
patients 8 Gy].

Results
The 5-year event-free survival (EFS), and overall survival of the study group was 
41.3±6.3% (26/62), and 42.3±6.6% (27/62), respectively. The cumulative incidence of 
relapse and transplant-related mortality was 57.1±6.4% and 1.6±1.6%, respectively. 
Infant ALL, shorter time from diagnosis to relapse, and TBI dose of 12 Gy, rather than 
13.2 Gy, resulted in significantly worse EFS. In multivariate analysis, infant ALL and TBI 
dose of 12 Gy during conditioning predicted significantly lower EFS. 

Conclusion
In our study group, treatment with a higher dose of TBI during conditioning resulted in 
better EFS for ALL patients who underwent HSCT in second CR. Further study is needed 
to determine potential long-term complications associated with a higher TBI dose.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common 
hematologic malignancy in the pediatric population [1]. 
Outcome has improved, and the overall survival (OS) has 
surpassed 90% in more recent studies [2]. However, more 

than 20% of children with ALL relapse, and survival follow-
ing relapse remains poor, with relapsed ALL remaining one 
of the leading causes of childhood cancer death [3]. The 
OS of children with relapsed ALL was 56% according to 
the United Kingdom R2 trial [4]. Another study by the 
Children’s Oncology Group reported OS ranging from 11% 
to 85% depending on prognostic factors such as time from 
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Table 1. Patient characteristics at diagnosis and relapse.

N=62 (%)

Median age at diagnosis, years (range) 6.1 (0.2–16.4)
Gender
   Male  35 (56.5)
   Female  27 (43.5)
Immunophenotype
   Pre-B  58 (93.5)
   T cell    3 (4.8)
   Mixed phenotype (Pre-B/T)    1 (1.6)
Genetics at diagnosisa)

   ETV6-RUNX1  13 (21)
   High hyperdiploidy    6 (9.7)
   E2A-PBX1    4 (6.5)
   MLL (+)    4 (6.5)
   Hypodiploidy    1 (1.6)
   Others  18 (29)
   Normal karyotype    5 (8.1)
Overall risk group at diagnosisa)

   Low    6 (9.7)
   Standard    6 (9.7)
   High  21 (33.9)
   Very high  17 (27.4)
Median age at relapse, years (range) 9.8 (1.1–19.8)
Time from diagnosis to relapse (mo)
   Early (＜18)  16 (25.8)
   Intermediate (18–36)  16 (25.8)
   Late (＞36)  30 (48.4)
Type of relapse
   BM only  53 (85.5)
   Isolated EM    5 (8.1)
   BM+EM    4 (6.5)

a)Initial diagnosis and treatment at a different institution and 
subsequent transfer after relapse resulted in missing data for 11 
and 12 patients for ‘Genetics’ and ‘Overall risk group at diagnosis’
respectively.
Abbreviations: BM, bone marrow; EM, extramedullary; MLL (+), 
MLL rearrangement (+); Pre-B, precursor B cell.

diagnosis to relapse and site of relapse [5]. The result of 
a multicenter trial by Acute Lymphoblastic Leukemia Relapse 
Berlin-Frankfurt-Munster 90 was 36% in terms of 10-year 
OS [6].

Patients with relapsed ALL may undergo allogeneic hema-
topoietic stem cell transplantation (HSCT) in second com-
plete remission (CR). Outcome of allogeneic HSCT in second 
CR has improved with the advent of high-resolution human 
leukocyte antigen (HLA) typing, and the adoption of various 
conditioning regimens such as implementing total body irra-
diation (TBI) with cyclophosphamide (Cy) [7, 8]. A retro-
spective comparison of outcomes between TBI with Cy and 
busulfan with Cy as conditioning regimens concluded that 
the use of TBI resulted in a higher leukemia-free survival 
rate for children with ALL [8]. Fractionated administration 
of TBI up to a cumulative dose of 12 Gray (Gy) is commonly 
used in the preparative regimen prior to HSCT [9].

