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Abstract

The primary hurdle in the path to curing multiple myeloma (MM) is defining a validated minimal 

residual disease (MRD) and its utility in the therapeutic decision making. A better definition of 

MRD will aid in tailoring MM therapy further to address the clonal heterogeneity and genomic 

instability and overcome patient’s ineffective immune surveillance. MRD analysis can define the 

logical endpoint for maintenance therapy, in addition also aids in providing a better clinical end 

point for studies comparing novel agents in myeloma. MRD is a surrogate for the survival in MM. 

Guidelines for global incorporation of MRD in myeloma is fraught with lack of standardization, 

universal availability and abridged physicians’ understanding of MRD modalities. We aimed at 

addressing some of the frequently asked questions in the MRD assessment and will also place in 

perspective some arguments in favor of MRD assessment in routine practice and clinical trial 

scenario.
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INTRODUCTION

One of the important ongoing debates in multiple myeloma (MM) is the possibility of cure 

in this disease. [1] There are various obstacles in the path to defining cure in MM, one of 

which is the lack of validated minimal residual disease (MRD) assessment tool and its 

incorporation in the therapeutic decision making. The term “minimal residual disease” 

(MRD) in the context of hematological malignancies refers to the persistence of disease 

undetectable by standard morphology based diagnostic tests requiring additional sensitive 

techniques. Defining a cure in MM would first entail demonstration of MRD negativity that 
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is sustained for prolonged periods. Obtaining a sustained MRD negativity will likely entail 

tailor-made regimens to address the clonal heterogeneity and genomic instability, and 

overcome patient’s ineffective immune surveillance (e.g., tumor escape, inappropriate 

dendritic cell function and inhibition of T/Natural Killer(NK) cells). We aim at addressing 

the first of these two aspects, i.e., the role of MRD assessment in the path to the MM cure. 

We will address some of the frequently asked questions (FAQs) in the MRD assessment and 

will also place in perspective some arguments in favor of MRD assessment in routine 

practice and clinical trial scenario.

Why do we need MRD analysis in myeloma:

The beneficial role of depth of response was first evident in the early 2000s from better long-

term outcomes in patients achieving optimal overall response (defined as a partial response 

(PR) or better).[2, 3] The outcomes in patients achieving complete response (CR) were 

superior to those with near complete response (nCR) and very good partial response 

(VGPR), further supporting the relevance of depth of response.[2, 3, 4] But achievement of 

CR does not mean cure of these patients, as most patients relapse despite achieving CR. The 

definition of CR was thus suboptimal and required further refinement in the form of 

additional criteria. Modifications to the existing criteria were first done in 2006 by 

international myeloma working group (IMWG) with the addition of stringent complete 

response (sCR: defined as conventional CR plus normal free light chain (FLC) ratio and 

absence of clonal plasma cells in the bone marrow by immunohistochemistry (IHC)). [5] But 

implementation of these additional criteria did not uniformly translate into improved relapse 

rates as was anticipated.[6, 7, 8] To further stratify these patients (those with CR), we 

required complementary tests to evaluate the presence of MRD within the bone marrow 

(medullary) with higher sensitivity (>10−4) and outside bone marrow (extramedullary). The 

proof of concept for implementation of MRD testing comes from studies which compared 

CR and MRD by multi-parameter flowcytometry (MFC), showing around 30% (range: 15–

50%) patients being MRD positive despite being in CR.[9, 10, 11, 12, 13, 14, 15] Thus it 

was proposed that MRD assessment should be made routinely implemented when assessing 

therapeutic responses.

Importantly, the therapeutic armamentarium of MM is rapidly evolving with newer drugs 

leading to prolonged progression-free survival (PFS).[16, 17] Post autologous stem cell 

transplant (ASCT) consolidation and regimens including novel agent have led to CR rates 

approaching near 100% thus requiring newer sensitive modalities to differentiate their 

efficacy. [18]

In addition, assessment of MRD status in early phases of therapy and MRD kinetics may 

help in identification of chemo-sensitivity providing the best prognostic indication among 

those currently available. Also, MRD testing has the potential for integration into the 

therapeutic decision making in the standard of care setting (in newly diagnosed multiple 

myeloma - NDMM) and to tailor the therapy during maintenance to define the optimal 

duration of maintenance (avoiding overtreatment). Given these, it is important that MRD 

analysis be incorporated into various study designs assessing newer drugs and regimens. A 

proposed study design incorporating MRD and therapeutic decision making has been 
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illustrated in Fig. 1. Finally, MM can still be considered an incurable disease; despite newer 

agents with improved remission rates, patients still relapse but at different timeframes. Many 

ongoing clinical trials of newer agents or novel regimens have already incorporated MRD 

testing for assessing the depth of response as a primary or secondary outcome measure 

(Suppl Table 1). However, one needs to keep in mind that even the most sensitive assessment 

may fail to detect residual myeloma cells in a given patient and may not reflect true 

eradication of the tumor clone. Despite this, MRD negativity is an essential step in the quest 

for of cure, which we can hopefully achieve at some time point.

