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Abstract
Background  Droplet digital PCR (ddPCR) is widely applied to monitor measurable residual disease (MRD). However, 
there are limited studies on the feasibility of ddPCR-MRD monitoring after allogeneic hematopoietic stem cell 
transplantation (allo-HSCT), especially targeting multiple molecular markers simultaneously.

Methods  Our study collected samples from patients with acute myeloid leukemia (AML) or high-risk myelodysplastic 
syndrome (MDS) in complete remission after allo-HSCT between January 2018 and August 2021 to evaluate whether 
posttransplant ddPCR-MRD monitoring can identify patients at high risk of relapse.

Results  Of 152 patients, 58 (38.2%) were MRD positive by ddPCR within 4 months posttransplant, with a median 
variant allele frequency of 0.198%. The detectable DTA mutations (DNMT3A, TET2, and ASXL1 mutations) after allo-
HSCT were not associated with an increased risk of relapse. After excluding DTA mutations, patients with ddPCR-MRD 
positivity had a significantly higher cumulative incidence of relapse (CIR, 38.7% vs. 9.7%, P < 0.001) and lower rates of 
relapse-free survival (RFS, 55.5% vs. 83.7%, P < 0.001) and overall survival (OS, 60.5% vs. 90.5%, P < 0.001). In multivariate 
analysis, ddPCR-MRD positivity of non-DTA genes was an independent adverse predictor for CIR (hazard ratio [HR], 
4.02; P < 0.001), RFS (HR, 2.92; P = 0.002) and OS (HR, 3.12; P = 0.007). Moreover, the combination of ddPCR with 
multiparameter flow cytometry (MFC) can further accurately identify patients at high risk of relapse (F+/M+, HR, 22.44; 
P < 0.001, F+/M-, HR, 12.46; P < 0.001 and F-/M+, HR, 4.51; P = 0.003).
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Introduction
Allogeneic hematopoietic stem cell transplantation (allo-
HSCT) is considered the only cure for acute myeloid 
leukemia (AML) or high-risk myelodysplastic syndrome 
(MDS), but the high mortality rate from relapse after 
transplantation remains a concern. Data from the CIB-
MTR show that over 30% of deaths following allo-HSCT 
in patients are caused by relapse [1]. The monitoring 
of measurable residual disease (MRD) after induction 
and consolidation therapy or intensive therapy (such as 
allo-HSCT) in patients with AML/MDS is a valuable 
predictor of relapse and survival [2, 3]. MRD detection 
can routinely identify subclinical levels of leukemia cells 
before clinical relapse and guide preventive or preemp-
tive intervention to improve long-term survival [4, 5]. 
Currently, a variety of methods have been applied to 
detect MRD, including the determination of leukemia-
associated immunophenotype (LAIP) using multipa-
rameter flow cytometry (MFC), real-time qPCR with or 
without reverse transcription (RT-qPCR), next-genera-
tion sequencing (NGS) and droplet digital PCR (ddPCR) 
[4–7]. However, no uniform approach to detect MRD has 
yet been established, especially after allo-HSCT.

An optimal tool for posttransplant MRD monitor-
ing requires high sensitivity, great repeatability, and the 
ability to accurately predict prognosis. MFC technol-
ogy is widely used for MRD detection to predict patient 
outcomes [8–12], but its accuracy (detection depth to 
0.01%) needs to be improved. In addition, this approach 
necessitates analytical and technical expertise. ddPCR, 
as a third-generation PCR, is a promising technology 
for absolute quantification of nucleic acids developed in 
recent years, with ultrahigh sensitivity (detection depth 
down to 0.001%) [13–15]. Therefore, the application of 
ddPCR to monitor MRD is an attractive choice to track 
disease remission, provide prognostic information, and 
guide clinical decision-making. The markers of MRD 
detection generally depend on the specific gene muta-
tions and/or fusion gene transcripts identified through 
NGS at the time of diagnosis.

Published reports have shown that ddPCR-MRD moni-
toring is effective in predicting relapse when using spe-
cific single genes as MRD markers, such as BCR-ABL, 
NPM1, PML-RARA, IDH1/2, or WT1 [16–20]. However, 
few studies have reported on the applicability of ddPCR 
in MRD monitoring after allo-HSCT, even targeting 

multiple molecular markers simultaneously [21]. More-
over, it is commonly accepted that age-related clonal 
hematopoiesis genes, especially DNMT3A, TET2, and 
ASXL1 (DTA), have limited ability to predict prognosis 
when DTA is detectable before HSCT [22–25]. When 
DTA mutations are monitored as MRD markers dur-
ing the posttransplant period, their prognostic impact 
remains controversial [26, 27]. This study aimed to evalu-
ate whether posttransplant MRD monitoring by ddPCR 
can accurately distinguish patients with AML/MDS at 
high risk of relapse and to determine the prognostic role 
of DTA mutations after allo-HSCT in AML/MDS. Addi-
tionally, we performed simultaneous MRD analysis using 
ddPCR and MFC for the first time to determine whether 
combined detection can improve prediction accuracy.

