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Abstract
Background: Measurable residual disease (MRD) is an established prognostic marker in pediatric acute
myeloid leukemia (AML), but whether the trajectory of MRD clearance provides prognostic information
beyond MRD status at a later treatment time point remains uncertain.

Methods: We conducted a retrospective cohort study of 418 children with newly diagnosed AML in the
TARGET-AML database who had paired quantitative multiparameter flow cytometry-based MRD
measurements at the end of induction 1 (EOI1) and EOI2. Using a 0.05% threshold, patients were
classified as Neg/Neg, Pos/Neg, or Pos/Pos according to EOI1/EOI2 MRD status; 7 patients with a
Neg/Pos pattern were included in the Pos/Pos group because of the small subgroup size. The primary
outcome was 5-year cumulative incidence of relapse (CIR), with non-relapse mortality as a competing
event.

Results: Compared with Neg/Neg, Pos/Neg was associated with higher CIR after adjustment for age,
ELN 2022 risk, white blood cell count, and treatment protocol (subdistribution hazard ratio, 1.66; 95% CI,
1.14–2.42; P=.008). Pos/Neg was also associated with inferior overall survival (hazard ratio, 2.03;
P=.003) and event-free survival (hazard ratio, 1.89; P<.001). Among patients who were MRD-negative at
EOI2, Pos/Neg remained associated with higher CIR (subdistribution hazard ratio, 1.70; 95% CI, 1.16–
2.47; P=.006). Continuous ΔMRD did not improve time-dependent discrimination beyond categorical
MRD kinetics.

Conclusions: Early MRD trajectory was associated with relapse risk beyond EOI2 MRD status alone.
Categorical MRD clearance pattern, but not continuous ΔMRD, may refine risk stratification in pediatric
AML. Prospective studies are warranted to evaluate longitudinal MRD assessment for risk stratification
in pediatric AML.

Key Points
Pos/Neg MRD kinetics were associated with higher relapse risk and inferior OS and EFS despite
subsequent EOI2 MRD negativity.

Early MRD trajectory provided prognostic information beyond EOI2 MRD status, whereas continuous
ΔMRD did not improve model discrimination.

Introduction
Pediatric acute myeloid leukemia (AML), remains a major therapeutic challenge, as relapse continues to
be a leading cause of treatment failure despite improvements in risk stratification and treatment(1)
Identifying patients at high risk of relapse during therapy is therefore important for refining risk-adapted
treatment strategies.
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Measurable residual disease (MRD) provides an objective measure of treatment response and has been
consistently associated with outcomes in pediatric AML(2). Multiparametric flow cytometry (MFC) is a
widely used approach for MRD assessment in pediatric AML(3), and recent reviews have emphasized
the importance of standardized MRD interpretation in pediatric acute leukemia (4). In the Children’s
Oncology Group AAML0531 study, early MFC-MRD was strongly associated with survival and relapse
outcomes, supporting its role in response assessment during induction therapy(5). However, the
prognostic interpretation of MFC-MRD depends on both the threshold used to define positivity and the
timing of assessment(2, 3).

MFC-MRD is an independent prognostic factor in pediatric AML (6–9), but its optimal threshold remains
uncertain. A TARGET-AML study (10) showed that a 0.05% threshold provided better prognostic
discrimination than 0.1% after induction. These findings provided the rationale for using 0.05% as the
prespecified threshold in the present analysis. However, patients with the same MRD status at a later
treatment time point may have followed different response trajectories. Whether the trajectory of early
MRD clearance provides additional prognostic information beyond the MRD status at the later
assessment remains unclear.

Recent evidence in adult AML suggests that the timing of MRD clearance may be clinically relevant. Jen
et al. reported that patients who were MRD-positive after induction but became MRD-negative after
subsequent chemotherapy had inferior relapse-free survival compared with patients who were MRD-
negative at both assessments(11). Whether this observation also applies to pediatric AML has not been
established.

In this study, we investigated the prognostic value of early MRD clearance patterns in children with AML
who had paired MFC-MRD measurements at the end of induction 1 (EOI1) and end of induction 2
(EOI2).Using the 0.05% threshold evaluated in the recent TARGET-based analysis(10), we compared
patients who were MRD-negative at both assessments (Neg/Neg) with those who converted from MRD-
positive to MRD-negative (Pos/Neg) and those with persistent MRD positivity(Pos/Pos). We further
evaluated whether the continuous change in MRD burden between EOI1 and EOI2 provided additional
prognostic information beyond categorical MRD status.