WHAT IS AN IDEAL MRD ASSESSMENT TECHNIQUE?

Considering the plausible benefits of the MRD assessment as described above and available 

literature on improved PFS in patients with MRD negativity, it is important to identify the 

ideal MRD technique. There are different facets to an ideal MRD marker, and is influenced 

by disease/ patient characteristics as well as the socio-economic background where MRD is 

analyzed. Generalizability or ability to use in most patients is important and it has two 

components. Generalizability is an important attribute, requiring the testing facilities to be 

available universally considering the different socioeconomic backgrounds, availability of 

resources and standardization issues of the testing facilities and be applicable to all myeloma 

patients (considering the heterogeneity in the disease characteristics e.g., oligo-secretory, 

non-secretory, light chain disease). Further, MRD tests should be highly sensitive (tumor cell 

detection rate of at least 1 in 105) with high reproducibility, precision, and accuracy. The 

tests should be validated in multicenter trials. Other hallmarks of ideal assay include 

excellent feasibility (results obtained in most of the patients), rapid turnaround time and 

sample requirements which facilitates easy transportation. Currently, none of the MRD 

techniques used for MM fulfill all of these criteria. With the available techniques, next 

generation flow (NGF) and next generation sequencing (NGS) are the closest to the ideal 

MRD techniques.[19]

DEPTH AND DURATION OF MRD: WHAT LEVELS ARE SIGNIFICANT?

Depth of response is associated with better clinical outcomes in patients with MM as 

discussed earlier.[2, 3, 4] Depth of MRD is more important than the number and type of 

therapeutic regimens in achieving MRD for predicting disease outcomes, as also reported by 

the UK Myeloma group.[20, 21, 22] Latest IMWG guidelines suggest the minimal 

sensitivity of 10−5 or higher for the bone marrow (BM) based MRD testing [19] The real 

question is the optimal sensitivity for MRD analysis which would be of clinical relevance. 

Increasing the sensitivity of the MRD assay beyond a certain level can be associated with 

plausible controversies as illustrated in Fig. 2.

The latest IMWG guidelines have also introduced the term sustained MRD negativity for 

individuals with MRD negativity for more than one year. [19] This is a step towards curing 

of myeloma, as patients with sustained MRD for prolonged periods can be labeled cured. 

The ideal duration of MRD negativity to tag it as “sustained” corroborating with near cure of 

MM needs to be identified in well-designed prospective studies.

Yanamandra and Kumar Page 3

Leuk Lymphoma. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MRD ANALYSIS TECHNIQUES

MRD analysis can be done using a multitude of tests which can be classified based on the 

type of disease detected (medullary or extramedullary disease) or based on the character of 

tests (bone marrow based testing or imaging). Bone marrow (BM) based testing can be 

further classified based on whether phenotypic or genotypic features are used for MRD 

analysis. As reiterated earlier, none of these currently available MRD tests are ideal when 

performed in isolation, and may have to be performed in combination to complement each 

other. BM based testing is based on identifying abnormal residual cells on a blind BM 

biopsy. Heterogeneous/ patchy marrow involvement could potentially give us false negative 

results. Irrespective of the MRD analysis technique (either cell-based or molecular-based 

tests) while using BM sample, we are relying on blind biopsies, so we don’t know to what 

degree that potentially impacts the results. The quality of BM sample is impacted by the 

peripheral blood dilution and can decrease the sensitivity of the tests. These tests don’t 

provide any data about the disease at the sanctuary and extramedullary sites.

Imaging by anatomical methods does not help in accurately measuring the tumor load. 