Materials and methods
Study cohorts
The study reviewed 646 patients with AML/MDS who 
underwent allo-HSCT in three medical centers (the 
First Affiliated Hospital of Zhejiang University School 
of Medicine, Children’s Hospital of Zhejiang University 
School of Medicine and Shanghai Rui Jin Hospital) from 
January 2018 to August 2021. The inclusion criteria for 
this study were as follows: (a) the presence of at least one 
myeloid neoplasm-associated mutation or fusion gene 
detected at diagnosis by NGS or real-time qPCR pro-
vided for posttransplant MRD monitoring; (b) received 
myeloablative conditioning regimen; (c) successful stem 
cell engraftment; and (d) received at least one bone mar-
row MRD detection by ddPCR in + 30 days to + 120 days 
after HSCT. Patients who relapsed or died before the 
first ddPCR monitoring or patients with only germline 
mutations were excluded. A total of 152 patients who 
met the criteria were included in this study, comprising 
those with persistent MRD positivity of core binding fac-
tor (CBF) fusion genes and high-risk MDS before trans-
plantation (ClinicalTrials.gov identifier: NCT06000306, 
a multicenter retrospective cohort study). The grouping 
process of the whole study is shown in Fig. 1. All patients 
signed written informed consent for this study. The entire 
study procedure was conducted according to the Decla-
ration of Helsinki and was approved by the Ethics Review 
Committee of each center.

Conclusion  ddPCR-MRD is a feasible approach to predict relapse after allo-HSCT in AML/MDS patients with non-DTA 
genes and is more accurate when combined with MFC.

Trial registration  ClinicalTrials.gov identifier: NCT06000306. Registered 17 August 2023 –Retrospectively registered 
(https://clinicaltrials.gov/study/NCT06000306?term=NCT06000306&rank=1).
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MRD detection by ddPCR
The ddPCR primers and probes used for MRD detec-
tion mentioned in this article were designed and tested 
by Shanghai Dishuo Beken Biotechnology Co., Ltd. 
The primers, probe design, and detection were consis-
tent with previously published studies of the company 
[28, 29]. DNA/RNA samples were extracted from the 
patients’ marrow aspirate using a QIAamp DNA/RNA 
blood Mini Kit according to the manufacturer’s instruc-
tions. All tumor-associated mutations or fusion genes 
were detected by a QuantStudio™ 3D Digital PCR System 
(ABI), and VIC- and FAM-labelled probes were used to 
label mutant/fusion genes and wild type, respectively. 
QuantStudio™ 3D AnalysisSuite™ Relative Quantifica-
tion Software (ABI) was used for data analysis. A tem-
plate DNA sample without target mutations or fusion 
genes was used as a negative control, and each sample 
was repeated three times. The Poisson distribution was 
used to calculate the absolute copy numbers of mutation 
or non-mutation of each gene. ddPCR-MRD was quanti-
fied as the ratio of mutant numbers to the total numbers 
of wild type and mutant type. More than 1 genetically 
abnormal cell detected in 10,0000 cells (variant allele fre-
quency, VAF ≥ 0.001%) by the ddPCR method can be con-
sidered as MRD positivity.

MRD detection by MFC
MFC was performed on bone marrow samples to detect 
MRD at every follow-up after allo-HSCT. MRD detec-
tion by MFC used an 8- to 10-color assay according to 
previous publications [30–32]. MRD positivity was con-
sidered when a cluster of > 20 cells was identified that 
expressed two or more LAIP markers at diagnosis. For 
those patients who did not have LAIP markers, MRD 
was identified as a cell population that was different from 
the normal pattern of antigen expression in a specific 
cell lineage at a specific maturation stage compared with 
normal or regenerated bone marrow [33, 34]. The sensi-
tivity of the MRD assay was 0.01%. A minimum of 200 
000 events were routinely collected for MRD analysis. An 
isotype control monoclonal antibody was used. Samples 
were acquired on a three laser Navios instrument (Beck-
man Coulter, Fullerton, CA, USA). Data were analysed 
with Kaluza software (Beckman Coulter).

