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Key Points 50 

Question: 51 

Are different levels of Acute Myeloid Leukemia (AML) measurable residual disease (MRD) prior 52 

to allogeneic hematopoietic cell transplant (alloHCT) associated with different post-transplant 53 

clinical outcomes? 54 

 55 

Findings: 56 

In this retrospective cohort study, adults with AML in first remission prior to alloHCT with 57 

persistence of FLT3 internal tandem duplication (ITD) at a variant allele fraction of 0.01% or 58 

higher had increased relapse and death, compared to those with lower levels detected. Patients 59 

with no detectable FLT3-ITD had the best outcomes. 60 

 61 

Meaning: 62 

For adults with FLT3-ITD AML, there is a dose-dependent correlation between pre-transplant 63 

level of persistent FLT3-ITD MRD and clinical outcomes. 64 

 65 

 66 
  67 
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Abstract 68 

Importance:   69 

Persistence of FLT3-ITD in adults with Acute Myeloid Leukemia (AML) in first complete 70 

remission (CR1) prior to allogeneic hematopoietic cell transplant (alloHCT) is associated with 71 

increased relapse and death after transplantation, but the association between the level of 72 

measurable residual disease (MRD) detected and clinical outcome is unknown.  73 

 74 

Objective:  75 

To examine the association between pre-alloHCT MRD level with relapse and death post-76 

alloHCT in adults with AML in CR1.  77 

 78 

Design, Setting, and Participants:  79 

In this cohort study, DNA sequencing was performed on CR1 blood from patients with FLT3-ITD 80 

AML transplanted 2013-2019. Clinical follow-up was through May 2022. 81 

 82 

Intervention:  83 

Centralized DNA sequencing for FLT3-ITD in pre-alloHCT CR1 blood using a commercially 84 

available kit. 85 

 86 

Main Outcome and Measures:  87 

The primary outcomes were overall survival and cumulative incidence of relapse with non-88 

relapse mortality as a competing risk post-alloHCT. Kaplan-Meier estimations (log-rank tests), 89 

Cox proportional hazards models, and Fine-Gray models were used to estimate the endpoints. 90 

 91 

Results:  92 
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537 patients with FLT3-ITD mutated AML from the Pre-MEASURE study were tested (median 93 

age, 55.6 years, 55% female). Using the variant allele fraction (VAF) threshold of 0.01% for 94 

MRD positivity, the results closely align with those previously reported. With no VAF threshold 95 

applied (VAF>0%), 263 FLT3-ITD variants (median VAF: 0.005%, range 0.0002-44%) and 177 96 

positive patients (33%) were identified. Multivariable analyses showed that residual FLT3-ITD 97 

was the variable most associated with relapse and OS, with a dose-dependent correlation. 98 

Patients receiving reduced intensity conditioning without Melphalan (RIC) or non-myeloablation 99 

(NMA) had increased risk of relapse and death at any given level of MRD compared to those 100 

receiving RIC with Melphalan (Mel) or myeloablative (MAC) conditioning.  101 

 102 

Conclusions and Relevance:  103 

The study provides generalizable and clinically applicable evidence that the detection of residual 104 

FLT3-ITD in the blood of adults in first remission from AML prior to alloHCT is associated with 105 

an increased risk of relapse and death, particularly for those with VAF0.01%. While transplant 106 

conditioning intensification, an intervention not available to all, may help mitigate some of this 107 

risk, alternative approaches will be necessary for this high-risk population of patients who are 108 

underserved by the current standard of care. 109 

 110 

  111 
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Introduction  112 

Acute Myeloid Leukemia (AML) is a rare, deadly, group of blood cancers.1 Even those who 113 

achieve complete remission (CR) and then receive a consolidative allogeneic hematopoietic cell 114 

transplant (alloHCT) remain at risk of relapse and death.2,3 FLT3 internal tandem duplication 115 

