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Abstract: Measurable residual disease (MRD) quantification is an 

essential component of caring for patients with acute lymphoblas-

tic leukemia (ALL). Many studies in pediatric and adult populations 

have validated the prognostic significance of MRD early in and 

throughout the course of treatment for ALL, and it is generally 

accepted that achievement of MRD less than 10-4 (0.01%) is a 

critical milestone. ALL is uniquely amenable to quantification 

of MRD by multiple techniques, including multiparameter flow 

cytometry, various allele-specific and mutation-specific quantita-

tive polymerase chain reaction methods, and more recently ampl-

icon-based next-generation sequencing. Quantification of MRD 

with these high-sensitivity methods not only facilitates risk stratifi-

cation, but also is used to determine appropriateness of intensified 

therapy, such as allogeneic hematopoietic cell transplant, as well 

as MRD-targeted therapy with blinatumomab. We review the data 

supporting the use of MRD quantification in ALL to guide clinical 

decision-making.

Introduction

Measurable residual disease (MRD, previously known as minimal 
residual disease) in acute lymphoblastic leukemia (ALL) can be 
defined as the amount of residual leukemic cells that remain in 
the bone marrow and/or circulating in the peripheral blood after 
treatment. Although the goal of cytoreductive therapy is to eradi-
cate all malignant cells, a substantial portion of patients have MRD 
after therapy that ultimately leads to relapse (Figure, A). With the 
development of high-sensitivity quantification, such as multipa-
rameter flow cytometry (MFC), reverse transcription quantitative 
polymerase chain reaction (RQ-PCR), quantitative PCR (qPCR), 
and amplicon-based next-generation sequencing (NGS), clinicians 
are now able to more directly and deeply assess how well patients 
respond to therapy. MRD quantification using these high-sensitivity 
techniques facilitates assessment of patient-specific responses far 
beyond the narrow dynamic range within which clinical remission 
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shown that MRD in patients treated with chemotherapy 
and tyrosine kinase inhibitors can predict outcomes in 
patients with Ph+ ALL early in the course of treatment.7-9 
Ravandi and colleagues, for instance, published a series 
of 122 patients with newly diagnosed Ph+ ALL and 
demonstrated that MRD monitoring by RQ-PCR after 
induction predicts outcomes. In this study, patients who 
achieved a major molecular response, defined as BCR-
ABL/ABL (ie, BCR-ABL transcript count divided by 
ABL transcript count) less than 0.1% at 3, 6, 9, and 12 
months, had significantly better overall survival (OS; 73% 
vs 33% at 3 months and 85% vs 25% at 12 months) than 
those who did not achieve a major molecular response.7 
The study further demonstrated that assessment for major 
molecular response was more specific as a predictor of 
outcome than MFC or immunoglobulin (Ig) heavy chain 
PCR using consensus PCR primers (which are less sen-
sitive and specific than the allele-specific oligonucleotide 
PCR [ASO-PCR] or NGS methods for quantifying IG 
heavy chain rearrangements, discussed below). Short 
and colleagues analyzed data for a population of patients 
treated with conventional chemotherapy and imatinib, 
dasatinib (Sprycel, Bristol-Myers Squibb), or ponatinib 
(Iclusig, Ariad), and found that achievement of complete 
molecular remission (CMR) vs molecular response not 
achieved at 3 months of therapy strongly correlated with 
both median OS (126.5 vs 20.4 months, respectively; 
P=.005) and median relapse-free survival (RFS; 125.7 vs 
12.1 months, respectively; P=.002).8 This study defined 
CMR as the absence of a BCR-ABL transcript with a sen-
sitivity less than 0.01%.

Most of the remaining patients with Ph-negative 
(Ph–) ALL do not have a unique translocation, such as 
BCR-ABL, that is suitable for mutation-associated molec-
ular MRD quantification. Without a specific mutation 
for RNA amplification, MRD can be evaluated by other 
methods, such as MFC or immunoreceptor rearrangement 
quantification using qPCR or NGS. MFC uses a panel 
of fluorochrome-conjugate antibodies that can identify 
leukemic cells with a specific aberrant leukemia-associated 
phenotype. Quantification based on leukemia-associated 
phenotype can be achieved in more than 90% of cases and 
has a reliable sensitivity of detection of 10-4 cells, provided 
the assay is specifically validated for MRD quantification.10 
Rarely, specialized labs may be capable of reporting deeper 
levels of sensitivity with adequately cellular specimens. 
The EuroFlow Consortium has demonstrated sensitivity 
in ALL to 10-5 using a 2-tube 8-color antibody panel with 
at least 4 × 106 cells analyzed.11 For practical reasons, it is 
important to recognize that MFC performed for standard 
clinical immunophenotyping (which generally will have a 
detection limit of only ~0.1%) usually does not achieve 
adequate sensitivity for quantifying MRD.

is classically defined (ie, achievement of <5% blasts). The 
level of MRD at any time reflects the response achieved to 
primary induction and consolidation therapies, as well as 
immunologic effects that have the potential to counteract 
relapse. Response to treatment is antagonized by high-risk 
disease features, niche protective effects, and immunologic 
evasion (Figure, B). An MRD threshold of 10-4 (0.01%) 
leukemia cells has been recognized in several studies as a 
cut-off that can differentiate between patients at higher 
risk of relapse and those with a lower, but non-negligi-
ble, risk of relapse. Achieving MRD negativity at this 
threshold is the single most important prognostic factor 
in treating patients with ALL. 

In a recent meta-analysis evaluating 39 studies with 
13,637 patients in both pediatric and adult populations 
with ALL, MRD negativity uniformly correlated with sig-
nificantly better outcomes in all studies.1 Ten-year event-
free survival within the first 3 cycles of chemotherapy was 
64% for adults achieving MRD-negative status vs 21% 
in those with MRD-positive disease. It is important to 
recognize that this meta-analysis incorporated results of 
trials across different types of chemotherapy and proto-
cols around the globe, and all demonstrated the value of 
assessing MRD status early in the course of therapy. Based 
on the wealth of data supporting MRD quantification as 
a prognostic indicator and clinical decision-making tool, 
the National Comprehensive Cancer Network and the 
European Society for Medical Oncology clinical practice 
guidelines both advocate for MRD quantification to be 
a standard component of caring for pediatric and adult 
patients with ALL.2,3 Further recommendations for algo-
rithmic application of MRD testing in B- and T-cell ALL 
have also been proposed.4

Methods of MRD Monitoring

Because no gold standard method remains for quantifying 
MRD, clinical practice around the world varies. Most 
clinical trials and retrospective studies to date have used 
PCR-based techniques or MFC. 

