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Abstract

Background
The 2025 ELN-DAVID consensus emphasizes genetic-subgroup-specific MRD interpretation in AML.
Whether genetic subtypes retain prognostic information after early MFC-MRD negativity in pediatric AML
remains unclear.

Methods
Among 885 children with AML in the TARGET-AML database, the primary analysis cohort comprised 295
patients achieving MFC-MRD < 0.05% at both end of Course 1 and Course 2 after excluding KMT2A-r
(CBF-AML 123, non-CBF/non-KMT2A 172). Multivariable Cox and Fine-Gray models were used for EFS,
OS, and CIR; Fine-Gray results are reported as subdistribution hazard ratios (sHR). MRD × genetic
subtype interaction was assessed in the extended MRD-evaluable cohort (Course 1: n = 679; Course 2: n 
= 594), because MRD status has only one level in the double-negative cohort.

Results
CBF-AML was associated with significantly better OS (HR 0.50, 95% CI 0.28–0.89, P = 0.019) but not EFS
(HR 0.88, P = 0.546) or CIR (sHR 0.96, 95% CI 0.63–1.46, P = 0.860). Event composition analysis showed
similar proportions of patients with relapse (30.1% vs 30.8%), but among patients who relapsed, the
proportion of post-relapse death was lower in CBF-AML (37.8% vs 69.8%; Fisher P = 0.005; crude OR
3.74, 95% CI 1.44–10.15, for non-CBF/non-KMT2A vs CBF-AML), suggesting that the OS association may
be primarily related to a lower proportion of post-relapse death rather than reduced relapse risk. The OS
association remained essentially unchanged after excluding CR1 HSCT recipients (HR 0.50, P = 0.019)
and after additional adjustment for FLT3-ITD and NPM1 (HR 0.48, P = 0.017). MRD status significantly
modified the association between genetic subtype and EFS at the end of both Course 1 (LRT P = 0.030)
and Course 2 (LRT P = 0.0005); MRD positivity was strongly associated with worse EFS in non-CBF/non-
KMT2A (Course 1 HR 2.94; Course 2 HR 4.60) and KMT2A-r (Course 1 HR 2.54; Course 2 HR 2.11),
whereas no statistically significant association was observed in CBF-AML (Course 1 HR 1.28; Course 2
HR 0.90).

Conclusions
Among children with AML achieving early MFC-MRD negativity, CBF-AML was associated with
significantly better OS, but this association was not accompanied by improvements in EFS or CIR,
possibly reflecting a lower proportion of post-relapse death rather than reduced relapse risk. MRD status
modified the prognostic impact of genetic subtype, consistent with the broader principle of the ELN-
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DAVID 2025 framework; however, this study does not validate a specific MRD threshold. These findings
suggest that MRD negativity does not define a uniform risk state in pediatric AML within this historical
cohort.

Background
Prognostic stratification in pediatric acute myeloid leukemia (AML) traditionally relies on genetic
features and early treatment response. The 2025 ELN-DAVID MRD consensus emphasizes that MRD
interpretation should be contextual and tailored to genetic subgroups, rather than applying a uniform
MRD standard across all AML[1]. This principle reflects the biological heterogeneity within AML: the
same MRD threshold may carry different prognostic meaning across genetic contexts. However, in large
historical cohorts such as TARGET-AML, CBF-specific qPCR-MRD data are not routinely available, and
MFC-MRD remains the widely used method for assessing early treatment response[2]. This raises the
question of whether genetic subtypes retain prognostic information under a conventional MFC-MRD
negativity definition; this question has not yet been systematically validated in a large pediatric AML
cohort restricted to early MFC-MRD double negativity.

CBF-AML was selected as the primary focus of this study for three reasons. First, CBF-AML accounts for
approximately 30% of pediatric AML and is the largest favorable-risk subgroup, yet multiple independent
studies report a relapse rate of around 30%[3–6], suggesting that "favorable genetics plus MRD
negativity" does not equate to absence of relapse risk[7]. Second, CBF-AML exhibits substantial internal
molecular heterogeneity: the review by Hu et al. (2025) noted that RUNX1::RUNX1T1 and CBFB::MYH11
differ significantly in co-mutation profiles, with ASXL1/ASXL2 and cohesin mutations predominantly
found in RUNX1::RUNX1T1 rather than CBFB::MYH11; Yang et al. (2025) also noted that the two
subtypes differ in clinical characteristics and treatment response[8, 9], indicating that the two subtypes
should not be simply merged. Third, Liao et al. (2026) reassessed the MFC-MRD threshold in the TARGET
database (n = 1,205) and found that 0.05% outperformed the conventional 0.1% [2]; however, this study
analyzed the overall cohort and did not validate this conclusion within specific genetic subgroups such
as CBF-AML, nor did it assess whether genetic subtypes retain prognostic information after MFC-MRD
negativity.

