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Abstract
Purpose of Review  Multiple myeloma (MM) is a biologically heterogeneous malignancy with relatively uniform treatment 
paradigms. This review aims to assess the growing role of Minimal Residual Disease (MRD) assessment in facilitating 
response-adapted therapeutic decision making to individualize therapy in MM.
Recent Findings  MRD has been repeatedly demonstrated to provide strong prognostic information, superseding traditional 
IMWG response criteria. The use of MRD to modulate therapy remains controversial. Here, we review the existing land-
scape of MRD-adapted trial designs in both induction/consolidation and maintenance settings, including recent data from 
influential studies and retrospective analyses. We navigate existing data, leverage the increased resolution of longitudinal 
MRD assessments, and comment on trials in progress to explain our current utilization of MRD in the clinic.
Summary  MRD transcends traditional response assessments by providing a window into disease-treatment interaction over 
time. As a strong patient-level surrogate, MRD has limited current use in individualizing treatment, but is poised to com-
prehensively shape treatment strategies at many key points in a patient’s MM course.

Keywords  Multiple myeloma · Minimal residual disease · Flow cytometry · Next generation sequencing

Introduction

Minimal (Measurable) Residual Disease (MRD) in multiple 
myeloma (MM) refers to the disease burden that remains 
following therapeutic intervention that may be detectable by 
highly sensitive assays. It has emerged as one of the strong-
est prognostic metrics for MM in all disease settings [1–6]. 
In this modern age of therapy, MRD status has been seen to 
outperform and possibly invalidate uniform response criteria 
[1, 7–11]. Though there has been debate as to its role as a 
surrogate for progression-free survival (PFS; itself a sur-
rogate for overall survival) and its validity as an endpoint 
for the purposes of regulatory drug approval in clinical tri-
als [12–20], there is little argument that those that achieve 
MRD-negativity and sustain deep responses have unparal-
leled long-term outcomes. Past prognostication, however, 

there is little consensus as to the clinical application of MRD 
as a tool to adapt therapy.

MRD assays, utilizing flow cytometry to directly count 
neoplastic cells, or next-generation sequencing (NGS) to 
quantify remaining clonal immunoglobulin gene sequences, 
have evolved as the most sensitive assays for detecting 
and quantifying residual myeloma cells. Considering the 
variety of assays, laboratory protocols, and technologies, 
some current assays focused on maximizing input material 
can achieve sensitivity as deep as 10–7 or 1 tumor cell in 
10,000,000 cells [12, 21]. The detection of such small quan-
tities of cells can be reflective of underlying disease biology 
and provide insights into disease-treatment kinetics.

MM is increasingly seen as an extremely heterogeneous 
disease [22], yet most patients are treated homogenously 
according to their fitness. Furthermore, diagnostic criteria 
are such that those with disease-causing end-organ dam-
age are treated alongside those meeting only biochemical 
criteria for diagnosis. Overall, our current paradigms can 
be argued to result in overtreatment for some with relatively 
biologically indolent disease and undertreatment (or ineffec-
tive treatment) for some with the most aggressive presenta-
tions. Both groups will then generally undergo continuous 
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[maintenance] therapy as a standard of care independent 
of response to therapy. Measurement of MRD at various 
landmarks may allow for the modulation of therapeutic 
approaches to better meet the individualized needs and dis-
ease characteristics of each patient. To this end, a grow-
ing body of evidence and clinical studies have sought to 
evaluate the role of MRD in adapting therapy. In this review, 
we will summarize the current body of clinical studies that 
have evaluated MRD-adapted therapy, and our current use 
of MRD to aid in therapeutic decision-making.

Readily Available and Actionable MRD 
Assays

A variety of assays designed to measure MRD are currently 
under investigation and development. Assays include flow 
cytometry, mass spectrometry, and next-generation sequenc-
ing (NGS) and analytes range from individual cells to [cir-
culating] tumor DNA to clonotypic peptides [6]. While most 
clinically relevant testing is performed on bone marrow 
specimens, there is great excitement about the evolution of 
peripheral blood-based (i.e., minimally invasive) diagnos-
tics. Further still, highly sensitive imaging techniques are 
in development as adjuncts for MRD assessment given that 
localized marrow-based assays may underrepresent the spa-
tial heterogeneity of MM [6, 23]. Though there is much to 
be excited about, the strongest evidence and most widely 
available combination of assessments include either marrow-
based flow cytometry or next-generation sequencing [24]. 
These will be the focus of discussion here as assays with 
which we may act in the clinic.