For patients with Philadelphia chromosome–positive 
(Ph+) ALL, the most common method of disease monitor-
ing is BCR-ABL fusion gene quantification by RQ-PCR. 
This fusion gene is present in approximately 25% of B-cell 
ALL in adults. RQ-PCR measures RNA expression and is 
used in this setting to detect the number of BCR-ABL 
transcripts in the cells that remain in a bone marrow or 
peripheral blood specimen during or after treatment. The 
BCR-ABL subtype p190 is most commonly identified in 
B-cell ALL, but the p210 subtype may also be seen in de 
novo B-cell ALL and in cases arising from chronic myeloid 
leukemia (CML) in lymphoid blast crisis; both subtypes 
are readily quantified by RQ-PCR.5,6 Several studies have 
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Another technique that has been widely used in clini-
cal trials is qPCR, also known as ASO-PCR. This method 
relies on quantification of Ig and/or T-cell receptor (TCR) 
rearrangements using specific primers and a qPCR probe 
designed for each patient. With this method, junctional 
variable, diversity, and joining (VDJ)-specific sequences 
must be identified in leukemic cells at the time of diag-
nosis. Leukemia-specific Ig/TCR rearrangements may be 
identified from the initial diagnostic sample through NGS 
or a panel of screening PCRs and conventional Sanger 
sequencing.12-17 Subsequently, patient-specific primer/
probe sets must be generated for use in ASO-PCR–based 
quantification of the precise number of residual leukemic 
cells in a post-treatment specimen. The sensitivity of this 
method is at least 10-4 in most cases and is technically 
feasible in roughly 90% of patients; however, the develop-
ment of patient-specific assays is laborious, costly, and not 
amenable to approval by regulatory agencies in the United 
States, which has severely limited the applicability of this 
method. This approach is nevertheless used extensively by 
members of the European Study Group on MRD Detec-
tion in ALL (EuroMRD) throughout Europe.18,19

Amplicon-based NGS has more recently emerged as 
a powerful method for quantifying MRD that overcomes 
many of the logistical and regulatory barriers encountered 
with ASO-PCR. As with ASO-PCR, the NGS technique 
requires a diagnostic sample to identify leukemia-specific 
immunoreceptor gene rearrangements. Identification of 
Ig/TCR sequences uses multiplexed PCR with consensus 
primers to amplify the entire repertoire of 1 or more 

specific Ig/TCR immunoreceptor genes within a sample, 
followed by NGS to quantify specific sequences. The sam-
ple can be derived from bone marrow aspirate, peripheral 
blood, or biopsy of tissues such as lymph nodes. Leuke-
mia-specific rearrangements are then monitored through 
the course of therapy via bioinformatic interrogation of 
the repertoire derived from NGS analysis of serial sam-
ples.20-22 Importantly, unlike ASO-PCR, the NGS tech-
nique accomplishes highly sensitive and specific repertoire 
analysis without the need to generate patient-specific 
oligonucleotides for qPCR. This method is applicable to 
approximately 90% of ALL cases and can readily achieve 
10-6 (0.0001%) sensitivity with adequately cellular sam-
ples.21-23 Furthermore, it is the only MRD quantification 
method that has been cleared by the US Food and Drug 
Administration (FDA). 

The NGS approach has been demonstrated to be 
more sensitive than FCM in both B- and T-cell ALL.24,25 
High degrees of correlation between NGS and both FCM 
and ASO-PCR have been observed when MRD burden 
is greater than 10-4.22,23,26 Evidence exists to favor NGS 
over FCM for clinically relevant predictive value. In a 
study quantifying MRD in children who underwent 
hematopoietic cell transplant (HCT), NGS was found 
to be more specific than RQ-PCR. These findings were 
likely due to the massive B-lymphocyte regeneration that 
occurs in the post-transplant setting.27 Another study also 
affirmed an advantage to using NGS over FCM because it 
was predictive of outcome at much earlier times (day +30 
and day +100) after allogeneic HCT (alloHCT).28

Figure. Measurable residual disease (MRD) represents the remaining malignant cells present after cytoreductive therapy that ultimately lead 
to relapse (A). MRD quantification with highly sensitive techniques facilitates assessment of patient-specific responses to treatment (B).

MRD, measurable residual disease.
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Clinical Significance of MRD Monitoring

In both pediatric and adult patients, MRD has been 
identified as the single most robust prognosticator of OS 
and leukemia-free survival. Studies contributing to the 
evidence base supporting use of MRD are plentiful and 
have been reviewed in 2 meta-analyses.1,29 Therefore, this 
review provides a few instructive examples that demon-
strate the utility of MRD quantification early in the 
course of treatment; the remainder of the review focuses 
on MRD quantification in specific settings. 

The German Multicenter Study Group for Adult 
Acute Lymphoblastic Leukemia (GMALL) evaluated the 
significance of MRD in adults with standard-risk leuke-
mia.30 In this study, the method of MRD quantification 
was Ig/TCR ASO-PCR, with a sensitivity threshold of 
10-4. The trial evaluated 196 standard-risk patients who 
received induction with asparaginase-based BFM-like 
chemotherapy. MRD quantification was performed on 
days 11 (middle of induction phase 1), 24 (end of induc-
tion phase 1), and week 16 (end of first consolidation). 
Using the MRD status on days 11 and 24 and week 16, 
patients were stratified into low-, intermediate-, and high-
risk categories. Low-risk patients had negative MRD on 
days 11 and 24. Ten percent of patients were in this cate-
gory, and for this group the 3-year cumulative incidence 
of relapse was 0. For patients who were MRD-positive 
at both day 24 and week 16, 94% had relapsed within 
3 years. Patients who did not meet criteria for low- or 
high-risk were considered in the intermediate-risk group, 
and had a relapse rate of 47%.30 

In another study, Vidriales and colleagues demon-
strated the importance of MRD as a prognostic factor by 
using MFC to evaluate MRD in adolescents and young 
adults.31 A total of 102 individuals with ALL were eval-
uated, and only patients who were in complete morpho-
logic remission after induction were included. Mandatory 
MRD evaluation of bone marrow samples was performed 
by MFC on day 35 and showed that patients with resid-
ual blast cells lower than 0.05% had significantly longer 
RFS than those with levels of 0.05% or higher (42 vs 16 
months; P=.001). All patients with MRD greater than 
0.1% relapsed within 2 years.31 