WBCT is poorest of all modalities in detecting MRD, its use limited to detecting new bone 

disease, often as a trigger for initiating therapy in patients with suspected myeloma. It can 

detect extramedullary disease (EMD) as space occupying lesions/ tumorous growths. The 

lytic bone lesions are a poor marker for follow-up evaluation as the healing lags behind the 

MRD negativity. MRI is a sensitive method to detect marrow alterations and identify soft 

tissue masses, but recent chemotherapy, use of G-CSF, presence of inflammation secondary 

to healing or infections, pathological fractures and use of bone cement can all lead to 

misinterpretation of MRI in MM. Positron emission tomography (PET) is a functional 

imaging with good correlation to MRD negativity by BM based testing and PFS.[23] It is the 

ideal choice for MRD testing in MM patients with evidence of EMD. The absence of 

standardized methods to report PET in MM is a major drawback. New modalities such as 

PET-MRI may combine the advantages of both modalities, but data is currently lacking.

MRD by MFC

This technique rests on the concept of detecting phenotypic cell surface markers in 

differentiating normal from the abnormal plasma cells. The sensitivity of this technique rests 

on the quality of the BM specimen (can be ensured by the viability of cells above 85% and 

presence of normal BM constituents i.e., plasma cells, mast cells and B-cell/ myeloid 

precursors), number of cells analyzed and the antibody panel (it determines the capability of 

differentiating the normal from the abnormal plasma cells). The literature has variably 

defined the sensitivity and specificity of this technique due to lack of standardization for the 

above three components.

Prognostic impact of Flow-MRD:

The prognostic impact of the MFC was studied extensively, with more than 100 patients 

evaluated for MRD status in GEM2000, GEM2005MENOS65, and MRC IX trials 

individually.[9, 10, 11, 12, 13, 15, 24] In GEM2000 study on analysis of 125 patients for 

MRD status, PFS and OS were significantly better in the MRD-negative patients as 
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compared to MRD-positive patients at day 100 after ASCT (71m Vs 37m, p<0.001; median 

not reached vs 89m; p-0.002 respectively). [9] In MRC IX trial 246 patients were evaluated 

for the MRD status after intensive chemotherapy with CTD Vs CVAD followed by ASCT. 

The Median PFS and OS were significantly better in MRD-negative patients than MRD 

positive irrespective of the induction chemotherapy regimen (28.6m Vs 15.5m, p<0.001; 

80.6m Vs 59m; p-0.002 respectively). This trial reiterated the importance of depth of MRD 

more than the agents required to achieve MRD negativity.[12] In a prospective analysis of 

154 patients from GEM2000 and GEM2005MENOS65 trials, the presence of baseline high-

risk cytogenetics and persistent MRD positivity at day 100 after ASCT were the only 

independent predictive markers for unsustained CR. [11, 25]

IMWG 2016 guidelines for Flow MRD:

IMWG suggests the use of MFC techniques with Euroflow standards utilizing eight color 

combinations in two tubes, identifying clonality by cytoplasmic κ/ λ expression and 

phenotypically aberrant plasma cell expression. Using individual antibodies can be made 

further efficient by using lyophilized antibody mixture as it reduces the costs involved, 

turnaround time and errors. Simultaneous evaluation of the discriminatory markers (CD19, 

27, 56, 81, 117) and plasma cell markers (CD38, 45, 138) is necessary. Minimal sensitivity 

for any of the MFC technique used should be ≥ 1 in 105 nucleated cells. Bone marrow 

aspirates are the ideal sample for MFC with at least 5 million cells analyzed. Use of bone 

biopsy washings, or clot reconstitution by dissolving the clot in anticoagulant solutions 

should be avoided. [19, 26]

Advantages of standard MFC:

The major advantages of flow MRD are the high applicability (>85% of the patients), the 

rapid turnaround time (<2h) and a relatively simple test with high generalizability. The 

sensitivity of universally available four or six colors MFC is 10−3 to 10−4. The sensitivity is 

higher with next generation flow cytometry (NGF), and using two tubes, eight or more color 

MFC. Also, the normalization and recovery of the normal cells in the compartment can be 

assessed by MFC which is not possible by the other BM based tests. The greater sensitivity 

of NGF is primarily due to the use of an optimized combination of fluorochromes and 

antibody reagents for increased specificity at very low MRD levels, and the 10-fold increase 

in the number of cells evaluated.

The most important advantage of the flow MRD is the lack of requirement for the patient’s 

baseline sample, so we can resort to MRD at any stage of therapy and need not be 

preplanned as in ASO-PCR/NGS. Discrimination between the clonal and normal PCs is 

possible despite the phenotypic shifts; this attribute allows the MRD assessment in virtually 

100% of the patients.

Disadvantages of standard MFC:

All disadvantages of BM based testing as enumerated earlier are applicable to MFC testing 

as well. Aberrant phenotypes can be missed from detection as no tumor specific antigens are 

evaluated. The performance of MFC requires fresh samples (preferably <24h). The first and 
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second generation MFCs were less sensitive than the sequencing-based methods, but this has 

been overcome by NGF.