Clinically available NGS approaches leverage the unique 
immunoglobulin gene sequences of each patient’s plasma 
cell clone. This requires a baseline sample to identify the 
dominant sequence which will be monitored in the post-
treatment samples. Identifying tumor-specific sequences can 
pose challenges, as baseline sequencing might not identify 
a suitable clone for monitoring in initial samples, owing to 
the random occurrence of somatic hypermutation, even in 
cases with a high disease burden. Nevertheless, incorporat-
ing additional primer sets in the assay helps mitigate this 
issue. This method boasts an impressive sensitivity with an 
ability to identify one in one million (10–6) cells, and, as 
of now, the Adaptive ClonoSEQ is the only FDA-approved 
assay. Principally, we favor the use of NGS when available, 
specifically because it is the only standardized assay that is 
generalizable across institutions and contextualized to many 
modern clinical trials [1, 3, 11, 24–26].

Multiparametric Flow Cytometry (MFC) remains a 
mainstay of MRD assessment. The Euro Flow consortium 
developed a two-tube, eight-color flow assay to enable 
the analysis of 10 million cells with a significant limit of 

detection of 2 × 10–6 (LOD). MFC offers several advantages, 
including wide applicability with in-house performing in 
several academic centers, feasibility without requiring a 
baseline diagnostic sample, and a rapid turnaround time of 
approximately 3 to 4 h, However, it relies on the quality 
of the sample and demands a high level of expertise[1, 26, 
27]. There is significant value in this capability especially 
when a baseline sample cannot be obtained with which to 
identify a baseline clonotypic immunoglobulin sequence for 
NGS. When interpreting an assay, at the least, the surface 
(and cytoplasmic) markers tested, LOD, and the number of 
leukocytes counted must be reported. The LOD is dependent 
on the input and conventional flow-based approaches will 
require at least 3–10 million cell acquisitions, depending 
on the approach, to achieve between 6 and 2 cells in 1 mil-
lion (6 × 10–6 to 2 × 10–6). Another comparable method is the 
MSKCC 10-color single-tube that integrates the surface and 
cytoplasmic marker, thereby reducing additional cost and 
labor burden. It requires at least 3 million cell acquisitions to 
attain a sensitivity level of 6 cells in 1 million (6 × 10–6) [28].

Finally, both NGS and flow-based approaches generally 
have good concordance. The Forte clinical trial demon-
strated 86% and 78% concordance for MFC and NGS at 10−5 
and 10–6 respectively [29]. For both, if the goal of the assay 
is for clinical decision-making, it is imperative to obtain 
the highest quality sample. The “first pull” of an aspirate 
should be utilized, as subsequent pulls are subsequently 
more hemodilute and likely to be insufficiently cellular and/
or interpreted as falsely negative. Many modern clinical tri-
als with MRD endpoints use a protocol-specified first pull.

PET/CT continues to be a valuable imaging adjunct to 
the MRD assessment method for evaluating, para-medullary, 
and single focal lesions that may not be detected in bone 
marrow aspirate, nonetheless, false negatives can occur 
in ~ 10% of cases. This can be attributed to low hexoki-
nase enzyme activity, which can reduce the uptake of FDG 
(fluorodeoxyglucose) in myeloma cells [1, 11]. PET/CT 
may safeguard against false-negative MRD testing, though 
with adequate marrow sampling (input) and deeper MRD 
assessment, the value of PET/CT may be lower. In fact, in 
recent reports, there has been little discordance between PET 
and MRD at 10–5—10–6 sensitivity suggesting there may 
be a more limited role to combined assessment [30]. While 
PET-CT generally remains the standard for imaging post-
response, whole-body diffusion-weighted MRI (DW-MRI) 
has strong utility in capturing focal lesions that might have 
increased relevance in the MRD setting [26]. For example, 
Rasche et al. [31] compared flow cytometry, FDG-PET/CT, 
and DWI on 168 patients who achieved a complete response 
following first-line or salvage treatment. Their study revealed 
that DW-MRI identified a higher percentage of patients with 
residual focal lesions compared to FDG-PET/CT (21% vs. 
6%, respectively). These remaining focal lesions have been 
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linked to shorter PFS. Although further data is needed, 
DWI-MRI may yet supplant PET/CT with enhancement in 
detection of residual disease. Given the limitations of PET-
CT in myeloma [32], further sensitive imaging assays are in 
development. In the future, ImmunoPET imaging with trac-
ers such as 89Zr-DFO-daratumumab and 68 Ga-pentixafor 
may provide better resolution for residual loci of disease 
[33–35]. For now, in current practice, we obtain concurrent 
PET/CT with MRD assessment when a therapeutic decision 
is being considered.

