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Abstract
Background: The level of measurable residual disease (MRD) before and after transplantation is related to inferior transplant 
outcomes, and post-hematopoietic stem cell transplantation measurable residual disease (post-HSCT MRD) has higher prognos-
tic value in determining risk than pre-hematopoietic stem cell transplantation measurable residual disease (pre-HSCT MRD). 
However, only a few work has been devoted to the risk factors for positive post-HSCT MRD in patients with acute lymphoblastic 
leukemia (ALL). This study evaluated the risk factors for post-HSCT MRD positivity in patients with ALL who underwent 
allogeneic hematopoietic stem cell transplantation (allo-HSCT).
Methods: A total of 1683 ALL patients from Peking University People’s Hospital between January 2009 and December 2019 were 
enrolled to evaluate the cumulative incidence of post-HSCT MRD. Cox proportional hazard regression models were built for 
time-to-event outcomes. Multivariable analysis was performed to determine independent influencing factors from the univariable 
analysis.
Results: Both in total patients and in T-cell ALL or B-cell ALL, pediatric or adult, human leukocyte antigen-matched sibling donor 
transplantation or haploidentical SCT subgroups, positive pre-HSCT MRD was a risk factor for post-HSCT MRD positivity 
(P <0.001 for all). Disease status (complete remission 1 [CR1] vs. ≥CR2) was also a risk factor for post-HSCT MRD positivity
in all patients and in the B cell-ALL, pediatric, or haploidentical SCT subgroups (P = 0.027; P = 0.003; P = 0.035; P = 0.003,
respectively). A risk score for post-HSCT MRD positivity was developed using the variables pre-HSCT MRD and disease status. 
The cumulative incidence of post-HSCT MRD positivity was 12.3%, 25.1%, and 38.8% for subjects with scores of 0, 1, and 
2–3, respectively (P <0.001). Multivariable analysis confirmed the association of the risk score with the cumulative incidence of
post-HSCT MRD positivity and relapse as well as leukemia-free survival and overall survival.
Conclusion: Our results indicated that positive pre-MRD and disease status were two independent risk factors for post-HSCT 
MRD positivity in patients with ALL who underwent allo-HSCT.
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Introduction

Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) remains a curative treatment for patients with 
acute lymphoblastic leukemia (ALL), especially those 
with poor prognosis or relapse after initial chemotherapy.[1–6] 
However, relapse remains the major complication after 
transplantation, directly resulting in particularly poor 
clinical outcomes in ALL patients.[7–9] A handful of 
studies have indicated that the persistence of low-level 

leukemic blasts, also known as measurable residual 
disease (MRD), which cannot be detected by conven-
tional cytomorphology, constitutes the cause of relapse 
either after chemotherapy or allo-HSCT.[9–14] Increasing 
evidence has demonstrated that the level of MRD at all-
time points after transplantation is positively related to 
the cumulative incidence of relapse (CIR) and inversely 
associated with leukemia-free survival (LFS).[9,15,16] In 
addition, post-hematopoietic stem cell transplantation 
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measurable residual disease (post-HSCT MRD) has a 
higher prognostic value in determining risk, even at low 
levels, than pre-hematopoietic stem cell transplantation 
measurable residual disease (pre-HSCT MRD). Previous 
studies have provided evidence that post-HSCT MRD-di-
rected intervention could reduce the CIR and improve 
survival. Therefore, it is important to identify patients 
with a high risk of developing positive post-HSCT MRD 
before transplantation because these patients could be 
considered for early preemptive therapy.[17–22]

Presently, only a few studies have reported the correlation 
of pre-HSCT MRD with post-HSCT MRD in patients 
with ALL.[23,24] Previous studies showed that the cumu-
lative incidence of post-HSCT MRD positivity was 26% 
and 44% in ALL patients with positive pre-HSCT MRD 
who underwent haploidentical  stem cell transplantation 
(SCT) and those who received human leukocyte antigen 
(HLA)-matched HSCT, respectively.[24] However, the risk 
factors for positive post-HSCT MRD in patients with 
ALL remains to be explored. Thus, we performed this 
study to explore the risk factors for positive post-HSCT 
MRD in total patients and subgroup patient populations 
as well as in distinct periods of time after transplantation 
in ALL patients.

Methods

Patient population

In all, 1683 patients diagnosed with ALL who underwent 
either matched sibling donor transplantation (MSDT) 
(n = 337) or haploidentical stem cell transplantation 
(haplo-SCT) (n = 1346) from Peking University People’s 
Hospital between January 2009 and December 2019 
were enrolled in this study. All included patients provided 
written informed consent. The study was conducted in 
accordance with the Declaration of Helsinki and was 
approved by the Ethics Committee of Peking University 
People’s Hospital (No. 2020PBH390-01). Informed con-
sent was provided by all participants.