Lack of standardization is a major problem with MFC. [20, 27, 28] In a survey of 11/26 

responders from 30 different institutions specialized in myeloma care, there was huge 

variability in four studied parameters (number of events, the number of mPCs for MRD 

positivity and the number of markers studied) with sensitivity varying between 0.01% to 

0.0005%.[27] Various efforts have been made to harmonize the results across the world and 

the best way to overcome this problem is by the implementation of EuroFlow standards.[19, 

29, 30, 31, 32] Studies have shown that the standard MFC is inferior to ASO-PCR and NGS 

particularly at sensitivity levels higher than 10−4.[24, 33] The role of MFC with more than 8 

Color (10 or 14 colors) has to be validated in larger studies. Other investigators have recently 

proposed two tubes 10 color MFC with an aim of standardizing the protocols.[34]

Contemporary issues in MFC:

In 2013, Euro flow consortium had set up a project for increasing the sensitivity and 

standardization of MFC by next generation flow cytometry (NGF). They use 8–12 color 

MFC which is highly standardized with automated gating, accurate quantitation, efficient 

data storage and management with easy data comparison and review. Other advantages are, 

it is fast (can be completed in 3–4h), with external and internal quality control on a per 

sample basis and most importantly increased sensitivity in the range of 10−4 to 10−5. But 

even these techniques are fraught with limitations such as the requirement of fresh samples 

(<24–48 h) and many cells (e.g., ≥ 5 × 106 for achieving a sensitivity of 10−5). Also, the 

education and training in NGF are limited across institutions. [35] The NGF should not be 

confused with standard second generation 8 color MFC, as there are multiple technical 

differences between them and the sensitivity of the former is much higher than the later.

Use of the single tube versus two tube techniques is another contemporary issue. The need to 

rapidly process and run two eight-color tubes with the acquisition of 5×106 cells per tube 

places heavy demands on limited resources, including instrument time, analysis time, sample 

quality control, and data storage. Single tube MFC aids in rapid turnaround time, the 

requirement for the smaller sample (fewer acquisitions) and lesser reagents in busy labs with 

no need for inferential reasoning between tubes. [36] Use of monoclonal antibody therapies 

in MM can cause difficulties with MFC/ NGF-based MRD analysis (discussed in later part 

of this article).

MRD BY ASO-PCR

Allele-specific oligonucleotide polymerase chain reaction (ASO-PCR) for clonal PC specific 

IgH gene rearrangement (particularly VDJ rearrangement) is a form of genotypic/ molecular 

MRD assay with the capability of detecting up to 1 in 105 plasma cells. It is superior to the 

previous PCR techniques in providing accurate quantification. This technique requires 

preparation of patient-specific primers to the VDJ portion of the IgH gene necessitating 

baseline BM samples.
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Korthals et al studied the role of pre-transplant MRD levels by ASO-PCR as an independent 

prognostic marker for survival outcomes (both EFS and OS).[37] Putkonen et al studied the 

relevance of post-transplant MRD levels by ASO-PCR at the time of achievement of CR or 

nCR. A cutoff of 0.01% for ASO-PCR assay 3–6 months after ASCT the difference in the 

PFS was statistically significant (70m vs. 19m; p-0.003) between the two groups. [38] ASO-

PCR was also used to study the significance of post-transplant consolidation with novel 

therapy for achieving molecular remissions.[39] Martinelli et al studied the molecular 

remission rate using ASO-PCR in patients undergoing allogeneic stem cell transplant (Allo-

HSCT) and ASCT. The patients with molecular remission had significantly lower relapse 

rate (41% vs. 16%; p < 0.05). [40]

Advantages of ASO-PCR:

It is more sensitive and specific than traditional MFC.[24, 41] It requires a smaller sample 

(<1 × 106 cells) for testing. Sample processing can be delayed, because testing can be done 

both on fresh and stored samples, unlike MFC.

