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ABSTRACT
◥

The development of novel agents has transformed the treatment
paradigm for multiple myeloma, with minimal residual disease
(MRD) negativity now achievable across the entire disease spec-
trum. Bone marrow–based technologies to assess MRD, including
approaches using next-generation flow and next-generation
sequencing, have provided real-time clinical tools for the sensitive
detection and monitoring of MRD in patients with multiple
myeloma. Complementary liquid biopsy–based assays are now
quickly progressing with some, such as mass spectrometry
methods, being very close to clinical use, while others utilizing
nucleic acid–based technologies are still developing and will
prove important to further our understanding of the biology of
MRD. On the regulatory front, multiple retrospective individual

patient and clinical trial level meta-analyses have already shown
and will continue to assess the potential of MRD as a surrogate
for patient outcome. Given all this progress, it is not surprising
that a number of clinicians are now considering using MRD to
inform real-world clinical care of patients across the spectrum
from smoldering myeloma to relapsed refractory multiple mye-
loma, with each disease setting presenting key challenges and
questions that will need to be addressed through clinical trials.
The pace of advances in targeted and immune therapies in
multiple myeloma is unprecedented, and novel MRD-driven
biomarker strategies are essential to accelerate innovative clinical
trials leading to regulatory approval of novel treatments and
continued improvement in patient outcomes.

Introduction
The treatment paradigms in multiple myeloma have changed

significantly over the past 5 years, both for initial management of
newly diagnosed disease and during relapse after initial response to

therapy. Increasing treatment options with novel drugs and drug
combinations have led to deeper responses in multiple myeloma,
associated with improved outcome for patients with newly diagnosed
disease and relapsed multiple myeloma. This in turn has highlighted
the inadequacy of traditional response assessment in myeloma that
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relied entirely on quantitation of the monoclonal protein in the serum
and urine using gel electrophoresis and detection of residual protein
using immunofixation techniques, along with morphologic evaluation
of the marrow to define complete response (CR). CR by this conven-
tional definition provided a false sense of disease control, because
nearly all patients eventually relapsed despite achieving CR. Subse-
quent attempts to improve response assessment using serum free light
chain assay and clonality assessment in the marrow led to designation
of stringent CR (sCR), which provided only a modest degree of
improvement in assessing the depth of response.

It was in this context that the International Myeloma Working
Group (IMWG) updated the multiple myeloma uniform response
criteria incorporating minimal residual disease (MRD) assessment as
an additional level of response. The IMWG relied on available data
demonstrating a prognostic value for MRD negativity in patients with
newly diagnosed or relapsed multiple myeloma (1). It utilized a
minimum cutoff of 10�5 cells for defining MRD negativity, based on
data available at the time of the revision and the availability of
technology that could reliably demonstrate residual disease only up
to this level of detection. The response criteria were agnostic to the
methodology utilized, as long as the method was validated for the level
of sensitivity required, and specifically identified flow cytometry or a
VDJ gene sequencing approach as acceptable methods. For the first
time, the revised criteria also incorporated sensitive imaging techni-
ques into the definition of MRD negativity, based on data from several
randomized European trials as well as retrospective data frommultiple
centers. FDG-PET was the method of choice for incorporation into
response criteria, given the available data and the delay in changes seen
using conventional MRI compared with functional imaging using
FDG-PET. Importantly, technology has continued to improve, and
novel flow cytometry and next-generation sequencing (NGS)methods
are able to attain sensitivity levels of 10�6 cells or lower in high-quality
bone marrow (BM) samples. In addition, mass spectrometry has
continued to evolve for detection of smaller amounts of monoclonal
protein than immunofixation techniques. Other methods to detect
single circulating tumor cells or cell-free DNA (cfDNA) in the
peripheral blood are also being evaluated.

In January 2016, a collaboration of advocacy organizations, patients,
research foundations, academia, government (NIH and FDA), and
industry was convened by the Foundation for theNational Institutes of

Health (FNIH) Biomarkers Consortium to update current status of
MRD in improving patient care and enhancing the development of
new therapies in multiple myeloma. The resulting white paper (2)
summarized state of the science and technology as well as clinical data
supporting the use of MRD in multiple myeloma; and most impor-
tantly, proposed studies needed to defineMRDas a surrogate endpoint
for regulatory purposes and informing clinical decisions in multiple
myeloma.

Significant progress has beenmade in the 4 years since these original
discussions, both in terms of establishing MRD as a regulatory
endpoint for clinical trials leading to drug approval, and in design
and initiation of clinical trials that are defining the role ofMRD testing
in routine clinical practice. Several ongoing efforts are attempting to
bring together the existing data from large phase III trials for surrogacy
analysis, a requisite step to obtain acceptance from the regulatory
authorities around the world for MRD to serve as a surrogate marker
for longer term outcomes. Notably, a recent meta-analysis, the largest
to date, reviewed data from93publications covering 8,098 patients and
reaffirmed the importance and strong prognostic value of MRD
negativity in improving long-term survival in a heterogeneous cohort
of patients with multiple myeloma (3). Also, there are efforts being led
by the multiple myeloma community in collaboration with industry
partners which are at the stage of MRD data aggregation and analysis
for submission to health authorities. We anticipate that these efforts
will eventually lead to increased utilization of MRD as an endpoint for
clinical trials with regulatory intent. Even more progress has been
made in the design of clinical trials that incorporate MRD testing at
various stages of therapy to inform subsequent treatment decisions. In
our previous white paper (2), we suggested several potential clinical
trial designs to evaluate the value of MRD at various stages of multiple
myeloma. Many of these designs have now been implemented, and
almost 50 phase III trials are currently actively enrolling using MRD-
directed treatment assignment or MRD as an endpoint (Table 1).
These trials are designed to ask clinically relevant questions including:
defining the ideal duration of maintenance therapy after autologous
stem cell transplantation (ASCT); defining whether MRD-directed
treatment intensification is beneficial in patients who do not achieve
MRD negativity after induction therapy with triplet combinations or
those who remain MRD positive at 1 year of post-transplant main-
tenance. Given the considerable progress made over the 4 years since
our initial white paper, we here review the progress and update
recommendations regarding the current role ofMRD testing in clinical
trials and routine clinical practice, as well as in new drug registration.