Methods
Study Design and Population

This was a multicenter, retrospective cohort study using the TARGET-AML public database (NCI TARGET
project; COG trials AAML03P1 and AAML0531). Inclusion criteria were: (1) newly diagnosed pediatric
AML (age < 18 years), non-M3; (2) morphological complete remission (CR; bone marrow blasts < 5%)
after induction; (3) paired quantitative MFC-MRD results at EOI1 and EOI2; and (4) treatment on
AAML03P1 or AAML0531. Exclusion criteria were: (1) missing key baseline covariates; and (2) BCR-ABL1
positivity. Patients who did not achieve CR, including those with induction failure, or who lacked paired
EOI1/EOI2 MRD data were excluded because they did not meet the inclusion criteria. AAML03P1 and
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AAML0531 were selected because they used uniform MFC-MRD assessment and contemporary
treatment strategies; patients treated on CCG-2961 were excluded because MRD data were largely
unavailable and treatment differed substantially. A total of 418 patients were included.

Risk stratification

ELN 2022 risk(12, 13) was assigned retrospectively based on available cytogenetic and molecular data.
In the TARGET-AML database, the original risk categories were Low, Standard, and High, which
correspond to ELN 2022 Low, Intermediate, and Adverse, respectively.

MRD Assessment and Grouping

MFC-MRD was assessed by multiparameter flow cytometry. Using the 0.05% threshold, patients were
classified as: Neg/Neg (both EOI1 and EOI2 < 0.05%), Pos/Neg (EOI1 ≥ 0.05%, EOI2 < 0.05%), and
Pos/Pos (both ≥ 0.05%). The Neg/Pos group (n = 7) was merged into Pos/Pos due to small sample size.

MRD kinetic groups were defined a priori according to MFC-MRD status at EOI1 and EOI2 as Neg/Neg,
Pos/Neg, and Pos/Pos, representing persistent MRD negativity, early MRD clearance, and persistent
MRD positivity, respectively. These study-specific categories were used to characterize early MRD
clearance trajectories and were not intended to directly reproduce the qualitative MRD response
categories proposed by the ELN-DAVID MRD Working Party.

Calculation of ΔMRD

ΔMRD = log2(MRD_EOI1 + 10⁻⁶) − log2(MRD_EOI2 + 10⁻⁶). Undetectable values were assigned 10⁻⁶. A
larger ΔMRD indicates faster clearance.

Endpoint Definitions

The primary endpoint was 5-year cumulative incidence of relapse (CIR), defined as time from diagnosis
to first hematological relapse, with non-relapse mortality (NRM) as the competing event. Secondary
endpoints included event-free survival (EFS), and overall survival (OS).

Statistical Analysis
CIR was estimated using the Aalen-Johansen estimator and compared with Gray’s test. Univariable Fine-
Gray competing risk models were used to assess each variable. Three prespecified multivariable Fine-
Gray models (14) were constructed, all adjusted for age, ELN 2022 risk, log10(WBC + 1), and treatment
protocol: Model 1: MRD kinetics group (Neg/Neg, Pos/Neg, Pos/Pos) plus covariates. Model 2: static
EOI2 MRD status (≥ 0.05% vs < 0.05%) plus covariates. Model 3: static EOI2 MRD status plus ΔMRD plus
covariates. A Model 4 was further constructed to assess whether the association of ΔMRD was
independent of EOI1 MRD burden by additionally adjusting for log10(EOI1 MRD + 10⁻⁶).

Page 4/23



Model comparison between Model 2 and Model 3 used the 5-year time-dependent AUC estimated with
the timeROC package, categorical and continuous NRI(15), pseudo-AIC, and a likelihood ratio test based
on pseudo-likelihood. OS and EFS were analyzed with multivariable Cox proportional hazards models
with robust standard errors. Interaction tests were performed using cause-specific Cox models with
robust standard errors

Because the TARGET-AML public database does not provide the exact date of EOI2 assessment, a
formal EOI2 landmark analysis could not be performed. We therefore performed fixed-time landmark
sensitivity analyses at 3, 6, and 9 months from diagnosis. At each landmark, patients who had
experienced relapse or death before the landmark were excluded, and CIR was recalculated from the
landmark time. Sensitivity analyses included excluding early relapses within 6 months, alternative ΔMRD
definitions, alternative thresholds, cause-specific Cox models, excluding the Neg/Pos group, and multiple
imputation. All tests were two-sided with p < .05 considered significant. R 4.3 + was used.