Transplant protocol

To mobilize the bone marrow (BM) and peripheral 
blood, granulocyte colony-stimulating factor (G-CSF, 
5 µg·kg−1·day−1) were administered to healthy donors 
subcutaneously once daily at the same time for 5 or 6 
consecutive days. After G-CSF mobilization, unmanipu-
lated BM and peripheral blood stem cells (PBSCs) were 
harvested on Day 4 and Day 5, respectively. If the target 
mononuclear cell (MNC) count was not achieved in 
total allografts (4–6 × 108 cells/kg of recipient weight), 
PBSCs would be collected again on Day 6. The allografts 
were infused into the recipient on the day of collection. 
For unmanipulated haploidentical transplantation, the 
transplant procedures have been described in the previous 
research.[7,24] The conditioning regimen incorporated the 
combination of intravenous cytarabine (4 g·m−2·day−1 on 
days −10 to −9), busulfan (3.2 mg·kg−1·day−1 on days −8 
to −6), intravenous cyclophosphamide (1.8 g·m−2·day−1 
on days −5 to −4), oral semustine (250 mg/m2, once on 

day −3), and intravenous rabbit anti-thymocyte globulin 
(ATG, Sangstat, 2.5 mg·kg−1·day−1 on days −5 to −2). The 
identical regimen aforesaid without ATG was employed for 
the patients who underwent HLA matched-sibling donor 
transplantation. They received oral hydroxycarbamide 
(80 mg/kg) on day −10 and a relatively low dose of cytara-
bine (2 g·m−2·day−1) on day −9.[7,24] In order to prevent 
graft-versus-host disease (GVHD), immunosuppressive 
agents including cyclosporine A (CsA), mycophenolate 
mofetil (MMF), and short-term methotrexate were 
administered. The detailed protocol regarding GVHD 
prophylaxis was described in the previous studies.[7,24]

Detection of MRD

MRD positivity and MRD negativity were defined as 
detectable and undetectable, respectively.[16,25] MRD 
detection was performed in all patients enrolled as a rou-
tine clinical test using multiparameter flow cytometry. BM 
aspirate samples were obtained 1 month before HSCT 
as well as +1.0, +2.0, +3.0, +4.5, +6.0, +9.0, and +12.0 
months after HSCT. After 1 year of transplantation, BM 
MRD was evaluated every 3 months until 3 years after 
HSCT, and the evaluation was performed at any time 
according to changes in the patients’ conditions.[26]

Endpoints

The primary endpoint was the cumulative incidence of 
post-HSCT MRD. The secondary endpoints included 
hematopoietic recovery, acute and chronic GVHD, CIR, 
LFS, and overall survival (OS). All these endpoints were 
defined according to the previous studies.[7,24] The end 
point of the last follow-up for all surviving patients was 
August 15th, 2022.

Definitions

A high white blood cell (WBC) count at diagnosis referred 
to ≥30 × 109 cells/L for those with B-cell ALL (B-ALL) and 
≥100 × 109 cells/L for those with T-cell ALL (T-ALL).[27] 
High-risk cytogenetics and molecular genetics features 
were defined as hypodiploidy, BCR–ABL1 Philadelphia 
(Ph) chromosome-positive, lysine methyltransferase 
2A (KMT2A) rearrangements, Transcription Factor 3 
(TCF3)–HLF, complex karyotype (≥5 chromosomal 
abnormalities), IKAROS family zinc finger 1 (IKZF1) 
deletions or mutations, Ph chromosome-like, and Myocyte 
enhancer factor 2D (MEF2D)-rearrangement.[28] Interven-
tion therapy after the emergence of post-HSCT MRD 
included interferon-α (IFN-α) subcutaneous injection, 
chemotherapy followed by donor lymphocyte infusion 
(DLI), tyrosine kinase inhibitor (TKI) oral administration, 
chimeric antigen receptor T-cell (CAR-T) immunotherapy, 
monoclonal antibody, and two or more aforementioned 
interventions.[7,24]

Statistical analysis

The Kaplan–Meier method was used to determine the 
probabilities of LFS and OS. The risk factors for positive 
post-HSCT MRD calculated for univariable analysis 
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included the immunophenotype of ALL, disease status, 
pre-HSCT MRD, WBC count at diagnosis, cytogenetics 
and molecular genetics features, recipient age, recipient 
sex, transplant modality, Ph chromosome positivity or 
negativity, HLA-A, B, DR mismatched loci, donor–recipient 
sex-matched graft, donor–recipient relationship, and 
ABO-matched graft. Cox proportional hazard regression 
models were built for time-to-event outcomes. The patient 
characteristics that were significant at the 10.0% level in 
the univariable analysis were selected for inclusion in the 
multivariable model. A forward selection procedure was 
implemented in the final model to select the remaining 
predictors with a P value of 0.05. Ninety-five percent 
confidence intervals (CIs) were calculated with log trans-
formation. Calculations were performed using the SPSS 
16.0 statistical package (Mathsoft, Seattle, WA, USA). R 
statistical software (R Core Team, Vienna, Austria) was 
used for competing risk analysis.