Scientific and Technological
Considerations

A number of large professional society meetings focused on hema-
tologic malignancies have included a point/counterpoint debate on
whether MRD assessment is “ready for prime time” in clinical man-
agement of patients with lymphoid malignancies including multiple
myeloma.While these sessions are useful for introducing the concepts
of MRD to practitioners, they belie and obscure the fact that MRD has
become a fundamental gauge for clinical management in various
cancers. The concept of remission in hematologic malignancies was
once based on clinical exam alone, then on the enumeration of
morphologically aberrant cells in the BM or blood from a patient,
then by conventional flow cytometry, which provided a sensitivity
based on practical application (not on biology) of 10�4 cells, and then
by analyses of immunoglobulin light or heavy chains in the blood (or
urine). At each point in time when these measures were adopted for

Translational Relevance

The pace of advances in targeted and immune therapies in
multiple myeloma is unprecedented. To keep this momentum
going, a framework is proposed outlining key elements and reg-
ulatory considerations that will delineate how minimal residual
disease (MRD) data could be collected to help standardize correl-
ative analyses across clinical studies. The framework is intended for
use by sponsors to incorporate into ongoing or planned trials,
without compromising or interrupting their primary trial objec-
tives. Also covered are technologies already impacting MRD
assessment in myeloma and emerging approaches that sponsors
should consider including in their trials. The current value ofMRD
to inform clinical care is presented using real-world cases of
patients with smoldering multiple myeloma, newly diagnosed
transplant eligible and ineligible, and relapse refractory disease,
with each case summarizing what is known and questions to be
addressed in clinical studies.
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clinical care, they represented an increase in sensitivity over what had
existed before. Their utility, however, was only relevant once thera-
peutic interventions existed that could lower the tumor burden to a
level at which such increased sensitivity was necessary. Physicians
treating patients with leukemia, lymphoma, ormultiple myeloma have
evolved their practices as each new more refined, standardized,
accurate, and sensitive measure of residual disease has been intro-
duced. Initially, the clinicians’ response was often exasperation exem-
plified by responses to the sensitivities of current new technologies, “I
should be so lucky as to have to worry whether my patient still has one
malignant cell within one million normal hematopoietic cells.” For-
tunately, for one after another indication, treatment has become more
and more efficacious, and therapeutic options for a given patient have
markedly increased. Today, it is possible to approach a patient with
multiple myeloma with the prospect of long-term control. Thus, in-
depth assessment of residual tumor burden and kinetics of residual
tumor growth over time have become essential to patient-physician
discussions of a therapeutic plan and decisions of whether to change,
discontinue, or intensify a given treatment course. In fact, physicians
have started incorporating MRD determination as an aid in their real
time clinical management decisions (4). In this section, several
advances in the determination of MRD are described. Utilization of
thesemethods in clinical trials, in drug development, and in real-world
patient management are discussed in subsequent sections.

Strengths and weaknesses of the various MRD technologies have
been well described elsewhere and will not be discussed in details here.
Regardless of which “next-generation” technology (next-generation
flow or NGF, NGS, imaging, mass spectrometry–based paraprotein
analyses, etc.) is employed, some basic principles apply to its incor-
poration into clinical trials and real-time patient management. Single
point in time assessment of MRD is a measure of tumor burden, not
tumor biology.On the other hand, achievement of such deep remission
might reflect a favorable biology. Any threshold of such tumor burden
(e.g., 10�4, 10�5, 10�6 cells or undetectable) is useful to provide
consistency when comparing treatment arms or stratifying patient
populations into different arms of therapeutic intervention and ulti-
mately in the future in choosing treatment options in real-world
practice. Such thresholds provide information at the population level
on average therapeutic efficacy. However, MRD is a continuous
variable and for individual patient management any MRD value must
be considered in the overall context of prior treatment regimens, other
diagnostic tests and risk markers, as well as all of the signs, symptoms,
co-morbidities, and quality-of-life factors that are relevant to that
particular person. Determination ofMRD at a single point in timemay
have prognostic significance, but quantitative, accurate, standardized,
and sensitive MRD determinations may provide greater information
relevant to tumor biology and likelihood of relapse when performed in
a sequential fashion over multiple timepoints during a continuum of
care to establish the trend and pace of the change in tumor burden.

NGF cytometry
Multiparametric flow cytometry (MFC) is a widely available, fast,

and highly applicable technique for detection and enumeration of BM
plasma cells (PC). In addition, it allows clear cut and highly sensitive
discrimination between normal (i.e., polyclonal) and clonal PCs based
on their uniquely distinct (normal vs. aberrant) immunophenotypic
characteristics, even when tumor PCs are present at very low frequen-
cies, for example, MRD (5–7). Early studies and more recent inves-
tigations have highlighted the value of MRD monitoring by MFC for:
(i) improved evaluation of response to therapy, particularly among
patients that reach a CR; (ii) prognostic stratification of patients withTa
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multiple myeloma after therapy; and (iii) to modify treatment in the
settings of clinical trials for both transplant eligible and transplant
ineligible patients (8–22). However, none of the referenced studies
have definitively demonstrated yet in a randomized fashion that
modifying treatment in an MRD-positive patient converts them to
MRD negative and improves outcomes, something being currently
addressed through ongoing clinical trials. In parallel, these studies
also showed that conventional MFC MRD approaches are associ-
ated with several important limitations when compared with
molecular MRD approaches, particularly a lower sensitivity and
lack of standardization (23, 24).