Recent studies suggest that MRD negativity may not fully offset the adverse prognosis of specific high-
risk genetic subtypes. For example, Abla et al. observed that among children with MLLT10 fusion AML,
long-term outcomes remained significantly inferior to other subtypes even after achieving EOI-2 MFC-
MRD negativity[10]; Kato et al. demonstrated in RUNX1::RUNX1T1 pediatric AML that KIT exon 17
mutations retained adverse prognostic impact after MFC-MRD negativity[11], with a similar trend
reported by Srinivasan et al. in an independent cohort[12]. van Weelderen et al. demonstrated in 1,130
KMT2A-r AML patients that MRD and fusion partner independently predicted prognosis[13]; Cheng et al.
demonstrated in East Asian pediatric AML that multiple high-risk genetic subtypes were independently
associated with worse 5-year OS[14]. Together, these findings suggest that early MFC-MRD negativity
does not necessarily imply a uniform risk state across genetic subtypes.
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However, no study has systematically compared the long-term prognosis of CBF-AML with other genetic
subtypes among children with AML who have achieved early MFC-MRD double negativity in a large
pediatric cohort. This study aimed to answer the following question: among children with AML achieving
early MFC-MRD negativity (< 0.05% at both end of Course 1 and Course 2), do genetic subtypes still
retain independent prognostic information? Using CBF-AML as the primary validation target and non-
CBF/non-KMT2A as the comparator, we evaluated differences in EFS, OS, and CIR, and explored potential
mechanisms through event composition analysis. In addition, we performed a genetic × MRD interaction
analysis in the extended MRD-evaluable cohort (Course 1: n = 679; Course 2: n = 594) to assess whether
MRD status modifies the prognostic association of genetic subtypes.

Methods

Data Source
The TARGET-AML database (project ID: TARGET-AML) was accessed through the Genomic Data
Commons (GDC) portal and the TARGET Data Matrix. Clinical data including MRD, genetics, treatment
protocol, and survival outcomes were extracted. MFC-MRD data in TARGET-AML were derived from three
clinical trials: CCG-2961, AAML03P1, and AAML0531. This study was conducted under the TARGET data
use agreement and required no additional ethical approval.

Study Population
Three analysis cohorts were defined based on the TARGET-AML database. This database does not
include patients with acute promyelocytic leukemia (APL, FAB M3). All cohorts excluded patients aged ≥ 
18 years, those lacking MFC-MRD data, or those with missing key genetic data. Primary analysis cohort:
inclusion criteria were (1) age < 18 years; (2) diagnosis of AML; (3) MFC-MRD < 0.05% at both end of
Course 1 and end of Course 2 (MRD double negativity); (4) exclusion of KMT2A-r to avoid potential
contamination of the non-CBF comparator by the internal fusion partner heterogeneity within this
subgroup, thereby focusing the comparison between CBF-AML and a relatively homogeneous non-
CBF/non-KMT2A population. After excluding KMT2A-r from the 365 MRD double-negative patients, the
final cohort comprised 295 patients (123 CBF-AML, 172 non-CBF/non-KMT2A). Interaction analysis
cohort: inclusion criteria were (1) age < 18 years; (2) diagnosis of AML; (3) available MFC-MRD data
(regardless of negativity). This cohort did not exclude KMT2A-r, in order to assess the interaction of MRD
status across CBF-AML, KMT2A-r, and non-CBF/non-KMT2A subtypes. Because MRD status has only
one level (all negative) in the double-negative cohort, the interaction term cannot be estimated within
that subset; therefore, interaction analysis was performed in the extended MRD-evaluable cohort. Course
1 had 679 patients with MFC-MRD data and defined genetic subtype, and Course 2 had 594 patients.
Threshold comparison cohort: inclusion criteria were (1) age < 18 years; (2) diagnosis of CBF-AML; (3)
available MFC-MRD data (regardless of negativity). This cohort included CBF-AML patients from the
primary analysis cohort and additionally included CBF-AML patients who were MRD-positive or had MRD
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data at only one timepoint, in order to compare EFS under the 0.05% versus 0.1% thresholds. A total of
200 patients were included (Course 1: 152 negative / 48 positive; Course 2: 154 negative / 46 positive).