Results

Clinical and transplant characteristics

A total of 1683 patients were eligible for this study. Patient 
and donor characteristics are summarized in Table 1. The 
median age of the recipients was 25 years. The patients 
were either diagnosed with B-ALL (1345/1683, 79.9%) or 
T-ALL (338/1683, 20.1%). Most of these patients under-
went haplo-SCT (1346/1683, 80.0%) compared to MSDT 
(337/1683, 20.0%). A majority of patients (1447/1683, 
86.0%) were in complete remission 1 (CR1) at trans-
plantation. Three hundred fifty-three patients (353/1683, 
21.0%) had positive pre-HSCT MRD, and the median 
level of pre-HSCT MRD was 0.1% (range: 0–96.8%). 
Two hundred sixty-five patients (265/1683, 15.7%) 
experienced positive post-HSCT MRD. The median 
level of post-HSCT MRD was 0.1% (range: 0–18.9%), 
and the median time of the emergence of positive post-
HSCT MRD was 141 days (range: 18–1613 days) after 
transplantation. The association of pre-HSCT MRD and 
post-HSCT MRD in the total patient population is shown 
in Figure 1. Among patients in CR1, 19.2% (278/1447) 
had positive pre-HSCT MRD. Among patients in ≥CR2, 
31.8% (75/236) had positive pre-HSCT MRD. The inci-
dence of pre-HSCT MRD positivity in patients in ≥CR2 
was higher than that in patients in CR1 (P <0.001).

Overall outcomes

Seven hundred fifty-six patients (756/1683, 44.9%) developed 
acute GVHD, and 384 patients (384/1683, 22.8%) and 
56 patients (56/1683, 3.3%) developed grades II–IV and 
grades III–IV acute GVHD, respectively. As of August 15th, 
2022, 1144 patients (1144/1683, 68.0%) were alive. The 
median follow-up times for all patients and those who 
were alive were 1408 days (range: 8–4969 days) and 1955 
days (range: 371–4969 days), respectively. The probabili-
ties of OS and LFS at 5 years were 68.3% (1149/1683, 
95% CI, 65.9–70.7%) and 62.6% (1053/1683, 95% CI, 
60.2–65.0%), respectively. The cumulative incidences of 
transplantation-related mortality (TRM) and relapse at  
5 years were 14.6% (245/1683, 95% CI, 12.6–16.6%) and (Continued)

Table 1: Baseline characteristics of included ALL patients and 
donors.

Characteristics Total Post-HSCT MRD (+)

Patient number 1683 265
Median age (range, years) 25 (1–64) 25 (1–59)
Male, n (%) 1005 (59.7) 160 (60.4)
Immunophenotype of ALL, n (%)

B-ALL 1345 (79.9) 213 (80.4)
T-ALL 338 (20.1) 52 (19.6)

Transplant modality, n (%)
Haplo-SCT 1346 (80.0) 208 (78.5)
MSDT 337 (20.0) 57 (21.5)
Pre-HSCT MRD (+), n (%) 353 (21.0) 107 (40.4)
Ph+ ALL, n (%) 496 (29.5) 69 (26.0)
WBC count at diagnosis, n (%)

High 466 (27.7) 83 (31.3)
Normal 1176 (69.9) 169 (63.8)
Unknown 41 (2.4) 13 (4.9)

Cytogenetics and molecular genetics features, n (%)
High risk 706 (41.9) 123 (46.4)
Low risk 893 (53.1) 125 (47.2)
Unknown 84 (5.0) 17 (6.4)

Disease status, n (%)
CR1 1447 (86.0) 212 (80.0)
≥CR2 236 (14.0) 53 (20.0)

HLA-A, B, DR mismatched loci, n (%)
0 346 (20.6) 61 (23.0)
1 52 (3.1) 9 (3.4)
2 220 (13.1) 37 (14.0)
3 1065 (63.3) 158 (59.6)

Donor-recipient sex-matched graft, n (%)
Male–male 676 (40.2) 116 (43.8)
Male–female 456 (27.1) 70 (26.4)
Female–male 331 (19.7) 46 (17.4)
Female–female 220 (13.1) 33 (12.5)

Donor-recipient relationship, n (%)
Father–child 686 (40.8) 110 (41.5)
Mother–child 140 (8.3) 20 (7.5)
Sibling–sibling 664 (39.5) 104 (39.2)
Child–parent 164 (9.7) 25 (9.4)
Other 29 (1.7) 6 (2.3)

ABO matched graft, n (%)
Matched 941 (55.9) 157 (59.2)
Major mismatch 343 (20.4) 53 (20.0)
Minor mismatch 312 (18.5) 43 (16.2)
Bi-directional mismatch 86 (5.1) 12 (4.5)

Acute GVHD (grades), n (%)
II 328 (19.5) 42 (15.8)
III 30 (1.8) 3 (1.1)
IV 26 (1.5) 0

cGVHD, n (%)
Moderate 106 (6.3) 72 (27.2)
Severe 24 (1.4) 23 (8.7)

Post-HSCT MRD (+), n (%) 265 (15.7) 265 (100)
Interventions for post-HSCT MRD (+), n (%)

