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Abstract

We sought to determine the significance of minimal residual disease (MRD) relapse in patients 

with ALL after achieving MRD negative status following induction and consolidation therapy. 

Between January 2003 and September 2014, 647 newly diagnosed patients were treated [Hyper-

CVAD-based (n=531); Augmented BFM (n=116)]. Six hundred and one (93%) achieved complete 

remission (CR), and 546 (91%) became MRD negative. Fifty-five patients [HyperCVAD-based 

(n=49); Augmented BFM (n=6)] developed recurrence of MRD while still in morphological CR 

and are the subjects of this study. MRD was assessed by 6-color (4-color prior to 2009) multi-

parameter flow cytometry (MFC) at CR and multiple time points thereafter. Their median age was 

44 years (range, 18–72 years), median WBC at initial presentation was 7.3 K/μL−1 (range, 0.6–

303.8 K/μL−1) and median bone marrow blast percentage 88% (range, 26–98%). The median time 

to MRD relapse was 14 months (range 3–58 months). Forty-four (80%) patients subsequently 

developed morphological relapse after median of 3 months (range, <1–33 months) from detection 

of MRD recurrence. Treatments received after MRD positivity and prior to morphological relapse: 

16 continued maintenance chemotherapy; 15 received late intensification; 9 allogeneic stem cell 

transplant, 9 changed chemotherapy, 6 no further therapy. Only six remain alive and in CR1 and 
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nine are alive after morphological relapse. MRD relapse detected by MFC at any time after 

achieving CR is associated with a high risk for morphological relapse. SCT can result in long-term 

remission in some patients. Prospective studies of long-term MRD assessments, together with less 

toxic treatment strategies to eradicate MRD, are warranted.

1 INTRODUCTION

The assessment of minimal residual disease (MRD) at the end of induction chemotherapy 

has been established as one of the most important independent predictors of patient 

outcomes in pediatric and adult ALL, and is becoming a key component of therapeutic 

decision making in modern ALL treatment regimens.1–5 New techniques for the detection of 

MRD in various leukemia subtypes have been developed and are being refined and 

validated. These techniques are aimed at recognition of submicroscopic disease persistence 

or recurrence and for potential early therapeutic intervention.6–11 Multi-parameter flow 

cytometry (MFC) has been used extensively in pediatric and, more recently, adult ALL 

studies, to determine the likelihood of relapse and overall success of therapy.6–8,12,13 From 

2004, we have routinely and systematically evaluated the presence of MRD using flow 

cytometry in bone marrow specimens obtained from patients with ALL treated on various 

clinical trials at our institution.3,14,15 While the role of MRD assessment and significance of 

achieving MRD negativity as assessed specifically by MFC at the end of induction and 

consolidation have been evaluated in previous studies including the adult ALL population,3,5 

there is limited existing data on the significance of MRD recurrence in the absence of 

morphological relapse and whether it is universally associated with a poor outcome. Herein, 

we aim to determine the significance of MRD relapse, as detected by MFC, in adult patients 

with ALL after achieving MRD negativity, following induction and consolidation therapy.

2 METHODS

2.1 Patient data collection

We conducted a retrospective, single-institution analysis of patients with ALL (including T- 

and B-ALL and excluding Burkitt’s) treated at our institution who were ≥18 years and had 

MRD evaluation during the course of their therapy. Among 647 patients diagnosed with 

ALL (January 2003-September 2014), 546 (91%) became MRD negative; 55 patients (9% of 

the total population) developed recurrence of MRD while still in morphological complete 

remission (CR) and are the focus of this analysis. Figure 1 depicts the study flowchart for 

patient disposition. Two chemotherapy backbone regimens were used: HyperCVAD-based 

and Augmented BFM, with the specific details of each program reported previously.16,17 

Table 1 describes pre-treatment patient characteristics and presents a comparison of the 

patients in the study group (n=55) versus those with persistent MRD negativity CR (n=491). 