(ITD) is one of the most common genetic lesions associated with AML.4 We, and others, have 116 

recently reported a dramatically increased risk of relapse and death when persistent FLT3-ITD 117 

variants are still detectable in adults in first remission (CR1) from AML before allo-HCT.5-9 118 

Translating the evidence of measurable residual disease (MRD) into clinical practice, however, 119 

requires the widespread availability of testing and a comprehensive understanding of the clinical 120 

implications of FLT3-ITD detection at specific thresholds.10,11 To evaluate the association of 121 

residual disease burden levels and validate generalizability using an orthogonal approach, we 122 

performed analysis on our Pre-MEASURE cohort using a commercially available FLT3-ITD 123 

MRD kit.  124 

 125 

Methods  126 

This cohort study included patients aged 18 from the Pre-MEASURE study6 who received 127 

alloHCT for FLT3-ITD mutated AML during CR1 at Center for International Blood and Bone 128 

Marrow Transplant Research (CIBMTR) reporting sites in the US between 2013-2019. Patient 129 

self-reported race and ethnicity data were collected by CIBMTR. Patients provided written 130 

informed consent for participation in the National Marrow Donor Program institutional review 131 

board-approved CIBMTR database (NCT01166009) and repository (NCT04920474) protocols. 132 

Research was performed in compliance with all applicable federal regulations pertaining to the 133 

protection of human research participants and with approval of the CIBMTR observational 134 

research group. STROBE reporting guidelines were followed. A next-generation sequencing 135 

(NGS) kit (IVS, Invivoscribe, Inc.), validated to detect a FLT3-ITD variant allele fraction (VAF) 136 

down to at least 0.005%, was used following clinical testing standards (eFigure 1). Results were 137 
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compared to those previously reported using an anchored multiplex PCR-based (AMP) targeted 138 

NGS assay. In a subset of patients who relapsed within the first year but had no FLT3-ITD 139 

variant detected in pre-transplant remission, the presence of AML-associated variants down to 140 

0.01% VAF was examined using a duplex DNA-sequencing panel (TwinStrand Biosciences, 141 

Inc.). Overall survival (OS), cumulative incidence of relapse (CIR) with non-relapse mortality 142 

(NRM) as a competing risk were estimated by Kaplan-Meier estimations (log-rank tests), Cox 143 

proportional hazards models, and Fine-Gray models. Additional details provided in eMethods. 144 

 145 

Results  146 

537 of 608 patients reported as having FLT3-ITD mutated AML in the Pre-MEASURE study6 147 

had sufficient sample remaining for repeat analysis (eFigure 2), those examined and excluded 148 

had similar clinical characteristics (eTable 1). The median follow-up time was 36 months for 149 

censored patients. In total, 173 (32%) patients relapsed (median: 5.2 months; range 0.7-52.1) 150 

and 219 (41%) died (median: 10.1 months; range 0.03-88.4) post-alloHCT (eFigure 3).  151 

 152 

Persistent FLT3-ITD variants in pre-alloHCT blood evaluated by IVS (eTable 2) were compared 153 

to those previously reported by AMP6 with the same VAF cutoff (0.01%) to define MRD 154 

positivity. The MRD calls and length of the detected FLT3-ITD variants were highly correlated 155 

between the two assays (Figure 1A). Patients testing positive had increased relapse rate 156 

(P<0.001, 3yrs: 68% vs 26%, difference +42%, 95% CI: +31% to +54%) and decreased OS 157 

(P<0.001, 3yrs: 24% vs 65%, difference -41%, 95% CI: -30% to -52%) by IVS; comparable to 158 

AMP results (Figure 1B). 159 

 160 

The IVS test has a superior limit of detection compared with the AMP test, allowing the 161 

investigation of alternative VAF thresholds. IVS identified 263 FLT3-ITD variants with a median 162 

VAF of 0.005% (range 0.0002-44%) and length of 51 base pairs (range 5-228) (eFigure 4). IVS 163 
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positive patients had a median of one variant (range 1-15) and a median maximum VAF of 164 