The Polish Adult Leukemia Group ALL 4-2002 MRD 
study also assessed the clinical significance of MRD status 
after induction in adults with Ph– ALL.32 The method of 
MRD quantification used was MFC, which was assessed 
at the end of induction and consolidation therapy. The 
endpoint of the study was the prognostic significance of 
achieving MRD below 0.1% (10-3) after the end of induc-
tion and consolidation. The induction treatment consisted 
of asparaginase-based chemotherapy, and the consoli-
dation included 2 courses of high-dose cytarabine and 

cyclophosphamide. After consolidation, patients were sep-
arated into standard-risk and high-risk groups and treated 
accordingly. MRD was evaluated in 115 of 116 patients 
in complete remission (CR) after induction, and was 
considered positive (>0.1%), classifying patients as high 
risk, in 33%. After consolidation, 21.6% were positive and 
42% had at least 1 positive MRD result at any point in the 
study. Achieving MRD less than 0.1% after induction was 
associated with a significant decrease in relapse (26% vs 
81%) and improved leukemia-free survival (61% vs 17%) 
at 3 years.32 

MRD in the Setting of Allogeneic 
Hematopoietic Cell Transplant

AlloHCT is a potentially curative long-term consol-
idation therapy for patients with ALL. The therapeutic 
implications of MRD before and after alloHCT remain 
under investigation and it is yet unclear which patients 
with MRD-positive disease will derive the most benefit 
from this modality of treatment, particularly in the era of 
immunotherapy alternatives for MRD-directed therapy 
and treatment of frankly relapsed disease.

GRAALL (Group for Research on Adult Acute Lym-
phoblastic Leukemia) retrospectively analyzed transplant 
outcomes in patients who were treated in the GRAALL 
2003 (Feasibility of Risk-Adapted Therapy in Young 
Adult Acute Lymphoblastic Leukemia: a Multicenter 
Trial) and GRAALL 2005 (Treatment of Acute Lympho-
blastic Leukemia in Younger Adults) trials, which assessed 
the use of pediatric-inspired chemotherapy in adults with 
ALL.33 A total of 282 patients who received a transplant 
in first CR (CR1) were included. All patients were consid-
ered high risk by conventional methods and had at least 
1 of the following: central nervous system involvement, 
low hypodiploidy/near triploidy, early resistance to cor-
ticosteroids, poor early bone marrow blast clearance, late 
CR, and Ig/TCR MRD greater than 10-2 after induction. 
Quantitative PCR–based MRD evaluation was performed 
6 weeks after induction initiation and after the 3 blocks 
of consolidation (12 weeks after induction). The 3-year 
post-transplant nonrelapse mortality was 15.5% and 
survival was almost 70%. None of the high-risk criteria 
were associated with evidence of benefit from alloHCT. 
Good MRD response, defined as MRD less than 10-3 after 
the first induction, was not associated with benefit from 
transplant. In patients who were MRD-positive, alloHCT 
was associated with longer RFS (hazard ratio [HR], 0.4). 
This suggests that MRD status is helpful for guiding the 
decision of whether chemotherapy consolidation or trans-
plant should be offered to patients in first remission. 

The GMALL also retrospectively analyzed data from 
adults with Ph– ALL who were enrolled in their trials 
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between April 1999 and July 2009.34 MRD evaluation 
was consistently performed at days 11, 26, 46, and 71, 
and at week 16. The MRD quantification method was 
RQ-PCR with a minimum sensitivity of 10-4. A total of 
1648 patients were studied and data from 580 patients 
met criteria for inclusion in the analysis. In this popu-
lation, 76% of patients achieved MRD-negative disease 
(<10-4) by week 16. MRD-negative ALL was associated 
with higher continuous morphologic CR (69% vs 29%) 
and better OS (80% vs 42%) at 5 years from diagnosis. 
Patients with MRD-positive disease who were not under-
going alloHCT relapsed after a median of 7.6 months; 
continuous CR and survival at 5 years were 12% and 
33%, respectively. A total of 120 patients had MRD-posi-
tive disease on week 16, and 47% underwent alloHCT in 
first CR. For patients who were MRD-positive, the prob-
ability of continuous CR after 5 years was significantly 
higher for patients who received alloHCT in CR1 com-
pared with those not receiving alloHCT in CR1 (66% 
vs 12%; P<.0001). These data suggest that patients with 
MRD-positive (>10-4) status after induction benefit from 
allogeneic (alloHCT), whereas survival is dismal in the 
absence of transplant. 

Use of MRD to Escalate Therapy

In the modern treatment of ALL, knowledge that 
MRD-negative status of less than 10-4 has been associated 
with better clinical outcomes has been incorporated into 
practice patterns. Owing to this fact, escalation of therapy 
in order to achieve deeper MRD response is often believed 
to lead to better survival rates. In the face of abundant 
data demonstrating the relapse risk associated with 
MRD greater than 10-4, achieving complete hematologic 
remission alone is no longer the most crucial endpoint, 
so studies have investigated methods for achieving MRD 
negativity in those with detectable MRD at the end of 
induction.

In children, MRD-triggered interventions with 
therapy escalation were studied in the UKALL 2003 
trial (United Kingdom Childhood Acute Lymphoblastic 
Leukaemia Randomised Trial) that enrolled ALL patients 
aged 1 to 24 years and classified them as clinical stan-
dard-risk, intermediate-risk, or high-risk.35 A total of 
553 MRD high-risk patients (those with MRD ≥10-4 at 
day 29 of induction) were randomly assigned to receive 
standard therapy or augmented post-remission therapy. 
The augmented treatment regimen included 8 additional 
doses of pegylated asparaginase, vincristine, and dose-esca-
lated intravenous methotrexate without folinic acid rescue. 
The 5-year event-free survival was better in the augmented 
treatment group than in the standard therapy group 
(89.6% vs 82.8%, respectively; odds ratio, 0.61; P=.04). 