There were no significant differences found among the two groups in terms of pretreatment 

characteristics. Table 2 lists the specific chemotherapy regimens received (Supporting 

Information File, S1). All patients signed informed consent as applicable for clinical trial 

enrollment. All research was performed in accordance with the Declaration of Helsinki.
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2.2 MRD assessments

Among 647 patients with ALL seen in the period of the study, 16 patients did not have MRD 

analysis or had insufficient analysis (16/647= 2%); 601 patients achieved CR, and 39 never 

became MRD negative. Among the 601 patients in morpholological CR, 546 became MRD 

negative and were included in the analysis. Fifty-five (10%) developed subsequent MRD 

recurrence while still in morphological CR and were the subjects of this study. All patients 

had assessment of MRD status by 6-color (4-color prior to 2009) MFC, according to 

recently published, institutionally standardized techniques detailed previously3 (for a 

complete listing of flow cytometry markers utilized, refer to Table 6, Supporting Information 

S7). Bone marrow specimens were obtained for MRD analysis at the time of CR, and 

approximately at 3-month intervals thereafter, and as clinically indicated. In our studies, 

MRD positivity was recognized as compared to normal antigen pattern expression of mature 

CD19+ B cells, with a clustering of at least 20 cells which demonstrated abnormal antigen 

expression constituting an abnormal population. The sensitivity of the MRD analysis was 

0.01% (for both 4-color and 6-color techniques), with the expression of at least 2 aberrant 

antigens required for a positive MRD value to be recorded.3,18

2.3 Response definitions

CR was defined as <5% leukemic blasts in the bone marrow sample reviewed at the time of 

peripheral blood count recovery, absence of circulating peripheral blasts, absence of 

extramedullary disease, platelet count ≥100 × 109/L, and absolute neutrophil count ≥1.0 × 

109/L. MRD relapse was defined as recurrence of detectable MRD (sensitivity for positive 

value ≥0.01%), despite persistence of clinical complete morphological remission. 

Morphological relapse was defined as presence of leukemic blasts in any extramedullary 

location, or in the bone marrow or peripheral blood at a level of >5%.

2.4 Statistical definitions

Overall survival (OS) was defined as the time interval from the time of MRD relapse and the 

date of death due to any cause. Patients who were alive were censored at the last follow-up 

date. Disease-free survival (DFS) was defined as the time interval between date of MRD 

relapse and the date of disease relapse, or death due to any cause, whichever event occurred 

first. Time to relapse was defined as the time interval between date of MRD relapse and the 

date of disease relapse (death before disease relapse was denoted as a censored event). The 

probabilities of OS, DFS, and time to relapse were estimated using the method of Kaplan 

and Meier,19 and the log-rank test20 was performed to assess differences between patients 

with MRD positive versus negative status. Statistical analyses were conducted in SAS 9.3 

and Splus (SAS Institute, Cary, NC).

3 RESULTS

Among 647 patients diagnosed with ALL during the study period (January 2003–September 

2014), 601 (93%) achieved CR. Among them, 546 (91%) achieved an MRD negative bone 

marrow exam. Fifty-five patients ultimately experienced recurrence of MFC detectable 

disease while still in morphological CR and were the focus of this analysis. The overall 

median value for MRD positivity by flow cytometry for the 55 patients of the study group 
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was 0.07%, with range of 0.01–11%. For those patients who experienced subsequent 

morphologic relapse, the median flow cytometry value was 0.09%, with range (0.01–11%); 

there was no significant difference found between the levels of MRD values for the overall 

group versus those with subsequent relapse.

The median disease-free survival (DFS) for the group (n=55) from the time of MRD relapse 

was 3.6 months (range, <1–128 months) (Figure 2a). Median CR duration from the time of 

MRD relapse was 3.6 months (range, <1–128 months) (Figure 2b). The median overall 

survival (OS) from the time of MRD relapse was 13 months (range, <1–128 months) (Figure 

2c). The 5-year CR duration and 5-year OS were 10 and 14%, respectively. The median 

follow-up time from time of MRD relapse for the group was 7.5 months (range, 2–128 

months).

For comparison, 5-year CRD and 5-year OS was evaluated between the n=55 study group 

versus the n=491 patients who had persistent MRD negative CR. There was a significant 

difference in both CRD and OS favoring the MRD negative group (Supporting Information 

S4a, S4b).

Forty-four (80%) patients subsequently developed morphological relapse [36 bone marrow 

(BM), three BM with central nervous system (CNS) involvement, three isolated CNS 

involvement, and two non-CNS extramedullary sites of relapse], after a median of 3 months 

(range, <1–33 months) from detection of MRD recurrence. Details for the outcomes 

regarding these five patients who developed extramedullary disease are listed in Supporting 

Information S5. Among these 44 patients, treatments received after the discovery of MRD 

positivity and prior to their morphological relapse included: 16 continued their maintenance 

chemotherapy regimen according to the specified treatment protocol; 13 received late 

intensification chemotherapy, as specified according to the individual treatment protocol; six 

did not receive further therapy; seven were initiated on salvage therapy with nelarabine, 

blinatumumab, or rituximab, and two went directly to allogeneic stem cell transplant (SCT). 