Disadvantages of MRD by ASO-PCR:

The requirement of the baseline BM samples is another major disadvantage using this 

technique. This limits the applicability to only patients with preplanned MRD analysis. The 

presence of multiple somatic mutations in Ig genes can cause suboptimal performance due to 

the requirement of patient-specific primers/ probes. Patients with minimal plasma cell 

infiltration at baseline can have technical difficulties in obtaining these extra probes/ 

primers. It is applicable to only 60–70% patients for the above-mentioned difficulties. It is 

more time consuming than the MFC testing as it is labor intensive and can take several days 

in preparing patient-specific probes, thus also increasing the turnaround time. Internal 

quality control of the sample is not possible and requires additional tests. EuroMRD is yet to 

standardize ASO-PCR for MM yet. [14]

Use of CD138 selection can overcome the suboptimal performance of the ASO-PCR by 

increasing identification of the target VDJ rearrangements in this group. Use of droplet 

digital PCR for assessing rearrangements can increase the applicability and decrease the 

labor.[42]

MRD BY NGS

Sequencing-based MRD testing is a genotypic BM based testing technique. It can further be 

of two varieties, high throughput VDJ sequencing and high throughput exome sequencing. 

The difference between the two is that VDJ sequencing is only focusing on VDJ, whereas in 

exome sequencing there is no particular restriction on focus, so it includes the whole exome. 

Only VDJ sequencing technique has been studied in clinical trials for the benefit associated 

with MRD negativity. So our discussion primarily would focus on VDJ sequencing when 

referring to NGS. LymphoSIGHT platform (Sequenta Inc, USA) was used for NGS (VDJ 

sequencing) in most clinical trials as per the published literature.[33]

Martinez et al studied the role of NGS in MRD detection in both transplant ineligible and 

post ASCT settings. MRD positivity at a sensitivity level of 1 in 106 was seen in 73% of the 
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individuals. This study also elucidated a good agreement between MFC, ASO-PCR, and 

NGS.[33] In IFM 2009 trial, patients were evaluated for MRD using both MFC and NGS. 

Patients with MRD negativity had a significantly higher PFS as compared to the patients 

with MRD positivity (87% vs. 42% pre-maintenance, 83% vs. 30% post maintenance).[21]

IMWG 2016 guidelines for MRD by NGS:

IMWG criteria suggests NGS on BM aspirates using 3 primers (IgH for VDJH, IgH for 

DJH, Ig kappa) and use of LymphoSIGHT (or any other equivalent validated) platform for 

interpreting results by NGS with a minimum sensitivity of 10−5. The MRD negativity is 

defined as less than two identical sequencing reads.[19]

Advantages of MRD by NGS:

NGS has universal applicability as with MFC and with sensitivity up to 10−6. It can also be 

done from peripheral blood, though with low sensitivity, likely related to dilutional effects 

and concentration of myeloma cells in the marrow. One major advantage of this technique 

over any other MRD assay is the ability to detect clonal evolution (best with genome/ exome 

sequencing and limited with VDJ sequencing). There is no requirement for the fresh sample; 

stored samples can be used for the assays.

Disadvantages of MRD by NGS:

The major disadvantage is the large turnaround time (around one week with VDJ sequencing 

and many weeks with exome/ genome sequencing). Baseline samples are still required for 

identification of dominant clonotype (alternatively a stored sample when the disease was 

detectable can be used as reference standard).

MRD by PET/CT

Positron emission tomography (PET) is a functional imaging modality based on the 

increased fluoro-deoxy-glucose (FDG) uptake by the malignant cells enabling tumor 

metabolic activity assessment. An addition of low-dose CT aids in screening associated bone 

disease and also in supplementing anatomical details to the functional imaging. Patients with 

documented remission on PET/CT after ASCT were associated with superior outcomes 

compared to patients with persisting PET positivity (PFS: 47% vs 32%, p-0.017; OS: 79% 

Vs 66%, p-0.018). Stratification for survival outcomes by PET/CT was superior to 

conventional serological based CR.[43] Caldarella C et al showed usefulness of PET/CT in 

monitoring response to treatment and evaluation of possible sites of recurrent or progressive 

disease.[44, 45] Prospective IMAJEM study (part of IFM/DFCI 2009 trial) has proven the 

superiority of PET/CT to MRI in the prognosticating and monitoring of MM patients.[23, 

46] PET/CT had good correlation with MFC in the prospective PIPET trial.[47]

IMWG 2016 guidelines for MRD by PET/CT:

The imaging positive, MRD-negative group has been added to the MM response criteria for 

the first time by IMWG in 2016.[19] It is imperative to have MRD negativity by NGF or 

NGS before applying these imaging criteria. MRD negativity by imaging requires 

disappearance of increased metabolic activity found at baseline or a prior PET/CT or 
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decrease to SUV less than mediastinal blood pool or decrease to less than that of 

surrounding normal tissue. A modified Deauville’s criteria or those used by Zamagni et al 

can be used for reporting PET [48, 49, 50] Sum of perpendicular diameters (SPD) should be 

used while monitoring tumor size on PET (except for those with skin lesions, where physical 

measurement of the lesion by a ruler can substitute for SPD). Positive lesions were 

recognized by the presence of focal areas of increased SUV within bones on at least two 

consecutive slices, without a compulsory requirement of the underlying lesion on CT. SUV 

cut-offs have been defined for osteolytic CT lesions.