Results
Baseline Characteristics

A total of 418 patients were included. Median age was 9.6 years (IQR 2.7–13.9), and 207 (49.5%) were
male. ELN 2022 risk: Low 186 (44.5%), Intermediate 184 (44.0%), Adverse 48 (11.5%). MRD kinetics
groups: Neg/Neg 307 (73.4%), Pos/Neg 56 (13.4%), Pos/Pos 55 (13.2%). The distribution of EOI1 and
EOI2 MRD values is shown in Fig. 1. During follow-up, 165 relapses (39.5%) and 21 non-relapse deaths
(5.0%) occurred. Significant differences were observed among groups in WBC, ELN 2022 risk, FLT3-ITD,
inv(16), and SCT rates (Table 1).
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Table 1
Baseline clinical and genetic characteristics of 418 pediatric AML patients stratified by MRD kinetics

(Neg/Neg, Pos/Neg, Pos/Pos).
Characteristic Overall Neg/Neg Pos/Neg Pos/Pos p-value

N = 418 N = 307 N = 56 N = 55  

Age, years 9.6 (2.7–
13.9)

9.4 (2.9–
13.8)

8.0 (2.0-12.5) 11.2 (3.5–
14.7)

.255

Gender         .995

Male 207 (49.5%) 152 (49.5%) 28 (50.0%) 27 (49.1%)  

Female 211 (50.5%) 155 (50.5%) 28 (50.0%) 28 (50.9%)  

WBC, x10^9/L 27.3 (11.1–
81.4)

23.9 (10.8–
75.1)

43.1 (19.1–
138.0)

27.6 (11.6-
104.6)

.022

Bone marrow blasts,
%

70.0 (49.0–
85.0)

69.5 (48.8–
82.8)

73.0 (49.5–
90.0)

71.1 (49.0-
87.2)

.844

ELN 2022 risk         < .001

Low 186 (44.5%) 151 (49.2%) 24 (42.9%) 11 (20.0%)  

Intermediate 184 (44.0%) 130 (42.3%) 24 (42.9%) 30 (54.5%)  

Adverse 48 (11.5%) 26 (8.5%) 8 (14.3%) 14 (25.5%)  

Treatment protocol         .657

AAML03P1 50 (12.0%) 37 (12.1%) 5 (8.9%) 8 (14.5%)  

AAML0531 368 (88.0%) 270 (87.9%) 51 (91.1%) 47 (85.5%)  

FLT3-ITD mutation         .002

No 354 (84.9%) 268 (87.6%) 48 (85.7%) 38 (69.1%)  

Yes 63 (15.1%) 38 (12.4%) 8 (14.3%) 17 (30.9%)  

NPM1 mutation         .819

No 377 (90.8%) 276 (90.8%) 50 (89.3%) 51 (92.7%)  

Yes 38 (9.2%) 28 (9.2%) 6 (10.7%) 4 (7.3%)  

t(8;21)         .192

Median (IQR) for continuous variables; n (%) for categorical variables. ELN 2022 risk was mapped
from the original TARGET categories (Low/Standard/High). Kruskal-Wallis rank sum test, Pearson's
Chi-squared test, or Fisher's exact test as appropriate. Missing data: bone marrow blasts (n = 23);
FLT3-ITD (n = 1); NPM1 (n = 3); t(8;21) (n = 4); inv(16) (n = 4); KMT2A (n = 4). WBC, white blood cell
count; SCT, stem cell transplantation; CR, complete remission; MRD, measurable residual disease.
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Characteristic Overall Neg/Neg Pos/Neg Pos/Pos p-value

N = 418 N = 307 N = 56 N = 55  

No 342 (82.6%) 245 (80.6%) 49 (89.1%) 48 (87.3%)  

Yes 72 (17.4%) 59 (19.4%) 6 (10.9%) 7 (12.7%)  

inv(16)         .035

No 350 (84.5%) 249 (81.9%) 49 (89.1%) 52 (94.5%)  

Yes 64 (15.5%) 55 (18.1%) 6 (10.9%) 3 (5.5%)  

KMT2A
rearrangement

        .346

No 350 (84.5%) 255 (83.9%) 50 (90.9%) 45 (81.8%)  

Yes 64 (15.5%) 49 (16.1%) 5 (9.1%) 10 (18.2%)  

SCT in first CR         .001

No 350 (83.7%) 269 (87.6%) 39 (69.6%) 42 (76.4%)  

Yes 68 (16.3%) 38 (12.4%) 17 (30.4%) 13 (23.6%)  

Median (IQR) for continuous variables; n (%) for categorical variables. ELN 2022 risk was mapped
from the original TARGET categories (Low/Standard/High). Kruskal-Wallis rank sum test, Pearson's
Chi-squared test, or Fisher's exact test as appropriate. Missing data: bone marrow blasts (n = 23);
FLT3-ITD (n = 1); NPM1 (n = 3); t(8;21) (n = 4); inv(16) (n = 4); KMT2A (n = 4). WBC, white blood cell
count; SCT, stem cell transplantation; CR, complete remission; MRD, measurable residual disease.

Cumulative Incidence of Relapse and Non-Relapse Mortality

The 5-year CIR was 34.5% for Neg/Neg, 53.7% for Pos/Neg, and 49.8% for Pos/Pos (Gray’s test p=.004;
Fig. 2, Supplementary Table S1). The corresponding 5-year NRM was 2.9%, 9.1%, and 12.8%, respectively
(Gray’s test p=.003). Pos/Neg had the highest CIR, whereas Pos/Pos had the highest NRM, partly
explaining its numerically lower CIR compared with Pos/Neg.