Median DFS from the time of MRD relapse for this group (n=44) was 3 months (range, <1–

33 months), and median OS was 13 months (range, 3–57 months). Notably, treatment 

approaches varied among patients with recurrent MRD while still in morphologic remission, 

and was not determined by a pre-set treatment schema, in order to allow for individual 

patient-by-patient decision-making. Among the 55 patients, the breakdown by treatment 

regimens that were given to each patient after MRD detection can be divided into five major 

categories: n=16 maintenance chemotherapy with POMP; n=15 Intensification 

chemotherapy; n=9 stem cell transplant (SCT); n=9 change/other chemotherapy (including 

blinatumomab, rituximab, or nelarabine); n=6 no treatment. When comparing these 

treatment approaches after detection of MRD in this subset analysis, there was no significant 

difference found among the groups (although, each group is made up of a relatively small 

number of patients, Supporting Information S3).

Among the 55 patients in the overall study group, 16 (29%) were found to be Philadelphia-

positive at baseline. Twelve of these 16 patients (75%) were in complete molecular 

remission by PCR prior to their MRD recurrence by MFC. At the time of MRD recurrence 

by MFC, the median quantitative real-time PCR value for BCR-ABL was 0.1731, range 
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(0.0028–6.839), by international scale. For Table demonstrating flow cytometry values along 

with PCR value at the time of MRD detection for each of the Philadelphia-positive patients, 

please refer to Supporting Information S6.

Nine out of 55 patients (16%) patients underwent SCT in the study group (overall post-SCT 

outcomes: 2 relapsed, 3 alive in CR, 4 died in CR). The median time from first MRD 

positivity to SCT was 14 weeks (range 2–39.4 weeks). Four of nine (44%) received 

intensification/consolidation chemotherapy regimens prior to SCT. Among these four 

patients, three (75%) achieved MRD negativity prior to SCT and two remain alive and in CR 

post-SCT. Notably, although there was a statistically significant difference favoring patients 

who underwent SCT for both median DFS and median CR duration, there was no 

statistically significant difference found in median OS between the patients who underwent 

SCT (n=9) versus those who did not (n=46) (Figure 3a–c).

Overall, 11 patients (20%) did not have morphological relapse including five patients who 

died in complete morphological remission, and six patients who remain alive and in 

continued CR. Of the five patients who died prior to morphological relapse, four had 

undergone stem cell transplantation (SCT) (two matched-related donor, one cord blood, and 

one haplotype); three of these four died of post-SCT complications [one multi-organ failure, 

one septic shock, one progressive graft-versus-host-disease (GVHD) of GI tract].

Of the six patients (five B-ALL, one T-ALL,) remaining alive and in CR despite MRD 

recurrence, four had normal karyotype, one had Philadelphia chromosome positivity, and 

one had another cytogenetic abnormality (chromosome 8p11). After the finding of MRD 

positivity while in morphological remission: three (50%) underwent matched unrelated 

donor SCT, two were treated with blinatumomab, and one was treated with chemotherapy 

and a tyrosine kinase inhibitor (TKI) (twice daily fludarabine, cytarabine, vincristine, 

ponatinib), with both a median follow-up and OS from time of MRD relapse for these six 

patients of 1.6 years (range, 0.2–10.7 years).

To determine if there was an effect on outcome based on the time from CR to the time of 

MRD detection, patients were divided into two groups: <12 months and ≥12 months from 

CR to time of MRD recurrence. When OS was evaluated from treatment start to last follow-

up, there was a significant difference favoring improved OS in those with longer time to 

detection of MRD recurrence (P value 0.0155, Figure 4, Supporting Information S2).

4 DISCUSSION

Although improvements in overall survival among all subgroups of adults with ALL have 

not yet matched those achieved in the pediatric ALL patient population,21 there have been 

several significant developments over the past decade leading to improved outcomes for 

adult patients.22 These include the introduction of novel targeted therapies, 22 expanding 

experience with the use of stem cell transplantation, 23,24 and better risk stratification and 

individualized therapeutic choices.13,22,25 Furthermore, the recent development of targeted 

monoclonal antibody-based strategies, has created new opportunities, including the potential 

for therapy in patients with MRD positive disease.26,27 Blinatumomab, a bi-specific T-cell 
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engager antibody, which was initially studied in the MRD positive ALL setting, recently 

attained FDA approval in the United States for the treatment of patients with relapsed/

refractory Philadelphia negative B-ALL.28

Because MRD detection is strongly associated with worse outcomes in patients with ALL, 

specific targeting for elimination of MRD remains an urgent, unmet need. Ample available 

data has established MRD detection at the end of induction and consolidation, as well as 

pre-and post-SCT, as an independent poor prognostic parameter among patients with ALL of 

all age groups, including pediatric, adolescent and young adult (AYA), and adult 

populations.3,5,6,12,17,29,30

In this analysis, among 546 patients with ALL who achieved an MRD negative CR, 55 