Highly sensitive NGFMRD approaches have been developed in the
last 5 years by EuroFlow to overcomemost limitations of conventional
MFCMRD techniques (23, 25, 26). This novelNGF approach forMRD
in multiple myeloma is based on a more efficient sample preparation
protocol for acquisition of >10 million BM cells, optimized and well-
tuned 8–12 antibody combinations (25), and innovative automatic
data analysis strategies and software tools that have resulted in
increased sensitivity (vs. conventional 4–10-color MFC approaches)
of 10�6 (26). Importantly, NGF can be applied in virtually every patient
with multiple myeloma, even in the absence of a diagnostic sample.
Furthermore, NGF MRD also provides information about the quality
of the BM sample and the potential presence of hemodilution, which is
critical for early identificationof false-negativeMRDresults (23,26,27).
Because of these clear advantages and its standardized nature, MRD
detection in multiple myeloma by the EuroFlow NGF approach has
been recognized by the IMWG as the reference method to define flow
MRD negativity after therapy (1). This is of utmost importance,
because the clinical impact of high-sensitivity MRD detection by
NGF (26) has been recently validated in the settings of both real-
world patients with multiple myeloma (28) and the PETHEMA/GEM
2012MENOS65 clinical trial (24). Notably, only 7% of MRD-negative
(MRD < 2 � 10�6 cells) cases in the GEM/PETHEMA trials showed
disease progression (mostly related to extraosseous disease) with an
82% and 88% reduction in the risk of progression and death, respec-
tively, and HRs of 0.18 [95% confidence interval (CI), 0.11–0.30;
P < 0.001] and 0.12 (95% CI, 0.05–0.29; P < 0.001), respectively,
overcoming the poor prognostic value of high-risk cytogenetics at
diagnosis in cases that achieved MRD negativity by NGF (24).
Although the recently extended use of anti-CD38 antibody-based
therapies could interfere with CD38-based NGF detection due to
bound antibodies at the surface of multiple myeloma cells, combined
use of alternative (e.g., multiepitope and nanobody) CD38 conjugates
and the NGF-based automatic data analysis strategies have allowed for
robust detection of MRD, even in patients receiving anti-CD38
therapy (26, 29, 30). Meanwhile, occurrence of extraosseous disease
in this subset of patients highlights the complementarity of BM-based
MRD assessment with other approaches including MRD detection in
blood by NGF (30), Qip-mass spectrometry (31) and particularly,
imaging techniques (24, 32).

NGS MRD
DNA-based assessments of immune receptor clonality (e.g., South-

ern blot, PCR) have been employed to address clinical research
questions for many years (33, 34). It has only been within the past
10 years that advances in knowledge to develop a comprehensive
“immunosequencing” high-throughputmethod of enumerating, spec-
ifying, and quantifying each and every B and/or T cell in a sample of
interest have come together to allow for a DNA sequence–based
immune receptor repertoire approach to real time clinical questions.
One of the first and most obvious applications is the determination of

MRD in lymphoid malignancies. The technology behind NGS has
been well described elsewhere (35, 36). The assay is robustly quanti-
tative, which has been ensured by primer design and concentration
adjustments, so that every possible V-J combination is amplified
equivalently. The sensitivity of the assay is simply a function of the
amount of genomic DNA that is analyzed. Because of the absolute
specificity of most CDR3 regions, only a single event (the presence of a
single sequence within the sample) is required to make a call as to the
presence of a clone of interest. If one million cells are analyzed, the
sensitivity of the reaction approaches 10�6 cells. At the patient level,
the assay can detect MRD in >95% of extracted gDNA samples from
that patient if, on average, there are approximately two or more
malignant-cell equivalents per the number of total cells assessed in
the patient sample. As will be discussed in the Regulatory Section
below, the NGS-based assay of immune receptor repertoire profiling
developed by Adaptive Biotechnologies (clonoSEQ) is currently the
only assay cleared by the FDA for MRD determination in BM from
patients with multiple myeloma.

There are numerous studies that demonstrate the utility of this assay
for the determination of response to therapy, prognosis, and moni-
toring of disease status. For example, in recent study using this assay
for the assessment of patients with multiple myeloma pre or post
maintenance demonstrated that the level of MRD correlates with
outcome, and that the deeper the level of MRD either pre or post
maintenance (down to a level of less than 10�6 cells), the better the
prognosis (37). In this study,more patients in theASCT treatment arm
achieved NGS-based MRD negativity than in the control arm. How-
ever, the best prognostic marker was the achievement of NGS-MRD
negativity, regardless of the treatment arm to which a patient was
assigned. Similar findings have emerged from other clinical trials. For
example, in a comparative study of patients stratified to receive either
VMP alone or daratumumab-VMP, more patients in the arm includ-
ing daratumumab achieved NGS-MRD negativity; however, the out-
come for all patients achieving NGS-MRD negativity was the
same (38). This again supports the concept that achieving MRD
negativity may be more important than how one reached that state.

It should also be mentioned that the same chemistry and algorith-
mic principles described here for NGS-based MRD analyses can be
applied to any situation in which elaborating, specifying, and quan-
tifying the immune response is important. This broadens the appli-
cation of NGS-based immune receptor repertoire analysis to indica-
tions in immunotherapy, infectious disease, autoimmunity, vaccine
response, aging, and general considerations of individual or popula-
tion health status (39–41).

Toward blood-based MRD approaches
Advancements in technologies to assess MRD, including NGF and

NGS, have provided real-time clinical tools for the sensitive detection
and monitoring of MRD in patients with multiple myeloma (28, 42).
However, the routinely usedMRD assays rely on information obtained
from repeated BM aspirates, which are invasive and may contribute to
false negatives due to the multifocal “patchy” nature of the disease in
the BM. Liquid biopsy–based assays could be very useful to implement
into MRD assessment as they can: (i) provide accessible repeatable
measurements for routine monitoring, (ii) detect total tumor burden
reflective of disseminated disease and undetected lesions to stratify
patients by recurrence risk, and (iii) provide comprehensive informa-
tion on heterogeneous genetic alterations that can help guide therapy
for earlier intervention (43). While some blood-based approaches,
such as mass spectrometry methods, are now very close to prime time,
others utilizing nucleic acid-based technologies are still developing and
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will prove to be important complementary tools to assess the biology of
minimal residual disease.