Whether an increase of the TBI dose results in better 
transplant outcomes remains unclear. A registry study based 
on a large number of pediatric ALL patients who received 
HSCT in second or subsequent CR or relapse showed that 
neither increasing the TBI dose beyond 12 Gy nor the addi-
tion of further chemotherapy during conditioning resulted 
in lower relapse rate [10]. In contrast, a recent study based 
on adult patients with hematologic malignancies found that 
higher doses of TBI led to a significant decrease in relapse 
rate; however, this was offset by greater transplant-related 
mortality (TRM) so that these patients did not have a survival 
advantage [11].

We previously published the outcomes of allogeneic HSCT 
for pediatric ALL in second CR done during a period of 
17 years at our institution. The 5-year disease-free survival 
(DFS) and OS were 45.2% and 48.3%, respectively [12]. 
Donor type was the only significant factor for DFS in multi-
variate study, with patients who received a matched sibling 
donor (MSD) HSCT having better outcome than those who 
received an unrelated donor (UD) HSCT. In contrast, other 
studies have emphasized improved outcome of ALL patients 
who received UD HSCT in second CR, resulting in com-
parable survival rates between MSD and UD HSCT recipients 
[13-15]. Shorter duration of first CR resulted in a significantly 
higher incidence of post-HSCT relapse in these studies [14, 
15].

In this study, we undertook a follow-up analysis to de-
termine outcome and risk factors for patients with ALL who 
underwent allogeneic HSCT in second CR during a period 
of ten years at our institution.

MATERIALS AND METHODS

Patient characteristics at diagnosis
The study received approval from the institutional review 

board (KC21RASI0328). We retrospectively reviewed 62 pa-
tients (35 male, 56.5%) who received a first allogeneic HSCT 
in second CR between April 1st 2009 and December 31st 
2019 at the Department of Pediatrics, Seoul St. Mary’s 

Hospital, The Catholic University of Korea (Table 1). Patients 
who had previously received allogeneic HSCT in first CR, 
and so received a second transplant in second CR were ex-
cluded, as were patients who received transplant in non-re-
mission status.

The median age at diagnosis was 6.1 years (range, 0.2–16.4 
yr). Fifty-eight patients (93.5%) were diagnosed with pre-
cursor B cell ALL. Of the 50 patients with available risk 
group classification at diagnosis, 38 (76%) were designated 
as high risk or very high risk according to our institution’s 
criteria [16].

The median time from diagnosis to relapse was 35.1 months 
(range, 6.0–113.6 mo). The number of patients who experi-
enced early (＜18 months from diagnosis), intermediate (18–
36 months), and late relapse (＞36 months from diagnosis) 
was 16 (25.8%), 16 (25.8%) and 30 patients (48.4%), re-
spectively (Table 1). Fifty-three patients (85.5%) experienced 
bone marrow (BM) relapse only, while 5 patients (8.1%) 
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Table 2. Hematopoietic stem cell transplantation characteristics.

N=62 (%)

Donor typea)

   Matched familial 17 (27.4)
   Matched unrelated 22 (35.5)
   Mismatched familial   6 (9.7)
   Mismatched unrelated 17 (27.4)
Cell source
   BM   7 (11.3)
   PBSC 49 (79.0)
   CB   6 (9.7)
Donor to recipient gender
   Female to male 24 (38.7)
   Others 38 (61.3)
ABO compatibility
   Match 23 (37.1)
   Mismatch 39 (62.9)
Conditioning regimen
   TBI-Cy±ATG 28 (45.2)
   TBI-Ara-Cy±ATG 22 (35.5)
   TBI-Flu-Ara   5 (8.1)
   TBI-Bu-Flu±ATG   3 (4.8)
   Bu-Flu-ATG   3 (4.8)
   Bu-Cy   1 (1.6)
Fractionated TBI doseb)

   13.2 Gy 24 (41.4)
   12 Gy 31 (53.4)
   8 Gy   3 (5.2)
ATG dose, 2.5 mg/kg/dayc)

   Cumulative 7.5 mg/kg 20 (51.3)
   Cumulative 10 mg/kg   3 (7.7)
ATG dose, 1.25 mg/kg/dayc)