The use of alloHCT as intensified consolidation based 
on MRD was evaluated in children at intermediate risk 
for relapse. The ALL-REZ BFM 2002 study (Multi-Cen-
ter Study for Children With Relapsed Acute Lympho-
blastic Leukemia) from the Berlin-Frankfurt-Münster 
Group evaluated patients with an MRD level of at least 
10-3 (by RQ-PCR) at the end of induction.36 Patients 
deemed MRD-negative received standard consolidation 
chemotherapy, and patients with MRD positivity were 
assigned to alloHCT with related or unrelated donors. In 
the MRD-positive group, 83% had donors and received 
alloHCT. The RFS for patients with MRD positivity 
was 64%. This result was significantly better than that 
observed in the predecessor ALL-REZ BFM P95/96 
study, in which only 18% of patients with these charac-
teristics remained event-free without early assignment to 
transplant. This was achieved owing to the reduction of 
relapse with the ALL-REZ BFM 2002 regimen, including 
MRD intervention (59% vs 27%; P<.001).36

In adults, initial attempts to optimize treatments 
of patients with MRD-positive disease investigated 
the use of consolidation with alloHCT. The Northern 
Italy Leukemia Group (NILG) studied patients who 
were MRD-positive (>10-4) prior to consolidation, and 
assigned patients to standard chemotherapy or alloHCT 
based on MRD status.37 MRD was evaluated at weeks 
10, 16, and 22 using RQ-PCR. Ph+ or t(4;11) patients 
were automatically assigned to the alloHCT arm. MRD 
positivity (>10-4) after consolidation was more significant 
than other genetic or clinical features as a predictor of 
relapse (HR, 5.33; P=.001), demonstrating the power of 
MRD quantification to predict outcomes across a spec-
trum of genetic risk groups. After a median of 3 years of 
follow-up, the OS and disease-free survival rates were 0.75 
and 0.72, respectively, in the MRD-negative group vs 
0.33 and 0.14, respectively, in the MRD-positive group, 
indicating that this strategy was successful at identifying a 
population (MRD-negative <10-4) in which the majority 
could do well without transplant.37 Unfortunately, the 
study also demonstrated poor outcomes for MRD-posi-
tive patients, even with alloHCT employed based on the 
presence of MRD after consolidation, reaffirming the 
need for better strategies to help such patients.

The PETHEMA ALL-AR-03 trial (Treatment of 
High Risk Adult Acute Lymphoblastic Leukemia) also 
explored the same question in patients with Ph– ALL 
who were assigned to alloHCT vs chemotherapy depend-
ing on their early cytologic response (>10% blast in bone 
marrow at day 14) or an MFC-based MRD level greater 
than 5 × 10-4 at the end of consolidation.38 Patients with 
good early cytologic response and MRD negativity were 
assigned to delayed consolidation and maintenance, and 
alloHCT was reserved for patients with MRD positivity 
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or poor early cytologic response. A total of 179 patients 
were assigned by intention to treat to receive alloHCT 
(n=71) or chemotherapy (n=108). The 5-year disease-free 
survival and OS were 32% and 37%, respectively, for 
patients assigned to alloHCT, and 55% and 59% for 
those assigned to chemotherapy, respectively, again 
demonstrating poor outcomes for patients who remain 
MRD positive after consolidation and raising questions 
about whether the benefit of early alloHCT seen in other 
studies is generally applicable.

Blinatumomab in Patients With MRD-Positive 
B-Cell ALL

Blinatumomab (Blincyto, Amgen) is a CD19/CD3 
bispecific T-cell engager (BiTE) antibody construct that 
induces lysis of CD19-expressing leukemic cells by stim-
ulating intercellular connection between the target cells 
and cytotoxic T lymphocytes. It was initially approved by 
the FDA to treat relapsed or refractory precursor B-cell 
ALL based on results of the multicenter phase 3 TOWER 
trial (Blinatumomab Versus Standard of Care Chemo-
therapy in Patients With Relapsed or Refractory Acute 
Lymphoblastic Leukemia), in which patients were ran-
domly assigned to blinatumomab or standard cytotoxic 
chemotherapy reinduction.39 Among 405 patients who 
were randomly assigned in this study, CR rates within 12 
weeks after treatment were higher in the blinatumomab 
group than in the standard chemotherapy group (34% 
vs 16%; P<.001) and CR with full, partial, or incom-
plete hematologic recovery was observed in 44% vs 25% 
(P<.001) of the groups, respectively. Patients receiving bli-
natumomab also had significantly longer OS (7.0 vs 4.0 
months; P=.01). Improvement in OS was greater when 
blinatumomab was given in first CR with MRD (median, 
36.5 months) vs second or later CR with MRD (median, 
19.1 months).40 Long-term survival data from the initial 
phase 2 blinatumomab trial also described outcomes of 
the 36 patients who received blinatumomab and demon-
strated a median OS of 13 months, which was better 
than observed in the phase 3 study.41 Ten out of the 36 
patients were long-term survivors (OS >30 months). All 
long-term survivors were MRD-negative. Achievement of 
an MRD-negative response to blinatumomab was associ-
ated with significantly longer OS (P=.0009), indicating 
that MRD negativity after salvage immunotherapy is also 
predictive of OS, as it is following conventional chemo-
therapy.

Prior to its application to relapsed/refractory B-cell 
ALL, blinatumomab was originally studied in patients 
in MRD-positive remission by Topp and colleagues.42 In 
an initial study, 20 patients with MRD-positive disease 
(defined as >10-3) in first remission received blinatumomab. 

Eighty percent of patients achieved an MRD-negative 
response, and after 33 months of median follow-up, RFS 
was 61%.42 Although all patients were at high risk for 
relapse based on persistent MRD after 3 cycles of treat-
ment, 6 of 11 long-term survivors did not receive alloHCT 
as additional consolidation, providing tantalizing data sug-
gesting that blinatumomab treatment for MRD positivity 
may be associated with long RFS, even in the absence of 
subsequent alloHCT. 

These positive data were subsequently confirmed in 
the larger phase 2 BLAST trial. In this trial, Gökbuget 
and colleagues again studied blinatumomab in patients 
in CR after 3 cycles of chemotherapy who remained 
MRD-positive (>10-3).40 After 1 cycle of blinatumomab 
(15 µg/m2 per day in continuous infusion for 28 days), 
patients could proceed to alloHCT. The total number of 
patients enrolled was 116 and 78% achieved complete 
MRD response (<10-4). The RFS at 18 months was 54% 
and median OS was 36.5 months. Complete MRD 
responders had longer RFS (23.6 vs 5.7 months; P=.002) 
and OS (38.9 vs 12.5 months; P=.002). A further report 

from the same phase 3 trial described the long-term OS 
for patients who had a minimum follow-up of 3 years 
after treatment with blinatumomab.43 In the subgroup of 
110 patients with Ph– ALL in CR, the RFS at 18 months 
was 54% and the OS was 36.5 months. MRD responders 
had longer RFS (23.6 vs 5.7 months; P=.002) and OS 
(38.9 vs 12.5 months; P=.002) compared with MRD 
nonresponders. A total of 74% of the patients received 
alloHCT while they were in remission after treatment 
with blinatumomab. Nine (25%) of 36 patients with-
out alloHCT or additional chemotherapy remained in 
continuous CR. Although the number of patients were 
small, the analysis of the subgroup who received alloHCT 
vs blinatumomab alone in CR1 did not show significant 
statistical difference. In contrast, patients in second CR 
(CR2) appeared to benefit from alloHCT. Overall, relapse 
was lower in the allografted group, whereas transplant-as-
sociated mortality appeared to decrease the benefit of 
transplant vs blinatumomab alone on OS.43 