Depth Required for Decision‑Making

Even with the variability in the depth of assays in vari-
ous reports, MRD at any depth is prognostic. The current 
IMWG definition of MRD negativity is set at a threshold 
of 10–5. However, survival outcomes have seen the greatest 
improvement when utilizing a sensitivity of 10–6 as opposed 
to 10–4 and 10–5 thresholds, reflecting the higher discrimina-
tory effects of the deepest clinical responses [4]. In the final 
report of the MASTER trial [18], the investigators noted 
that using an MRD threshold of 10–6 had more discrimina-
tory power for PFS. Even venturing to extremely deep levels 
can reveal residual disease that otherwise would have been 
missed. Recently, the assessment of CD-138-enriched bone 
marrow using clonoSEQ to attain a sensitivity of 10–7 is 
currently under prospective evaluation in conjunction with 
mass spectrometry, employing automated Matrix-assisted 
laser desorption ionization–time-of-flight mass spectrom-
etry (MALDI-TOF) and liquid chromatography and the 
analysis of cell-free DNA (cfDNA) in peripheral blood [12]. 
Achievement of sustained MRD-negativity, across time, can 
mitigate the uncertainties of depth of assessment and affords 
increased prognostic resolution [15, 36]. Given the requisite 
time course for measuring sustained MRD-negativity, we 
find its best potential in modulating continuous therapy.

MRD to Individualize Treatment Decisions

Increasingly, we are gaining the resolution to characterize 
the enormous heterogeneity and individual basis of multiple 
myeloma [22]. Even among disease classified by established 
canonical translocations and hyperdiploidy that are other-
wise used to stratify risk, on an individual patient level, there 
is evidence of genomic and immune interplay that influences 
treatment response and outcomes [22, 37, 38]. While tra-
ditional FISH has well-established prognostic relevance at 
the trial level and in retrospective data, it lacks granularity 
in estimating each patient’s unique disease-treatment inter-
actions. For example, one may not infrequently observe a 
patient with no high-risk FISH features who nevertheless 

experiences progression on induction therapy or conversely 
the patient on their fifth year of lenalidomide maintenance 
despite t(4;14) translocated disease. To these ends, MRD can 
assist the clinician in encapsulating disease-treatment inter-
actions into a single assay relevant to an individual patient. 
This property is otherwise known as patient-level surrogacy; 
an established characteristic of MRD assessment in MM 
[39]. In the following sections, we summarize recent studies 
for which we base our current practical use of MRD assess-
ment (Table 1) and discuss studies for which we eagerly 
await data (Table 2).

MRD‑Guided Treatment Modulation

The Induction/Consolidation Setting

While many studies have used MRD as a primary endpoint, 
few have incorporated MRD as part of the study design to 
investigate treatment efficacy, duration, and/or the transition 
to maintenance therapy.

One of the most influential recent studies, the MASTER 
trial (NCT03224507) [18] was a multicenter single-arm 
phase II study in the US. Here, a response-adapted platform 
was utilized to modulate frontline therapy. In 123 NDMM 
patients treated with Daratumumab, Carfilzomib, Lenalido-
mide, and Dexamethasone (Dara-KRD), MRD was tested 
post-induction (4 cycles), post autologous hematopoietic 
stem-cell transplantation (post-ASCT) and every 4 cycles of 
consolidation (maximum 8 cycles). Participants who reached 
2 consecutive MRD-negative tests stopped treatment and 
began observation with MRD surveillance (MRD-SURE). 
71% reached 2 consecutive MRD negativity, entering treat-
ment-free surveillance. The two-year progression-free sur-
vival was 87%. Among those who achieved MRD-SURE, the 
24-month cumulative incidence of progression after stop-
ping therapy was 9% for individuals with no high-risk chro-
mosomal abnormalities (HRCAs) such as t(4;14), t(14;16), 
or del(17p), 9% for those with one high-risk (HRCA), and 
notably, 47% for those with two or more HRCAs. Notably, 
there was no strong association between achieving MRD 
negativity after induction therapy or post-ASCT and pro-
gression-free survival, even with using a threshold of 10–6.