0.01% (range 0.0003-44%). Without assigning any VAF MRD threshold (VAF>0%), 177 patients 165 

(33%) had detectable FLT3-ITD, which was associated with increased relapse rate and 166 

decreased OS compared to those testing negative (eFigure 5). 167 

 168 

Stratifying patients by their level of residual FLT3-ITD revealed an increased risk of relapse and 169 

death for those with higher disease burden (Figure 2A, eFigure 6). In multivariable analyses, 170 

residual FLT3-ITD was the variable most associated with relapse and OS with a dose-171 

dependent correlation of disease burden (Figure 2B). Any detectable level of residual FLT3-ITD 172 

exhibited increased risk, with VAFs 0.01% having highest risk.  173 

 174 

Patients receiving reduced intensity conditioning (RIC) without melphalan (Mel) or non-175 

myeloablative (NMA) conditioning regimens had an increased risk of relapse and death 176 

compared to those receiving myeloablative conditioning (MAC) or RIC with Mel (Figure 2B). 177 

Patients receiving MAC/Mel had decreased rates of relapse and death compared to those 178 

receiving RIC/NMA for both high (VAF0.01%) and low (0<VAF<0.01%) residual FLT3-ITD 179 

levels (Figure 3A). Interestingly, patients with low residual FLT3-ITD level (0<VAF<0.01%) 180 

receiving MAC/Mel had similar relapse risk to patients without detectable residual FLT3-ITD 181 

receiving RIC/NMA. 182 

 183 

Finally, while pre-transplant FLT3-ITD MRD status is highly associated with relapse, such 184 

testing is not infallible. One potential explanation for false negative results is the category of CR 185 

status2 at the time of MRD testing. Complete blood count information at CR1 was available for 186 

294 (55%) patients. Patients in full CR (n=240, 82%) with residual FLT3-ITD variants had 187 

significantly higher rates of relapse (P<0.001, 3yrs: 57% vs 26%, difference +31%, 95% CI: 188 
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+17% to +44%) and decreased OS (P<0.001, 3yrs: 32% vs 67%, difference -35%, 95% CI: -189 

21% to -48%) compared to those testing negative, while patients in CR with suboptimal 190 

hematologic recovery (CRh, CRi, MLFS; n=54, 18%) showed similar trends without statistical 191 

significance (eFigure 7).  192 

 193 

Another possible explanation for false negative FLT3-ITD MRD test results would be the 194 

presence of a residual AML clone without FLT3-ITD. Exploratory deep DNA-sequencing of 15 195 

other genes frequently mutated in AML was performed on pre-transplant samples of 52 patients 196 

who experienced relapse in the year after transplant despite testing FLT3-ITD MRD negative 197 

before transplant. Of these, 44 had another variant detected pre-transplant, including four 198 

patients with previously reported NPM1 variants6 (Figure 3B, eTable 3). 199 

 200 

Discussion  201 

This study demonstrates a dose-dependent correlation between persistent FLT3-ITD burden in 202 

the blood of adults with FLT3-ITD mutated AML in CR1 prior to alloHCT and post-transplant 203 

clinical outcomes. Patients with the highest risk of relapse and death after transplant 204 

(approximately 1 in 6) can be identified by a VAF MRD threshold of 0.01% in pre-transplant 205 

remission blood using a simply implemented, commercially available, testing kit for persistent 206 

FLT3-ITD. FLT3-ITD detection at lower VAFs had better outcomes but still worse than those 207 

testing negative. Including VAF<0.01% in an MRD definition would include more relapsing 208 

patients, at the expense of specifically identifying those patients at highest risk. The FLT3-ITD 209 

VAF MRD threshold selected may differ based on the use-case of the test, the nature of the 210 

proposed intervention (if any), and the planned retesting strategy. At every VAF level, higher 211 

intensity conditioning regimens were associated with a reduced risk of relapse and death. The 212 

observation that relapsing patients who did not have persistent FLT3-ITD detected in remission 213 

often had mutations in other AML-associated genes detectable in the same pre-transplant 214 
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sample is descriptive but intriguing, highlighting the opportunity for continued refinement of AML 215 