In March 2018, blinatumomab received an additional 
accelerated approval for the indication of B-cell precursor 
ALL in CR1 or CR2 with MRD greater than or equal to 
0.1% (10-3). Approval was based on the results of the BLAST 
study in comparison with historical controls. Because this 
approval was based on nonrandomized phase 2 data, the 
FDA requires confirmation in another trial, which will be 
addressed by the ECOG-E1910 study (NCT02003222). 
Blinatumomab is also being studied in combination with 
tyrosine kinase inhibitors in Ph+ ALL with MRD44 and 
as frontline therapy.45 Early results appear promising, 
suggesting this option may also be useful for eliminating 
chemotherapy to achieve MRD-negative remissions for 
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Ph+ ALL. Additional data are needed to fully clarify which 
patients with MRD-positive Ph+ or Ph– ALL benefit from 
alloHCT after blinatumomab.

Strategies to Maximize MRD Response in the 
First-Line Setting

The ongoing randomized phase 3 E1910 trial 
(NCT02003222) is currently investigating the use of 
blinatumomab in the frontline setting immediately fol-
lowing induction and consolidation chemotherapy. This 
study design is based on the hypothesis that blinatum-
omab will deepen the CRs that are typically achieved by 
the vast majority of patients with ALL following induction 
chemotherapy. This approach is based on the observation 
from other studies that blinatumomab is more effective 
in patients with lower disease burdens. If proven safe and 
effective, this approach may help more patients achieve 
MRD-negative CRs early in the course of therapy. In 
turn, this holds promise for reducing the proportion of 
ALL patients who may need alloHCT, with its significant 
inherent risks, to maintain long-term remission. 

An alternative to the debulking approach with 
cytotoxics prior to blinatumomab is represented by the 
ongoing phase 2 SWOG 1318 study (Blinatumomab and 
Combination Chemotherapy or Dasatinib, Prednisone, 
and Blinatumomab in Treating Older Patients With 
Acute Lymphoblastic Leukemia). This study is using bli-
natumomab as first therapy, followed by prednisone, vin-
cristine, methotrexate, and 6-mercaptopurine (POMP) 
maintenance, in newly diagnosed elderly patients with 
Ph– ALL.46 In a preliminary report from this study, 29 
eligible patients received 1 or 2 cycles of induction with 
blinatumomab until CR or incomplete CR, then received 
3 cycles of blinatumomab after remission followed by 
18 months of POMP maintenance. The ORR was 66%, 
and 12 of 13 (92%) responders evaluable for MRD were 
negative. Although these data are promising, with higher 
response rates than seen in the TOWER trial employing 
blinatumomab in the relapsed/refractory setting, the 
treatment success was lower than in the BLAST study, 
in which 80% of patients achieved MRD negativity 
(although the BLAST study was not restricted to the 
elderly population). These findings suggest that blinatum-
omab therapy may benefit from prior cytoreduction with 
chemotherapy.

MRD Surveillance After Treatment

Serial testing of MRD is recommended and is performed 
in many centers, although robust trial evidence to sub-
stantiate the optimal timing and frequency remains 
wanting. The importance of repeating MRD assessment 

in patients who achieve MRD-negative disease after 
treatment is unclear. It is logical to assume, though, that 
before a leukemic patient relapses, a transition through 
an MRD-positive state is required, and this may be an 
opportunity for intervention. The GMALL prospectively 
evaluated samples from 105 patients who were enrolled 
in the GMALL 06/99 and 07/03 trials. MRD was per-
formed using RQ-PCR with intervals of 3 months.47 
All patients evaluated were in remission, had completed 
first-year chemotherapy, and were previously MRD-neg-
ative at less than 10-4. From the initial 105 patients, 27% 
converted to MRD positivity and 61% of those patients 
relapsed during a median follow-up of 16.1 months. The 
median time from molecular to clinical relapse was 9.5 
months, suggesting an ample window for intervention. 
Of the 77 patients who were continuously MRD-nega-
tive with quarterly monitoring, only 5 (6%) relapsed.47 
On the basis of these data, we suggest suitable times for 
MRD quantification throughout the course of ALL ther-
apy, with recognition that specific application of MRD 
quantification depends to some degree on the treatment 
regimen and patient factors (Table). 

As discussed above, achievement of an MRD-negative 
response after blinatumomab for either relapsed/refrac-
tory disease or MRD-positive CR status was associated 
with improved OS, demonstrating that MRD remains 
prognostic in the setting of salvage therapy. Saygin and 
colleagues found that MRD negativity in CR2, regardless 
of which treatment method achieved it, was associated 
with improved RFS (P=.001), but not OS (P=.36).48 
Similarly, Jabbour and colleagues found MRD less than 
10-4 by MFC to be associated with an improvement in 
2-year RFS—46% vs 17% (P=.06)—in first salvage, but 
MRD status was not useful in second salvage among a 
heterogenous group of patients treated with several 
different salvage regimens.49 The same group reported a 
more homogenous patient population (n=48) treated in 
first salvage with inotuzumab ozogamicin combined with 
mini-hyperfractionated cyclophosphamide, vincristine, 
and dexamethasone (mini-HCVD). The median OS was 
numerically higher in those achieving MRD negativity 
(<10-4) than in those with MRD greater than 10-4, at 47 vs 
5 months (P=.065), but the difference was not statistically 
significant.50