IFN-α 43 (16.2) –
Chemotherapy + DLI 83 (31.3) –
TKI 15 (5.7) –
CAR-T 16 (6.0) –
Monoclonal antibody 3 (1.1) –
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pre-HSCT MRD (negative pre-HSCT MRD, pre-HSCT 
MRD <0.1% and >0, and pre-HSCT MRD ≥0.1%). 
Multivariable analysis demonstrated that both pre-HSCT 
MRD <0.1% and >0 (HR 2.700, 95% CI, 1.930–3.779, 
P <0.001) and pre-HSCT MRD ≥0.1% (HR 3.714, 
95% CI, 2.687–5.134, P <0.001) were associated with 
post-HSCT MRD positivity. The cumulative incidence of 
positive post-HSCT MRD as well as the transplant out-
comes according to different levels of pre-HSCT MRD 
are shown in Supplementary Figure 3 A–D, http://links.
lww.com/CM9/C19.

Risk factors for positive post-HSCT MRD in the B-ALL and 
T-ALL subgroups

In patients diagnosed with B-ALL, as shown in Supplementary  
Table 1, http://links.lww.com/CM9/C19, univariable 
analysis revealed that pre-HSCT MRD (P <0.001), dis-
ease status (P <0.001), and high WBC count at diagnosis 
(P = 0.031) were correlated with positive post-HSCT 
MRD. In multivariable analysis, it was subsequently 
demonstrated that positive pre-HSCT MRD (HR 3.167, 
95% CI 2.392–4.194, P <0.001) and patients in ≥CR2 
at HSCT (HR 1.655, 95% CI 1.185–2.311, P = 0.003) 
exhibited positive post-HSCT MRD. Within 100 days 
after transplantation, we found that positive pre-HSCT 
MRD (P <0.001) and disease status (P = 0.007) were 
associated with positive post-HSCT MRD in univariable 
analysis, while only pre-HSCT MRD (HR 3.969, 95% CI  
2.642–6.002, P <0.001) was proven to be related to 
positive post-HSCT MRD in multivariable analysis. After 
100 days following allo-HSCT, positive pre-HSCT MRD 
(HR 2.691, 95% CI 1.855–3.906, P <0.001), and disease 
status (HR 1.615, 95% CI 1.029–2.535, P = 0.037) were 
correlated with positive post-HSCT MRD, as demon-
strated by both univariable and multivariable analyses.

With respect to the T-ALL patients [Supplementary 
Table 1, http://links.lww.com/CM9/C19], multivariable 
analysis showed that pre-HSCT MRD (HR 2.373, 95% 
CI 1.209–4.657, P = 0.012) and patient sex (HR 0.413, 
95% CI 0.185–0.923, P = 0.031) were associated with 
positive post-HSCT MRD. No risk factors were observed 
to be related to positive post-HSCT MRD within 100 days 
after transplantation. After 100 days of transplantation, 

Figure  1: The association of pre-HSCT MRD and post-HSCT MRD in the total patient 
population. post-HSCT MRD: Post-hematopoietic stem cell transplantation measurable 
residual disease; pre-HSCT MRD: Pre-hematopoietic stem cell transplantation measurable 
residual disease.

Characteristics Total Post-HSCT MRD (+)

Two or more interventions 
mentioned above

25 (9.4) –

Others 6 (2.3) –
No intervention 29 (10.9) –
Unknown 45 (17) –

ALL: Acute lymphoblastic leukemia; B-ALL: B-cell ALL; CAR-T: Chimeric antigen 
receptor T-cell; cGVHD: Chronic GVHD; CR: Complete remission; DLI: Donor 
lymphocyte infusion; GVHD: Graft-versus-host disease; haplo-SCT: Haploidentical 
stem cell transplantation; HLA: Human leukocyte antigen; IFN-α: Interferon-α; 
MSDT: Matched sibling donor transplantation; Ph: Philadelphia; post-HSCT 
MRD: Post-hematopoietic stem cell transplantation measurable residual disease; 
pre-HSCT MRD: Pre-hematopoietic stem cell transplantation measurable residual 
disease; T-ALL: T-cell ALL; TKIs: Tyrosine kinase inhibitors; WBC: White blood 
cell; –: Not applicable.

(Continued)

Table 1

23.0% (387/1683, 95% CI, 21.0–25.0%), respectively. 
Patients with positive post-HSCT MRD experienced 
a higher CIR and lower LFS and OS than those with 
negative post-HSCT MRD [Figure 2A–C]. Patients with 
positive post-HSCT MRD after 100 days following trans-
plantation had a higher CIR as well as lower LFS and OS 
compared to positive post-HSCT MRD within 100 days 
following allo-HSCT and post-HSCT MRD-negative 
cases (all P <0.001) [Figure 2D–F].