Mass spectrometry methods
Mass spectrometrymethods to detect theM-protein in blood offer a

promising, less-invasive alternative to BM-based MRD testing. These
methods can detect the M-protein at lower concentrations than serum
immunofixation, better distinguish therapeutic antibodies from
M-proteins, and detect post-translational modifications (i.e., glyco-
sylation), which may be relevant for identifying amyloidosis (44, 45).
Importantly, mass spectrometry methods have the ability to distin-
guish betweenmyeloma-derivedmonoclonal proteins and therapeutic
mAbs.

Mass spectrometry methods are based on the fact that each immu-
noglobulin has a unique amino acid sequence and therefore a unique
mass. Although a variety of methods have been developed, they all
involve the same general steps: enriching immunoglobulins from
serum, processing the enriched proteins into smaller components,
and measuring the mass of the components. Data are analyzed for the
presence of the patient’s M protein–specific mass, which is used as a
marker of disease and is constant over time.

Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-TOF MS) is a rapid, high-throughput technique that has
the potential to replace current electrophoretic methods forM-protein
detection. The Mayo Clinic currently offers the MASS-FIX assay as a
laboratory-developed test. This method is more analytically sensitive
and specific than serum protein electrophoresis and immunofixa-
tion (46, 47), and provides similar clinical sensitivity for the detection
of monoclonal gammopathies (48). Another similar method is being
developed by The Binding Site with the goal of producing an FDA-
approved, commercially available assay. Both methods follow the
signal from intact light chains to detect M-proteins. However, they
differ in technical details, particularly the immunoglobulin purifica-
tion step, and a head-to-head comparison of these techniques has not
yet been reported.

More sensitive LC/MS methods have also been developed to detect
M-protein but remain in the research realm. A method termed
monoclonal immunoglobulin rapid accurate mass measurement fol-
lows intact light chains, and was reported to be about 100 times more
sensitive than serum immunofixation (49). Other LC/MS methods
track clonotypic peptides as a marker of disease. In these methods,
enriched immunoglobulins are digested with an endoproteinase, most
commonly trypsin, and patient-specific peptides from the immuno-
globulin heavy and light chain variable regions are monitored by
LC/MS. Reported detection limits of these clonotypic peptide methods
range from 0.01 to 4 mg/dL (45, 50–52).

Currently, the field is still developing these techniques and evalu-
ating how to best use them. Some studies comparing mass spectrom-
etry results to BM-based MRD assays have found that the M-protein
can be detected when BM-based tests are negative (53–56). And, a
recent study found LC/MS to be a better predictor of progression-free
survival (PFS; ref. 56). Prior to the incorporation of thesemethods into
clinical laboratories, work is needed to better understand the clinical
utility of low-level M-protein measurements. Questions remain
regarding the half-life of immunoglobulins and the level of sensitivity
needed for detecting the M-protein in the setting of MRD.

Circulating cfDNA for MRD assessment
Liquid biopsies that track tumor mutations present in circulating

cfDNA isolated from blood plasma have become a promising mini-
mally invasive tool to characterize andmonitor many cancers (57–60).

Multiple groups have executed studies that revealed cfDNA dynamics
and high concordance of clonal somatic mutations and copy-number
alterations between BM and cfDNA of patients with multiple
myeloma (61–64). However, extending these findings to implement
cfDNAprofiling forMRD assessment has remained challenging due to
limitations in detection of the low abundance of circulating tumor
DNA (ctDNA) from normal cfDNA derived from peripheral blood
cells (65). Ultimately,many currentmethods lack the capacity to detect
MRD when the fraction of ctDNA in the bloodstream is lower than
twice the inverse of the number of copies of each gene in a given
sample, referred to as the genomic equivalent (GE) limit (66).

Ultradeep targeted sequencing has significantly improved the detec-
tion of ctDNA present at low concentrations, although sensitivity is
driven by the number of tumor mutations available to track. To date,
the validity of cfDNA profiling in the MRD setting in multiple
myeloma has been limited to a small subset of clinical stud-
ies (42, 67, 68). Most recently, the first comparative prospective study
tracked all clonal immunoglobulin gene rearrangements using NGS in
paired cfDNA and BM samples for MRD assessment in 42 patients
with multiple myeloma (42). The study demonstrated there was no
correlation for MRD between cfDNA and BM, with only 49% con-
sistency between the paired samples. The most frequent discrepancy
observed was undetectable MRD in plasma, which was positive in the
BM. This suggests different NGS strategies are needed to increase the
sensitivity of detection of low-frequency variants without compromis-
ing specificity (69, 70). An alternative strategy that remains to be tested
in multiple myeloma is tracking a larger number of patient-specific
tumormutations based on a tumor-derivedmutation fingerprint. This
strategy has successfully been shown to increase the likelihood that the
targeted mutations will be captured when the tumor fractions in the
blood are below the GE limit (66). Alternatively, large, targeted
sequencing panels that incorporate frequentlymutated genes, frequent
copy-number alterations, V(D)J rearrangements and translocations, as
well as minimize template DNA losses during library preparation and
suppress background errors, may also be applicable and have yet to be
described (70–72).

To validate the utility of ctDNA in the MRD setting, comparative
studies are needed that incorporate both BM and cfDNA and assess
MRD with different methodologies. Additional efforts toward the
design of targeted sequencing assays and bioinformatics techniques
are likely required before they can be proposed as standard approaches.
Sufficiently powered prospective investigations will also be needed to
prove that ctDNA detects a window of intervention before current
BM-based methods or is complementary in some way, and that
clearance of ctDNA levels is reflective of disease control (73).