Advantages of PET/CT:

PET/CT is crucial for detection of the EMD in patients with MM as none of the current 

MRD techniques fail to detect the same. EMD can be present in 10% of the patients at 

diagnosis and in a higher proportion of patients at relapse. Presence of EMD at baseline is 

associated with poor prognosis (both PFS and OS).[43] PET can be of great help in non-

secretory, oligo-secretory and occult MM as these patients can be falsely labelled to be in 

CR.[51, 52, 53] Simultaneous evaluation of the marrow avidity can provide limited 

information on the medullary disease status as demonstrated by Sager S et al.[54] Thus, 

patients can be spared from repeated invasive BM aspiration procedures if PET negative as 

in Hodgkin’s lymphoma, but this approach needs to be validated. There are contemplations 

on its benefits in concurrently ruling out any infections and secondary malignancies.

Disadvantages of PET/CT:

Radiation exposure, cost, and availability are the major issues with the routine use of 

PET/CT in monitoring MM. The exact frequency of PET for MRD in MM is not defined. 

Lack of standardization in reporting is another drawback in the routine use of PET/CT. The 

Italian group has recently proposed a Deauville based scoring system, though it has not been 

clinically validated.[50] A similar scoring system as part of PIPET trial was validated in 

patients undergoing pre-transplant PET/CT in 64 patients which was presented recently.[55] 

Though there is no compulsory requirement for the PET scan at diagnosis but it is necessary 

to have a previous PET at some stage of disease for comparison.

Contemporary issues in PET/CT:

Although the prognostic value of 18FDG-PET has been well documented, more specific 

tracers addressing hallmarks of myeloma biology, e.g. paraprotein biosynthesis, are needed. 

A study by Lückerath K et al evaluated the amino acid tracers L-methyl-[11C]-methionine 

(11C-MET) and [18F]-fluoroethyl-L-tyrosine ((18F-FET) for their potential to image 

myeloma and to characterize tumor heterogeneity.[56] Using myeloma cell lines and patient-

derived CD138⁺ PCs, the relative uptake of 18C-MET and 18F-FET exceeded that of 18F-

FDG. Importantly, 11C-MET uptake significantly differed between indolent PCs and those 

with worse prognosis (e.g. t(4;14)). These preclinical data led to the use of 18C-MET in a 

prospective cohort of 43 patients and compared to routine functional imaging with 18FDG. 

MET scanning appeared to be superior to 18FDG for evaluating both intramedullary and 

extramedullary lesions post therapy (re-staging).[57]
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MRI

The role of MRI in detecting bone lesions for diagnosing MM was endorsed by the IMWG 

consensus criteria in 2014.[58] This was of particular interest in relabeling high-risk patients 

with SMM as MM.[59] With the increasing interest in MRI (both WB-MRI and limited MRI 

of the spine), studies were conducted to study its relevance for MRD in MM. [46, 60] MRI 

was found to be of clinical value at diagnosis, but its relevance in patients on therapy for 

monitoring MRD was not statistically significant.[46, 60] In IMAJEM study (a sub study of 

IFM2009), MRI was compared to PET/CT with primary endpoint being comparison of 

number of bone lesions at diagnosis and secondary endpoint being determination of the 

prognostic impact after 3 cycles of induction therapy and before maintenance (correlation of 

PFS/OS and PET or MRI negativity). MRI of spine and pelvis and whole-body PET/CT 

were equally effective in determining bone involvement at diagnosis (McNemar test = 0.94; 

P = 0.33). MRI had no impact on PFS or OS during or end of therapy. PET/CT negativity 

after 3 cycles of chemotherapy and before maintenance was prognostic for PFS, whereas 

PET/CT negativity before maintenance is prognostic for OS.44

Comparison of MRD techniques:

As there is no gold standard MRD analysis technique, the comparisons to assess the 

sensitivity and specificity of the techniques are very difficult. These comparisons are not 

meant to judge but for providing insight for the investigators into these MRD techniques. 

Suppl Table 2 illustrates a comparison of some these available techniques.