   Cumulative 3.75 mg/kg 15 (38.5)
   Cumulative 5 mg/kg   1 (2.6)
GVHD prophylaxis
   CS-MTX 55 (88.7)
   Tac-MMF   4 (6.5)
   CS-PTCy   3 (4.8)

a)HLA compatibility based on matching for HLA-A, B, C, DRB1 
alleles. b)Based on 58 patients who received TBI as part of conditioning. 
c)Based on 39 patients who received rabbit ATG as part of 
conditioning.
Abbreviations: Ara, cytarabine; ATG, rabbit anti-thymocyte globulin; 
BM, bone marrow; Bu, busulfan; CB, cord blood; CS, cyclosporine;
Cy, cyclophosphamide; Flu, fludarabine; GVHD, graft-versus-host 
disease; Gy, Gray; MTX, methotrexate; MMF, mycophenolate 
mofetil; PBSC, peripheral blood stem cells; PTCy, post-transplantation 
cyclophosphamide; Tac, tacrolimus; TBI, total body irradiation.

showed isolated extramedullary (EM) relapse [central nerv-
ous system (CNS) relapse 3, testes 1, other EM 1]. Four 
patients (6.5%) showed combined BM and EM relapse (BM 
with CNS 3, BM with testes 1).

Transplantation
Median time from relapse to HSCT was 4.7 months (1.8–7.8 

mo). Matched UD transplantation was the most common 
type of HSCT (Table 2). The majority of patients received 
a peripheral blood stem cell transplantation (PBSCT, 79.0%). 

The key HSCT procedures, including antimicrobial prophy-
laxis, were done as reported previously [17].

Total body irradiation (TBI), cyclophosphamide (Cy) ±rabbit 
antithymocyte globulin (ATG, Thymoglobulin, Sanofi, Paris, 
France) was the most commonly utilized conditioning regi-
men, followed by TBI, Cy, cytarabine (Ara) ±ATG. Since 
2013, we increased the fractionated TBI dose from 12 Gy 
to 13.2 Gy. Patients who received 12 Gy and 13.2 Gy TBI 
received the total dose in fractions of 2 Gy and 1.65 Gy, 
respectively. Four of 17 patients (23.5%) who received a 
matched family donor HSCT received the higher TBI dose 
of 13.2 Gy, while 11 of 22 patients (50.0%) who received 
a matched UD HSCT received 13.2 Gy TBI (P=0.112).

Prior to 2014, ATG was given at a dose of 2.5 mg/kg/day 
for 3–4 days, the total cumulative dose depending on the 
HSCT donor type. Since 2014, the ATG dose was halved 
to 1.25 mg/kg/day [18]. Of the 39 patients who received 
ATG as part of the conditioning regimen, 16 (41.0%) received 
the lower dose of 1.25 mg/kg/day.

Median infused cell doses were as follows: total nucleated 
cell 12.28×108/kg (range, 0.34–49.28×108/kg), mononuclear 
cell 8.73×108/kg (0.15–34.00×108/kg), CD34+ 5.56×106/kg 
(0.03–26.14×106/kg), CD3+ 38.96×107/kg (0.44–181.15×107/kg).

Study endpoint
Important study objectives included calculation of 5-year 

event-free survival (EFS) and OS of the study group, as well 
as risk factors for EFS. We also evaluated the incidence 
of relapse and TRM in CR. 

The following variables were analyzed for impact on EFS: 
patient gender, age at diagnosis, genetic abnormalities, time 
from diagnosis to relapse, HSCT donor type, cell source, 
donor-recipient gender, ABO compatibility, HLA compati-
bility, and TBI dose. EFS was determined from the time 
of HSCT to last follow-up in CR or first event, which included 
relapse or death in CR. OS was determined from time of 
HSCT to last follow-up or death.

The incidences of acute graft-versus-host disease (GVHD) 
(both grades 2–4 and grades 3–4), and chronic GVHD (overall, 
as well as moderate/severe) were analyzed. Acute and chronic 
GVHD were graded according to established criteria [19, 
20].

Statistical analyses 
The EFS and OS of the study group were calculated with 

the Kaplan-Meier method. Univariate study of risk factors 
for EFS was also done with the Kaplan-Meier method, with 
comparisons done with the log rank test. Multivariate analy-
sis of risk factors for EFS was done with the Cox proportional 
hazard regression model. Variables found significant in uni-
variate study (P＜0.05) were entered simultaneously in mul-
tivariate analysis. Incidence of relapse and death in CR 
post-HSCT, and acute and chronic GVHD were calculated 
with the cumulative incidence function. Competing risks 
were death in CR for relapse, ALL relapse for TRM, relapse 
or TRM without acute GVHD within 100 days post-HSCT 
for acute GVHD, and relapse or TRM without chronic GVHD 
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Fig. 2. 5-year EFS according to (A) age at diagnosis (B) time from 
diagnosis to relapse and (C) TBI dose during HSCT conditioning.

