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Abstract

Measurable residual disease (MRD) that persists after initial therapy is a powerful predictor of 

relapse and survival in acute lymphoblastic leukemia (ALL). However, the optimal use of this 

information to influence therapeutic decisions is controversial. Herein, we comprehensively review 

the role of MRD assessment in adults with ALL, including methods to quantify residual leukemia 

cells during remission, prognostic impact of MRD across ALL subtypes, and available therapeutic 

approaches to eradicate MRD. This review presents consensus statements and provides an 

evidence-based framework for practicing hematologists and oncologists to use MRD information 

to make rational treatment decisions in adult patients with ALL.

Keywords

Acute lymphoblastic leukemia; measurable residual disease; minimal residual disease; 
Philadelphia chromosome; prognosis; risk stratification

Introduction

The vast majority of adults with acute lymphoblastic leukemia (ALL) achieve remission 

with standard chemotherapy regimens, but many of these patients ultimately relapse and die 

from leukemia.1,2 In these patients, relapse occurs despite achievement of morphologic 

remission (i.e., bone marrow blasts <5%), suggesting that low levels of measurable residual 

disease (MRD), also called “minimal residual disease,” persist in the remission bone marrow 

(Figure 13). Compared with morphologic assessment alone, sensitive methods of MRD 

quantification can better estimate the reduction in posttreatment disease burden and provide 

information about the leukemia biology and treatment response of individual patients. 

Posttreatment MRD status is a powerful prognostic factor in all subtypes of ALL and, in 

many studies, supersedes historically relevant prognostic factors, including age, white blood 

cell count, and cytogenetics.4–7 Given the significant impact of MRD on survival outcomes 

in adults with ALL, many authorities suggest that MRD status can be used to inform 

postremission strategies, such as allogeneic hematopoietic stem cell transplantation (HSCT) 

in first remission. The development of novel approaches (e.g., blinatumomab, inotuzumab 

ozogamicin, and chimeric antigen receptor [CAR] T cells) that are highly effective in 

eradicating residual disease has further increased the complexity of decision-making 

regarding MRD.

Herein we review the published data on MRD in ALL, with the goal of developing evidence-

based consensus recommendations for the detection and management of MRD in adult 

patients with ALL. Specifically, we review various MRD detection methodologies and 

discuss how detection and quantification of MRD in various ALL subtypes correlate with 

outcomes. We also discuss evidence supporting various therapeutic options for patients with 

MRD-positive remission, including both HSCT and non-HSCT approaches, and provide 

consensus recommendations to help guide clinician decision-making in this setting.
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Methods of MRD Assessment

Various methods to quantify posttreatment MRD in patients with ALL are available in 

clinical practice and in the research setting, including multiparameter flow cytometry 

(MFC), quantitative polymerase chain reaction (PCR), and next-generation sequencing 

(NGS). The advantages and disadvantages of these various methods of MRD assessment are 

summarized in Table 1. Regardless of the methodology used, for optimal sensitivity MRD 

assessment should generally be performed on a bone marrow specimen, as levels of 

detectable MRD may be 1 to 3 logs lower in the peripheral blood than in the bone marrow.
8–10 This difference between peripheral blood and bone marrow MRD assessment appears to 

be most pronounced in patients with B-cell ALL.10

Flow Cytometry

MFC is performed by identifying and tracking aberrant leukemia-associated 

immunophenotypes (LAIPs) on leukemic blasts. This can be done either by searching for the 

diagnostic aberrant LAIP in the remission sample (e.g., aberrant expression of myeloid 

antigens or increased or decreased density of antigens normally expressed on benign B-cell 

precursors), or by measuring any difference in immunophenotypes from the highly 

stereotypical normal immunophenotype distribution in the remission sample.11 In most 

experienced centers in the U.S., the latter “difference from normal” (DfN) approach is now 

preferred, in part because it does not require knowledge of the original immunophenotype. 