Risk factors for positive post-HSCT MRD in the total patient 
population

In the total patient population, multivariable analysis 
demonstrated that positive pre-HSCT MRD (hazard ratio 
[HR] 3.053, 95% CI 2.347–3.971, P <0.001) and disease 
status (HR 1.458, 95% CI 1.044–2.053, P = 0.027) were 
associated with post-HSCT MRD positivity. As shown 
in Supplementary Figure 1A, http://links.lww.com/CM9/
C19, the cumulative incidence of positive post-HSCT 
MRD was significantly higher in patients with positive 
pre-HSCT MRD compared with patients with negative 
pre-HSCT MRD. In Supplementary Figure 2A, http://
links.lww.com/CM9/C19, the cumulative incidence of 
positive post-HSCT MRD was significantly higher in 
patients in ≥CR2 compared with patients in CR1. The 
association of pre-HSCT MRD and disease status with 
the transplant outcomes are shown in Supplementary 
Figure 1B–D and 2B–D, http://links.lww.com/CM9/C19, 
respectively.

Within 100 days after allo-HSCT, positive pre-HSCT MRD 
(HR 3.409, 95% CI 2.319–5.012, P <0.001) and disease 
status (HR 1.698, 95% CI 1.086–2.655, P = 0.020) were 
related to positive post-HSCT MRD after multivaria-
ble analyses. At 100 days following transplantation,  
multivariable analysis revealed that positive pre-HSCT 
MRD (HR 2.724, 95% CI 1.969–3.768, P <0.001) was 
the only risk factor for positive post-HSCT MRD.

Considering that the level of pre-HSCT MRD was a sig-
nificant risk factor for CIR in our previous research,[25] 
we performed further subgroup analysis according to 
the level of pre-HSCT MRD specifically. The patients 
were stratified into three groups based on the degree of 

http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19


Chinese Medical Journal 2025;138(9) www.cmj.org

1088

Figure 2: Kaplan–Meier analysis for correlation of post-HSCT MRD with clinical outcomes in the entire cohort (A–C). Transplant outcomes compared among positive post-HSCT MRD 
within and after 100 days following transplantation, as well as post-HSCT MRD negative cases (D–F). allo-HCT: Allogeneic cell transplantation; post-HSCT MRD: Post-hematopoietic stem 
cell transplantation measurable residual disease.

pre-HSCT MRD (HR 3.022, 95% CI 1.349–6.767, 
P = 0.007), high risk according to cytogenetic and molec-
ular genetic features (HR 3.564, 95% CI 1.699–7.475, 
P = 0.001), and patient sex (HR 0.204, 95% CI 0.061–
0.678, P = 0.009) were correlated with the emergence of 
post-HSCT MRD in multivariable analysis.

Risk factors for positive post-HSCT MRD in pediatric and 
adult subgroups

As shown in Supplementary Table 2, http://links.lww.com/
CM9/C19, in the pediatric subgroup, pre-HSCT MRD  
(HR 2.229, 95% CI 1.370–3.625, P = 0.001), disease 
status (HR 1.682, 95% CI 1.038–2.725, P = 0.035), 
and immunophenotype of ALL (HR 1.855, 95% CI 
1.127–3.054, P = 0.015) were correlated with positive 
post-HSCT MRD in multivariable analysis. In the early 
days post-transplantation, patients in ≥CR2 at HSCT 
(HR 2.735, 95% CI 1.278–5.855, P = 0.010) generally 
exhibited positive post-HSCT MRD, according to both 
univariable and multivariable analyses. After 100 days of 
allo-HSCT, positive pre-HSCT MRD (HR 2.793, 95% CI  
1.549–5.037, P = 0.001) and patients diagnosed with 
T-ALL (HR 2.501, 95% CI 1.425–4.390 P = 0.001) were 
associated with positive post-HSCT MRD, as demon-
strated in multivariable analysis.

With regard to the adult subgroup [Supplementary 
Table 2, http://links.lww.com/CM9/C19], multivariable 

analysis showed that positive pre-HSCT MRD (HR 
3.514, 95% CI 2.578–4.791, P <0.001) and high risk 
according to cytogenetic and molecular genetic features 
(HR 1.390, 95% CI 1.019–1.898, P = 0.038) were 
related to positive post-HSCT MRD. Furthermore, in 
different periods of time, both within or after 100 days 
following transplantation, multivariable analysis showed 
that only positive pre-HSCT MRD (HR 4.525, 95% CI 
2.854–7.176, P <0.001; HR 2.884, 95% CI 1.918–4.337, 
P <0.001) was a risk factor for post-HSCT MRD posi-
tivity.