Fig. 1. 5-year OS of the patient group.

within 1 year post-HSCT for chronic GVHD. Comparison 
of categorical variables was done with Fisher’s exact test. 
Patient follow-up was done up till April 30th, 2022.

RESULTS

Outcome of the study group
 The 5-year EFS and OS of the study group was 41.3±6.3% 

(26/62) and 42.3±6.6% (27/62) (Fig. 1), respectively. The 
5-year cumulative incidence of relapse was 57.1±6.4% 
(35/62). TRM was 1.6±1.6% (1/62), comprising 1 patient who 
died of grade 4 acute skin and gastrointestinal GVHD. Of 
the 35 patients who relapsed post-HSCT, only one patient, 
who achieved 3rd CR and underwent a second transplant 
survives.

Prognostic factors
Infant ALL, shorter time from diagnosis to relapse, and 

TBI dose of 12 Gy, rather than 13.2 Gy, resulted in sig-
nificantly worse EFS (Fig. 2, Table 3). In multivariate analysis, 
infant ALL and TBI dose of 12 Gy during conditioning pre-
dicted significantly worse EFS (Table 4). TBI dose was a 
significant factor for EFS both in patients who received an 
HLA matched family donor HSCT, and in those who received 
an alternative donor (AD) HSCT, including matched UD 
transplant, or mismatched family donor/UD transplant: 
5-year EFS of 75.0±21.7% (3/4) for 13.2 Gy vs. 7.7±7.4% 
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Table 3. Analysis of risk factors for EFS (N=62).

Patients (events) 5-year EFS (±SE, %) P

Gender 0.538
   Male 35 (22) 37.1±8.2
   Female 27 (14) 46.9±9.8
Age at diagnosis (yr) ＜0.001
   ＜1   4 (4) 0
   1–9.9 40 (21) 46.5±8.0
   ≥10 18 (11) 38.9±11.5
Genetics 0.212
   ETV6-RUNX1 13 (9) 30.8±12.8
   High hyperdiploidy   6 (1) 83.3±15.2
   E2A-PBX1   4 (3) 25.0±21.7
   MLL (+)   4 (3) 25.0±21.7
   Hypodiploidy   1(0) 100
   Others 18 (13) 27.8±10.6
   Normal karyotype   5 (3) 40.0±21.9
Time from diagnosis to relapse 0.005
   ＜18 months 16 (13) 18.8±9.8
   18–36 months 16 (10) 34.4±12.3
   ＞36 months 30 (13) 56.7±9.0
Donor typea) 0.332
   Matched familial 17 (13) 23.5±10.3
   Matched unrelated 22 (10) 54.5±10.6
   Mismatched familial   6 (4) 33.3±19.2
   Mismatched unrelated 17 (9) 44.6±12.4
Cell source 0.158
   Bone marrow   7 (6) 14.3±13.2
   PBSC 49 (27) 44.9±7.1
   Cord blood   6 (3) 41.7±22.2
Donor-recipient gender 0.548
   Female to male 24 (15) 37.5±9.9
   Others 38 (21) 43.7±8.2
ABO compatibility 0.941
   Match 23 (13) 43.5±10.3
   Mismatch 39 (23) 39.9±7.9
TBI doseb)

＜0.001
   12 Gy 31 (25) 17.0±6.9
   13.2 Gy 24 (7) 70.8±9.3

a)HLA compatibility based on matching for HLA-A, B, C, DRB1 alleles. b)Based on 55 patients who received either 12 Gy or 13.2 Gy TBI as part 
of conditioning.
Abbreviations: Gy, Gray; PBSC, peripheral blood stem cells; TBI, total body irradiation. 

Table 4. Multivariate study of risk factors for EFS.