TIMING OF MRD ASSESMENT

It is important for bedside practice to define the ideal frequency of MRD testing, i.e., after 

how many cycles of chemotherapy, role in pre-and post-transplant settings and frequency 

during maintenance therapy. Though we don’t have literature to dictate the exact frequency 

of MRD monitoring, but there are few time points which can be deduced based on the 

previous literature for remission/ response assessment. These time points are at the first 

documentation of CR (to assess the accuracy of remission and to evaluate the depth of 

response), after fixed number of chemotherapy cycles (can be investigator-driven in the 

clinical trial), prior to ASCT (based on the data on the prognostic role of MRD negativity 

prior to transplant), post ASCT at day 100 (this the time point where disease evaluation is 

done for the response to HDT and ASCT and most of the literature on prognostic impact of 

MRD is based on this time point) and at periodic intervals among patients on maintenance 

therapy post ASCT to detect emerging MRD negativity or to assess duration of response. It 

is strongly recommended that more reliance is placed on the MRD kinetics than MRD 

analysis at any single time point, as MRD kinetics may discriminate chemosensitive vs. 

chemoresistant patients.[12, 41, 61]

Relevance of MRD in prognosticating patients with MM was most studied in the setting of 

the autologous transplantation particularly at day 100 post-ASCT.[4, 7, 9, 13, 43] IFM-DFCI 

has studied the MRD in the setting of early and delayed transplant. In the IFM arm of the 

study, patients receiving upfront ASCT had a higher number of patients with MRD 

negativity. [21, 46] Galimberti et al studied compared the MRD status post non-
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myeloablative Allo-HSCT and post ASCT among MM patients by PCR-based testing. A 

higher percentage of patients achieved MRD negativity in the Allo-HSCT arm (60% Vs 

15%). MRD negative status was also associated 2y OS.[62, 63] A study by Martinelli et al 

also suggested similar results of higher molecular remissions using ASO-PCR in patients 

undergoing Allo-HSCT vis-à-vis ASCT (p<0.01).[40] Many trials are currently underway on 

the role of MRD status in setting of Allo-HSCT (Suppl Table 1).

NOVEL AGENTS AND THE MRD ANALYSIS

In patients receiving immunotherapy, there can be persistence of minimal quantities of 

monoclonal protein even after effective therapy, causing difficulty in labelling remission 

status based on the current criteria. The use of MRD analysis can clearly delineate patients 

with response to therapy.

Immunotherapy and MRD by MFC Analysis:

The use of monoclonal antibodies such as anti CD38 (e.g., Daratumumab) and anti CD138 

(e.g., Indatuximab Ravtansine) in MM can cause interference with the protein 

electrophoresis (when monoclonal antibody shares the same isotype with the monoclonal 

protein) and MFC analysis (as MFC panel uses these cell surface markers for the 

categorizing clonal PCs). Use of mass spectrometry based testing and anti-idiotype 

antibodies that bind the offending drug can mitigate the difficulties with electrophoresis. Use 

of other markers such as CD54, 229, 319 and VS38c can help in clonal plasma cell 

recognition in such patients. These monoclonal antibodies do not interfere with the NGS, 

thus making it the ideal test in these scenarios. [64, 65, 66]

Identifying ideal induction remission protocol in the era of novel agents:

Previously studies have used endpoints such as PFS and OS in identifying better regimens/ 

protocols employing newer agents. There are inherent disadvantages with the use of these 

end points including (a) The study has to be carried for a prolonged period before 

identifying the efficacy of the agents. (b) The lack of standardization in identifying these end 

points. (c) Difficult to compare across trials. The use of MRD-based endpoints in these 

remission induction trials can partly overcome the above-mentioned disadvantages and also 

have the advantages of better objectivity, early detection of insensitivity and relapse allowing 

prompt changes and avoiding patients from getting suboptimal therapy.

APPLICABILITY TO REAL WORLD SETTING

Most of the techniques in the current IMWG recommendation are either not available or 

unaffordable even if present in the real-world settings, especially in the developing 

countries. It is imperative for the scientific community to come up with alternative 

recommendations delineating what’s optional, optimal and absolutely necessary in MRD 

analysis in resource constraints. The industry should try to make accessible to the 

developing countries with equipment for MRD analysis at economically viable prices. The 

scientists should be encouraged for innovations and studies which can satisfy the local needs 
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(e.g., combination of cheaper first generation MRD techniques whose results can equate to a 

recommended higher generation procedure).

RECENT ADVANCES

Peripheral blood-based testing:

One of the major disadvantages of BM based MRD analysis is the requirement of invasive 

BM aspiration procedure. Clonotypic target tryptic peptides are a serum based analysis of Ig 

light chains by mass spectrometry which is patient specific (peptides prepared at baseline/

diagnosis by digestion of abundant M protein from individual patients) and used thereafter 

to monitor MRD. [67, 68, 69] This method has higher sensitivity than BM-based 

methodologies, but the clinical relevance and validity across institutions needs evaluation. 