Univariable and Multivariable Fine-Gray Analyses

In univariable analysis, both Pos/Neg (SHR 1.78, 95% CI 1.21–2.60, p = .003) and Pos/Pos (SHR 1.66,
95% CI 1.08–2.57, p = .022) were significantly associated with CIR (Table 2). In multivariable analysis
adjusted for age, ELN 2022, logWBC, and protocol, Pos/Neg remained independently associated (SHR
1.66, 95% CI 1.14–2.42, p = .008), whereas Pos/Pos was not (SHR 1.41, 95% CI 0.89–2.22, p = .145)
(Table 3, Model 1). In Model 2, static EOI2 MRD positivity (≥ 0.05% vs < 0.05%) was not significantly
associated with CIR (SHR 1.28, 95% CI 0.82–1.99, p = .284). In Model 3, ΔMRD was independently
associated (SHR 1.03, 95% CI 1.00–1.06, p = .021), while static EOI2 MRD positivity remained non-
significant (SHR 1.40, 95% CI 0.88–2.21, p = .157) (Table 3, Model 3).
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Table 2
Univariable Fine-Gray competing risk analysis for cumulative incidence of relapse.

Variable Comparison SHR (95% CI) p-value

MRD kinetics Pos/Neg vs Neg/Neg 1.78 (1.21–2.60) .003

MRD kinetics Pos/Pos vs Neg/Neg 1.66 (1.08–2.57) .022

ΔMRD (per log2 unit) per log2 unit 1.03 (1.00-1.06) .032

Age per year 0.99 (0.96–1.02) .535

Gender Female vs Male 0.96 (0.71–1.31) .807

log10(WBC + 1) per unit 1.66 (1.26–2.20) < 0.001

Bone marrow blasts (%) per % 1.01 (1.00-1.02) .011

ELN 2022 risk Intermediate vs Low 2.06 (1.47–2.89) < 0.001

ELN 2022 risk Adverse vs Low 2.08 (1.28–3.40) .003

Treatment protocol AAML0531 vs AAML03P1 0.97 (0.62–1.50) .879

FLT3-ITD Yes vs No 1.41 (0.94–2.10) .093

NPM1 mutation Yes vs No 0.74 (0.41–1.33) .316

t(8;21) Yes vs No 0.40 (0.24–0.67) < 0.001

inv(16) Yes vs No 0.96 (0.63–1.45) .843

KMT2A rearrangement Yes vs No 1.35 (0.90–2.03) .150

SCT in first CR Yes vs No 0.94 (0.62–1.42) .773

SHR, subdistribution hazard ratio; CI, confidence interval; MRD, measurable residual disease; WBC,
white blood cell count; SCT, stem cell transplantation; CR, complete remission; ELN, European
LeukemiaNet. All estimates were derived from univariable Fine-Gray competing risk models with non-
relapse mortality as the competing event. Reference group: Neg/Neg for MRD kinetics; Low for ELN
2022 risk; AAML03P1 for treatment protocol; No for binary variables.
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Table 3
Multivariable Fine-Gray competing risk models for cumulative incidence of relapse.

Variable Model 1 Model 2 Model 3

Pos/Neg vs Neg/Neg 1.66 (1.14–2.42) --- ---

  p .008    

Pos/Pos vs Neg/Neg 1.41 (0.89–2.22) --- ---

  p .145    

EOI2 MRD ( > = 0.05% vs < 0.05%) --- 1.28 (0.82–1.99) 1.40 (0.88–2.21)

    p .284 p .157

ΔMRD (per log2 unit) --- --- 1.03 (1.00-1.06)

      p .021

Age (per year) 1.02 (0.99–1.05) 1.01 (0.98–1.04) 1.01 (0.98–1.04)

  p .299 p .349 p .365

ELN 2022 Intermediate vs Low 2.20 (1.54–3.15) 2.18 (1.52–3.12) 2.18 (1.52–3.12)

  p < .001 p < .001 p < .001

ELN 2022 Adverse vs Low 1.66 (0.98–2.79) 1.73 (1.03–2.90) 1.65 (0.98–2.79)

  p .058 p .039 p .061

log10(WBC + 1) 1.64 (1.24–2.17) 1.68 (1.27–2.23) 1.66 (1.26–2.20)

  p .001 p < .001 p < .001

AAML0531 vs AAML03P1 0.97 (0.61–1.55) 1.00 (0.63–1.60) 0.98 (0.62–1.56)

  p .913 p .989 p .944

Model 1: MRD kinetics group + covariates. Model 2: static EOI2 MRD ( > = 0.05% vs < 0.05%) +
covariates. Model 3: static EOI2 MRD + ΔMRD + covariates. Covariates: age, ELN 2022 risk,
log10(WBC + 1), and treatment protocol. A Model 4 further adjusted for EOI1 MRD burden is shown in
Supplementary Table S2. SHR, subdistribution hazard ratio; CI, confidence interval; MRD, measurable
residual disease.