Variable Definitions
MRD status: MFC-MRD from the TARGET database was used. MFC-MRD < 0.05% was defined as
negative and ≥ 0.05% as positive. Importantly, MRD negativity in this study refers to MFC-MRD negativity
and is not equivalent to the RUNX1::RUNX1T1 or CBFB::MYH11 qPCR-MRD negativity recommended by
ELN-DAVID 2025 for CBF-AML. ELN-DAVID 2025 recommends ≥ 3-log reduction from baseline for
relapse-risk stratification in CBF-AML; however, the TARGET database does not provide quantitative MRD
at diagnosis, precluding the use of this standard in the present study. Genetic subtypes: CBF-AML
(RUNX1::RUNX1T1 + CBFB::MYH11), KMT2A-r (any KMT2A fusion), non-CBF/non-KMT2A (all other
patients who were neither CBF-AML nor KMT2A-r, including rare fusions such as NUP98::NSD1,
CBFA2T3::GLIS2, and unclassified cases), KMT2A-HRPG (KMT2A::MLLT10 + KMT2A::AFDN + 
KMT2A::AFF1). KMT2A-HRPG is a high-risk subgroup of KMT2A-r. Endpoints: EFS (time from diagnosis
to relapse, induction failure, second malignancy, or death from any cause, whichever occurred first), OS
(time from diagnosis to death from any cause), CIR (cumulative incidence of relapse, with NRM as the
competing event). Covariates: age (years), WBC at diagnosis (×10⁹/L), gender, treatment protocol
(AAML03P1/AAML0531), HSCT in first CR. In sensitivity analyses, Cox models were additionally adjusted
for FLT3-ITD and NPM1 mutation status. Missing data: Baseline characteristics were compared using
available data without imputation. The primary and sensitivity analyses used complete-case analysis.

Statistical Analysis
Continuous variables were expressed as median (IQR), and categorical variables as n (%). Baseline
comparisons used the Wilcoxon rank-sum test (continuous) and Pearson's Chi-squared test
(categorical). Primary analysis: in the 295-patient primary analysis cohort, multivariable Cox proportional
hazards models compared EFS and OS between CBF-AML and non-CBF/non-KMT2A, adjusted for age,
WBC, gender, treatment protocol, and HSCT in first CR. Fine-Gray competing-risk models compared CIR
with NRM as the competing event; Fine-Gray results are reported as subdistribution hazard ratios (sHR).
Sensitivity analyses: (1) excluding patients who underwent HSCT in first CR, the Cox models were
repeated; (2) using all non-CBF AML (including KMT2A-r) as comparator, the Cox models were repeated;
(3) the Cox model was additionally adjusted for FLT3-ITD and NPM1 mutation status. Threshold
comparison: among 200 CBF-AML patients with available MRD data, MRD negativity was defined at
0.05% and 0.1% thresholds, and EFS was compared between the two thresholds. Interaction analysis: in
the interaction analysis cohort, likelihood ratio tests (LRT) compared Cox models with and without the
genetic × MRD interaction term. Simple effects were estimated to calculate HRs for MRD + vs MRD−
within each genetic subtype. Event composition analysis in the primary cohort tabulated relapse events,
NRM, and post-relapse deaths by group; Fisher's exact test compared post-relapse death proportions
between groups. All analyses used R 4.3.0; two-sided P < 0.05 was considered significant.
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Results

Study Population
The TARGET-AML database contained 885 pediatric AML patients. MRD data were available in 743
patients; 467 had MRD < 0.05% at end of Course 1, 485 at end of Course 2, and 365 (41.2%) at both
timepoints. After excluding KMT2A-r, the primary analysis cohort comprised 295 patients (123 CBF-AML,
172 non-CBF/non-KMT2A). In the interaction analysis cohort, 679 patients were evaluable at Course 1
and 594 at Course 2. The threshold comparison cohort comprised 200 CBF-AML patients with available
MRD data (Course 1: 152 negative / 48 positive; Course 2: 154 negative / 46 positive). The study
flowchart is shown in Fig. 1.

Baseline Characteristics
In the primary analysis cohort, CBF-AML and non-CBF/non-KMT2A were balanced for age, gender, bone
marrow blast percentage, and treatment protocol, but differed significantly in WBC (median 34.9 vs 18.5
×10⁹/L, P = 0.018), FLT3-ITD mutation rate (4.1% vs 23%, P < 0.001), NPM1 mutation rate (0% vs 19%, P < 
0.001), and CR1 HSCT rate (0% vs 23%, P < 0.001). No CBF-AML patient received HSCT in first CR
(Table 1). In addition, we explored the prognostic difference between KMT2A-HRPG and NHRPG within
the MRD double-negative cohort (Table S1, Figure S1); given the limited sample size, this analysis was
reported as exploratory only.
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Table 1
Baseline characteristics of the primary analysis cohort (n = 295)