Risk factors for positive post-HSCT MRD in the haplo-SCT and 
MSDT subgroups

The risk factors for positive post-HSCT MRD in the haplo- 
HCT and MSDT subgroups are shown in Supplementary  
Table 3, http://links.lww.com/CM9/C19. In the haplo-SCT 
subgroup, univariable analysis showed that positive pre-
HSCT MRD (P <0.001), disease status (P <0.001), high 
WBC count at diagnosis (P = 0.100), and high risk in 
cytogenetic and molecular genetic features (P = 0.077) 
was correlated with positive post-HSCT MRD. In the sub-
sequent multivariable analysis, only positive pre-HSCT 
MRD (HR 2.740, 95% CI 2.038–3.684, P <0.001) and 
disease status (HR 1.608, 95% CI 1.178–2.197, P = 0.003) 
were proven to be associated with positive post-HSCT 
MRD. Early after transplantation, positive pre-HSCT 
MRD (HR 2.713, 95% CI 1.742–4.226, P <0.001) 

http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
http://links.lww.com/CM9/C19
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and ≥CR2 at HSCT (HR 1.923, 95% CI 1.299–2.845, 
P <0.001) were the two risk factors affecting post-HSCT 
MRD in both univariable and multivariable analyses. 
After 100 days following allo-HSCT, positive pre-HSCT 
MRD (HR 2.688, 95% CI 1.852–3.901, P <0.001) and 
immunophenotype of leukemia cells (HR 1.665, 95% CI 
1.108–2.501, P = 0.014) were statistically related to post-
HSCT MRD positivity in multivariable analysis.

For the MSDT subgroup, only positive pre-HSCT MRD 
(HR 4.720, 95% CI 2.787–7.992, P <0.001) was found 
to be correlated with positive post-HSCT MRD. In further 
demonstration concerning different times after transplan-
tation, positive pre-HSCT MRD was the only risk factor 
for positive post-HSCT MRD within and after 100 days 
following allo-HSCT (HR 7.446, 95% CI 3.342–16.587, 
P <0.001; HR 3.205, 95% CI 1.531–6.786, P = 0.002).

Risk factors for positive post-HSCT MRD in the Ph+ and Ph− 
subgroups

Multivariable analysis showed that only pre-HSCT 
MRD (HR 4.367, 95% CI 2.682–7.111, P <0.001) 
was correlated with positive post-HSCT MRD in Ph+ 
patients. Pre-HSCT MRD positivity (HR 7.308, 95% CI 
3.396–15.726, P <0.001) was associated with post-HSCT 
MRD positivity within 100 days following transplan-
tation, while pre-HSCT MRD positivity (HR 2.985,  
95% CI 1.551–5.746, P = 0.001) and high WBC count at 
diagnosis (HR 2.278, 95% CI 1.174–4.420, P = 0.015) 
were related to post-HSCT MRD positivity after 100 days 
following transplantation in the multivariable analysis.

In the subgroup analysis of Ph− patients, the multivaria-
ble analysis showed that positive pre-HSCT MRD (HR 
2.567, 95% CI 1.891–3.486, P <0.001) and high risk in 
cytogenetics and molecular genetics features (HR 1.861, 
95% CI 1.357–2.552, P <0.001) were related to positive 
post-HSCT MRD. Positive pre-HSCT MRD (HR 2.864, 
95% CI 1.767–4.642, P <0.001) was the only risk factor 
for post-HSCT MRD positivity within 100 days following 
allo-HSCT in the multivariable analysis. Pre-HSCT MRD 
positivity (HR 2.500, 95% CI 1.688–3.702, P <0.001) 
and high risk in cytogenetics and molecular genetics 
features (HR 2.014, 95% CI 1.354–2.996, P = 0.001) 
were related to positive post-HSCT MRD after 100 days 
following allo-HSCT.

Association of the scoring system with post-HSCT MRD and 
transplant outcomes in the total patient population

In the total patient population, multivariable analysis 
showed that pre-HSCT MRD and disease status were 
positively associated with post-HSCT MRD. Therefore, 
we established a scoring system for post-HSCT MRD 
prediction using the variables pre-HSCT MRD and disease 
status. Pre-HSCT MRD negative scored 0, pre-HSCT 
MRD <0.1% and >0 scored 1, and pre-HSCT MRD 
≥0.1% scored 2. Patients in CR1 scored 0, while those 
in ≥CR2 scored 1. Not surprisingly, as Figure 3A demon-
strated, higher risk scores were associated with a higher 
incidence of positive post-HSCT MRD. The cumulative 
incidence of post-HSCT MRD positivity was 12.3% 
(207/1683), 25.1% (422/1683), and 38.8% (653/1683) 
for subjects with scores of 0, 1, and 2–3, respectively 
(P <0.001). Furthermore, we confirmed that this model 
could also be used to predict transplant outcomes. Higher 
scores were related to an increased CIR as well as lower 
LFS and OS [Figure  3B–D], and multivariable analysis 
showed that the risk score was associated with post-HSCT 
MRD and leukemia relapse, LFS, and OS [Table 2].

Discussion

In this study, we demonstrated that pre-HSCT MRD posi-
tivity was an independent risk factor for post-HSCT MRD 
positivity in the entire cohort of ALL patients as well as 
in subgroup patients according to different classifications, 
including immunophenotype of leukemia cells, recipient 
age, transplant modality, and Ph chromosome positivity 
or negativity. Except for pre-HSCT MRD, disease status 
at transplant was also a risk factor for post-HSCT MRD 
positivity. Moreover, we developed a new scoring system, 
using risk factors regarding pre-HSCT MRD positivity 
and disease status for predicting post-HSCT MRD posi-
tivity, which further stratified patients who underwent 
allo-HSCT into different subgroup cases with different 
cumulative incidences of post-HSCT MRD positivity.