Statistical analyses
The cumulative incidence was estimated for relapse 
(CIR), being competing risks with non-relapse mortality 
(NRM). The competing risk model using Gray test was 
applied as there are a piece of competing risks. OS and 
relapse-free survival (RFS) curves were plotted using the 

Fig. 1  Consort diagram
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Kaplan‒Meier method. The log-rank test was applied for 
univariate comparisons of groups in OS and RFS.

Continuous variables were compared using the Mann‒
Whitney U test or t test, while the comparisons of cat-
egorical variables were determined by the chi-square or 
Fisher’s exact test. All variables with P < 0.1 in univariate 
analysis were further included in multivariate analysis. In 
multivariate analysis, Cox proportional hazard regression 
model was adopted for OS and RFS, while the Fine-Gray 
proportional hazard regression model was constructed 
for CIR and NRM because of the competing risks.

The positive predictive value (PPV) was calculated by 
the ratio of true-positive patients / (true-positive + false-
positive patients), and the negative predictive value 
(NPV) was calculated by the ratio of true-negative 
patients / (true-negative + false-negative patients) [35]. 
PPV and NPV indicate how many of the samples pre-
dicted as positive/negative by the tool are true positives/
negative. These two indicators were employed to assess 
the precision of the binary categorical tool.

P < 0.05 was considered statistically significant. All sta-
tistical analyses were performed using SPSS version 26 
(Chicago, IL, USA) and R software (version 4.2.1, R Foun-
dation for Statistical Computing, Vienna, Austria).

Results
Patient characteristics and clinical outcome
A total of 152 patients, all of whom had at least one 
molecular marker and underwent ddPCR-MRD detec-
tion within 120 days after allo-HSCT, were included in 
our study cohort. In these patients, 525 ddPCR-MRD 
analyses were performed after allo-HSCT, with a median 
of 4 ddPCR-MRD analyses per patient (range 1 to 6 
times). The median age of these patients was 44 years 
(range 12 to 67 years). The primary diseases included 
acute myeloid leukemia (AML; 83.6%, 127/152) and 
myelodysplastic syndrome (MDS; 16.4%, 25/152). There 
was no significant difference in baseline characteristics 
between the DTA MRD-positive group and DTA MRD-
negative group. However, among patients with non-
DTA genes, a higher risk level of the refined disease risk 
index (DRI-R) [36] was frequently observed in the MRD 
positivity group. The detailed patient characteristics are 
summarized in Table  1. Ultimately, 29 patients (19.1%) 
experienced relapse after allo-HSCT, with a median time 
to relapse of 8.1 months (range 2.5 to 20.6 months). Eight 
patients (5.3%) died from non-relapse disease.

Table 1  Comparison of clinical characteristics between MRD + and MRD- patients according to DTA genes and non-DTA genes
Characteristic All patients

(N = 152)
DTA genes Non-DTA genes
MRD positive
(n = 13)

MRD negative
(n = 27)

P Value MRD positive
(n = 52)

MRD negative
(n = 98)

P Value

Median age (range) 44(12–67) 50(21–64) 48(23–61) 0.194 43(13–64) 43(12–67) 0.442
Sex, n (%) 0.577 0.742
Male 78(51.3) 7(53.8) 12(44.4) 28(53.8) 50(51.0)
Female 74(48.7) 6(46.2) 15(55.6) 24(46.2) 48(49.0)
Disease, n (%) 0.736 0.881
AML 127(83.6) 10(76.9) 22(81.5) 44(84.6) 82(83.7)
MDS 25(16.4) 3(23.1) 5(18.5) 8(15.4) 16(16.3)
Remission status at time of HCT
n (%)