Characteristic Overall

N = 2951

non-CBF/non-
KMT2A

N = 1721

CBF-AML

N = 1231

p-value2

Age, years 10.3 (4.5–
14.5)

10.4 (2.9–14.9) 10.2 (5.8–
13.7)

0.647

Gender       0.898

Female 151 (51) 87 (51) 64 (52)  

Male 144 (49) 85 (49) 59 (48)  

WBC, ×10⁹/L 23.8 (10.2–
67.8)

18.5 (8.5–56.0) 34.9 (11.4–
78.2)

0.018

Bone marrow blasts, % 65.0 (45.0–
80.0)

64.1 (46.0–81.0) 67.5 (45.0–
78.0)

0.857

Missing 16 11 5  

Treatment protocol       0.854

AAML03P1 36 (12) 22 (13) 14 (11)  

AAML0531 259 (88) 150 (87) 109 (89)  

FLT3-ITD mutation 44 (15) 39 (23) 5 (4.1) < 0.001

NPM1 mutation 32 (11) 32 (19) 0 (0) < 0.001

HSCT in first CR 39 (13) 39 (23) 0 (0) < 0.001

Fusion gene       < 0.001

RUNX1::RUNX1T1 63 (21) 0 (0) 63 (51)  

CBFB::MYH11 60 (20) 0 (0) 60 (49)  

Other/Unclassified 172 (58) 172 (100) 0 (0)  

1Median (Q1–Q3); n (%), 2Wilcoxon rank sum test; Pearson's Chi-squared test

The primary analysis cohort was restricted to children with AML achieving early MFC-MRD negativity
(< 0.05% at both end of Course 1 and Course 2) after excluding KMT2A-r. Continuous variables are
median (IQR); categorical variables are n (%). Wilcoxon rank-sum test for continuous; Pearson's Chi-
squared test for categorical. WBC, white blood cell count; HSCT, hematopoietic stem cell
transplantation; CR, complete remission; MFC-MRD, multiparameter flow cytometry measurable
residual disease.

CBF-AML vs non-CBF/non-KMT2A
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In multivariable Cox analysis, CBF-AML was associated with significantly better OS compared with non-
CBF/non-KMT2A (HR 0.50, 95% CI 0.28–0.89, P = 0.019), but EFS did not differ significantly (HR 0.88,
95% CI 0.58–1.34, P = 0.546). Fine-Gray competing-risk analysis showed no significant difference in CIR
(sHR 0.96, 95% CI 0.63–1.46, P = 0.860). In sensitivity analyses, the OS association remained essentially
unchanged after excluding patients who underwent HSCT in CR1 (HR 0.50, 95% CI 0.28–0.89, P = 0.019);
because no CBF-AML patient received HSCT in CR1, this analysis primarily excluded HSCT recipients in
the non-CBF/non-KMT2A group and therefore does not imply that CR1 HSCT is ineffective. When all non-
CBF AML (including KMT2A-r) served as the comparator, the association with better OS was stronger
(HR 0.44, 95% CI 0.25–0.76, P = 0.003), whereas EFS remained non-significant (HR 0.76, 95% CI 0.51–
1.12, P = 0.165); in a complete-case analysis additionally adjusted for FLT3-ITD and NPM1 mutation
status (n = 295; EFS events = 105; OS events = 64), the OS association remained stable (HR 0.48, 95% CI
0.26–0.88, P = 0.017), with EFS remaining non-significant (HR 0.83, 95% CI 0.54–1.29, P = 0.415) (Table
S2). These results are summarized in Table 2, Table 3, Fig. 2, Fig. 3, and Fig. 4. Complete estimates for all
covariates in the multivariable Cox model are shown in Figure S2; full results of the sensitivity analysis
excluding CR1 HSCT recipients are provided in Table S3.

Table 2
Multivariable Cox regression for EFS and OS in the primary cohort (n = 295)

Endpoint Variable HR (95% CI) P value

EFS CBF-AML vs non-CBF/non-KMT2A 0.88 (0.58–1.34) 0.546

Age, per year 1.03 (0.99–1.07) 0.106

WBC at diagnosis 1.00 (1.00–1.00) 0.340

Male vs female 0.82 (0.56–1.20) 0.311

AAML0531 vs AAML03P1 0.83 (0.48–1.44) 0.507

HSCT in first CR 1.15 (0.65–2.02) 0.640

OS CBF-AML vs non-CBF/non-KMT2A 0.50 (0.28–0.89) 0.019

Age, per year 1.04 (1.00–1.09) 0.061

WBC at diagnosis 1.00 (1.00–1.00) 0.846

Male vs female 0.64 (0.39–1.06) 0.081

AAML0531 vs AAML03P1 0.99 (0.46–2.13) 0.987

HSCT in first CR 1.46 (0.77–2.77) 0.252

HR, hazard ratio; CI, confidence interval; EFS, event-free survival; OS, overall survival. HSCT in first CR
was included as a covariate to account for treatment selection.
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Table 3
Fine-Gray competing-risk model for CIR in the primary cohort (n = 295)