Discussion

Achieving an MRD-negative status of less than 10-4 within 
the first 2 to 3 cycles of induction/consolidation therapy is 
a critical milestone that should be pursued in all patients 
with ALL. As shown in many trials in the adult and 
pediatric populations, MRD is the single most import-
ant factor that will predict long-term survival and risk of 
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relapse. Quantification of MRD can be performed using 
different methods as discussed herein, but it is seemingly 
unlikely that a randomized clinical trial will be performed 
comparing the different methods of MRD assessment. 
Therefore, in the context of available data, it is reasonable 
to advocate that MRD testing be done with whatever 
method is most readily available. The NGS approach 
remains the only method with FDA clearance for quanti-
fication of MRD in ALL. This approach, which has been 
commercialized as the clonoSEQ Assay from Adaptive 
Biotechnologies, is available as a send-out test from any 
medical facility in the United States. The availability of 
this test should improve the rates of MRD quantification 
in ALL patients, regardless of where they are treated. The 
optimal frequency of MRD evaluation remains to be 
clarified, but as indicated in many trials, MRD evaluation 
after induction and consolidation should be considered 
the minimum standard for assessing the risk of relapse for 
patients. Serial follow-up is advisable. Additionally, based 
on the importance of MRD status before and especially 
after alloHCT, patients should be assessed for MRD at 
these times whenever feasible, with appropriate interven-
tions made based on the data. There are currently limited 
data to guide decisions based on MRD detectable below 
10-4, but given the availability of NGS with sensitivity to 
10-6 disease burden, this will become increasingly import-
ant. Early data suggest that MRD less than 10-4 may be 
just as predictive of outcome as MRD greater than 10-4.51 

Patients with MRD-positive status in CR can now 
receive blinatumomab, and a confirmatory phase 3 trial 
is ongoing to determine if this approach unequivocally 
provides benefit. Controversy remains regarding whether 
achieving MRD-negative status with blinatumomab 
prior to alloHCT will translate into better clinical out-
comes than proceeding directly to transplant, but based 
on historical experience—with generally poor outcomes 
for MRD-positive patients even with alloHCT—the 
early data provided by the BLAST study are compelling 
and provide reason for optimism. It is also intriguing 
that some patients treated with blinatumomab for MRD 
may experience long-term remission without alloHCT. It 
remains uncertain how such patients may be identified 

to help avoid potential treatment-related mortality and 
morbidity. The deep sensitivity of NGS-based MRD 
quantification may, however, be a tool to help distinguish 
patients who do not necessarily need alloHCT in this 
setting. It is important for future studies to determine 
whether MRD lower than 10-6 in multiple serial eval-
uations might be sufficient to identify patients who do 
not need alloHCT after blinatumomab administered for 
MRD (or potentially as frontline therapy, as is currently 
being investigated).

Another question remaining to be addressed is how 
many cycles of blinatumomab patients should receive after 
achieving an MRD-negative remission. Most patients who 
achieve MRD negativity with blinatumomab will do so 
within the initial 2 cycles. The previous and ongoing trials 
that studied blinatumomab have included 4 to 8 cycles of 
treatment. It is unclear at this point whether additional 
therapy produces deeper molecular responses, or if achiev-
ing deeper molecular responses are clinically meaningful. 
An alternative approach to consider would be treatment 
with blinatumomab to MRD less than 10-6, followed by 
monitoring and preemptive re-treatment for MRD pro-
gression. This approach should be compared with serial 
consolidation for a specific number of cycles, even if MRD 
clearance below the 10-6 threshold is achieved early in the 
course of blinatumomab treatment. These questions need 
to be addressed in the future to minimize exposure to the 
adverse effects that can be associated with BiTE therapy, 
including cytokine release syndrome and neurotoxicity, 
but also for important health economic reasons. 

Ultimately, it will be important to determine how 
best to utilize high-sensitivity MRD quantification in 
combination with novel therapies including blinatum-
omab and inotuzumab, and with cellular therapies, such 
as chimeric antigen receptor (CAR) T cells, to maximize 
the likelihood of ALL cure from the first line of treatment. 
MRD quantification may also help guide studies seeking 
to reduce what are currently very long treatment com-
mitments for patients, with roughly 3 years of therapy 
for those who complete induction, consolidation, and 
maintenance regimens without use of alloHCT. It is thus 
certain that MRD quantification will remain a critical 

Table. When and How to Assess MRD in ALL

ALL Subtype Methods
End of 
Induction

Consolidation/
Intensification Maintenance

Pre-trans-
plant

Post-
transplant

Ph– NGS (Ig/TCR) or MFC Essential Every 2-3 mo Every 3-6 mo Essential Every 2-3 mo

Ph+ BCR-ABL RQ-PCR, 
NGS (Ig/TCR), or MFC

Essential Every 2-3 mo Every 3-6 mo Essential Every 2-3 mo

ALL, acute lymphoblastic leukemia; Ig, immunoglobulin; MFC, multiparameter flow cytometry; mo, months; MRD, measurable residual disease; 
NGS, next-generation sequencing; Ph, Philadelphia chromosome; RQ-PCR, real-time quantitative polymerase chain reaction; TCR, T-cell receptor. 
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assessment at multiple times for all patients undergoing 
treatment for ALL, and it is imperative that all providers 
caring for ALL patients identify an approach to obtaining 
MRD quantification routinely.

Disclosures
Dr Akabane has no disclosures. In the past 12 months, 
Dr Logan has received research funding from Amphivena, 
Astellas, Jazz, Kadmon, Kite, and Pharmacyclics, as well as 
consulting honoraria from Amgen and Agios. 