Challenges to interpretation include increased normal benign B-cell precursors during bone 

marrow recovery, which can potentially mask a small residual ALL population (false 

negative) or be misinterpreted as residual ALL (false positive). The DfN strategy is 

advantageous for detecting residual ALL populations even after a phenotypic shift, which 

may arise as a direct result of therapy, or due to a shift in clonal architecture.12 Regardless of 

the method used, MRD assessment with MFC requires substantial expertise on the part of 

the interpreting pathologist, who appears to be the primary source of inconsistent 

interlaboratory interpretations. Although MFC MRD measurement has been standardized in 

Europe13, there is currently no formal standardization of MFC MRD measurement across 

institutions and laboratories in the United States. Fresh, viable cells are also required for 

analyses. Despite these disadvantages, MFC-based MRD assessment is significantly faster, 

less expensive, and less labor-intensive than PCR-based methods. Standard flow-based 

methodologies are capable of detecting MRD with a sensitivity of approximately 1 leukemic 

cell per 10,000 nucleated cells. Techniques using ≥8-color flow cytometry may achieve 

better sensitivity (theoretically as low as 10−6), although such high levels of sensitivity 

require input of 2–5 × 107 nucleated cells, which is rarely obtainable from remission 

marrows.9,13

PCR

Quantitative PCR may be used to identify 1) clonal immunoglobulin heavy chain (IGH) 

gene rearrangements, 2) T-cell receptor (TCR) gene rearrangements, or 3) recurrent 

leukemia-associated translocations. While recombination of the V, D, and J segments of IGH 
and the genes encoding the TCR receptor complex are random events in normal B and T 

cells early in the maturation process, leukemia transformation subsequent to VDJ 
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recombination results in identical IGH and TCR rearrangements being present in malignant 

lymphoblast clones in an individual patient. Notably, the PCR assay is directed at the 

junctional regions of these rearrangement events, which are the most diverse in sequence. 

Compared with North America, where MFC is more commonly used to detect MRD, PCR-

based MRD assessment is used frequently in European countries, where a substantial effort 

by the EuroMRD consortium has been undertaken to standardize this assay.14 Furthermore, 

quantitative PCR is approximately 1 log more sensitive than can typically be achieved with 

MFC.15–17 However, quantitative PCR assays require construction of patient-tailored allele-

specific oligonucleotide (ASO) primers, which is time-consuming and laborious. 

Additionally, because minor malignant subclones present at diagnosis may not be 

appreciated when developing patient-specific primers, these may be subsequently 

overlooked in remission samples, leading to false-negative results. Unlike flow cytometry, 

PCR-based MRD assessment of IGH or TCR rearrangements cannot be performed in the 

absence of a reference sample with high leukemic load in which leukemia-associated 

rearrangements can be clearly identified.

PCR can also be used to detect MRD in patients with recurrent leukemia-associated 

translocations, such as BCR-ABL1. Because PCR for these gene translocations is performed 

using the same universal primer probes used for diagnostic purposes, this method is 

generally simpler than using either MFC or patient-specific PCR. A sensitivity similar to 

patient-specific PCR assays can be reached with this approach (ie, up to 10−5), although 

commercially available assays may not always provide this level of sensitivity. The primary 

drawback is that only a minority of adults with ALL carry a recurrent gene fusion that can 

be used as an MRD marker of their disease. These PCR assays are not fully standardized, 

which complicates the interpretation of results. Even though there has been careful 

standardization of molecular response using BCR-ABL1 in chronic myeloid leukemia 

(CML)18, these molecular response milestones cannot necessarily be extrapolated to the 

majority of cases of Philadelphia chromosome (Ph)-positive ALL in which the p190 

transcript is present. Furthermore, although most studies have evaluated the prognostic 

impact of BCR-ABL1-based MRD in patients with Ph-positive ALL, PCR for patient-

specific IGH and TCR rearrangements may be more specific than BCR-ABL1 monitoring, 

as BCR-ABL1 can rarely be detected in non-ALL hematopoietic cells.19 This latter scenario 

may represent a “CML-like” Ph-positive ALL in which the BCR-ABL1 residual disease 

status does not necessarily affect prognosis.20 Despite these potential disadvantages, PCR 

for BCR-ABL1 is the most common method used for MRD assessment of Ph-positive ALL 

in U.S. academic centers and appears to be superior to MFC in predicting outcomes in this 