Single-cell RNA sequencing
Single-cell RNA sequencing (scRNA-seq) offers high-throughput

and high-resolution analysis of gene transcription on a cell by cell basis.
The single-cell approach provides benefit by allowing resolution of
malignant PCs from stromal and immune cells of the microenviron-
ment compared with bulk sequencing, which yields an aggregate of
transcriptional activity from unknown cells from a specimen (74–78).
Therefore, this sensitivity facilitates the detection of rare malignant
cells that constitute MRD. The power of the technology lies in the
combination of single-cell resolution with transcriptional activity.
Molecular signatures of the evolution and progression of disease
have been found in PCs, as well as the nontumor cells of the BM
microenvironment (79–82). Therefore, scRNA-seq may be used to
select appropriate targeted therapies according to the identification
of resistant or sensitive populations of cells, based on specific gene
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mutations, splice variants, and common rearrangements. For example,
t(11;14) and high BCL2 mRNA appear to be predictive markers for
response to venetoclax (83), and certain gene expression signatures
have been found to predict for response to proteasome inhibition (84).

However, several challenges need to be overcome before scRNA-seq
can enter routine clinical practice (85). At the technical level, sample
preparation is time consuming and loss of polyadenylated RNA at low
levels of gene expressionmay lead to amplification bias (86). Therefore,
there needs to be a standardization and simplification of the workflow
both in sample preparation and bioinformatic analysis to ensure
accuracy and reproducibility among patients and centers. Further-
more, evidence to support the use of targeted agents in response to
specific transcriptional signatures is in its infancy.

Despite these considerations, scRNA-seq has the potential not only
to be a highly sensitive technique for MRD determination, but also to
provide detailed information to guide subsequent therapeutic inter-
vention. In essence, it can identify the disease at the earliest oppor-
tunity and provide a solution in the same test. The use of scRNA-seq to
monitor intraclonal heterogeneity in individual patients has the
potential to take the care of patients with myeloma one step closer
to true precision medicine.

Imaging
For the longest time, imaging has been limited to assessment of

myeloma bone disease. However, because a multitude of studies have
shown that modern cross-sectional whole body imaging techniques
like PET with CT (PET/CT) and MRI provide a comprehensive
overview of the tumor burden beyond osteolytic lesions including
extramedullary disease (EMD), these techniques have been investi-
gated as methods to assess residual disease after therapy (87). This is
particularly important because other techniques, which rely on BM
specimens are by nature limited to sampling a very small area of the
body. Besides the patchy infiltration of BM PCs (BMPC) and the
presence of EMD (88), recent prospective studies serially monitoring
patients with functional imaging and focal lesions (FL) biopsies
demonstrated that multiple myeloma entails spatial heterogeneity,
with possible coexistence of different disease clones with different
genomic profiles in the BM versus FLs (89). The larger the FL size, the
greater the heterogeneity (90). Therefore, whole body imaging pro-
vides important complementary information about residual disease
after therapy, and also about early relapse. EM sites of clonal prolif-
erating PCs in a context of BM MRD negativity are more frequent in
patients with EMD at diagnosis (5%–10%) or with paramedullary
plasmacytomas (91).

18Fluorodeoxyglucose (18F-FDG)-PET is an excellent imaging tool
to assess tumor metabolic activity and monitor response to treatment,
due to its ability to distinguish between active and inactive (e.g.,
fibrotic) disease. In addition, low-dose chemotherapy, which is typ-
ically done for localization along with FDG-PET, constitutes a precise
screen for bone and extramedullary findings (92).

Several studies have demonstrated an unfavorable prognostic role
for PET-positive lesions after completion of therapy (93–96). Con-
versely, in patients achieving complete remission (CR), FDG-PET/CT
negativity after ASCT predicted a lower risk of progression or death in
patients with conventionally defined CR than in patients with met-
abolically active sites of disease (97, 98). Moreover, in patients achiev-
ing MRD negativity by flow cytometry with a sensitivity of 10�5 cells,
imaging either by PET/CT or whole-body diffusion-weighted MRI
(WB-DWI-MRI) was positive in 12% of the cases and associated with
a shorter PFS (99). In contrast, patients achieving an MRD-negative
CR during salvage therapy frequently had FLs (50%). Also, it has

recently been shown that patients obtaining PET FL normalization
upon therapy have comparable prognosis to patients without
baseline increased metabolism, suggesting the value of treating until
suppression of glucose metabolism (100). The complementarity
between imaging (either FDG-PET/CT or WB-DWI-MRI) and BM
techniques in defining the prognosis of patients was demonstrated
by two prospective studies, using flow cytometry with a sensitivity of
10�4 (10) and 10�5 cells (99).

On the basis of the above-reported results, 18F-FDG PET/CT is
currently considered the preferred imaging technique for evaluating
and monitoring metabolic response to therapy (87). However, it
has been reported that in 10% to 15% of cases, PCs may not be
18F-FDG-avid due to lack of hexokinase enzyme, which is responsible
for FDG trapping in the cells (101). In these patients, FDG PET/CT is
not an appropriate tool to evaluate metabolic response to therapy. In
addition to 18F-FDG, new PET/CT tracers targeting different meta-
bolic pathways or receptors expressed by PCs may represent poten-
tially more sensitive and specific molecular imaging biomarkers, and
have been preliminarily investigated in limited series of patients with
multiple myeloma or in mouse models (102). PET imaging targeted to
CXCR4 (103, 104), CD38 (105, 106), and VLA-4 (NCT03804424) has
advanced into translational clinical trials, bringing us closer to pow-
erful imaging options for multiple myeloma. Radiolabeled antibody
imaging may be advantageous, as it is imaging tumor cells with
antigenic expression regardless of metabolic processes, resulting in
earlier and more specific assessment of response. For example, all
multiple myeloma cells express CD38, making it an excellent focus for
targeted imaging and therapy. Daratumumab is an already FDA-
approved monoclonal antibody therapy for multiple myeloma that
targets CD38. Conjugating daratumumab with the positron emitting
radioisotopes Copper-64 (64Cu) and Zirconium-89 (89Zr) has
allowed for the creation of immunoPET tracers for multiple myeloma
imaging. 89Zr-Daratumumab has demonstrated the ability to detect
multiple myeloma in early clinical trials (107) when it was not detected
by FDG-PET/CT and other clinically standard imaging methods.
More advanced clinical trials for these immunoPET agents are
planned.