0.201 0.269

CR1 103(67.8) 6(46.1) 18(66.7) 31(59.6) 71(72.5)
≥CR2 27(17.8) 4(30.8) 2(7.4) 11(21.2) 15(15.3)
No CR 22(14.4) 3(23.1) 7(25.9) 10(19.2) 12(12.2)
DRI-R, n (%) 0.564 0.038
Low/Intermediate 94(61.8) 8(61.5) 14(51.9) 26(50.0) 66(67.3)
High/Very high 58(38.2) 5(38.5) 13(48.1) 26(50.0) 32(32.7)
HLA match, n (%) 0.807 0.210
MMRD/MMUD 127(83.6) 11(84.6) 22(81.5) 41(78.8) 85(86.7)
MRD/MUD 25(16.4) 2(15.4) 5(18.5) 11(21.2) 13(13.3)
Donor sex, n (%) 0.090 0.145
Male 103(67.8) 11(84.6) 15(55.6) 39(75.0) 62(63.3)
Female 49(32.2) 2(15.4) 12(44.4) 13(25.0) 36(36.7)
Abbreviations  DTA, DNMT3A, TET2, and ASXL1 mutations; MRD, measurable residual disease; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; CR, 
complete remission; CR1, first complete remission; CR2, second complete remission; DRI-R, refined disease risk index; MMRD, mismatched related donor, MMUD, 
mismatched unrelated donor; MRD, matched related donor; MUD, matched unrelated donor
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Landscape of trackable genes using ddPCR and detection 
results
There were 54 myeloid neoplasm-associated mutations 
or fusion genes as trackable molecular targets after allo-
HSCT (Supplementary Table 1), with a median number 
of 2 molecular targets per patient (range 1 to 7). Among 
the 152 patients, the most frequently detected genes 
at diagnosis were WT1 (n = 36), NRAS (n = 25), FLT3-
ITD (n = 24), NPM1 (n = 23), DNMT3A (n = 20), CEBPA 
(n = 18), TET2, RUNX1-RUNX1T or IDH2 (n = 17), TP53 
(n = 13), RUNX1 (n = 10), IDH1, MLL-PTD or c-KIT 
(n = 9), BCOR or U2AF1 (n = 8), CBFβ-MYH11 or GATA2 
(n = 7), KRAS or ASXL1 (n = 6),  PTPN11, FLT3-TKD, 
EZH2, CSF3R, MLL-ELL or STAG2 (n = 5).

Fifty-eight patients (38.2%) were MRD positive within 
4 months after allo-HSCT, with a median VAF of 0.198%. 
The most commonly detected posttransplant MRD + tar-
gets were RUNX1-RUNX1T1 (n = 11), TET2 (n = 10), 
TP53 (n = 6), WT1 (n = 5), RUNX1 or CBFβ-MYH11 
(n = 4), and NRAS, NPM1 or U2AF1 (n = 3). Addition-
ally, among targets with a frequency ≥ 5, genes with a 
relatively high posttransplant MRD + detection ratio 
(posttransplant /diagnosis) included RUNX1-RUNX1T1 
(detection ratio: 65%), TET2 (58%), CBFβ-MYH11 (57%), 
TP53 (46%), RUNX1 (40%), U2AF1 (38%), and ASXL1 
(33%).

Prognostic effect of ddPCR-MRD
The median follow-up time of our cohort was 23.1 
months (range 5.9–49.6 months) after allo-HSCT. 
Through analysis of a competing risk model, the overall 
CIR for patients who were MRD positive after allo-HSCT 
was higher than for MRD negative patients (33.5% vs. 
10.3%, P < 0.001), while the NRM of these two groups 
was similar (6.7% vs. 4.4%, P = 0.541). With respect to 
RFS and OS, we found that MRD-positive patients had 

significantly inferior OS and RFS compared to MRD-neg-
ative patients (RFS: 59.8% vs. 83.8%, P < 0.001; OS: 64.3% 
vs.91.0%, P < 0.001). The comparison of CIR, RFS, and OS 
in the two groups of patients is shown in Supplementary 
Fig. 1.

Prognostic effect of DTA and non-DTAgenes as MRD 
markers
We further analysed the prognostic impact of DTA and 
non-DTA genes to determine whether DTA mutations 
are suitable as MRD markers for predicting outcome 
after allo-HSCT. A total of 40 patients had at least one 
DTA mutation, while 150 patients had at least one non-
DTA gene. The DTA and non-DTA genes were then 
grouped separately. Among patients with DTA genes, 
13 patients (32.5%) were detected as MRD + after HSCT, 
including 10 TET2 mutations, 2 DNMT3A mutations, 
and 2 ASXL1 mutations, while in the non-DTA gene 
group, 52 patients (34.7%) were detected as MRD + after 
allo-HSCT. The CIR (23.1% vs. 14.8%, P = 0.571), RFS 
(69.2% vs. 81.5%, P = 0.453), and OS (76.9% vs. 85.2%, 
P = 0.537) (Supplementary Fig.  2) after allo-HSCT were 
not significantly different between the DTA MRD + group 
and the DTA MRD- group, suggesting that DTA genes 
may not have a predictive effect and are not suitable as 
monitoring markers after transplantation. However, in 
the non-DTA group, patients with MRD + had a higher 
CIR (38.7% vs. 9.7%, P < 0.001) and inferior RFS (55.5% 
vs. 83.7%, P < 0.001) and OS (60.5% vs. 90.5%, P < 0.001) 
(Fig. 2) compared to MRD- patients.