Model Comparison

The 5-year AUC was 69.5% for the static model (Model 2) and 69.2% for the dynamic model (Model 3),
with ΔAUC − 0.3% (95% CI − 2.2to 1.6, p=.704) (Table 4). The likelihood ratio test showed that adding
ΔMRD improved model fit (LR = 4.33, df = 1, p=.037), and pseudo-AIC was slightly lower (1873.0vs
1875.3). Categorical NRI was1.6%, and continuous NRI was + 29.0%. Overall, ΔMRD improved fit but not
discrimination or categorical reclassification.
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Table 4
Model comparison between static and dynamic Fine-Gray models for cumulative incidence of relapse.
Metric Static model (m2) Dynamic model (m3) Comparison

5-year AUC 69.5% 69.2% −0.3% (− 2.2 to 1.6), p=.704

Pseudo log-likelihood -931.64 -929.48 ---

Pseudo-AIC 1875.3 1873.0 ΔAIC = 2.3

Likelihood ratio test --- --- LR = 4.33, df = 1, p = .037

Categorical NRI --- --- 1.6%

Continuous NRI --- --- 29.0%

AUC, area under the time-dependent receiver operating characteristic curve, estimated using
timeROC at 5 years. NRI, net reclassification improvement; AIC, Akaike information criterion; LR,
likelihood ratio. Model 2: static EOI2 MRD ( > = 0.05% vs < 0.05%) + covariates. Model 3: static EOI2
MRD + ΔMRD + covariates. The continuous NRI is exploratory; 95% CI and p-value were not
calculated.

Sensitivity Analysis of ΔMRD Adjusted for EOI1 MRD Burden

In a sensitivity model further adjusted for EOI1 MRD burden (Model 4), the association of ΔMRD was
attenuated and no longer statistically significant (SHR 0.959, 95% CI 0.857–1.073; p=.463), whereas
EOI1 MRD itself was not independently associated with CIR (SHR 1.287, 95% CI 0.887–1.868; p=.184)
(Supplementary Table S2). These findings suggest that continuous ΔMRD may partly reflect the initial
MRD level rather than an independent clearance kinetic marker.

Subgroup Analysis

In the EOI2 MRD < 0.05% subgroup (n = 363), Pos/Neg was independently associated with CIR (SHR 1.70,
95% CI 1.16–2.47, p=.006; 5-year CIR 53.7% vs 34.5%; Fig. 3A, Supplementary Table S1). Stratified by ELN
2022, the association was observed in the intermediate-risk subgroup (SHR 2.28, 95% CI 1.37–3.79,
p=.001), and in the AAML0531 protocol subgroup (SHR 1.65, 95% CI 1.10–2.46, p=.015), but not in the
low-risk subgroup (SHR 1.25, p=.520) or in AAML03P1 (SHR 1.30, p=.659) (Fig. 3B, Table 5). Formal
interaction tests for MRD kinetics × ELN 2022 (p = .238) and MRD kinetics × treatment protocol (p =
.283) were not significant (Supplementary Table S3), so subgroup estimates should be interpreted as
descriptive rather than as evidence of differential effects.
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Table 5
Subgroup analysis of Pos/Neg versus Neg/Neg for cumulative incidence of relapse.

Subgroup n SHR (95% CI) p-value

Overall (EOI2 < 0.05%) 363 1.70 (1.16–2.47) .006

ELN 2022 Low 175 1.25 (0.63–2.47) .520

ELN 2022 Intermediate 154 2.28 (1.37–3.79) .001

AAML03P1 42 1.30 (0.41–4.12) .659

AAML0531 321 1.65 (1.10–2.46) .015

SHR, subdistribution hazard ratio; CI, confidence interval; MRD, measurable residual disease; ELN,
European LeukemiaNet; EOI, end of induction. The ELN 2022 Adverse subgroup was not fitted
because only 8 patients had Pos/Neg status. Formal interaction tests were not significant (MRD x
ELN 2022, p = .238; MRD x Protocol, p = .283), so subgroup estimates should be interpreted as
descriptive rather than as evidence of differential effects.

Secondary Endpoints

In multivariable Cox models, Pos/Neg was independently associated with inferior OS (HR 2.03, 95% CI
1.28–3.22, p=.003) and EFS (HR 1.89, 95% CI 1.32–2.71, p = < .001). Pos/Pos was also associated with
inferior OS (HR 1.79, 95% CI 1.10–2.91, p=.020) and EFS (HR 1.75, 95% CI 1.16–2.64, p=.007) (Table 6,
Fig. 4).