However, the lower availability of these newer tracers, interpatient
tumor heterogeneity regarding specific targets, as well as the lack of
prognostic data and standard reporting, prevent any definite conclu-
sion from being drawn at this time. As with BM techniques, stan-
dardization of imaging criteria and definition of cutoffs for positivity/
negativity, highly important to allow for data reproducibility and
harmonization, is currently ongoing. A standardized definition of
PET complete metabolic response has been proposed considering the
uptake of the liver as threshold, and is currently under confirmation in
independent prospective series of patients (108).

Conventional MRI without contrast agents has been used for
response assessment in several clinical trials, in addition to serologic
and BM-derived parameters. Two studies using MRI of the spine and
pelvis and whole bodyMRI in a total of 711 patients treated with high-
dose chemotherapy protocols showed that residual lesions after com-
pletion of the most aggressive treatment had a significant adverse
prognostic significance (109, 110). A later study again comparing axial
MRI (including spine and pelvis) with PET/CT in 134 patients with
multiple myeloma treated in a multi-center trial showed that PET/CT
was superior to MRI with regards to prognostic significance after
therapy. The most likely explanation has been examined in the first
study of this kind showing that treatment response in MRI appears
delayed, with FLs of multiple myeloma disappearing more slowly
because MRI is not able to differentiate between vital and necrotic
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tissue within preexisting osteolytic lesions (109). Interestingly, a
change of lesions into a more liquid or cystic appearance was asso-
ciated with a higher rate of CRs, but also with a higher proliferation
index in gene expression profiling (111). A further development of
MRI is DWI, which measures the movement of water molecules in the
investigated tissue. This Brownian movement is in part limited by
lipophilic cell membranes and promoted by tissue perfusion, which in
turn gives DWI the ability to assess cellularity and microcirculation in
the BM (112). Recent studies suggest that whole body DWI might be
equivalent or even slightly superior to FDG PET/CT in the assessment
of MRD (113).

In summary, at this time PET/CT is the most widely available and
most reliable imaging technique for the assessment of residual disease
in areas outside of the BM, and should be added to assess remission,
especially within clinical trials.

Regulatory Considerations
FDA perspective on regulatory considerations for MRD
assessment and incorporation into clinical trials

There is an interest in the multiple myeloma community to
evaluate new sensitive markers of response, like MRD, to provide an
improved and early estimate of activity of drugs to expedite drug
development. While available evidence suggests that MRD as a
general measure of tumor burden in patients with multiple mye-
loma has multiple potential regulatory and clinical uses as a
biomarker, the clinical and regulatory uses are very different. For

MRD to function as an effective regulatory tool, several aspects
within each context of use need to be addressed, such as underlying
disease, patient heterogeneity, therapeutic context, target of ther-
apy, or a combination of disease parameters.

Regardless of the registrational intent for a trial, it is important
that the trial is adequate to meet its stated objectives [21 CFR 312.42
(b) (2)(ii)]. If MRD assessment is a key component of the trial
objectives, the MRD assessment should provide interpretable data.
A review of applications submitted to the FDA’s Division of
Hematology Products between 2014 and 2016 that included MRD
data highlighted several issues with MRD assessments in regulatory
submissions. In more than half of the submissions, data were
considered inadequate (31%), or were not proposed for inclusion
(23%) because of missing or disparate data points, high amounts of
test failure rate, incomplete test characteristics, and incomplete
planned statistical analysis (114).

The recent FDA guidance “Hematologic Malignancies: Regulatory
Considerations for Use of Minimal Residual Disease in Development
of Drug and Biological Products for TreatmentGuidance for Industry”
was published to help sponsors planning to useMRD as a biomarker in
clinical trials conducted under an investigational new drug application
or to support marketing approval of drugs and biological products for
treating specific hematologic malignancies (115). This guidance
addresses several aspects including assay considerations, the strength
of evidence and data that are required to support MRD as a surrogate
endpoint, and considerations for using MRD as a patient selection
factor.

Figure 1.

Clinical Case 1—Use ofMRD in a patient
with smoldering myeloma.
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Specifically, with respect to assay selection, FDA is agnostic as to
which technology platform is used in clinical trials assessing MRD
as long as the assay to be used is analytically validated for its context
of use in the trial, that is, the assay demonstrates acceptable
sensitivity, specificity, accuracy, precision, and other relevant per-
formance characteristics as defined under a specified technical
protocol. The assay validation considerations may differ based on
the specific technology platform, for example, cellular versus molec-
ular platform. If the assay is not approved or cleared for the
intended use and the trial is considered a significant risk device
trial, an investigational device exemption (IDE) may be required to
use the assay in the clinical trial. For a trial considered a nonsig-
nificant risk device study, the sponsor should submit abbreviated
information about the assay, as stated in the MRD guidance (116). It
is important to note that FDA cleared or approved assays have been
analytically validated for the specific context of use. As described
above, the adaptive clonoSEQ assay is an in vitro diagnostic that
uses multiplex PCR and NGS to identify and quantify certain gene
sequences in DNA extracted from BM of patients with acute
lymphoblastic leukemia or multiple myeloma, and blood or BM
from patients with chronic lymphocytic leukemia. The clonoSEQ
assay’s intended use is to measure MRD to monitor changes
in burden of disease during and after treatment. The use of an

approved assay outside of its intended use, for example, use of the
approved clonoSEQ assay to monitor MRD in peripheral blood
samples of patients with multiple myeloma, may dictate additional
assay and informed consent considerations. It is important for
Sponsors to interact with the regulatory agency when considering
incorporating MRD assessments into a clinical trial (117).