The univariate analysis revealed that ddPCR-MRD + of 
non-DTA genes and high/very high DRI-R were linked to 
increased CIR, inferior RFS and inferior OS. The remis-
sion status of ≥ CR2 at allo-HSCT was associated with 
increased CIR and inferior RFS, and no CR was associ-
ated with an increased risk of CIR and NRM, along with 

Fig. 2  CIR, NRM, RFS, and OS for patients who were MRD positive compared with MRD negative in non-DTA genes by ddPCR after allo-HSCT (150 
patients). (A) CIR and NRM by competing risk analysis for MRD-positive (n = 52) and MRD-negative (n = 98) patients. (B, C) RFS and OS by Kaplan-Meier 
method for MRD-positive (n = 52) and MRD-negative (n = 98) patients
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inferior RFS and OS (Table  2). In patients with DTA 
genes, the univariate analysis revealed no significant risk 
factors associated with these clinical outcomes (Supple-
mentary Table 2). The multivariate analysis model (Fig. 3; 
Table  3) showed that ddPCR-MRD + in non-DTA genes 
was an independent prognostic factor for CIR (HR, 4.02; 
95% CI, 1.80 to 8.96; P < 0.001), RFS (HR, 2.92; 95% CI, 
1.51 to 5.68; P = 0.002) and OS (HR, 3.12; 95% CI, 1.36 to 
7.15; P = 0.007). Additionally, a higher risk level of DRI-R 
significantly correlated with higher CIR (HR, 3.39; 95% 
CI, 1.41 to 8.14; P = 0.006), worse RFS (HR, 4.16; 95% 
CI, 1.86 to 9.34; P = 0.001) and worse OS (HR, 4.00; 95% 
CI, 1.44 to 11.13; P = 0.008). The PPV and NPV of the 
ddPCR-MRD status for predicting relapse in patients 
with non-DTA genes were 38.5% and 90.8%, respectively, 
with an overall accuracy of 64.6%. The lower PPV com-
pared to NPV is generally considered to be the fact that 
patients who tested positive for MRD after transplanta-
tion received preemptive treatment to eliminate remain-
ing disease, which can prevent relapse in some patients.

We further established internal validation at the First 
Affiliated Hospital of Zhejiang University School of Med-
icine and external validation at Other Hospitals to bet-
ter prove feasibility of using ddPCR to detect non-DTA 
genes for predicting prognosis after transplantation. The 
results of internal validation showed that MRD positivity 
were significantly associated with higher CIR, lower RFS 

and OS (P < 0.001) (Supplementary Fig.  3). In the exter-
nal validation cohort, it was observed that MRD-positive 
patients showed a higher CIR compared to MRD-nega-
tive patients (P = 0.049), and their RFS demonstrated a 
borderline significant difference compared to MRD-neg-
ative patients (P = 0.067). The absence of obviously differ-
ences (P = 0.325) in OS between the two groups may be 
attributed to the relatively small sample size in this subset 
(Supplementary Fig.  4). Overall, the findings from both 
validation groups strongly indicate a significant associa-
tion between MRD-positive and higher CIR, in line with 
previous observations.

Tandem assessment of the prognostic effect of non-DTA 
genes using ddPCR and MFC
To more accurately identify patients who are at high 
risk of relapse, we performed a tandem assessment of 
MRD detection using both MFC and ddPCR in patients 
with non-DTA genes. We divided these patients into 
four groups: ①MFC MRD-positive and non-DTA MRD-
positive (F+/M+, n = 8), ②MFC MRD-negative and 
non-DTA MRD-positive (F-/M+, n = 43), ③MFC MRD-
positive and non-DTA MRD-negative (F+/M-, n = 6), 
and ④MFC MRD-negative and non-DTA MRD-nega-
tive (F-/M-, n = 93). Our analysis showed that patients 
with F+/M + had the highest CIR (F+/M + 75.0% vs. 
F+/M- 50.0% vs. F-/M + 32.9% vs. F-/M- 6.9%, P < 0.001), 

Table 2  Univariate analysis for CIR, NRM, RFS, and OS in patients with non-DTA genes
Variables n CIR NRM RFS OS

HR (95% CI) P Value HR (95% CI) P 
Value

HR (95% CI) P Value HR (95% CI) P 
Value

ddPCR MRD
Negative 98 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
Positive 52 3.97(1.81–8.71) < 0.001 1.14(0.27–4.75) 0.860 3.58(1.87–6.87) < 0.001 3.80(1.67–8.61) 0.001
Tandem assessment < 0.001 0.011
F-/M- 93 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
F-/M+ 43 5.73(2.23–14.70) < 0.001 1.49(0.36–6.25) 0.583 3.60(1.72–7.54) 0.001 3.88(1.61–9.38) 0.003
F+/M- 6 9.83(2.54-38.00) < 0.001 N 4.83(1.36–17.13) 0.015 1.74(0.22–13.98) 0.600
F+/M+ 8 25.30(7.24–88.50) < 0.001 N 12.80(4.77–34.36) < 0.001 5.54(1.47–20.92) 0.012
Remission status at 
time of HSCT