References
1. Berry DA, Zhou S, Higley H, et al. Association of minimal residual disease with 
clinical outcome in pediatric and adult acute lymphoblastic leukemia: a meta-anal-
ysis. JAMA Oncol. 2017;3(7):e170580.
2. Brown PA, Wieduwilt M, Logan A, et al. Guidelines insights: acute lympho-
blastic leukemia, version 1.2019. J Natl Compr Canc Netw. 2019;17(5):414-423.
3. Hoelzer D, Bassan R, Dombret H, Fielding A, Ribera JM, Buske C; ESMO 
Guidelines Committee. Acute lymphoblastic leukaemia in adult patients: ESMO 
Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann Oncol. 
2016;27(suppl 5):v69-v82.
4. Short NJ, Jabbour E, Albitar M, et al. Recommendations for the assessment and 
management of measurable residual disease in adults with acute lymphoblastic leu-
kemia: a consensus of North American experts. Am J Hematol. 2019;94(2):257-265.
5. Score J, Calasanz MJ, Ottman O, et al. Analysis of genomic breakpoints in 
p190 and p210 BCR-ABL indicate distinct mechanisms of formation. Leukemia. 
2010;24(10):1742-1750.
6. Jones D, Luthra R, Cortes J, et al. BCR-ABL fusion transcript types and levels 
and their interaction with secondary genetic changes in determining the phenotype 
of Philadelphia chromosome-positive leukemias. Blood. 2008;112(13):5190-5192.
7. Ravandi F, Jorgensen JL, Thomas DA, et al. Detection of MRD may predict 
the outcome of patients with Philadelphia chromosome-positive ALL treated with 
tyrosine kinase inhibitors plus chemotherapy. Blood. 2013;122(7):1214-1221.
8. Short NJ, Jabbour E, Sasaki K, et al. Impact of complete molecular response on 
survival in patients with Philadelphia chromosome-positive acute lymphoblastic 
leukemia. Blood. 2016;128(4):504-507.
9. Yanada M, Sugiura I, Takeuchi J, et al; Japan Adult Leukemia Study Group. Pro-
spective monitoring of BCR-ABL1 transcript levels in patients with Philadelphia 
chromosome-positive acute lymphoblastic leukaemia undergoing imatinib-com-
bined chemotherapy. Br J Haematol. 2008;143(4):503-510.
10. Chen X, Wood BL. Monitoring minimal residual disease in acute leukemia: 
technical challenges and interpretive complexities. Blood Rev. 2017;31(2):63-75.
11. Theunissen P, Mejstrikova E, Sedek L, et al; EuroFlow Consortium. Stan-
dardized flow cytometry for highly sensitive MRD measurements in B-cell acute 
lymphoblastic leukemia. Blood. 2017;129(3):347-357.
12. Evans PA, Pott Ch, Groenen PJ, et al. Significantly improved PCR-based 
clonality testing in B-cell malignancies by use of multiple immunoglobulin gene 
targets. Report of the BIOMED-2 Concerted Action BHM4-CT98-3936. Leuke-
mia. 2007;21(2):207-214.
13. Brüggemann M, White H, Gaulard P, et al. Powerful strategy for polymerase chain 
reaction-based clonality assessment in T-cell malignancies Report of the BIOMED-2 
Concerted Action BHM4 CT98-3936. Leukemia. 2007;21(2):215-221.
14. Langerak AW, Groenen PJ, Brüggemann M, et al. EuroClonality/BIOMED-2 
guidelines for interpretation and reporting of Ig/TCR clonality testing in sus-
pected lymphoproliferations. Leukemia. 2012;26(10):2159-2171.
15. Scheijen B, Meijers RWJ, Rijntjes J, et al; EuroClonality-NGS Working 
Group. Next-generation sequencing of immunoglobulin gene rearrangements for 
clonality assessment: a technical feasibility study by EuroClonality-NGS. Leuke-
mia. 2019;33(9):2227-2240.
16. Brüggemann M, Kotrová M, Knecht H, et al; EuroClonality-NGS work-
ing group. Standardized next-generation sequencing of immunoglobulin and 
T-cell receptor gene recombinations for MRD marker identification in acute 
lymphoblastic leukaemia; a EuroClonality-NGS validation study. Leukemia. 
2019;33(9):2241-2253.
17. van der Velden VH, van Dongen JJ. MRD detection in acute lymphoblastic 
leukemia patients using Ig/TCR gene rearrangements as targets for real-time quan-
titative PCR. Methods Mol Biol. 2009;538:115-150.

18. van der Velden VH, Cazzaniga G, Schrauder A, et al; European Study Group 
on MRD detection in ALL (ESG-MRD-ALL). Analysis of minimal residual dis-
ease by Ig/TCR gene rearrangements: guidelines for interpretation of real-time 
quantitative PCR data. Leukemia. 2007;21(4):604-611.
19. Kotrova M, Trka J, Kneba M, Brüggemann M. Is next-generation sequencing 
the way to go for residual disease monitoring in acute lymphoblastic leukemia? Mol 
Diagn Ther. 2017;21(5):481-492.
20. Logan AC, Gao H, Wang C, et al. High-throughput VDJ sequencing for quan-
tification of minimal residual disease in chronic lymphocytic leukemia and immune 
reconstitution assessment. Proc Natl Acad Sci U S A. 2011;108(52):21194-21199.
21. Faham M, Zheng J, Moorhead M, et al. Deep-sequencing approach for 
minimal residual disease detection in acute lymphoblastic leukemia. Blood. 
2012;120(26):5173-5180.
22. Logan AC, Zhang B, Narasimhan B, et al. Minimal residual disease quan-
tification using consensus primers and high-throughput IGH sequencing 
predicts post-transplant relapse in chronic lymphocytic leukemia. Leukemia. 
2013;27(8):1659-1665.
23. Logan AC, Vashi N, Faham M, et al. Immunoglobulin and T cell receptor gene 
high-throughput sequencing quantifies minimal residual disease in acute lympho-
blastic leukemia and predicts post-transplantation relapse and survival. Biol Blood 
Marrow Transplant. 2014;20(9):1307-1313.
24. Wu D, Sherwood A, Fromm JR, et al. High-throughput sequencing detects 
minimal residual disease in acute T lymphoblastic leukemia. Sci Transl Med. 
2012;4(134):134ra63.
25. Wu D, Emerson RO, Sherwood A, et al. Detection of minimal residual disease 
in B lymphoblastic leukemia by high-throughput sequencing of IGH. Clin Cancer 
Res. 2014;20(17):4540-4548.
26. Ladetto M, Brüggemann M, Monitillo L, et al. Next-generation sequencing 
and real-time quantitative PCR for minimal residual disease detection in B-cell 
disorders. Leukemia. 2014;28(6):1299-1307.
27. Kotrova M, van der Velden VHJ, van Dongen JJM, et al. Next-generation 
sequencing indicates false-positive MRD results and better predicts prognosis after 
SCT in patients with childhood ALL. Bone Marrow Transplant. 2017;52(7):962-
968.
28. Pulsipher MA, Carlson C, Langholz B, et al. IgH-V(D)J NGS-MRD measure-
ment pre- and early post-allotransplant defines very low- and very high-risk ALL 
patients. Blood. 2015;125(22):3501-3508.
29. Bassan R, Brüggemann M, Radcliffe HS, Hartfield E, Kreuzbauer G, Wetten 
S. A systematic literature review and meta-analysis of minimal residual disease as a 
prognostic indicator in adult B-cell acute lymphoblastic leukemia. Haematologica. 
2019;104(10):2028-2039.
30. Brüggemann M, Raff T, Flohr T, et al; German Multicenter Study Group for 
Adult Acute Lymphoblastic Leukemia. Clinical significance of minimal residual 
disease quantification in adult patients with standard-risk acute lymphoblastic 
leukemia. Blood. 2006;107(3):1116-1123.
31. Vidriales MB, Pérez JJ, López-Berges MC, et al. Minimal residual disease in 
adolescent (older than 14 years) and adult acute lymphoblastic leukemias: early 
immunophenotypic evaluation has high clinical value. Blood. 2003;101(12):4695-
4700.
32. Holowiecki J, Krawczyk-Kulis M, Giebel S, et al. Status of minimal residual 
disease after induction predicts outcome in both standard and high-risk Ph-nega-
tive adult acute lymphoblastic leukaemia. The Polish Adult Leukemia Group ALL 
4-2002 MRD Study. Br J Haematol. 2008;142(2):227-237.
33. Dhédin N, Huynh A, Maury S, et al; GRAALL group. Role of allogeneic 
stem cell transplantation in adult patients with Ph-negative acute lymphoblastic 
leukemia. Blood. 2015;125(16):2486-2496.
34. Gökbuget N, Kneba M, Raff T, et al; German Multicenter Study Group for 
Adult Acute Lymphoblastic Leukemia. Adult patients with acute lymphoblastic 
leukemia and molecular failure display a poor prognosis and are candidates for 
stem cell transplantation and targeted therapies. Blood. 2012;120(9):1868-1876.
35. Vora A, Goulden N, Mitchell C, et al. Augmented post-remission therapy for a 
minimal residual disease-defined high-risk subgroup of children and young people 
with clinical standard-risk and intermediate-risk acute lymphoblastic leukaemia 
(UKALL 2003): a randomised controlled trial. Lancet Oncol. 2014;15(8):809-818.
36. Eckert C, Henze G, Seeger K, et al. Use of allogeneic hematopoietic stem-cell 
transplantation based on minimal residual disease response improves outcomes 
for children with relapsed acute lymphoblastic leukemia in the intermediate-risk 
group. J Clin Oncol. 2013;31(21):2736-2742.
37. Bassan R, Spinelli O, Oldani E, et al. Improved risk classification for risk-spe-
cific therapy based on the molecular study of minimal residual disease (MRD) 
in adult acute lymphoblastic leukemia (ALL). Blood. 2009;113(18):4153-4162.