In multiple myeloma clinical trials, MRD can be used in a variety of
ways that may expedite drug development. MRD can be used for
patient selection, stratification or enrichment of the trial population, to
guide treatment decisions, or as an endpoint. There are specific
considerations and potential risks associated with each use of MRD
in the clinical trial setting.With patient selection or enrichment, MRD
may be used to identify a patient population that is at high risk of
relapse or poor outcome. In this setting, it would be important to
identify the MRD threshold which best portends poor outcome and
merits further intervention. When using MRD to guide treatment
decisions, the threshold for intervention should be adequately sup-
ported, but there are additional considerations for these trial designs.
Randomized intervention based on MRD status (e.g., randomization
of MRD-positive patients to additional therapy vs. observation) per-
mits a more robust analysis compared with single-arm intervention
studies (e.g., all MRD-positive patients receive additional therapy).
Again, in certain circumstances, the MRD assay may represent a

Figure 2.

Clinical Case 2—Use of MRD in a newly
diagnosed transplant-eligible normal-
risk patient.
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significant risk device, which requires further discussion with the FDA
and may require an IDE. As an endpoint, MRD can provide useful
information regarding the activity of the investigational therapeutic.
However, there are several statistical and clinical considerations when
using MRD as a clinical trial endpoint. As such, the Agency recom-
mends that sponsors discuss with the Agency the use of MRD when
considering it as a key secondary or primary endpoint.

The FDA guidance on MRD states, “the strength of evidence to
support surrogacy depends on (i) the biological plausibility of the
relationship, (ii) demonstration in epidemiologic studies of the prog-
nostic value of the surrogate endpoint for the clinical outcome, and (iii)
evidence from clinical trials that the treatment effects on the surrogate
endpoint correspond to effects on the clinical outcome” (118). The
biological plausibility and prognostic value of MRD are well under-
stood and have been supported by multiple studies. What remains to
be elucidated is the evidence from clinical trials regarding the rela-
tionship between the treatment effect onMRDand the treatment effect
on clinical outcomes of interest. There are current efforts to gather
evidence from clinical trials to allow for further evaluation of the
treatment effect relationship betweenMRDand clinical outcomes such
as PFS and overall survival (OS) on both a trial level and at an
individual patient level. These data will supplement our understanding
of MRD and how to most effectively use MRD to expedite drug
development.

With development of more sensitive assays, there may be oppor-
tunity for better disease quantification and discrimination of patients
that are in CR and a potential for use of MRD as a drug development
tool. However, data collection and assay performance characteristics
should be of sufficient rigor and completeness to allow for compre-
hensive assessments. Including MRD assessments in prospective

multiple myeloma clinical trials can help strengthen the available
evidence for the use of this biomarker in multiple myeloma.

Industry perspectives on the regulatory importance of MRD as a
surrogate endpoint

There have been many advancements in the development of
novel and more effective therapies for the treatment of multiple
myeloma in recent years, providing meaningful clinical benefit and
prolonging patient survival. This has resulted in an increasingly
challenging situation for bringing new drugs to patients with
multiple myeloma in a timely manner. This challenge is especially
true in the case of frontline trials, in which the time to reach the
traditional endpoints of PFS or OS is becoming prohibitively long as
patients are experiencing progressively longer PFS and OS. Despite
these advances, there continues to be a significant unmet medical
need in patients with multiple myeloma. Hence, novel therapies and
regimens continue to be required to further enhance PFS and OS
and to ultimately lead to a cure. Given the dramatic improvements
in PFS with current therapies, clinical trials will require formidable
sample sizes and unrealistic follow-up time to detect clinically
meaningful treatment effects with sufficient statistical power. This
in turn is making it increasingly difficult for companies to conduct
clinical trials using traditional clinically relevant endpoints to
achieve regulatory approval. Conversely, if an intervention is not
likely to be beneficial, patients may stay on therapy for a long period
before these studies reveal the lack of benefit. In short, using PFS or
OS as a primary endpoint is becoming unsustainable. Moreover,
because the multiple myeloma landscape is continuously evolving,
the longer these clinical trials take to reach their endpoints, the
more likely it is that the comparator arms become obsolete by the

Figure 3.

Clinical Case 3—Use of MRD in a
newly diagnosed transplant-eligible
high-risk patient.
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time the studies are analyzed. To maintain the speed and progress of
new drug development in multiple myeloma, there is a need for a
surrogate endpoint that (i) provides an earlier assessment of efficacy
and (ii) correlates strongly with clinically relevant endpoints.
Improved methods to evaluate response in support of early regis-
tration and access to therapies are needed. Evaluation of MRD has
come to the forefront of these efforts in multiple myeloma, where
MRD negativity status is associated with significantly improved
survival outcomes.

While the need for a surrogate endpoint is most urgent in frontline
trials, MRD endpoints will similarly aid patients and drug develop-
ment efforts in the relapsed/refractory multiple myeloma (RRMM)
setting.

A considerable amount of MRD data has been prospectively
generated and is available from numerous multiple myeloma clinical
trials in both the frontline and RRMM settings, with many more trials
currently underway collecting MRD data. MRD negativity is the
primary or co-primary endpoint for the early assessment of response
in many currently ongoing clinical trials. As such, MRD assessment of
response as a primary endpoint in multiple myeloma offers the
potential to promptly deliver new therapies to patients with an unmet
need.