ALL subtype.21

NGS

The development of NGS as a tool to identify MRD may overcome some of the limitations 

of the current MFC and PCR methodologies described above. In ALL, the targets of NGS-

based MRD assays have thus far been the same leukemic clone-specific IGH and TCR gene 

rearrangements as with PCR assays.22–26 NGS utilizes rapid, parallel sequencing using 

consensus primers. Therefore, NGS does not require the construction of patient-specific 

reagents. This feature also makes standardization and performance characterization possible. 
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The sensitivity achieved with NGS is up to 1 to 2 logs deeper than with other currently 

available methods of MRD detection in the U.S., and there is evidence that NGS can identify 

clinically significant MRD in patients who are MRD negative by other MRD methodologies 

(ie, MFC or PCR).22–26 It is important to note, however, that MFC and PCR can at least 

theoretically achieve similar levels of sensitivity as NGS if an adequate number of cells or 

DNA are analyzed, although this is not done in standard practice. In addition to a high 

degree of sensitivity, NGS is also highly specific for residual disease and may outperform 

other methods of MRD, particularly PCR.27 NGS also offers the advantage of being able to 

track minor subclones, which may be missed with other methodologies; the importance of 

these subclones in driving relapse is becoming increasingly appreciated in ALL.28,29 

However, despite the theoretically excellent sensitivity of NGS-based MRD assays (ie, up to 

1 leukemia cell per 106 nucleated cells), large amounts of cells/DNA from the remission 

bone marrow are required to achieve this level of sensitivity, which may limit their utility in 

some scenarios. For example, NGS may not be optimal for quantification of MRD in post-

treatment aplastic samples, as this may lead to overamplification of rare non-malignant 

rearrangements and overestimation MRD. Like with ASO PCR, pretreatment samples are 

also required. Notably, on September 28, 2018, the U.S. Food and Drug Administration 

approved the clonoSEQ NGS assay for the detection of MRD in ALL and multiple 

myeloma; this represents the first approval of an NGS-based test for MRD in any 

hematologic malignancy and is likely to lead to wider clinical adoption of this assay in the 

coming years.

Consensus recommendations: MRD assessment should be performed on bone marrow 

specimens for optimal sensitivity (particularly for B-cell ALL). PCR for BCR-ABL1 is 

preferable to MFC for patients with Ph-positive ALL. Depending on access to different 

assays, either MFC, ASO PCR, or NGS are reasonable MRD quantification techniques for 

patients with Ph-negative B-cell ALL or T-cell ALL. MFC should be performed in a high-

volume clinical laboratory with a pathologist experienced in MFC-based MRD 

interpretation. ASO PCR should only be performed in well-standardized laboratories. 

Regardless of the method used, a sensitivity of at least 10−4 should be reached for adequate 

assessment of MRD.

Prognostic and Predictive Impact of MRD in ALL

Pediatric ALL

The impact of MRD in determining outcomes in ALL was first appreciated in pediatric 

studies. Although a full discussion of the prognostic and therapeutic role of MRD 

assessment in childhood ALL is outside the scope of the present review, it is important to 

acknowledge the vital role that MRD assessment has played in informing prognosis and 

therapy allocation in this population. Achievement of MRD negativity after induction 

chemotherapy has been shown to be highly associated with long-term outcomes in numerous 

studies, including a meta-analysis of 20 pediatric studies incorporating data from over 

10,000 patients.30 Given the strong impact of MRD on survival in pediatric ALL, MRD 

status is now systematically used by all cooperative groups worldwide to risk-stratify 

patients and guide treatment decisions, including treatment intensification or 
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deintensification.31–38 For children with ALL who receive HSCT in first remission, levels of 

MRD before transplant are predictive for posttransplant relapse.39–41 Similarly, higher levels 

of MRD after HSCT have been shown to predict impending relapse, particularly when 

detected after day +60 posttransplantation.42 Despite the very clear prognostic role of MRD 

in pediatric ALL, recent studies have suggested that other genetic factors (e.g., IKZF1 
deletions co-occurring with other copy number alterations, also known as “IKZF1 plus”) 

may influence MRD kinetics, the optimal cutoff for MRD assessment, and the predictive 

impact of MRD response.43,44 These findings all serve as a framework for future studies of 

MRD in adult ALL, including how MRD information can be used to rationally inform 

postremission therapies such as HSCT.