Hazard 
ratio 95% CI P

Age at diagnosis (yr)
   1–9.9 1
   ≥10 1.30 0.57–3.00 0.535
   ＜1 20.46 2.59–161.56 0.004
Time from diagnosis to relapse
   ＞36 months 1
   18–36 months 1.41 0.56–3.55 0.463
   ＜18 months 2.07 0.83–5.19 0.120
TBI dose
   13.2 Gy 1
   12 Gy 4.38 1.84–10.43 0.001

Abbreviations: Gy, Gray; TBI, total body irradiation.

(1/13) for 12 Gy in matched family donor transplant recipi-
ents (P=0.034), and 70.0±10.2 (14/20) for 13.2 Gy vs. 
24.4±10.5 (5/18) for 12 Gy in AD transplant recipients 
(P=0.004).

As the two main modifications to the conditioning regimen 
during the study period were the increase in TBI dose from 
12 Gy to 13.2 Gy, and the decrease in ATG dose from 2.5 
mg/kg/day to 1.25 mg/kg/day, we further analyzed the impact 
of ATG dose in the AD transplant recipients, the majority 
of whom (38/45) received ATG as part of conditioning. 
Patients who received a lower cumulative dose of ATG had 
significantly better EFS than those who received a higher 
cumulative dose: 5-year EFS of 75.0±10.8% (12/16) for 1.25 
mg/kg/day recipients vs. 22.7±8.9% (5/22) for 2.5 mg/kg/day 
recipients (P=0.002). Since both TBI dose and ATG dose 
had significant impact on outcome in univariate study, we 
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Fig. 3. 5-year (A) EFS and (B) OS according to donor type (matched family donor vs. matched UD).

undertook multivariate study to conclude upon the key factor 
for outcome; however, neither TBI dose nor ATG dose had 
a significant impact on EFS of AD transplant recipients in 
multivariate study.

When comparing the EFS of matched family donor and 
matched UD transplant recipients, we found a better outcome 
in those who received a matched UD transplant: 5-year EFS 
of 54.5±10.6% (12/22) for matched UD transplant recipients 
vs. 23.5±10.3% (4/17) for matched family donor transplant 
recipients (P=0.084) (Fig. 3A). The OS was also higher in 
patients who received a matched UD transplant: 5-year OS 
of 59.7±11.8% (13/22) for matched UD transplant recipients 
vs. 22.1±10.5% (4/17) for matched family donor transplant 
recipients (P=0.046) (Fig. 3B).

Incidence of acute and chronic GVHD
The 100-day cumulative incidence of acute GVHD was 

as follows: 54.8±6.4% (standard error) (34 of 62 patients) 
for grades 2-4 acute GVHD, and 4.8±2.7% for grades 3-4 
acute GVHD (3/62). Nine patients (14.5%) were diagnosed 
with chronic GVHD at a median of 5.0 months from trans-
plant (range, 2.5–9.1 mo). The 1-year cumulative incidence 
of overall chronic GVHD and moderate/severe chronic 
GVHD was 14.7±4.6% (9/62) and 4.9±2.8% (3/62), 
respectively.

DISCUSSION

We report the outcomes of allogeneic HSCT for childhood 
ALL in second CR at a single institution during a period 
of 10 years. The estimated 5-year EFS and OS were 41.3±6.3% 
and 42.3±6.6%, respectively, comparable to survival rates 
from a previous study [12].

In our past study of ALL patients who received allogeneic 
HSCT in second CR, we reported that the donor type was 
the only major factor influencing transplant outcome, with 
patients who received a sibling donor transplant showing 

higher disease-free survival compared with UD transplant 
recipients [12]. However, in this follow-up study, we found 
a higher EFS for patients who received a matched UD trans-
plant compared with those who received a matched family 
donor transplant, although the difference was not statistically 
significant. In our study group a lower percentage of matched 
family HSCT recipients received the higher TBI dose of 
13.2 Gy than matched UD HSCT recipients, which may 
have contributed to the lower EFS for matched family donor 
transplant recipients. Overall, this result is consistent with 
comparable outcomes currently observed for ALL patients 
who receive either a sibling donor transplant or a UD trans-
plant [14, 15, 21].