Variable sHR (95% CI) P value

CBF-AML vs non-CBF/non-KMT2A 0.96 (0.63–1.46) 0.860

Age, per year 1.02 (0.98–1.06) 0.240

WBC at diagnosis 1.00 (1.00–1.00) 0.120

Male vs female 0.81 (0.53–1.22) 0.310

AAML0531 vs AAML03P1 0.77 (0.43–1.37) 0.370

CIR, cumulative incidence of relapse; NRM, non-relapse mortality (competing event). sHR,
subdistribution hazard ratio. HSCT in first CR was not included as a covariate because it is a post-
treatment, time-dependent variable.

Event Composition Analysis
To explore the pattern of better OS without significant differences in EFS or CIR between CBF-AML and
non-CBF/non-KMT2A, we analyzed event composition in the primary analysis cohort. The proportion of
patients with relapse was similar between groups (37/123 [30.1%] vs 53/172 [30.8%]). However, among
patients who relapsed, the proportion of post-relapse death was significantly lower in CBF-AML than in
non-CBF/non-KMT2A (14/37 [37.8%] vs 37/53 [69.8%]; Fisher P = 0.005; crude OR 3.74, 95% CI 1.44–
10.15, for non-CBF/non-KMT2A vs CBF-AML). NRM events were infrequent in both groups (3 in CBF-AML
vs 10 in non-CBF/non-KMT2A). This event-composition pattern suggests that the association between
CBF-AML and better OS may be primarily related to a lower proportion of post-relapse death rather than
to a lower risk of relapse; however, this interpretation should be made cautiously given limited
information on post-relapse treatment in TARGET (Table S4).

Threshold Comparison
Among 200 CBF-AML patients with available MRD data, 200 evaluable MRD results were available at
both Course 1 and Course 2. MRD classification was based directly on the original records in the
TARGET database and was not re-adjudicated from raw MRD values. In this dataset, MRD
negativity/positivity classifications defined by the 0.05% and 0.1% thresholds were identical (Course 1:
152 negative / 48 positive; Course 2: 154 negative / 46 positive). One patient had an MRD1 value and
one had an MRD2 value between 0.05% and 0.1%; both were recorded as MRD-negative in the original
database. Therefore, in this dataset, when the original MRD records were used, the two thresholds did
not yield different classifications, and this analysis could not determine whether the 0.05% threshold
provides additional prognostic discrimination over 0.1%. With MRD positivity as the reference in
unadjusted Cox models, MRD negativity at the end of Course 1 was not significantly associated with EFS
(HR 1.10, 95% CI 0.63–1.90, P = 0.739), whereas MRD negativity at the end of Course 2 showed a
borderline significant association with improved EFS (HR 0.61, 95% CI 0.37–1.01, P = 0.056), with
imprecise estimates. These results are summarized in Table S5 and Figure S3.
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Secondary Analysis
Among MRD double-negative patients, EFS and OS were compared between RUNX1::RUNX1T1 (n = 63,
OS events = 9) and CBFB::MYH11 (n = 60, OS events = 8) (Table S6, Figure S4). Using CBFB::MYH11 as
the reference in multivariable Cox models adjusted for age, WBC, sex, and treatment protocol, no
statistically significant difference was observed between RUNX1::RUNX1T1 and EFS (HR 0.78, 95% CI
0.38–1.62, P = 0.504). For OS, the point estimate suggested that RUNX1::RUNX1T1 might have worse OS
(HR 2.07, 95% CI 0.62–6.93, P = 0.239), but this did not reach statistical significance, and the wide
confidence interval indicates an imprecise estimate and limited statistical power. OS events occurred in
9 of 63 patients (14.3%) in RUNX1::RUNX1T1 and 8 of 60 patients (13.3%) in CBFB::MYH11. Therefore, a
potential difference in OS between the two subtypes cannot be excluded and warrants validation in
larger cohorts.