T-Cell ALL and Ph-Negative B-Cell ALL in Adults

In adults with T-cell ALL or Ph-negative B-cell ALL, the achievement of MRD negativity is 

predictive for long-term outcomes regardless of whether MFC- or PCR-based assays are 

used.4–7,45–47 When comparing MRD studies, several important considerations influence the 

predictive impact of MRD, including the treatment regimen used, the sensitivity of the MRD 

assay and timing of assessment, and the rate of HSCT in the cohort, among others. Despite 

differences across studies, posttreatment MRD status has consistently emerged as one of the 

most powerful predictors of outcomes, and is frequently identified as the only independently 

prognostic factor for relapse and survival.4–6 For example, in a meta-analysis of 16 studies 

comprising 2076 adult patients with ALL (including T-cell ALL and both Ph-negative and 

Ph-positive B-cell ALL), achievement of MRD negativity was associated with significant 

improvement in event-free survival (EFS) and overall survival (OS), with hazard ratios of 

0.28 (95% Bayesian credible interval, 0.24–0.33) and 0.28 (95% Bayesian credible interval, 

0.20–0.39), respectively.30 The 10-year disease-free survival rate was 64% for patients who 

achieved MRD negativity compared with 21% for those who were MRD positive. The 

studies included in this meta-analysis evaluated MRD at the end of induction or early 

consolidation, using either MFC or PCR. Notably, the predictive impact of MRD clearance 

was consistent across therapies, methods and timing of MRD assessment, level of MRD 

cutoff, and ALL subtypes.

Recent reports have suggested that MRD information may be combined with cytogenetics or 

genomic profiling in order to further improve risk-stratification in adults with ALL.7,48,49 In 

particular, adult patients with Ph-like ALL, MLL gene rearrangement, and early T-cell 

precursor ALL appear to have relatively poor outcomes regardless of MRD status (when 

quantified at conventional levels of 10−4).7,50–52 These disease subtypes are also more likely 

to have persistent MRD despite intensive therapy. Other cytogenetic abnormalities including 

low hypodiploidy and complex cytogenetics (ie, ≥5 chromosomal abnormalities) have also 

been reported to be associated with poor outcomes, independent of MRD, in some but not all 

studies.7,53

Ph-Positive ALL in Adults

In individual studies of chemotherapy plus a BCR-ABL1 tyrosine kinase inhibitor (TKI), 

achievement of a deeper molecular response (using reverse transcription [RT]-PCR of BCR-
ABL1 transcripts) has been associated with superior outcomes.19,54–56 In pooled analyses 
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from MD Anderson Cancer Center of patients with Ph-positive ALL who received intensive 

chemotherapy plus a TKI but did not undergo HSCT in first remission, patients who 

achieved deeper molecular responses had better long-term survival than those with less-deep 

responses.21,57 In one analysis, patients who achieved a complete molecular response 

(CMR; ie, the absence of a quantifiable BCR-ABL1 transcript by RT-PCR with a threshold 

of detection in the 10−4 to 10−5 range) after approximately 3 months of treatment had a 4-

year OS rate of 66% despite not undergoing HSCT in first remission. The median OS for 

patients who achieved CMR by 3 months was 127 months vs 38 months for patients who did 

not achieve CMR (P = .009). Achievement of CMR was the only variable independently 

predictive for OS by multivariate analysis.57

MRD has also been suggested to predict outcomes in patients with Ph-positive ALL treated 

with lower-intensity regimens. In a GIMEMA study of younger patients with newly 

diagnosed Ph-positive ALL treated with dasatinib plus corticosteroids, patients who did not 

achieve CMR by day 85 were assigned to receive chemotherapy (clofarabine-

cyclophosphamide) and/or allogeneic HSCT, depending on patient fitness and donor 

availability. Patients who achieved CMR received only TKI maintenance.58 In an interim 

analysis of this prospective study, the outcomes of patients who achieved CMR were 

superior to those who did not (30-month disease-free survival rate 75% vs 44%, 

respectively; P = .06), despite the CMR patients receiving less intensive therapy.