With longer follow-up, MASTER also showed that MRD 
resurgence precedes disease progression, highlighting the 
necessity to study early intervention. Some issues with 
the study include that with MRD-SURE, the time interval 
between negative MRD tests may have been too short to 
capture MRD dynamics and may have led to premature de-
escalation of therapy. This played the largest role for those 
with the highest risk of disease in the study (2 + HRCA) 
who were not well-served by cessation. The suggestion 
here is that at least for standard-risk disease, MRD-adapted 
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induction and consolidation is feasible and efficacious. How-
ever, we would also argue that in those with ultra-high risk 
disease, even lengthening the duration of the same therapies 
may not be the answer to overcoming intrinsically biologi-
cally resistant and aggressive disease features. With this in 
mind, these patients likely would still have poor outcomes 
with more extended therapy and, in the future, will likely 
benefit from more aggressive or multimodal (e.g., immuno-
therapeutic) combinatorial approaches [40].

A multicenter phase II clinical trial (NCT02969837) [41] 
conducted by Derman and colleagues in the US enrolled 
46 NDMM patients treated with elotuzumab and weekly 
carfilzomib, lenalidomide, and dexamethasone (Elo-KRD) 
without ASCT. MRD (10–6) by NGS was used to guide the 
duration of Elo-KRD and the transition to Elo-RD (no carfil-
zomib) until disease progression. 19 out of 43 (44%) patients 
achieved two consecutive MRD-negative assay after cycles 
8 and 12 and were transitioned to maintenance. Patients who 
achieved MRD-negativity at 12 cycles received 6 additional 
Elo-KRD cycles and patients who remained positive after 
12 cycles received an additional 12 Elo-KRD cycles before 
transitioning to maintenance. Patients who achieved MRD 
negativity (10–6) by cycle 8 (C8) displayed remarkable 
3-year progression-free survival (PFS) and overall survival 
(OS) rates, with estimates of 92% and 100%, respectively. 
For those with standard-risk disease, the 3-year PFS rates 
were 86%, while those with high-risk disease experienced 
a 3-year PFS rate of 61%. Similarly, the 3-year OS rates 
for standard-risk patients were 91%, whereas patients with 
high-risk disease had a 3-year OS rate of 64%. These data 
demonstrate the feasibility of response-adapted therapy 
and recapitulate the data seen in MASTER regarding the 
standard-risk patient population such de-escalation is best 
suited to assisting. The question remains as to whether those 
with high-risk disease and residual disease after a course of 
combination therapy should be subjected to repeated cycles 
of the same therapy or explore an alternate approach.

Based on these data, as well as robust prospective and 
retrospective analyses, our main adaptive use of MRD in the 
frontline setting is to inform the decision to pursue ASCT as 
a consolidation strategy. We first draw on the data from IFM-
2009 and DETERMINATION [42] to indicate that frontline, 
as opposed to salvage, transplantation affords no additional 
survival benefit. A retrospective analysis of patients in the 
IFM-2009 study [43, 44] showed that for patients who had 
achieved MRD-negativity (10–4 sensitivity) before com-
mencing maintenance, PFS outcomes in the transplant vs 
delayed-transplant arms were similar. Given the results of 
the IFM-2009 and DETERMINATION studies, we feel that 
the decision to pursue consolidative ASCT is a discussion 
between patient and physician considering treatment goals 
and patient values. The addition of MRD data allows for a 
more nuanced discussion that indicates that for a patient who Ta
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has already achieved MRD-negativity, there is little added 
benefit to consolidative ASCT, and proceeding to mainte-
nance can be elected. To this end, in the MANHATTAN 
trial, 24 out of 29 (82.7%) patients who achieved MRD-neg-
ativity by the end of Dara-KRD induction chose to forego 
upfront ASCT [45]. The trial also reported 1-year PFS and 
OS of 98% and 100% respectively.