Table 6
Multivariable Cox proportional hazards models for overall survival and event-free survival.

Endpoint Comparison HR (95% CI) p-value

OS Pos/Neg vs Neg/Neg 2.03 (1.28–3.22) .003

OS Pos/Pos vs Neg/Neg 1.79 (1.10–2.91) .020

EFS Pos/Neg vs Neg/Neg 1.89 (1.32–2.71) < .001

EFS Pos/Pos vs Neg/Neg 1.75 (1.16–2.64) .007

OS, overall survival; EFS, event-free survival; HR, hazard ratio; CI, confidence interval; MRD,
measurable residual disease. HRs were derived from multivariable Cox proportional hazards models
with robust standard errors, adjusted for age, ELN 2022 risk, log10(WBC + 1), and treatment protocol.
Reference group: Neg/Neg.

Exploratory assessment of the ELN 2025 MRD relapse definition

Because the ELN-DAVID 2025 update introduced a qualitative MRD relapse definition, we explored its
applicability within the Pos/Pos group. Only 7 patients met the ≥ 1-log10 rise criterion and 9 met the ≥ 
0.5-log10 criterion, precluding formal statistical comparison. The estimated 5-year CIR was numerically
similar between the ELN-MRD relapse and stable positive groups (42.9% vs 50.8% for the ≥ 1-log10
criterion; 44.4% vs 50.9% for the ≥ 0.5-log10 criterion) (Supplementary Table S4, Supplementary Figure
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S1). These results should be regarded as exploratory rather than as a validation of the ELN 2025 criteria
in children.

Sensitivity Analyses

Sensitivity analyses confirmed the robustness of the main findings (Table 7). Excluding early relapses (n 
= 399), 0.1% threshold, cause-specific Cox, excluding Neg/Pos (n = 411), and MICE were all consistent
with the primary analysis. The only inconsistent result was the absolute difference replacing ΔMRD (SHR
0.99, 95% CI 0.96–1.01, p=.330), a known phenomenon when applying absolute differences to log-
normally distributed data.

Table 7
Sensitivity analyses of the association between MRD kinetics / ΔMRD and cumulative incidence of

relapse.
Sensitivity analysis Key result Consistent with main

analysis

Excluding early relapses within 6
months (n = 399)

ΔMRD SHR 1.04 (1.01–1.07); P
= .019

Yes

Absolute difference replacing ΔMRD ΔMRD SHR 0.99 (0.96–1.01); P
= .330

No

Alternative 0.1% threshold Pos/Neg SHR 1.70 (1.16–
2.50); P = .007

Yes

Cause-specific Cox model ΔMRD HR 1.03 (1.01–1.06); P
= .014

Yes

Excluding Neg/Pos group (n = 411) Pos/Neg SHR 1.66 (1.14–
2.42); P = .008

Yes

Multiple imputation (MICE) ΔMRD pooled coefficient 0.036
vs 0.034

Yes

Fixed-time landmark at 3 months Pos/Neg SHR 1.62 (1.12–
2.37); P = .011

Yes

Fixed-time landmark at 6 months Pos/Neg SHR 1.86 (1.25–
2.75); P = .002

Yes

Fixed-time landmark at 9 months Pos/Neg SHR 2.17 (1.40–
3.37); P < .001

Yes

SHR, subdistribution hazard ratio; HR, hazard ratio; CI, confidence interval; MRD, measurable residual
disease; MICE, multiple imputation by chained equations. Fixed-time landmark analyses at 3, 6, and 9
months were performed because the TARGET-AML public database does not provide the exact date
of EOI2 assessment. Landmark analyses were restricted to the primary analysis cohort (n = 418); the
number at risk decreased from 415 at 3 months to 352 at 9 months, and the EOI2 < 0.05% subgroup
decreased from 360 to 315.

In fixed-time landmark analyses at 3, 6, and 9 months from diagnosis, the association between Pos/Neg
and higher CIR remained consistent (all p < .05), with SHRs of 1.62,1.86, and 2.17, respectively
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(Supplementary Table S5). In the EOI2 < 0.05% subgroup, the corresponding SHRs were1.66, 1.89, and
2.15. These results reduce concern that the findings were driven by differential survival to the second
MRD assessment.