Relapsed or Refractory ALL in Adults

In adults, information about the prognostic and predictive impact of MRD in the salvage 

setting comes predominantly from studies of novel monoclonal antibodies such as 

inotuzumab ozogamicin and blinatumomab, or CAR T cells. Patients with relapsed or 

refractory ALL treated with blinatumomab who achieved MRD negativity using an allele-

specific PCR assay (with sensitivity of at least 10−4) had longer survival than patients who 

remained MRD positive, with a 67% reduction in the risk of death in patients who exhibited 

MRD response.59,60 In patients treated with inotuzumab ozogamicin in the salvage setting, 

achievement of MRD negativity by MFC (assessed at the end of treatment) was associated 

with longer remission durations and better survival (median OS 14.1 months if MRD 

negative vs 7.2 months if MRD positive).61–63 In single-institution retrospective analyses, 

MRD status after salvage therapy has been reported to be an important predictive factor in 

adults with relapsed or refractory ALL.64,65 The impact of MRD negativity in the salvage 

setting may differ according to the number of prior lines of therapy received. In one 

retrospective analysis of adults with B-cell ALL in first or second salvage who received 

inotuzumab ozogamicin- or blinatumomab-containing regimens, MRD negativity at the time 

of morphologic remission was associated with superior survival only when achieved in first 

salvage. In contrast, patients in second salvage had poor outcomes regardless of MRD 

response when quantified at the level of 10-4.65

Consensus Recommendations

• In adults with ALL undergoing frontline treatment, MRD from the bone marrow 

should be assessed at a minimum: after the end of induction, in early 

consolidation (approximately after 3 months of therapy), and then approximately 
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every 3 months for at least 3 years (5 years for patients with Ph-positive ALL 

who do not undergo HSCT in first remission). Patients who undergo HSCT 

should have MRD assessment performed immediately prior to HSCT, and serial 

MRD measurements after HSCT (approximately every 3 months).

• In patients with relapsed or refractory ALL receiving salvage therapy, MRD 

should be assessed at least at the time of morphologic remission and at the end of 

treatment, particularly for patients in first salvage in whom this information has 

greater predictive importance.

Therapeutic Approaches for Patients With Persistent or Recurrent MRD

The detection of MRD in patients with ALL serves not only to predict outcomes; it can also 

inform risk-adapted strategies. For patients with high-risk disease, the goal is to increase the 

cure rate by intensifying therapies, such as HSCT in first CR, intensification of 

chemotherapy, or the introduction of novel agents. Conversely, it is also important to identify 

patients at relatively low risk for relapse, as the goal is to spare these patients from the 

potential morbidity of these high-intensity treatment approaches. For instance, the treatment-

related mortality of HSCT for adults with ALL may be as high as 30%, with rates of acute 

and chronic graft-vs-host disease approaching 50%.66 Utilization of MRD assessment to 

help avoid allogeneic HSCT in appropriate patients represents a critically important 

treatment decision.

Impact of MRD on Decision to Perform HSCT

T-Cell ALL and Ph-Negative B-Cell ALL—Several prospective studies have suggested 

that HSCT improves survival in adults with Ph-negative ALL who have persistently positive 

MRD after initial chemotherapy.5,6,48,67 In one study of 522 adults with Ph-negative ALL, 

HSCT benefited patients with poor MRD response (hazard ratio for OS 0.41; P = .005), but 

not those with adequate MRD response (defined as MRD level <10−3 by PCR at the end of 

induction).40 Similarly, the PETHEMA ALL-AR-03 trial evaluated adolescent and adult 

patients with Ph-negative ALL with high-risk baseline prognostic factors (e.g., age 30 to 60 

years, white blood cells >30 × 106/L, or MLL gene rearrangement).6 Patients with poor day 

14 bone marrow morphologic response (ie, ≥10% blasts) and/or suboptimal MRD response 

after induction and at the end of early consolidation (ie, MRD ≥5 × 10−4 by MFC) were 

assigned to undergo myeloablative HSCT (n = 71), whereas patients with favorable early 

morphologic and MRD response were assigned to receive chemotherapy alone (n = 108). 

Patients with favorable response had 5-year relapse-free survival (RFS) and OS rates of 55% 

and 59%, respectively, despite the presence of historically adverse pretreatment prognostic 

characteristics and not undergoing HSCT in first remission.