There are several ongoing clinical trials to adapt treat-
ment toward MRD status in the induction/consolidation set-
ting (Table 2). The MASTER-2 trial (NCT05231629) uses 
a response-adapted approach to consolidative therapy and 
helps to answer whether the addition of a novel immune 
therapy can alter outcomes for those with residual dis-
ease after efficacious combination induction. All eligible 
patients receive Dara-VRD induction for 6 cycles followed 
by MRD testing. The MRD-negative cohort is randomized 
to consolidation with either of 3 cycles of Dara-VRd fol-
lowed by 13 cycles of Dara-R maintenance or ASCT fol-
lowed by 13 cycles of Dara-R maintenance. The MRD-
positive cohort is randomized to ASCT intensification, 3 
cycles of Dara-Teclistamab consolidation, and 13 cycles of 
Dara-Teclistamab maintenance or ASCT intensification, 3 
cycles of Dara-R consolidation, and 13 cycles of Dara-R 
maintenance. The MIDAS trial (NCT04934475) is a phase 
3 clinical trial that aims to enroll 761 patients for induction 
with Isatuxamab-KRD followed by randomization to 4 arms 
based on MRD status measured by NGS (10–6). Subsequent 
3-year maintenance includes Revlimid (arm A, B) or Isa-
Iberdomide (arm C, D).

The Maintenance Setting

In current clinical practice, a paradigm of maintenance 
therapy until progression has become dominant, at least 
in the US. The rationale for the benefit of lenalidomide 
maintenance was established in a time of less efficacious 
frontline therapy. In fact, three main studies leading to our 
current practice were predicated on induction with therapies 
not reflective of current practice patterns [46–48]. Given 
advances in induction regimens, the benefit of continuous 
maintenance for all patients may be less clear. In the absence 
of updated randomized data with modern frontline combi-
nation therapies, and with the advent of more tolerable and 
less frequently administered therapies (i.e., antibody-based 
therapies), MRD-adapted maintenance therapy may better 
individualize maintenance strategies. MRD is being used as 
a tool to determine the intensity of maintenance as well as 
provide insights into de-escalation or even cessation. While 
we do not yet have strong prospective data to determine 
whether MRD can be used to adapt the strength or dura-
tion of maintenance, it is important to consider the existing 
evidence for using MRD and MRD dynamics to guide our 
approach to maintenance de-escalation, especially given the 

financial and medical toxicities of indefinite maintenance 
[49–53].

Myeloma XI [16] is a multicenter phase 3 trial in the UK 
that showed that MRD is a predictor of survival outcomes 
at 3 and 9 months post-ASCT (ASCT + 3 and ASCT + 9, 
respectively). 1,248 post-ASCT patients were randomly 
assigned to lenalidomide maintenance or observation at 
ASCT + 3. MRD was assessed by flow cytometry (median 
sensitivity 4 × 10−5) before maintenance at ASCT + 3 and 
ASCT + 9. At ASCT + 3, those who achieved MRD negativ-
ity had longer PFS compared to those who did not (44 vs 
24 months). Furthermore, those who had MRD negativity 
at ASCT + 9 had prolonged PFS when compared to those 
who were MRD positive (50 vs 13 months). OS at 3 years 
increased from 69.5% of MRD-positive patients to 86.9% 
of MRD-negative patients. Patients who had a deepening 
response from MRD positive to MRD negative at ASCT + 9 
had similar PFS outcomes as patients who were negative at 
both points. Valuable information has been gained from a 
recent analysis [54] with an updated follow-up: Landmark 
analyses revealed a consistent PFS advantage for all-comers 
at various time points. However, PFS benefits were no longer 
statistically significant for those patients with MRD-nega-
tivity at 3 years. These data suggest that the magnitude of 
the benefit of extended maintenance for those patients with 
the deepest long-term responses may not offset medical and 
financial toxicities.