Interaction Analysis
Because MRD status has only one level in the MRD double-negative cohort, interaction analysis was
performed in the extended MRD-evaluable cohort (Course 1: n = 679; Course 2: n = 594). The number of
MRD-positive/negative patients and events in each subgroup are shown in Table 4. All models were
multivariable Cox models adjusted for age, WBC, sex, treatment protocol, and HSCT in first CR.
Likelihood ratio tests showed that MRD status significantly modified the association between genetic
subtype and EFS (Course 1: LRT P = 0.030; Course 2: LRT P = 0.0005). In simple effect analyses using
MRD negativity as the reference, MRD positivity was significantly associated with worse EFS in non-
CBF/non-KMT2A (Course 1: HR 2.94, 95% CI 2.23–3.88; Course 2: HR 4.60, 95% CI 3.34–6.34) and
KMT2A-r (Course 1: HR 2.54, 95% CI 1.49–4.33; Course 2: HR 2.11, 95% CI 1.11–4.01); in CBF-AML, no
statistically significant association was observed between MRD positivity and EFS (Course 1: HR 1.28,
95% CI 0.71–2.30; Course 2: HR 0.90, 95% CI 0.32–2.50), although the wide confidence intervals cannot
exclude a potential association. Results are summarized in Table 4, Fig. 5, and Fig. 6. Full regression
estimates for the four interaction models are provided in Table S7 (Course 1) and Table S8 (Course 2).
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Table 4
MRD x genetic subtype interaction and simple effects on EFS

MRD
timepoint

Genetic
subtype

MRD
contrast

n
(MRD+/MRD−)

EFS events
(MRD+/MRD−)

HR
(95%
CI)

P
value

End of
Course 1

non-
CBF/non-
KMT2A

MRD + vs
MRD-

155/220 116/94 2.94
(2.23–
3.88)

< 
0.001

CBF-AML MRD + vs
MRD-

32/151 14/56 1.28
(0.71–
2.30)

0.411

KMT2A-r MRD + vs
MRD-

25/96 19/51 2.54
(1.49–
4.33)

< 
0.001

End of
Course 2

non-
CBF/non-
KMT2A

MRD + vs
MRD-

76/246 63/108 4.60
(3.34–
6.34)

< 
0.001

CBF-AML MRD + vs
MRD-

14/153 4/50 0.90
(0.32–
2.50)

0.840

KMT2A-r MRD + vs
MRD-

17/88 12/47 2.11
(1.11–
4.01)

0.022

Course 1 interaction LRT P = 0.030; Course 2 interaction LRT P = 0.0005.

Interaction analysis was performed in the MRD-evaluable cohort (Course 1: n = 679; Course 2: n = 
594). All models were multivariable Cox models adjusted for age, WBC, sex, treatment protocol, and
HSCT in first CR. Reference groups: non-CBF/non-KMT2A and MRD-negative.

Discussion
This study revealed four core findings in children with AML achieving early MFC-MRD negativity (MFC-
MRD < 0.05% at both the end of Course 1 and the end of Course 2): (1) CBF-AML was associated with
significantly better OS but comparable EFS and CIR compared with non-CBF/non-KMT2A; (2) event
composition analysis showed that, among patients who relapsed, the proportion of post-relapse death
was lower in CBF-AML (37.8% vs 69.8%; Fisher P = 0.005), suggesting that the OS association may be
primarily related to a lower proportion of post-relapse death rather than reduced relapse risk; (3) the
prognostic impact of MRD status differed substantially across genetic subtypes, with significant
modification of the genetic subtype–EFS association at the end of both Course 1 (LRT P = 0.030) and
Course 2 (LRT P = 0.0005); MRD positivity was strongly associated with worse EFS in non-CBF/non-
KMT2A and KMT2A-r, whereas no statistically significant association was observed in CBF-AML; and (4)
in CBF-AML, the 0.05% and 0.1% thresholds produced identical classifications in this dataset, with only
one patient each having MRD between 0.05% and 0.1%, limiting assessment of whether the lower
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threshold provides additional prognostic discrimination. These findings suggest that early MFC-MRD
negativity does not represent a uniform risk state in this cohort, and that genetic subtype may retain
prognostic information for OS after MRD negativity.

The 2025 ELN-DAVID consensus provides a contextual framework for MRD interpretation. It no longer
applies a uniform MRD standard across all AML, but rather provides method- and target-specific MRD
thresholds and introduces new qualitative MRD response categories (optimal, warning, high risk of
treatment failure) to facilitate contextual MRD interpretation[1]. For CBF-AML specifically, ELN-DAVID
2025 recommends qPCR-MRD for RUNX1::RUNX1T1 or CBFB::MYH11 and uses ≥ 3-log reduction from
baseline for relapse-risk stratification, rather than a generic MFC-MRD threshold[1]. The consensus also
reports that 11%–27% of MRD-negative RUNX1::RUNX1T1 patients may re-emerge with detectable MRD
within 24 months, with similar observations for CBFB::MYH11. This is supported by qPCR-based MRD
monitoring studies in pediatric CBF-AML, in which MRD re-emergence predicted hematological
relapse[15]. In addition, ELN-DAVID specifically recommends DNA-based NGS for FLT3-ITD MRD testing,
noting that ultra-high-sensitivity NGS-MRD can identify patients at increased risk[16], further indicating
that different genetic subtypes require specific MRD detection methods.