Overall, HSCT has generally been shown to improve outcomes among patients with 

persistently positive MRD. HSCT seems to have less relative benefit in patients who achieve 

an optimal MRD response. However, when comparing patients who underwent HSCT, those 

who had achieved MRD negativity prior to HSCT have superior outcomes compared with 

those who continued to have detectable MRD. The differential outcomes by pre-HSCT 

MRD status in adults with ALL who undergo HSCT has been shown both when MRD is 
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measured at the end of induction48 and immediately prior to HSCT.8,25,41,68 Serial MRD 

assessment post-HSCT can also identify patients with impending relapse.8,25,69–71

Ph-Positive ALL—In contrast to Ph-negative ALL, there are minimal prospective data in 

Ph-positive ALL regarding the relationship between MRD status and the role of HSCT in 

first remission. In a GRAALL study of imatinib-based regimens as frontline treatment for 

adults with Ph-positive ALL, HSCT was associated with a significant benefit in RFS for the 

whole cohort.72 However, when patients were stratified according to molecular response, 

those who achieved a major molecular response after the second cycle of therapy did not 

seem to benefit from HSCT. A retrospective analysis of patients treated with intensive 

chemotherapy plus various TKIs who did not undergo HSCT in first remission showed that 

patients who achieved CMR by 3 months had a 4-year OS rate of 66%. These results were 

suggestive that a majority of patients with Ph-positive ALL who achieve CMR can be cured 

with chemotherapy and TKI alone, without need for HSCT in first remission. Similar to the 

data in Ph-negative ALL, pre-HSCT MRD status appears to influence post-HSCT outcomes 

in Ph-positive ALL.55,73 Post-HSCT MRD may also predict for increased likelihood of 

relapse.55

Non-HSCT Options for MRD Positivity

Historically, further cycles of cytotoxic chemotherapy or HSCT were the only treatment 

modalities available to salvage patients with MRD-positive disease. The development of 

novel monoclonal antibodies and cellular therapies has increased the options for these 

patients. In phase III studies of the anti-CD22 antibody-drug conjugate inotuzumab 

ozogamicin and the CD3-CD19 bispecific T-cell engager blinatumomab in adults with 

relapsed or refractory ALL, the MRD negativity rates in responders were 78% and 76%, 

respectively.62,74 Blinatumomab was also evaluated as an MRD-directed treatment in 

patients with B-cell ALL and persistent or recurrent MRD after intensive chemotherapy. In a 

study of 116 patients with MRD-positive ALL (65% of whom were in first remission), MRD 

negativity was achieved in 78% of patients after 1 cycle of blinatumomab, which translated 

to superior median RFS (23.6 months vs 5.7 months; P = .002) and OS (38.9 months vs 12.5 

months; P = .002) compared with MRD nonresponders.75 MRD responders in first remission 

had superior EFS compared with those in second or later remission who responded to 

blinatumomab. In a post-hoc analysis, there was no difference in RFS between patients who 

did or did not undergo post-blinatumomab HSCT in first remission (P = .24), whereas there 

was a significant benefit to HSCT for patients in second or later remission who underwent 

post-blinatumomab HSCT (P = .02). These phase II data contributed to the approval of 

blinatumomab by the US Food and Drug Administration in March 2018 for the treatment of 

patients with B-cell ALL in first or second remission with MRD ≥0.1%. There are no 

randomized data comparing immediate HSCT versus blinatumomab followed by HSCT for 

patients with persistent or recurrent MRD, and therefore treatment decisions for this scenario 

must be extrapolated from and guided by phase II data.

CAR T cells have also been evaluated in the treatment of MRD-positive disease. In a study 

of 19–28z CAR T cells in patients with relapsed B-cell ALL, 21 patients in morphologic 

remission were treated (15 with MRD-positive disease and 6 who were MRD negative).76 
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The median EFS and OS of these 21 patients with low-burden disease (ie, bone marrow 

blasts <5%) were 10.6 months and 20.1 months, respectively. These patients with low-

burden disease had significantly lower rates of severe cytokine release syndrome and 

neurotoxic effects compared with patients not in morphologic remission at the time of CAR 

T-cell infusion.