In a similar vein, NCT02538198 [15] was a single-arm 
phase 2 clinical trial in the USA that studied the dynamics of 
MRD in patients on continuous lenalidomide maintenance. 
108 patients underwent annual MRD tests by flow cytometry 
for up to 5 years (1 × 10–5). Most MRD-negative-to-positive 
resurgences happened within the first 2 years and no pro-
gression events were recorded for those who maintained 
sustained MRD negativity at a 2-year landmark analysis. 
Additionally, patients who experienced an MRD resurgence 
exhibited inferior outcomes compared to those who main-
tained a stable MRD-positive response, signifying immi-
nent disease progression. Importantly, other studies on MRD 
dynamics below have conversely reported similarly poor out-
comes for those with both persistent MRD-positivity and 
conversion from -negative to -positive state. In a separate 
study by Mohan et al., [55] a retrospective cohort of 568 
patients who were in deep remission [achieved sustained 
MRD-negativity post-ASCT at least 3 months apart, had 
negative PET-CT or whole-body MRI and sustained a very 
good partial response of higher] and were receiving immu-
nomodulator plus proteasome inhibitor for maintenance 
(IMiD plus PI). The findings revealed that, during a median 
follow-up of 9.9 years from diagnosis, 61% of patients main-
tained MRD negativity, while 39% had MRD resurgence 
at a median of 6.3 years subsequently leading to a clinical 
relapse within a median of 1.0 years. The study identified 
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that the highest risk of MRD resurgence occurred within the 
initial 5 years post-treatment and extended up to 15 years 
from the time of diagnosis. Notably, only 27% of those with 
MRD resurgence had not experienced clinical relapse at a 
median follow-up of 9.3 years. These studies highlight both 
the potential of MRD assessment to detect imminent pro-
gression (~ 1 year at 10–5) and also call into question the 
utility of continuous maintenance for those with durable and 
prolonged sustained MRD-negative responses.

Two simultaneously published analyses examined MRD 
resurgence [56–58]. In an analysis from the FORTE study, 
some important findings included that of 118 patients who 
lost MRD-negativity: 1) 1-year sustained MRD-negativity 
had been previously achieved by 36%; 2) 16 patients with 
a recent MRD-negative assay had skeletal/extramedullary 
relapse without biochemical progression; 3) median time 
from MRD resurgence to biochemical progression (at 10–5) 
was 22.3 months. Features associated with unsustained 
MRD-negativity included HRCA, baseline high circulating 
tumor cell burden, late timing (i.e., post-consolidation) of 
MRD-negativity, and monotherapy (R) maintenance (vs. 
KR). The second report was a combined analysis of GEM-
2012MENOS65 and GEM2014MAIN. GEM2014MAIN51 
de-escalated maintenance therapy based on MRD status 
at 2  years. Patients were randomized following GEM-
2012menos65 (VRD induction with busalfan/melphalan vs 
melphalan ASCT) onto maintenance with either of Ixazomib 
Plus Lenalidomide/Dexamethasone (IRd) vs Rd main-
tenance. At 2 years, those with MRD-negativity by MFC 
(sensitivity 3 × 10–6) would stop maintenance and those 
with residual disease would continue Rd. Parallel findings 
to the aforementioned FORTE analysis included: 1) Median 
PFS from MRD resurgence to progression or death was 
39 months; 2) 47% who had MRD resurgence had previ-
ously sustained MRD-negativity; and 3) Late achievement 
of MRD- and 4) high baseline circulating tumor cells were 
similarly seen to be associated with MRD resurgence. Fur-
thermore, a higher level of MRD at the time of resurgence 
(i.e.; < 10–5, in between ≥ 10–5 and < 10–3, and ≥ 10–3) was 
associated with worse PFS. Contrary to the FORTE analy-
sis, however, high ISS was associated with MRD resurgence 
while HRCA (aside from 1q +) was not. Additionally, an 
interim report of 332 patients on GEME2014MAIN revealed 
that while there was no PFS benefit to the addition of ixa-
zomib in the maintenance setting, those with MRD-negativ-
ity at 2 years that had discontinued therapy had lower rates 
of relapse than those with positive MRD, despite the fact that 
the latter group received an additional 3 years of extended 
therapy [59]. Altogether, these studies emphasize that the 
duration and the depth of sustained MRD-negativity will 
need to be revisited depending on baseline risk factors and 
the nature of any planned intervention (i.e., de-escalation/
cessation).

A recent combined analysis of TOURMALINE-MM3 
and -MM4 [13], in which transplant-eligible and ineligi-
ble patients (total n = 1280), were randomized to 2 years of 
ixazomib maintenance vs placebo provides more granular-
ity into MRD dynamics on maintenance. Patients with CR 
(and/or VGPR in MM3) had MRD testing by flow cytometry 
(estimated sensitivity 4 × 10−6 with 5 million cell acquisi-
tions) at randomization, 14 months, and end of treatment 
(∼24 months). The pooled analysis revealed several impor-
tant findings. First, patients who were MRD-negative at 
enrollment had similar outcomes whether they received 
maintenance or placebo with 2-year PFS rates of 67.2% 
and 61.7% (p = 0.288). Second, about half of MRD resur-
gence happened within 2 years of starting maintenance, and 
resurgence was associated with an increased risk of progres-
sion in a 14-month landmark analysis compared to those 
with sustained MRD-negativity (34.2 vs 75%). Third, those 
with persistent MRD-positivity at 14 months had the worst 
outcomes with a PFS rate of 27.6%. This data pertains to 
upcoming trials investigating early intervention with treat-
ment intensification when minimal residual disease (MRD) 
reappears. While ixazomib maintenance is no longer a rel-
evant treatment modality, the combined analysis further 
emphasizes the importance of MRD dynamics, rather than 
MRD status assessed at a single time point, in the mainte-
nance setting.