Age at diagnosis was a significant prognostic factor in 
our ALL patients who received HSCT in second CR, due 
mostly to the extremely poor outcome of infant ALL patients. 
Our previous study showed that infant ALL was a significant 
adverse prognostic factor for long-term EFS in a large cohort 
of newly diagnosed precursor B cell (Pre-B) ALL patients 
[22]. This study further emphasizes the low survival rate 
of infant ALL patients subsequent to relapse. In consideration 
of the poor outcome of high risk infant ALL patients after 
relapse, our current institutional strategy is to consolidate 
these patients with allogeneic HSCT in first CR, although 
undertaking such therapy may result in major long-term 
complications in the high risk infant ALL population. 
Regarding patient age, a previous study has also shown that 
older age at diagnosis may also be a risk factor for inferior 
survival after relapse [23]. Furthermore, our study confirmed 
the key role of time from diagnosis to relapse as a major 
prognostic factor in relapsed ALL patients, as found in pre-
vious studies [5, 13].

Pediatric ALL patients undergoing HSCT may receive ei-
ther a TBI or chemotherapy-based conditioning regimen. 
A recent study undertaken mostly in ALL patients in first 
CR randomized patients to either a TBI-based or chemo-
therapy-based conditioning; the study found higher OS and 
lower relapse rate for patients who received TBI [24]. In 
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our study of ALL patients we found that patients who re-
ceived the higher fractionated dose of 13.2 Gy TBI had sig-
nificantly better EFS than those who received 12 Gy TBI, 
with the TBI dose remaining a key prognostic factor in 
multivariate analysis, along with infant ALL. One adult study 
based on patients with various hematologic malignancies 
compared standard TBI dose of 12 Gy to higher doses up 
to 14 Gy. Although patients who received a higher dose 
of TBI had a lower rate of relapse, the rate of TRM was 
significantly greater, resulting in similar OS [11]. In our 
study group, the very low rate of TRM (1.6%) likely con-
tributed to higher TBI dose recipients having a significantly 
better EFS.

The major modifications to the conditioning regimen dur-
ing the study period included both an increase in the TBI 
dose, as well as a decrease in the cumulative ATG dose 
given to patients who received AD HSCT. We previously 
reported that this decrease in ATG dose resulted in lower 
relapse incidence and higher OS, with similar incidence of 
both acute and chronic GVHD in pediatric acute leukemia 
patients who received peripheral blood stem cell trans-
plantation [18]. In our current study, ATG was primarily 
given to AD transplant recipients, and in this group of pa-
tients also, treatment with a lower ATG dose resulted in 
significantly better EFS. Hence, for patients who received 
AD HSCT in our study group, the ATG dose modification 
may have further augmented any improvement in outcome 
resulting from TBI dose increase. However, we emphasize 
that patients who received a higher TBI dose had better 
outcome in both the matched family donor and AD transplant 
subgroups.

The long-term toxicities of TBI may severely compromise 
patient outcome post-transplant. Late effects of TBI include 
cataract formation, and multiple endocrine abnormalities, 
such as gonadal insufficiency, thyroid hormone dysfunction, 
and growth impairment [9]. Above all, patients who receive 
a high TBI dose are at greater risk for secondary malignancies 
post-transplant. Whether the patients in our study who re-
ceived a higher TBI dose are found to have a greater incidence 
of these complications requires further follow-up.

 As the clear majority of events post-transplant in our 
study group were disease relapse, efforts to improve trans-
plant outcome should focus on minimizing the disease burden 
prior to transplant. Immunotherapy and targeted therapy 
agents for Pre-B ALL, such as blinatumomab and chimeric 
antigen receptor T cells, may allow for an optimum decrease 
in ALL cells before consolidation with HSCT, resulting in 
improved transplant outcomes. In this regard, sensitive meth-
ods of detecting minimal residual disease (MRD) before HSCT 
such as next-generation sequencing based MRD detection 
may aid in predicting patient prognosis and allow for tailoring 
of the conditioning intensity according to pre-transplant 
MRD status [25].

In summary, patients who received the higher TBI dose 
of 13.2 Gy had better EFS in our study group. Long-term 
follow-up is necessary to monitor for TBI-related toxicities. 
Implementation of novel diagnostics and therapeutics prior 

to HSCT may allow for accurate prediction of patient survival 
post-transplant, and improvement in overall transplant out-
come, while limiting the long-term toxicities related to 
therapy.
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