Consensus recommendations: A recommended MRD-guided treatment algorithm for 

fit adult patients is shown in Figure 2. For patients with Ph-negative B-cell ALL or T-cell 

ALL who achieve MRD negativity within 3 months from the start of treatment (early 

consolidation), HSCT is recommended only in those with high-risk cytogenetic or genetic 

features (e.g., Ph-like ALL, MLL gene rearrangement, or early T-cell precursor ALL). Given 

the poor outcomes of patients who undergo HSCT with detectable MRD, patients who 

remain MRD positive after initial therapy should be considered for MRD-directed therapies 

prior to HSCT. Blinatumomab for 2–4 cycles is recommended for patients with B-cell ALL 

and any level of detectable MRD prior to HSCT. Patients who achieve MRD negativity 

should undergo HSCT, whereas those who remain MRD positive should be considered for 

clinical trial (if available) or proceed to HSCT.

Patients with Ph-positive ALL who achieve CMR within 3 months of therapy may continue 

to be treated with chemotherapy plus a BCR-ABL1 TKI or undergo HSCT followed by 

maintenance TKI. Patients who remain MRD positive after 3 months of therapy should 

undergo HSCT followed by maintenance TKI. Blinatumomab for 2–4 cycles, with or 

without concomitant TKI, should be given prior to HSCT, in an attempt to convert to CMR 

prior to HSCT.

Future Directions and Areas of Research

While the prognostic impact of MRD assessment is clear across ALL subtypes, many 

important questions remain about the optimal method of MRD assessment and how this 

information should be incorporated into risk-adapted therapies. In particular, the deep 

sensitivity achievable with NGS holds significant promise in the improvement of risk-

assessment and treatment determination of ALL, although large prospective studies of this 

technology are needed. Studies are also needed to evaluate the utility of peripheral blood 

MRD monitoring using these more sensitive NGS-based techniques, including the potential 

application of circulating cell-free DNA. The complex interaction between molecular and 

genomic changes in ALL and the prognostic impact of MRD should continue to be explored. 

As our knowledge of the genomic landscape of ALL evolves, it is likely that optimal 

assessment of relapse risk, and consequently postremission therapies, will incorporate both 

pretreatment genomic alterations and posttreatment MRD status. Finally, prospective MRD-

guided studies are needed in order to optimize ALL therapy. The development of novel 

strategies (e.g., monoclonal antibodies alone or in combinations with other antibodies or 

with chemotherapy; CAR T cells; Bcl-2 inhibitors) is needed to eradicate MRD that persists 

after initial therapy. Prospective studies should utilize the highest-sensitivity assays available 

(e.g., NGS) and should assess whether such eradication of MRD can obviate the need for 

HSCT in this setting.
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Figure 1. Patterns of response and relapse in ALL according to quantitative clearance of 
leukemic burden.
Arrows represent sensitivity of assay. CR, complete remission; MFC, multiparameter flow 

cytometry; NGS, next-generation sequencing; PCR, polymerase chain reaction. Republished 

with permission of the American Society of Hematology, from “Has MRD monitoring 

superseded other prognostic factors in adult ALL?” Brüggemann M, Raff T, Kneba M, 

120(23), 2012; permission conveyed through Copyright Clearance Center, Inc.3
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Figure 2. Consensus algorithm for MRD-based management of adults with ALL.
(A) Newly diagnosed Ph-negative B-cell ALL or T-cell ALL. (B) Newly diagnosed Ph-

positive ALL. *MRD should be assessed on a bone marrow specimen using an assay with a 

sensitivity of at least 10-4. MRD negativity should be achieved within 3 months from the 

start of therapy. †Allogeneic HSCT may also be considered in patients with low 

hypodiploidy or complex karyotype. ‡In patients who do not undergo HSCT, MRD should 

be assessed approximately every 3 months for at least 3 years. MRD should be assessed 

immediately prior to HSCT in all patients undergoing transplant. §MRD should be assessed 

with PCR for BCR-ABL on a bone marrow specimen. MRD negativity should be achieved 

within 3 months from the start of therapy. ||In patients who do not undergo HSCT, MRD 

should be assessed approximately every 3 months for at least 5 years. MRD should also be 

assessed immediately prior to HSCT in all patients undergoing transplant. CRi, CR with 

incomplete blood count recovery; CRp, CR with incomplete platelet recovery; MLL, mixed 

lineage leukemia.
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