Discussion
In this retrospective cohort study of children with AML, we found that early MRD clearance patterns were
associated with subsequent clinical outcomes. Patients who were MRD-positive at EOI1 but became
MRD-negative at EOI2 (Pos/Neg) had a higher cumulative incidence of relapse than patients who were
MRD-negative at both assessments (Neg/Neg). Importantly, this association remained when the analysis
was restricted to patients who were MRD-negative at EOI2. The Pos/Neg pattern was also associated
with inferior overall survival and event-free survival. These findings suggest that the MRD result at an
earlier treatment time point may retain prognostic information even after MRD becomes undetectable at
a later assessment. Consistent with the recent ELN-DAVID framework emphasizing contextual and
longitudinal interpretation of MRD response(16), our findings suggest that the early trajectory from EOI1
to EOI2 may provide prognostic information beyond MRD status at EOI2, although our study-specific
trajectory groups should not be considered direct equivalents of the ELN-DAVID qualitative response
categories. Notably, the 5-year CIR was numerically higher in the Pos/Neg group (53.7%) than in the
Pos/Pos group (49.8%), despite the latter representing persistent MRD positivity. This counterintuitive
finding is explained by the higher NRM in the Pos/Pos group (12.8% vs 9.1%): NRM, as a competing
event, compressed the observed CIR.

Our findings are consistent with previous studies showing that MRD measured during induction is
prognostic in pediatric AML(2). In the COG AAML0531 study, early flow-cytometric MRD was associated
with overall survival, relapse, and disease-free survival(5). The AML02 study further demonstrated the
feasibility of incorporating sequential MRD measurements into risk-directed therapy for childhood
AML(6).A prospective multicenter study by Steinbach et al. further validated that standardized MRD
testing has a strong prognostic impact independent of established risk factors in childhood AML(17).Our
study differs from these previous analyses by focusing on the sequence of MRD results rather than the
prognostic value of MRD at a single treatment landmark. The finding that Pos/Neg patients had worse
outcomes than Neg/Neg patients, even when both groups were MRD-negative at EOI2, suggests that the
timing of achieving MRD negativity may provide information that is not captured by the later MRD result
alone.

This observation is also consistent with the recent study by Jen et al. in adults with AML, in which
patients who achieved MRD negativity only at a later treatment assessment had shorter relapse-free
survival than those who were MRD-negative at both assessments(11). Our results extend this question
to pediatric AML and suggest that early MRD clearance patterns may also be relevant in children.
However, the present study does not establish that the same biological mechanisms underlie delayed
MRD clearance in children and adults, and the prognostic findings should not be considered a direct
validation of the adult data.
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Our study used the 0.05% threshold previously identified as optimal in a TARGET-based analysis (10), but
addressed a different question: whether the sequence of MRD results between EOI1 and EOI2 provides
prognostic information beyond the later MRD status. Together with prior work on MRD clearance kinetics
(11), these findings suggest two complementary aspects of MFC-MRD assessment in pediatric AML: the
threshold used to define positivity and the trajectory of MRD response over time.

We also examined MRD clearance as a continuous variable. Although ΔMRD was statistically associated
with cumulative incidence of relapse after adjustment for EOI2 MRD status, adding ΔMRD did not
improve time-dependent AUC or categorical net reclassification. Thus, the statistical association
observed for ΔMRD did not translate into clear improvement in prognostic discrimination in this cohort.
These results suggest that a simple categorical description of early MRD trajectories may be more
clinically interpretable than a continuous change measure. Because ΔMRD is mathematically derived
from MRD measurements at two time points, its interpretation should also be made cautiously,
particularly with respect to the influence of the initial MRD level. In a sensitivity model further adjusted
for EOI1 MRD burden, the association of ΔMRD was attenuated, suggesting that continuous ΔMRD may
partly reflect the initial MRD level rather than an independent clearance kinetic marker. Sensitivity
analyses excluding early relapses and using alternative thresholds produced consistent results, although
replacing ΔMRD with an absolute difference measure did not replicate the association, consistent with
the known limitations of applying absolute differences to log-normally distributed data.

The association between the Pos/Neg pattern and relapse appeared particularly evident in patients with
ELN 2022 intermediate-risk disease(12). This finding is of potential clinical interest because MRD
trajectory may provide additional information in patients whose baseline disease characteristics do not
place them clearly into the highest or lowest risk categories. However, formal interaction tests were not
significant, and this subgroup analysis was not the primary endpoint of the study and should be
interpreted cautiously because of the smaller sample size. Further studies are needed to determine
whether MRD clearance patterns can improve risk stratification within specific genetic risk groups.

We also explored the applicability of the 2025 ELN MRD framework in this pediatric cohort(16). The
updated ELN-DAVID recommendations provide a more detailed framework for interpreting MRD
response in AML, but their applicability to pediatric AML requires evaluation in pediatric populations(16).
In our cohort, only 7 patients fulfilled the prespecified MRD relapse criterion based on a 1-log increase,
which was insufficient for a reliable formal analysis. Therefore, our results should be regarded as
exploratory rather than as a validation of the updated ELN MRD criteria in children.