Our findings are consistent with this framework: MRD positivity was strongly associated with worse EFS
in non-CBF/non-KMT2A and KMT2A-r, whereas no statistically significant association was observed in
CBF-AML. MRD negativity in our study was defined as MFC-MRD < 0.05% in the TARGET database, which
is not equivalent to the CBF-specific molecular MRD negativity recommended by ELN-DAVID 2025.
Therefore, our study does not directly validate the ELN-DAVID 2025 consensus or any specific MRD
threshold. Rather, it provides clinical cohort evidence supporting the broader principle that MRD
interpretation should be contextualized by genetic background. In addition, ELN-DAVID 2025 reports that
even MRD-negative CBF-AML patients may re-emerge with detectable MRD, which is consistent with our
observation that CBF-AML retains relapse risk after MRD negativity (37/123, 30.1%), further supporting
the concept that MRD negativity is not the endpoint of disease risk.

Comparison with prior literature can be organized around three themes. First, MRD negativity does not
eliminate the adverse impact of high-risk genetics. MLLT10/KMT2A::MLLT10 fusions and high-risk
KMT2A-r fusion partners have been associated with poor outcomes despite MFC-MRD negativity[10, 13,
17]. In our cohort, these subgroups were too small for definitive multivariable analysis and were reported
as exploratory only. Second, internal heterogeneity within CBF-AML remains debated. KIT exon 17 has
been associated with inferior outcomes in some RUNX1::RUNX1T1 cohorts[11, 12], but was not
replicated in another pediatric CBF-AML cohort[18], and RUNX1::RUNX1T1 and CBFB::MYH11 differ
biologically and clinically[8, 9]. In our MRD double-negative cohort, no statistically significant EFS or OS
difference was observed between RUNX1::RUNX1T1 (n = 63) and CBFB::MYH11 (n = 60), but the OS point
estimate suggested that RUNX1::RUNX1T1 might have worse OS (HR 2.07, 95% CI 0.62–6.93, P = 0.239),
with wide confidence intervals that cannot exclude a potential difference; OS events occurred in 9/63
(14.3%) and 8/60 (13.3%) patients, respectively. This direction is consistent with a recent pediatric CBF-
AML study[19], although KIT exon 17 enrichment in that cohort may confound the comparison. Larger
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samples are needed for confirmation. Third, our study further suggests that even after MFC-MRD double
negativity, CBF-AML and non-CBF/non-KMT2A differ in OS, and this difference appears to arise after
relapse rather than from a higher relapse rate. The mechanisms remain uncertain.

This study has three clinical implications, although they should be interpreted cautiously. (1) Risk
stratification: after early MFC-MRD negativity, CBF-AML should not automatically be regarded as a
biologically homogeneous low-risk state; the proportion of patients with relapse in our CBF-AML cohort
was still 30.1%, indicating that MRD negativity does not equate to absence of relapse risk. (2) MRD
monitoring: MRD interpretation in CBF-AML may require genetic-specific molecular monitoring rather
than reliance exclusively on generic MFC-MRD thresholds; future studies should evaluate the
complementary value of qPCR-MRD in this population[20]. (3) Relapse management: the lower
proportion of post-relapse death observed in CBF-AML may reflect disease biology, greater sensitivity to
salvage therapy, differences in post-relapse treatment strategies, or other unmeasured factors; these
possibilities cannot be distinguished in the present dataset, and no inference about optimal salvage
therapy can be made. Because no CBF-AML patient in our cohort underwent HSCT in CR1, our data
cannot directly evaluate the comparative benefit of CR1 transplantation in this subgroup. Nevertheless,
the OS association persisted in sensitivity analysis, suggesting that differences in CR1 transplantation
alone are unlikely to fully explain the observed association.