MRD testing approaches. 216 

 217 

Conclusions  218 

This “Re-MEASURE” study provides strong justification for NGS-based AML MRD clinical 219 

testing for persistent FLT3-ITD prior to alloHCT. An MRD definition of VAF 0.01% identifies 220 

patients with very high risk of relapse and poor overall survival when treated according to the 221 

current standard of care. 222 

  223 
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Figure Legends 353 

 354 

Figure 1. Residual FLT3-ITD variants in AML patients prior to allogeneic hematopoietic 355 

cell transplant. 356 

(A) The comparison of variant allele fraction (VAF, left) and FLT3-ITD length (right) of residual 357 

FLT3-ITD variants detected in pre-transplant blood at a variant allele fraction (VAF) 0.01% as 358 

detected by Invivoscribe (IVS) or anchored multiplex PCR (AMP) targeted next generation 359 

sequencing (NGS) measurable residual disease (MRD) assays is shown. The Pearson 360 

correlation is shown in the graph inset and a value of equivalence line displayed as a dashed 361 

line. (B) Cumulative incidence of relapse (left) and overall survival (right) are shown for FLT3-362 

ITD mutated patients based on the presence (FLT3-ITD MRDpos) or absence (FLT3-ITD 363 

MRDneg) of residual FLT3-ITD variants with the positive group defined by VAF 0.01% in pre-364 

alloHCT blood assessed by IVS and AMP NGS MRD assays. 365 

 366 

Figure 2: Association of FLT3-ITD residual disease burden level and clinical outcomes. 367 

(A) Cumulative incidence of relapse (left) and overall survival (right) are shown for FLT3-ITD 368 

mutated patients based on the presence (FLT3-ITD MRDpos) or absence of residual FLT3-ITD 369 

variants (FLT3-ITD MRDneg) by the Invivoscribe (IVS) next generation sequencing (NGS) 370 

measurable residual disease (MRD) assay, with positive patients grouped by residual disease 371 

burden level. (B) Multivariable competing risks regression for relapse (left) and Cox regression 372 

analysis for overall survival (right) for residual FLT3-ITD variants as detected by the IVS assay 373 

grouped by residual disease burden level. Models were selected stepwise using IVS NGS MRD 374 

status and baseline clinical characteristics.  375 

 376 



 16 

Figure 3: Evaluation of potential factors modifying the association of residual FLT3-ITD 377 

and clinical outcomes. 378 

(A) Cumulative incidence of relapse (left) and overall survival (right) for FLT3-ITD mutated 379 

patients based on the presence (FLT3-ITD MRDpos) or absence (FLT3-ITD MRDneg) of 380 

residual FLT3-ITD variants, VAF ranges (negative, <0.01% or 0.01%), and conditioning 381 

regimen received. (B) Heatmap illustrating pre-transplant FLT3-ITD MRDneg patients who 382 

experienced relapse within the first year after alloHCT and their relapse month, age group, 383 

conditioning regimen, and residual variant status for variants in genes other than FLT3-ITD prior 384 

to alloHCT. Patients were ordered by their time to relapse from the shortest to the longest. 385 

Residual variant status is denoted as high (dark orange) or unclear (light orange) based on 386 

relevance of the residually mutated gene. Variants in signaling pathway or escape genes are 387 

more likely associated with the leukemia clone11 while variants in genes such as TP53 and CBL 388 

are frequently observed after chemotherapy12-14 and could be associated with clonal 389 

hematopoiesis15 unrelated to the leukemic clone. Pos, positive; Neg, negative; MAC, 390 

myeloablative conditioning; Mel, reduced intensity conditioning with melphalan; RIC, reduced 391 

intensity conditioning without melphalan; NMA, non-myeloablative conditioning. 392 

 393 

 394 

 395 

 396 
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