A key concern in studies using EOI2-defined exposures is immortal-time bias, because patients must
survive to EOI2 to be classified. In our fixed-time landmark analyses at 3, 6, and 9 months, the
association between Pos/Neg and higher CIR remained consistent, with SHRs increasing over time. This
suggests that the association is unlikely to be explained by differential survival to the second MRD
assessment. However, because the TARGET-AML public database does not provide the exact date of
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EOI2 assessment, a formal EOI2 landmark analysis could not be performed, and residual selection bias
cannot be fully excluded.

This study has several limitations. First, its retrospective design limits causal interpretation, and the
analysis included only patients with paired EOI1 and EOI2 MRD measurements. Second, the Neg/Pos
group was small (n = 7) and was therefore combined with the Pos/Pos group in the primary analysis;
although sensitivity analysis excluding these patients produced consistent results, the small sample size
prevented a separate assessment of this trajectory. Third, the patients were treated in historical COG
trials, and treatment strategies and supportive care have evolved over time. Fourth, the small number of
patients meeting the ELN 2025 MRD relapse criterion prevented formal evaluation of that framework.
Fifth, the TARGET-AML public database does not provide the exact date of EOI2 assessment, so a formal
EOI2 landmark analysis could not be performed; fixed-time landmark analyses yielded consistent results,
but residual selection bias cannot be fully excluded. Finally, although ΔMRD was statistically associated
with relapse, it did not improve discrimination or reclassification, and its association was attenuated
after adjustment for EOI1 MRD burden, limiting its current clinical utility.

In conclusion, children with AML who converted from MRD-positive at EOI1 to MRD-negative at EOI2 had
a higher risk of relapse than those who were MRD-negative at both assessments. This association
persisted among patients who were MRD-negative at EOI2, suggesting that early MRD trajectory may
provide prognostic information beyond later MRD status alone. Further prospective studies should
determine whether longitudinal MRD assessment can improve risk stratification and inform future risk-
adapted treatment strategies in pediatric AML.
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Figure 1

Distribution of MFC-MRD at end of induction 1 (EOI1) and end of induction 2 (EOI2) in pediatric AML (n
= 418). Dashed lines indicate the 0.05% MRD threshold. Points are colored and shaped by MRD kinetics
group: Neg/Neg (green circles, n = 307), Pos/Neg (blue triangles, n = 56), and Pos/Pos (red squares, n =
55). Marginal density plots summarize the distribution of EOI1 (top) and EOI2 (right) MRD values. MRD,
measurable residual disease; EOI1, end of induction 1; EOI2, end of induction 2; MFC, multiparameter
flow cytometry.

Figure 2

Cumulative incidence of relapse (CIR, left) and non-relapse mortality (NRM, right) by MRD kinetics
group in pediatric AML. Curves were estimated using the Aalen-Johansen estimator in a competing risk
framework. Patients were classified according to the 0.05% MRD threshold as Neg/Neg (green, n = 307),
Pos/Neg (blue, n = 56), or Pos/Pos (red, n = 55). Shaded areas represent 95% confidence intervals.
Dashed vertical line indicates 5 years after diagnosis. P-values were calculated using Gray's test (CIR: p =
.004; NRM: p = .003). Note that Y-axis scales differ between panels; CIR and NRM should be interpreted
separately. MRD, measurable residual disease; CIR, cumulative incidence of relapse; NRM, non-relapse
mortality.
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Figure 3

(A) Cumulative incidence of relapse (CIR) in patients achieving EOI2 MRD <0.05%, stratified by EOI1
MRD status (Neg/Neg vs Pos/Neg). Curves were estimated using the Aalen-Johansen estimator with
non-relapse mortality as a competing event. Shaded areas represent 95% confidence intervals. Dashed
vertical line indicates 5 years after diagnosis. P-value was calculated using Gray's test (p = .005). (B)
Forest plot of subdistribution hazard ratios (SHR) for Pos/Neg versus Neg/Neg across subgroups. Point
estimates and 95% confidence intervals are shown, with numeric values provided on the right. Red points
indicate p < .05; grey points indicate p ≥ .05. Dashed line indicates SHR = 1. MRD, measurable residual
disease; CIR, cumulative incidence of relapse; SHR, subdistribution hazard ratio; CI, confidence interval;
ELN, European LeukemiaNet; EOI, end of induction.
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Figure 4

Kaplan-Meier estimates of event-free survival (EFS, A) and overall survival (OS, C) by MRD kinetics
group in pediatric AML. Patients were classified according to the 0.05% MRD threshold as Neg/Neg
(green, n = 307), Pos/Neg (blue, n = 56), or Pos/Pos (red, n = 55). P-values were calculated using the log-
rank test (both p < .001). Number at risk is shown below each survival panel (B for EFS; D for OS). MRD,
measurable residual disease; EFS, event-free survival; OS, overall survival.
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