This study has several limitations. First, MRD negativity was defined by MFC-MRD < 0.05%, which is not
equivalent to the CBF-specific qPCR-MRD negativity or ≥ 3-log reduction recommended by ELN-DAVID
2025. Second, the primary cohort was restricted to early MRD double negativity, and interaction analyses
used a different MRD-evaluable cohort; the findings therefore apply only to this selected population.
Third, MFC-MRD data were derived from three historical trials with substantial missingness (365/885,
41.2% analyzable); notably, MRD testing accessibility itself may be associated with mortality risk in
pediatric AML (adjusted HR 1.7, 95% CI 1.1–2.5)[21], suggesting that MRD missingness may not be
purely statistical. Fourth, CR1 HSCT was a post-treatment decision; although excluding HSCT recipients
did not change the OS association, residual confounding cannot be excluded, and HSCT was not
included in the Fine-Gray model to avoid immortal time bias. Fifth, the threshold comparison relied on
original MRD records without re-adjudication, so we could not determine whether 0.05% is superior to
0.1%. Sixth, the post-relapse mortality analysis was conditional on relapse and may be affected by
selection and survivor bias, with limited salvage treatment data. Finally, the non-CBF/non-KMT2A
comparator remained genetically heterogeneous, and several small subgroups were exploratory only.

Among children with AML achieving early MFC-MRD negativity (< 0.05% at both the end of Course 1 and
the end of Course 2) within this historical TARGET-AML cohort, CBF-AML was associated with
significantly better OS, but this association was not accompanied by corresponding improvements in
EFS or CIR, possibly reflecting a lower proportion of post-relapse death (37.8% vs 69.8%; Fisher P = 
0.005) rather than reduced relapse risk. The prognostic impact of MRD status differed substantially
across genetic subtypes, with significant modification of the genetic subtype–EFS association at the end
of both Course 1 and Course 2; MRD positivity was strongly associated with worse EFS in non-CBF/non-
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KMT2A and KMT2A-r, whereas no statistically significant association was observed in CBF-AML. These
findings are consistent with the broader principle emphasized by ELN-DAVID 2025 that MRD
interpretation should be contextualized by genetic background, but they do not validate a specific MRD
threshold. In this cohort, early MFC-MRD negativity does not represent a uniform risk state, and genetic
subtype may retain prognostic information for OS after MRD negativity.
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Figure 1

Study flowchart. Study flowchart. Among 885 pediatric AML patients in the TARGET-AML database, 743
had MRD data; 467 had MRD <0.05% at the end of Course 1, 485 at the end of Course 2, and 365 at both
timepoints. After excluding KMT2A-r, the primary analysis cohort comprised 295 patients (CBF-AML 123,
non-CBF/non-KMT2A 172). Interaction analysis cohort: Course 1 n = 679; Course 2 n = 594. Threshold
comparison cohort: 200 CBF-AML patients with available MRD data.
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Figure 2

Kaplan-Meier curves for EFS and OS in the primary analysis cohort. Kaplan-Meier curves for EFS and
OS comparing CBF-AML with non-CBF/non-KMT2A in the primary analysis cohort. (A) EFS; (B) number at
risk for EFS; (C) OS; (D) number at risk for OS. P values are from the log-rank test. CBF-AML was
associated with significantly better OS (P = 0.0055) but not EFS (P = 0.44).
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Figure 3

Cumulative incidence of relapse in the primary analysis cohort. Cumulative incidence of relapse (CIR) in
the primary analysis cohort comparing CBF-AML with non-CBF/non-KMT2A, with non-relapse mortality
(NRM) as the competing event. P value is from Gray's test (P = 0.854). No significant difference in CIR
was observed between groups.
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Figure 4

Multivariable and sensitivity analyses for EFS, OS, and CIR. Forest plot of EFS, OS, and CIR for CBF-AML
versus the comparator in primary and sensitivity analyses. CIR is reported as subdistribution hazard ratio
(sHR); all other endpoints are reported as hazard ratio (HR). Primary: primary analysis; Sensitivity:
sensitivity analyses (excluding CR1 HSCT recipients; using all non-CBF AML as comparator). Error bars
indicate 95% CI.

Figure 5
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MRD × genetic subtype interaction on EFS. Forest plot of the MRD × genetic subtype interaction on EFS
in the MRD-evaluable cohort. Hazard ratios (HR) and 95% CI are shown for MRD positivity versus MRD
negativity (reference: MRD-negative) within each genetic subtype. Course 1 interaction LRT P = 0.030;
Course 2 interaction LRT P = 0.0005. Numbers of patients per subgroup are shown on the left; HRs and P
values on the right.

Figure 6

Kaplan-Meier curves for EFS by MRD status and genetic subtype. Kaplan-Meier curves for EFS stratified
by genetic subtype and MRD status in the MRD-evaluable cohort. (A) Course 1 (MRD1); (B) Course 2
(MRD2); (C) number at risk for MRD1; (D) number at risk for MRD2. Interaction LRT P values are
annotated. MRD+, MRD positivity; MRD−, MRD negativity.
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