It would be beneficial for regulatory agencies to use existing data
from completed multiple myeloma trials to provide industry with

guidance on specific timepoints that can be used in prospective
multiple myeloma trials for evaluating MRD status. Such guidance
will of course evolve, but if we wait for future clinical trials to
provide definitive validation of MRD as a surrogate endpoint,
valuable years will be lost as we wait for these studies to progress
and these data to mature. Often, novel drugs are most likely to
benefit patients with multiple myeloma in early lines more than in
the late lines of treatment, where they are first evaluated, and the
availability of MRD as a surrogate endpoint will expedite these
clinical trials and their application. It is vitally important for the
continuation and advancement of drug development in multiple
myeloma that regulatory agencies and industry collaborate in the
near term to establish a faster, accepted, surrogate endpoint for the
future treatment of patients with multiple myeloma.

Considerations for Clinical Use of MRD
in Different Patient Populations

The accumulated data over the past decade, especially in the
recent years with introduction of highly effective therapeutic
combinations, have clearly shown the value of MRD testing in
multiple myeloma. As described earlier in the article, MRD testing
in multiple myeloma has several important roles to play. At any
stage in the disease evolution, achievement of MRD negativity will

Figure 4.

Clinical Case 4—Use of MRD in a newly
diagnosed transplant-ineligible patient.
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predict for a better outcome compared with patients at a similar
stage who have not achieved the same depth of response with any
given therapy. As stated earlier, clinicians are starting to incorpo-
rate MRD determination in routine clinical management decisions.
In this section, we have used patient scenarios to outline the
potential clinical utility of MRD, and remaining gaps in our
knowledge to be addressed in ongoing and future clinical trials.
The aim here is more to highlight the potential of MRD in various
disease settings rather than making specific recommendations,
something that is starting to being addressed through international
harmonization efforts (119).

Smoldering multiple myeloma
The standard of care and the general approach is not to treat patients

with smoldering multiple myeloma (SMM). Translational and clinical
research is ongoing to identify those patients needing intervention, and
what regimens would be the best to prevent disease progression and
end-organ damage, along with deeper responses and minimal toxi-
cities. In SMM, MRD testing is currently only performed in a clinical
trial setting (Fig. 1).

Newly diagnosed multiple myeloma
The current standard of care for patients with newly diagnosed

multiple myeloma who are eligible to undergo an ASCT is to have

four to six cycles of induction therapy with a triplet containing
a proteasome inhibitor and an immunomodulatory imide drug
(PI-IMiD), followed by a single ASCT and lenalidomide maintenance
following transplant. Recent trials have focused on development of
quadruplets with addition of mAbs to the PI-IMiD triplets.

The role of stem cell transplantation and lenalidomidemaintenance
for multiple myeloma has been based on large randomized trials that
were performed both in the context of older therapies as well as newer
induction regimens. There is a possibility thatMRD status at the end of
induction therapy can help guide this decision-making, and similarly,
that we can decide on the use ofmaintenance or the specific regimen to
be used for maintenance based on the MRD status. However, at this
time, data from prospective clinical trials are not available to make
truly informed decisions based on MRD testing. Regardless, this is an
issue that clinicians encounter routinely in daily practice as exempli-
fied in Figs. 2–4.

First remission following induction is on average the longest
period of remission that patients will experience. Quality of life has
been reported to be better in first remission, and large patient
survey data have reported this using PROM tools. Lenalidomide is
now an established standard of care as post-transplant mainte-
nance, but 36% of patients stopped lenalidomide maintenance
treatment in the Myeloma XI trial due to adverse events or
personal preference. It is therefore important to have sensitive

Figure 5.

Clinical Case 5—Use of MRD for treat-
ment-free monitoring.
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reliable tools like MRD to assess disease during treatment-free
monitoring (Fig. 5).

Relapsed refractory myeloma
Novel immune therapies have a remarkable ability to achieve rapid

MRD-negative CRs even in the context of multiply relapsed, genet-
ically high-risk disease. The value of MRD negativity as a surrogate
marker in RRMM may be context dependent and vary with stage of
disease and treatment modality (Fig. 6).

Conclusion, Summary of
Recommendations, and Call to Action

The development of novel agents has transformed the treat-
ment paradigm for multiple myeloma, with MRD negative
response now achievable both in newly diagnosed and relapsed
disease. NGS and NGF are now most commonly utilized to
measure BM MRD, along with PET/CT imaging to assess extra-
medullary disease. However, additional technologies including
mass spectrometry-based paraprotein analyses, cfDNA, scRNA-
seq, as well as whole body DWI MRI and novel tracers for imaging
are rapidly evolving and may be used to measure MRD in the
future. Section 3 of this article outlines regulatory considerations

for both MRD assessment and incorporation into clinical trials.
Although multiple retrospective individual patient and clinical
trial level meta-analyses have already shown and will continue to
assess MRD as a surrogate for patient outcome, designing current
and future trials incorporating these regulatory considerations is
necessary to assure continued rapid new drug development in
multiple myeloma. The current value of MRD to inform clinical
patient care is also illustrated using real-world cases of patients
with SMM, newly diagnosed transplant eligible multiple myeloma,
newly diagnosed transplant ineligible multiple myeloma, and
RRMM, in each case summarizing what is known and key ques-
tions to be addressed in clinical trials. Most importantly, broad
input from international academic clinical researchers and care-
givers, FNIH, FDA, biotechnology and pharmaceutical industries
formulated this white paper and call to action and represent the
team necessary to implement these recommendations and assure
progress utilizing MRD both as a regulatory endpoint and to guide
clinical care. The pace of advances in targeted and immune
therapies in multiple myeloma is unprecedented, and this collab-
orative effort, inspired by a shared commitment to patients, will
assure that these advances translate to clinical trials leading to
regulatory approval of novel treatments and continued improve-
ment in patient outcomes.

Figure 6.

Clinical Case 6—Use ofMRD in a patient
with relapsed refractory myeloma.
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