< 0.001 0.002

CR1 102 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
≥CR2 26 2.66(1.12–6.28) 0.026 1.93(0.18–20.70) 0.590 2.42(1.07–5.48) 0.034 1.29(0.42-4.00) 0.661
No CR 22 3.36(1.38–8.16) 0.008 12.37(2.36–64.90) 0.003 5.27(2.53–10.99) < 0.001 4.50(1.89–10.73) 0.001
HLA match, n (%)
MMRD/MMUD 126 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
MRD/MUD 24 0.85(0.30–2.43) 0.760 N 0.60(0.21–1.69) 0.332 0.66(0.20–2.22) 0.506
DRI-R
Low/Intermediate 92 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
High/Very high 58 3.97(1.81–8.71) < 0.001 11.60(1.47–92.10) 0.020 5.51(2.67–11.35) < 0.001 5.76(2.30-14.43) < 0.001
Abbreviations ddPCR, droplet digital PCR; MRD, measurable residual disease; CIR, cumulative incidence of relapse; NRM, non-relapse mortality; RFS, relapse-free 
survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; F+/M+, MFC MRD-positive and non-DTA MRD-positive; F-/M+, MFC MRD-negative and non-
DTA MRD-positive; F+/M-, MFC MRD-positive and non-DTA MRD-negative; F-/M-, MFC MRD-negative and non-DTA MRD-negative; CR, complete remission; CR1, first 
complete remission; CR2, second complete remission; MMRD, mismatched related donor, MMUD, mismatched unrelated donor; MRD, matched related donor; MUD, 
matched unrelated donor; DRI-R, refined disease risk index
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the worst RFS (F+/M + 25.0% vs. F+/M- 50.0% vs. 
F-/M + 60.1% vs. F-/M- 86.1%, P < 0.001) and the worst 
OS (F+/M + 57.1% vs. F+/M- 83.3% vs. F-/M + 60.4% vs. 
F-/M- 91.1%, P = 0.004) compared to the other groups, 
while patients with F-/M- had the most favorable out-
comes in terms of relapse, RFS and OS (Fig. 4). NRM did 
not differ between the four groups. We conducted a mul-
tivariate analysis again on the tandem assessment, DRI-R 

and remission status at the time of HSCT, and the results 
showed that the F+/M + group (HR, 22.44; 95% CI, 7.31 
to 68.91; P < 0.001), the F+/M- group (HR, 12.46; 95% 
CI, 3.22 to 48.21; P < 0.001), and the F-/M + group (HR, 
4.51; 95% CI, 1.69 to 12.07; P = 0.003) had a significantly 
increased risk of relapse after allo-HSCT compared 
to the F-/M- groups (Fig.  3; Table  4). The DRI-R level 
remained statistically significant after this multivariate 

Table 3  Multivariate analysis for CIR, NRM, RFS, and OS in patients with non-DTA genes
Variables n CIR NRM RFS OS

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value
ddPCR MRD
Negative 98 1.00[Reference] 1.00[Reference] 1.00[Reference]
Positive 52 4.02(1.80–8.96) < 0.001 2.92(1.51–5.68) 0.002 3.12(1.36–7.15) 0.007
Remission status at time of 
HSCT

0.052 0.366

CR1 102 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
≥CR2 26 2.44(0.93–6.40) 0.071 2.41(0.27–21.30) 0.430 2.28(1.00-5.23) 0.051 1.30(0.42–4.08) 0.652
No CR 22 1.52(0.58–3.98) 0.390 5.16(0.67-40.00) 0.120 2.27(1.03–5.01) 0.043 1.97(0.77–5.04) 0.157
DRI-R
Low/Intermediate 92 1.00[Reference] 1.00[Reference] 1.00[Reference] 1.00[Reference]
High/Very high 58 3.39(1.41–8.14) 0.006 5.78(0.68–49.30) 0.110 4.16(1.86–9.34) 0.001 4.00(1.44–11.13) 0.008
Abbreviations ddPCR, droplet digital PCR; MRD, measurable residual disease; CIR, cumulative incidence of relapse; NRM, non-relapse mortality; RFS, relapse-free 
survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; CR, complete remission; CR1, first complete remission; CR2, second complete remission; DRI-R, 
refined disease risk index

Fig. 3  Forest plot showing the first (A) and second (B) multivariate analysis for CIR and OS
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Table 4  Multivariate analysis for CIR, RFS, and OS in patients with non-DTA genes after introduction of MFC for tandem assessment
Variables n CIR RFS OS