The potential benefits of this assay are being less invasive; a serum-based test capable of 

detecting very low concentrations of disease burden and potential to detect patchy or focal 

disease that BM based tests might miss. The disadvantages are the necessity of the baseline 

sample as in genotypic BM methods. [69, 70] Korthals et al studied the role of MRD in 

peripheral blood by quantitative real-time IgH-PCR (IgH-qPCR). The MRD levels of the 

peripheral blood PCR was 40 fold lower than the mean MRD by BM based PCR. They 

found no correlation with serological remissions, but the patients with MRD positivity had 

significantly lower PFS. [71] Ongoing studies are evaluating the role of “liquid biopsies”, 

based on circulating tumor DNA in the peripheral blood as sensitive MRD markers.[72] 

MicroRNA (miRNA) has been studied in the setting of myeloma, particularly from disease 

biology standpoint, with its role in detecting MRD unclear at this point.[73]

Hevylite assays:

Hevylite assay enables quantitation of the specific pairs of the heavy/ light chains by 

developing antibodies directed to the conjunction epitopes between light and heavy chain. 

This enables detection of both involved and the polyclonal non-involved pair. It is of great 

relevance in oligo-secretory MM and MRD monitoring. They have a distinct additional 

advantage of assessing functional reconstitution of the normal B-cells and plasma cells 

during immune recovery other than the quantitation of MRD. There are limited studies on 

the prognostic impact of the Hevylite assay as a MRD marker in MM.[74, 75]

Genomic instability and phenotypic/ genotypic shifts of MRD cells:

The question of “whether the MRD plasma cells (PCs) are unique or are they identical to the 

PCs at diagnosis” needs to be answered. Selection of the clonal PCs occurs at the MRD 

levels. The differences in the PCs at these time points can be assessed by the phenotype, 

genotype, and gene expression profiling.[76] The impact of therapy and relapse in selecting 

a specific clone from the clonally heterogeneous population can explain these differences.

[77] Phenotypically the MRD cells are different from the clonal PCs at diagnosis, but on 

analysis of independent surface CD markers, there can be overlapping features. This can be 

explained by selection of a different major molecular clone which would further be 

responsible for the relapses.[78] Paino T et al demonstrated that these different phenotypic 

clones have distinct cytogenetic profiles.[41] The immunophenotypic protein expression 

profiles of the MRD cells have a shift from the diagnostic clonal PCs.[79, 80] The 

Yanamandra and Kumar Page 12

Leuk Lymphoma. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



phenotypic shifts in diagnostic-PCs to MRD-PCs are not merely immaturity shifts (more 

immaturity markers) as seen in BM-PCs to peripheral-PCs.[41] These shifts are related to a 

different genetic background in MRD-PCs compared to diagnostic-PCs by the acquisition of 

new chromosomal abnormalities secondary to linear evolution or branching evolution 

leading to genomic instability. These genetic shifts are clinically relevant as proven by Paiva 

et al, that MRD-positive patients with high-risk cytogenetic profile have inferior survival or 

outcomes.[11]

CONCLUSION AND FUTURE DIRECTIONS

The MRD analysis in patients with MM is a step forward towards the cure of this disease. A 

better definition of MRD, standardization of the available techniques and implementation of 

these in the routine clinical practice through universal availability can aid in tailoring the 

MM therapy further. Most characteristics of the MRD analysis discussed till now are based 

on limited literature, with the lack of larger studies. There are many questions requiring 

further exactitude or remain unanswered. These are potential areas of research needing to be 

addressed in large prospective trials designed specifically to answer these.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Suggested trial design for the assessing newer drugs/ regimens in the future incorporating 
MRD analysis
We divided the study protocol into three parts (a) Part I denotes the short-term benefits of the 

MRD assessment, (b) Part II describes benefits of MRD based treatment strategies and 

periodic MRD assessment, (c) Part III – Long term evaluation of PFS/ OS and benefits 

thereof. Investigators can incorporate any of these parts in their study protocol based on the 

specific end points.

Legend: OS – Overall survival; PFS – Progression free survival; MRD – Minimal residual 

disease; Neg – Negative; Pos - Positive
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Fig. 2: Depth of MRD and plausible controversies
Legend: PFS – Progression free survival; MRD – Minimal residual disease; BM – Bone 

marrow; CSC – Cancer Stem Cell
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