(10%) were found to have recurrence of MRD while still maintaining morphological 

remission. With a median followup time from MRD relapse of 7.5 months (range, 2–128 

months), the median CR duration was 3.6 months (range, <1–128 months) and the median 

overall survival (OS) from the time of MRD relapse was 13 months (range, <1–128 months). 

Forty-four (80%) patients subsequently experienced morphological relapse after a median of 

3 months (<1–33 months) from detection of MRD recurrence. Nine (16%) patients were 

able to proceed to SCT in the study group; although limited numbers were available for 

definitive comparison in this analysis, there was no statistically significant difference in 

median OS between the patients who were able to proceed to SCT (n=9) versus those who 

did not (n=46).

Bar, M et al, reported that MRD detection by MFC prior to myeloablative allogeneic SCT, 

was associated with a statistically significant higher rate of relapse and mortality; 

furthermore, this extended to the post-SCT setting, among 144 patients, in which MRD 

positive status indicated a significantly higher risk of relapse and death compared to MRD 

negative patients.12 According to this large retrospective analysis at a major SCT center, 

detection of MRD prior to SCT is a significant risk for transplant failure.12 These findings 

again highlight the need not only for serial assessment of MRD, but also the urgent need for 

novel, less toxic strategies, and enrollment on clinical trials specifically designed for patients 

with ALL and MRD persistence/recurrence.

One limitation of the current retrospective study is the lack of predetermined, standard time 

points during long-term follow-up and after induction and consolidation for uniform MRD 

assessments. Regardless, we demonstrate in this analysis that MRD recurrence at any time 

after induction and consolidation appears to be a harbinger of morphological relapse, and 

therefore therapy to eradicate MRD should be considered at the time of MRD relapse. 

Prospective MRD detection-focused strategies have been shown to be effective in improving 

both prognostication and even selection of pre-emptive therapeutic strategies in various other 

leukemia subtypes.9,10 In this regard, for patients with ALL and detectable MRD, therapy 

with blinatumomab has shown positive results and larger clinical trials to prospectively 

investigate the role of blinatumomab in this setting should be undertaken.31,32 Continued 

efforts to refine MFC detection, creation of rigorous criteria for standardization and 

reproducibility of MRD results, and use of novel assays for MRD monitoring may improve 

the sensitivity and specificity of MRD detection and help detect MRD at earlier time points.6
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In this single institution retrospective analysis, the vast majority of patients with ALL who 

achieved MRD negative CR followed by MRD relapse, subsequently experienced 

morphological relapse, which suggests that MRD relapse at any time point during a patient’s 

follow-up is associated with a high risk for morphological relapse. Although allogeneic SCT 

rescued some patients with ongoing long-term remission, it was associated with mortality in 

others. Prospective studies of long-term, serial MRD assessments throughout a patient’s 

treatment course and follow-up, coupled with less toxic strategies designed to eradicate 

MRD represent an ongoing, urgent area of unmet medical need for adult patients with ALL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Patient disposition: study flowchart. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2. 
(a) Disease-free survival (DFS) in patients with MRD relapse (n=55) from the time of MRD 

relapse. (b) Complete remission duration (CRD) in patients with MRD relapse (n=55) from 

the time of MRD relapse. (c) Overall survival (OS) in patients with MRD relapse (n=55) 

from the time of MRD relapse
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FIGURE 3. 
(a) Disease-free survival (DFS) in patients with MRD relapse from the time of MRD relapse 

(SCT n=9 vs. non-SCT n=46). (b) Complate remission duration (CRD) in patients with 

MRD relapse from the time of MRD relapse (SCT n-9 vs. non-sct n=46). (c) Overall 

survival (OS) in patients with MRD relapse from the time of MRD relapse (SCT n=9 vs. 

non-SCT n=46). [Color figure can be viewed at wileyonlinelibrary.com]
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