HR (95% CI) P Value HR (95% CI) P Value HR (95% CI) P Value
Tandem assessment < 0.001 0.048
F-/M- 93 1.00[Reference] 1.00[Reference] 1.00[Reference]
F-/M+ 43 4.51(1.69–12.07) 0.003 2.85(1.39–6.30) 0.005 3.51(1.43–8.60) 0.006
F+/M- 6 12.46(3.22–48.21) < 0.001 7.19(1.84–28.02) 0.004 3.02(0.34–26.80) 0.321
F+/M+ 8 22.44(7.31–68.91) < 0.001 9.97(3.52–28.22) < 0.001 3.06(0.78-12.00) 0.108
Remission status at time of HSCT 0.169 0.358
CR1 102 1.00[Reference] 1.00[Reference] 1.00[Reference]
≥CR2 26 1.95(0.72–5.30) 0.190 1.94(0.82–4.59) 0.132 1.17(0.36–3.79) 0.795
No CR 22 1.14(0.47–2.75) 0.780 1.86(0.82–4.21) 0.135 2.01(0.77–5.25) 0.152
DRI-R
Low/Intermediate 92 1.00[Reference] 1.00[Reference] 1.00[Reference]
High/Very high 58 4.76(1.74–12.99) 0.002 5.32(2.26–12.55) < 0.001 4.11(1.45–11.66) 0.008
Abbreviations CIR, cumulative incidence of relapse; RFS, relapse-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval; F+/M+, MFC MRD-positive 
and non-DTA MRD-positive; F-/M+, MFC MRD-negative and non-DTA MRD-positive; F+/M-, MFC MRD-positive and non-DTA MRD-negative; F-/M-, MFC MRD-negative 
and non-DTA MRD-negative; CR, complete remission; CR1, first complete remission; CR2, second complete remission; DRI-R, refined disease risk index

Fig. 4  CIR, RFS, and OS for patients who were F+/M+, F-/M+, F+/M-, and F-/M- in non-DTA genes after allo-HSCT by tandem assessment (150 patients). (A, 
B) CIR and NRM by competing risk analysis for F+/M+ (n = 8), F-/M+ (n = 43), F+/M- (n = 6), and F-/M- (n = 93) patients. (C, D) RFS and OS by Kaplan-Meier 
method for F+/M+ (n = 8), F-/M+ (n = 43), F+/M- (n = 6), and F-/M- (n = 93) patients
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analysis: a higher risk level of DRI-R was associated with 
increased CIR and inferior RFS and OS. The PPV and 
NPV of MFC alone for predicting relapse were 64.3% and 
85.3%, with an overall accuracy of 74.5%. While the PPV 
and NPV for combined detection exhibited higher PPV 
and NPV at 75.0% and 93.5%, resulting in an improved 
overall accuracy of 84.3%. Notably, the false negative rate 
in the F-/M + group was 10.3%, which was lower than the 
14.7% observed in the F- group. This combined approach 
demonstrated superior diagnostic performance com-
pared to either of the techniques used in isolation.

Discussion
This retrospective cohort study was designed to assess 
the prognostic value of MRD detection after allo-HSCT 
in AML/MDS based on ddPCR. Our study provides 
evidence that ddPCR applied to MRD detection for 
non-DTA genes after allo-HSCT can effectively identify 
patients who are at high risk of relapse. In addition, to our 
knowledge, this study is the first comprehensive investi-
gation to evaluate MRD by combining MFC with ddPCR, 
and this combination is proven to further improve the 
accuracy of predicting relapse after HSCT. Patients with 
negativity of both MFC and ddPCR were identified to 
have the most favorable outcomes after allo-HSCT.

The selection of ddPCR for MRD monitoring is often 
driven by its ability to perform absolute quantification 
of nucleic acids, resulting in increased sensitivity and 
accuracy of detection with a lower limit of detection of 
0.001% compared to MFC and NGS and without the 
requirement of a standard curve compared to qPCR [37, 
38]. Although NGS has the advantage of detecting com-
plete mutations or fusion genes and monitoring clone 
evolution or the generation of new genes before and after 
transplantation, it is still challenging due to its time-con-
suming and overpriced drawbacks, while most relapsed 
patients have at least one molecular target in common 
with their initial diagnosis [26, 27, 39], indicating that a 
large number of allo-HSCT recipients have sufficient tar-
gets to trace MRD status by ddPCR after transplantation. 
Furthermore, ddPCR is more cost-effective and time-
efficient than NGS. These characteristics make ddPCR 
a viable and comparable alternative to NGS in terms of 
MRD monitoring after transplantation.