422  Clinical Advances in Hematology & Oncology  Volume 18, Issue 7  July 2020

A K A B A N E  A N D  L O G A N

38. Ribera JM, Oriol A, Morgades M, et al. Treatment of high-risk Philadelphia 
chromosome-negative acute lymphoblastic leukemia in adolescents and adults 
according to early cytologic response and minimal residual disease after consolida-
tion assessed by flow cytometry: final results of the PETHEMA ALL-AR-03 trial. 
J Clin Oncol. 2014;32(15):1595-1604.
39. Kantarjian H, Stein A, Gökbuget N, et al. Blinatumomab versus chemotherapy 
for advanced acute lymphoblastic leukemia. N Engl J Med. 2017;376(9):836-847.
40. Gökbuget N, Dombret H, Bonifacio M, et al. Blinatumomab for minimal 
residual disease in adults with B-cell precursor acute lymphoblastic leukemia. 
Blood. 2018;131(14):1522-1531.
41. Zugmaier G, Gökbuget N, Klinger M, et al. Long-term survival and T-cell 
kinetics in relapsed/refractory ALL patients who achieved MRD response after 
blinatumomab treatment. Blood. 2015;126(24):2578-2584.
42. Topp MS, Gökbuget N, Zugmaier G, et al. Long-term follow-up of hema-
tologic relapse-free survival in a phase 2 study of blinatumomab in patients with 
MRD in B-lineage ALL. Blood. 2012;120(26):5185-5187.
43. Gokbuget N, Dombret H, Zugmaier G, et al. Blinatumomab for minimal 
residual disease (MRD) in adults with B-cell precursor acute lymphoblastic leuke-
mia (BCP-ALL): median overall survival (OS) is not reached in complete MRD 
responders at a median follow-up of 53.1 months [ASH abstract 554]. Blood. 
2018;132(1)(suppl).
44. King AC, Pappacena JJ, Tallman MS, Park JH, Geyer MB. Blinatumomab 
administered concurrently with oral tyrosine kinase inhibitor therapy is a well-tol-
erated consolidation strategy and eradicates measurable residual disease in adults 
with Philadelphia chromosome positive acute lymphoblastic leukemia. Leuk Res. 
2019;79:27-33.

45. Chiaretti S, Bassan R. Vitale, A, et al. Dasatinib-blinatumomab combination 
for the front-line treatment of adult Ph+ ALL patients. Updated results of the 
Gimema LAL2116 D-Alba trial [ASH abstract 134]. Blood. 2019;134(1).
46. Advani AS, Moseley A, M. ODK, et al. Results of SWOG 1318: a phase 2 
trial of blinatumomab followed by POMP (prednisone, vincristine, methotrex-
ate, 6-mercaptopurine) maintenance in elderly patients with newly diagnosed 
Philadelphia chromosome negative B-cell acute lymphoblastic leukemia. Blood. 
2018;132(1)(suppl).
47. Raff T, Gökbuget N, Lüschen S, et al; GMALL Study Group. Molecular 
relapse in adult standard-risk ALL patients detected by prospective MRD moni-
toring during and after maintenance treatment: data from the GMALL 06/99 and 
07/03 trials. Blood. 2007;109(3):910-915.
48. Saygin C, Papadantonakis N, Cassaday RD, et al. Prognostic impact of incom-
plete hematologic count recovery and minimal residual disease on outcome in 
adult acute lymphoblastic leukemia at the time of second complete response. Leuk 
Lymphoma. 2018;59(2):363-371.
49. Jabbour E, Short NJ, Jorgensen JL, et al. Differential impact of minimal 
residual disease negativity according to the salvage status in patients with relapsed/
refractory B-cell acute lymphoblastic leukemia. Cancer. 2017;123(2):294-302.
50. Jabbour E, Sasaki K, Ravandi F, et al. Chemoimmunotherapy with inotu-
zumab ozogamicin combined with mini-hyper-CVD, with or without blinatum-
omab, is highly effective in patients with Philadelphia chromosome-negative acute 
lymphoblastic leukemia in first salvage. Cancer. 2018;124(20):4044-4055.
51. Sekiya Y, Xu Y, Muramatsu H, et al. Clinical utility of next-generation 
sequencing-based minimal residual disease in paediatric B-cell acute lymphoblastic 
leukaemia. Br J Haematol. 2017;176(2):248-257.