In agreement with previous studies,[23,24] we provided fur-
ther evidence indicating that pre-HSCT MRD positivity 
was strongly correlated with positive post-HSCT MRD 
positivity either in the total ALL population or in different 
subgroups. The residual leukemia cells before transplanta-
tion could represent those cells with chemoresistance,[29] 
which could prevent leukemia cells from being killed by 

Figure 3: Estimates of (A) Cumulative incidence of positive post-HSCT MRD according to risk score. Transplant outcomes of the total patient population according to risk score. Estimates 
of (B) CIR, (C) probability of LFS, and (D) probability of OS. CIR: Cumulative incidence of relapse; LFS: Leukemia-free survival; OS: Overall survival; post-HSCT MRD: Post-hematopoietic 
stem cell transplantation measurable residual disease.
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the conditioning regimen in allo-HSCT settings. More 
recently, Pagliuca et al[30] showed that germline-deter-
mined class II HLA divergence and somatic class II HLA 
mutations, indels, or losses can enable an environment 
of graft-versus-leukemia resistance, immune evasion, 
and unfavorable outcomes. Therefore, elucidating the 
biological characteristics of residual leukemia cells before 
transplantation might help us identify those leukemia 
cells escaping the alloreactive immune response of donor 
immune effector cells, which would eventually result in 
post-HSCT MRD positivity, especially in cases with a 

high pre-HSCT MRD burden[17,25] because a high level of 
residual disease was correlated with a higher cumulative 
incidence of post-HSCT MRD positivity in our present 
study and a higher CIR in previous studies.[17,25]

Previous studies have demonstrated the association of 
disease status before transplantation with the CIR after 
allo-HSCT.[2,10,12,16,17,25,31,32] In our study, we found that 
disease status was a risk factor for post-HSCT MRD 
positivity in the total ALL population and B-ALL, pediat-
ric, and haplo-SCT subgroup patients. Several reasons 

Table 2: Univariable and multivariable analysis of the scoring system with post-HSCT MRD and transplant outcomes in total ALL patients.

Covariates*

Univariable analysis Multivariable analysis

HR 95% CI P values HR 95% CI P values

Post-HSCT MRD
The scoring system

Risk score 0 1 1
Risk score 1 2.243 1.676–3.001 <0.001 2.172 1.589–2.969 <0.001
Risk score 2 or 3 3.974 2.951–5.351 <0.001 3.956 2.886–5.422 <0.001

Disease status (≥CR2 vs. CR1) 1.777 1.314–2.401 <0.001 – – –
High WBC count at diagnosis (yes vs. no) 1.277 0.982–1.661 0.068 – – –
High risk in cytogenetics and molecular 

genetics features (yes vs. no) 
1.246 0.971–1.598 0.083 – – –

Relapse
The scoring system

Risk score 0 1 1
Risk score 1 1.925 1.509–2.455 <0.001 2.056 1.605–2.632 <0.001
Risk score 2 or 3 3.029 2.341–3.918 <0.001 3.132 2.419–4.056 <0.001

Immunophenotype of ALL (T-ALL vs. B-ALL) 1.305 1.029–1.654 0.028 1.501 1.179–1.911 0.001
Disease status (≥CR2 vs. CR1) 2.410 1.900–3.056 <0.001 – – –
Pre-HSCT MRD (positive vs. negative) 2.021 1.630–2.507 <0.001 – – –
High WBC count at diagnosis (yes vs. no) 1.399 1.128–1.736 0.002 – – –
Sex (female vs. male) 0.783 0.635–0.966 0.022 – – –
Ph+ ALL (yes vs. no) 0.820 0.653–1.030 0.088 – – –

LFS
The scoring system

Risk score 0 1 1
Risk score 1 1.506 1.238–1.832 <0.001 1.292 1.008–1.657 0.043
Risk score 2 or 3 2.383 1.939–2.928 <0.001 2.128 1.682–2.693 <0.001

Immunophenotype of ALL (T-ALL vs. B-ALL) 1.241 1.029–1.496 0.024 1.416 1.168–1.716 <0.001
Disease status (≥CR2 vs. CR1) 1.951 1.606–2.370 <0.001 1.545 1.197–1.993 0.001
Pre-HSCT MRD (positive vs. negative) 1.699 1.429–2.019 <0.001 – – –
High WBC count at diagnosis (yes vs. no) 1.221 1.029–1.449 0.023 1.246 1.050–1.480 0.012

OS
The scoring system

Risk score 0 1 1
Risk score 1 1.313 1.056–1.632 0.014 1.103 0.839–1.449 0.482
Risk score 2 or 3 2.242 1.797–2.796 <0.001 1.964 1.529–2.524 <0.001