The prognostic impact of DTA mutations as posttrans-
plant MRD markers is still uncertain. Our study found 
that 32.5% (n = 13) of patients with DTA mutations had 
persistent DTA MRD + in posttransplant, especially 
TET2 mutation, and that persistent DTA mutations had 
little effect on prognosis. In contrast, after excluding DTA 
mutations, we observed a stronger association between 
non-DTA MRD + and negative prognosis after trans-
plantation. At the end of follow-up, 3 of the 13 patients 
with DTA MRD + relapsed, while 4 of the remaining 

27 patients with DTA MRD- relapsed.  Among the DTA 
MRD - patients who relapsed, three were at a higher risk 
of DRI-R prior to HSCT and were found to be non-DTA 
MRD + before relapse. Of note, some patients with DTA 
MRD + had relatively high VAF values (> 5%) in CR status, 
in line with prior reports [22, 23, 40]. Persistent prema-
lignant clone may explain why high VAF values endure 
after hematopoietic reconstitution without worsening the 
clinical outcomes of recipients [22–25]. Previous studies 
have reported that the persistent cells with DTA muta-
tions typically have a selective clonal advantage in prolif-
eration over normal stem cells [41–43]. As premalignant 
clone rather than residual leukemia is hard to completely 
eliminate during early period after allo-HSCT in some 
patients, according to our statistical results about DTA 
mutations, we believe that DTA genes were not suitable 
molecular targets for early posttransplant MRD monitor-
ing. However, this result is inconsistent with a study on 
monitoring MRD by NGS that considered DTA muta-
tions to be reliable MRD markers for relapse after trans-
plantation [27]. More studies on the prognostic value of 
DTA mutations in posttransplant period may be neces-
sary to resolve this controversy.

We also found that 62.5% (15/24) of patients with 
CBF AML could still be detected with CBF MRD + after 
transplantation, with a median VAF of 0.011% (RUNX1-
RUNX1T1: 0.010%, CBFβ-MYH11: 0.026%). Neverthe-
less, the incidence of relapse in these patients with CBF 
MRD + after allo-HSCT was low (RUNX1-RUNX1T1: 
18.2%, 2/11; CBFβ-MYH11: 25%, 1/4). Meanwhile, we 
dynamically monitored the CBF levels of these patients 
and found that a majority of patients persistently had low 
VAF values of CBF at multiple time points (30–120 days) 
after transplantation, with a downward trend in VAF val-
ues. This seems to imply that extremely low VAF levels 
of CBF after early posttransplant period are not associ-
ated with relapse [44] or that there is an appropriate 
cut-off value for CBF MRD to predict prognosis. Consid-
ering that our sample size was insufficient to assess the 
prognostic role of posttransplant CBF alone, we did not 
remove CBF from our MRD targets.

Although MFC as the posttransplant MRD moni-
toring assay is less sensitive than ddPCR, some stud-
ies have revealed that MFC can indeed identify patients 
at increased risk of relapse after transplantation [11, 
12, 45, 46]. Therefore, we combined MFC with ddPCR 
for tandem MRD assessment to offset the lower PPV of 
ddPCR and promote the accuracy of predicting relapse. 
The combined assessment showed that we can more 
accurately identify patients at high risk of relapse after 
transplantation when ddPCR and MFC as MRD moni-
toring methods complement each other. Moreover, the 
group of patients with F-/M + status commonly received 
active prophylaxis or preemptive treatment, such as 
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rapid withdrawal of immunosuppressive therapy, donor 
lymphocyte infusion, hypomethylating agents and tar-
geted drugs (venetoclax, tyrosine kinase inhibitors, FLT3 
inhibitors, etc. ), to decrease the risk of relapse [5, 47], 
which may be the reason for the low PPV of ddPCR in 
our cohort. Nevertheless, a low PPV also means that the 
number of relapses is lower than expected, which may 
have little impact on overall survival of patients. For the 
clinical treatment and outcomes of patients, a testing tool 
with a higher NPV will offer greater benefits to transplant 
recipients.

In conclusion, our study provides a viable option for 
MRD monitoring in most patients with AML/MDS fol-
lowing allo-HSCT  .  MRD positivity of non-DTA genes 
detected by ddPCR after transplantation was associated 
with an increased risk of relapse. Besides, our study is 
pioneering in the field of posttransplant MRD monitor-
ing, as it represents the first concerted effort to explore 
the combined use of ddPCR and MFC for prognostic pre-
diction. When ddPCR is combined simultaneously with 
MFC to monitor posttransplant MRD, it is more accurate 
in identifying patients at high risk of relapse.
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