Immunophenotype of ALL (T-ALL vs. B-ALL) 1.456 1.198–1.768 <0.001 1.594 1.308–1.942 <0.001
Disease status (≥CR2 vs. CR1) 1.852 1.500–2.285 <0.001 1.590 1.210–2.091 0.001
pre-HSCT MRD (positive vs. negative) 1.563 1.294–1.888 <0.001 – – –
Sex (female vs. male) 0.840 0.705–1.001 0.051 – – –

*All variables were first included in the univariable analysis; only variables with P <0.1 were included in the Cox proportional hazards model 
with time-dependent variables. ALL: Acute lymphoblastic leukemia; B-ALL: B-cell ALL; CI: Confidence interval; CR: Complete remission; HR: 
Hazard ratio; LFS: Leukemia-free survival; OS: Overall survival; Ph: Philadelphia; post-HSCT MRD: Post-hematopoietic stem cell transplantation 
measurable residual disease; pre-HSCT MRD: Pre-hematopoietic stem cell transplantation measurable residual disease; T-ALL: T-cell ALL; WBC: 
White blood cell; –: Not applicable.
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might account for these findings. First, there were more 
MRD-positive patients in ≥CR2 before HSCT than those 
in CR1. Second, several studies indicated that patients 
in ≥CR2 before transplantation had a higher CIR than 
those in CR1,[25,33] which supported our results that pre-
HSCT disease status (≥CR2 vs. CR1) was a risk factor 
for post-HSCT MRD positivity because the association 
of post-HSCT MRD positivity with the CIR after trans-
plantation was already confirmed.[15–17] Moreover, in the 
present study, the CIR was higher in ≥CR2 patients with 
a negative pre-HSCT MRD than in CR1 patients with 
a negative pre-HSCT MRD, suggesting that more cases 
in ≥CR2 than in CR1 had undetectable residual disease 
before transplantation using MFC and that these existent 
but undetectable leukemia cells would eventually result 
in post-HSCT MRD positivity and cause subsequent 
relapse.

Except for positive pre-HSCT MRD and disease sta-
tus,[16,25,31,32] we observed that some other risk factors 
were also associated with post-HSCT MRD positivity 
in subgroup cases. In the pediatric subgroup, patients 
diagnosed with T-ALL tended to experience positive post-
HSCT MRD. Research by others and us demonstrated 
that the transplant outcomes of children with T-ALL were 
poor.[34,35] It is reasonable to speculate that in children with 
T-ALL after transplantation, the poor prognosis is partly 
associated with the tendency toward positive post-HSCT 
MRD. In the adult subgroup, high risk in cytogenetic and 
molecular genetic features was observed as a risk factor 
for post-HSCT MRD positivity. Previous research has 
reported that high-risk cytogenetic and molecular genetic 
features are some of the leading risk factors for poor trans-
plant outcomes in adult ALL patients.[36,37] The present 
study suggested that adults with high-risk cytogenetic and 
molecular genetics features were more likely to develop 
positive post-HSCT MRD, confirming the value of cytoge-
netics and molecular genetics for stratifying patients into 
appropriate risk groups. In addition, the divergence of 
the risk factors for post-HSCT MRD positivity between 
the total ALL patients and subgroups might be attributed 
to the differences in disease characteristics displayed in 
various patients during distinct times. Therefore, our data 
suggested that, for different patient groups, the prediction 
of post-HSCT MRD positivity should use different risk 
factors to forecast the posttransplant MRD outcomes 
more precisely.

This analysis, although involving a large number of 
patients, was limited by the retrospective nature of the 
study. Therefore, a prospective, multicenter study is 
needed to corroborate our results in the future. In addition, 
our cohort was composed of the MSDT and haplo-SCT 
modalities based on G-CSF- and ATG-induced immune 
tolerance.[7,24] Future research could be performed on 
unrelated donors and cord blood transplantation as 
well as posttransplant cyclophosphamide (PTCy)-based 
haplo-SCT.[38,39] In recent years, a handful of therapeutic 
strategies, such as CAR-T therapy,[21,40] blinatumomab,[41] 
TKIs,[19] DLI,[20] and IFN-α,[22] have been successfully 
applied for leukemia cell elimination for ALL patients 
with positive post-HSCT MRD. However, in our study, 
the primary endpoint was the cumulative incidence of 

post-HSCT MRD, which could not be affected by post-
HSCT MRD-directed preemptive therapy. In addition, the 
effects of improved supportive care, and evolving trans-
plantation techniques on post-HSCT MRD outcomes 
should be investigated further.

Based on this large-scale clinical cohort, our results 
demonstrated that pre-HSCT MRD was the most signifi-
cant risk factor for positive post-HSCT MRD in the total 
ALL population as well as different subgroups. Moreover, 
disease status at transplant was crucial in predicting 
post-HSCT MRD in most ALL patients. The risk score 
system based on pre-HSCT MRD and disease status could 
be used to predict post-HSCT MRD and refine the risk 
stratification. These risk factors and the risk score for 
post-HSCT MRD positivity can be used to identify a spe-
cific population that could be considered for prophylaxis 
or early preemptive therapy.
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