An important interim analysis comes from the ATLAS 
trial [60] in which NDMM patients were randomized fol-
lowing ASCT to maintenance with either up to 36 cycles 
of KRD or Revlimid alone. The risk and response-adapted 
study design allowed patients in the KRD arm to de-escalate 
to lenalidomide monotherapy after cycle 6 provided they had 
standard-risk cytogenetics and MRD-negativity was reached 
(IMWG 10–5). In the interim analysis of 180 patients, 35 
patients met de-escalation criteria and compared to 20 
patients in the lenalidomide monotherapy arm, there was a 
PFS benefit to combination maintenance/de-escalation (HR 
0.25) providing evidence that MRD-adapted therapy can be 
efficacious while reducing excess toxicity of combination 
regimens.

Looking forward with these de-escalation data in 
mind, two prospective trials aim to determine the safety 
and efficacy of maintenance cessation. MRD2STOP [12] 
allows patients who have received at least 1 year of main-
tenance and are negative for residual disease by PET-CT, 
flow (10–5), and NGS (10–6) to discontinue maintenance 
under careful observation. Of note, one innovation is the 
prospective assessment of CD138 enriched bone marrow 
aspirate with NGS to achieve MRD sensitivity of 10–7. 
Preliminarily, 84% of enrolled patients sustained MRD-
negativity at 10–6 1 year after enrollment and discontinu-
ation. In preliminary data from a study being conducted by 
Korde et al., [14] patients who sustained MRD negativity 
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by MFC for 3 years transitioned to close surveillance with 
BM MRD testing every 6 months and an annual PET-CT. 
The rates of sustained MRD negativity at 6 months and 
12 months are reported as 94% and 88%, respectively. 
Here, the protocol recommends that for patients who 
convert to MRD positivity, [lenalidomide] maintenance 
should be re-initiated.

Based on the data presented here, we may develop indi-
vidualized plans for the duration of therapy. Generally, our 
strategy in both fit and frail patients is to provide continuous 
[maintenance] therapy until progression. For those patients 
who feel their quality of life would be improved by ceasing 
therapy, we use MRD to guide cessation. The strongest evi-
dence as indicated by the above studies, is for modulating 
the length of lenalidomide maintenance in fit patients. Our 
first recommendation for those seeking a treatment holiday 
is to do so on a clinical trial. In the absence of trial availabil-
ity, for patients with sustained MRD-negativity for at least 
2 years (and imaging is negative for active disease) we may 
stop lenalidomide maintenance under careful observation. 
Monitoring plans are individualized but at the least consist 
of serum paraprotein surveillance to monitor for biochemical 
relapse but ideally include serial marrow MRD assessment.

Further ongoing clinical trials are in place to adapt treat-
ment towards MRD status [17, 55] (Table 2).

Conclusions

The use of MRD to guide clinical decisions remains a con-
troversial topic, but the current available data and the direc-
tion of the field as indicated by studies in progress point 
towards a future of response-adapted therapy in multiple 
myeloma. Our current treatment paradigms encourage the 
relatively uniform treatment of a very heterogeneous dis-
ease with a net effect of overtreatment of those with more 
biologically indolent and treatment-responsive disease 
states. Conversely, those with aggressive and treatment-
resistant disease may be best served by alternative consoli-
dation and maintenance strategies of measurable residual 
disease. As seen here, the strongest evidence exists for the 
response-adapted duration of maintenance. With upcom-
ing studies, we may see the adoption of MRD into multiple 
facets of MM treatment including in de-escalation or cessa-
tion of maintenance, omission, or deferral of consolidation 
(i.e., ASCT), intensification or alternative consolidation for 
residual disease, and in early intervention for those with 
early biochemical relapse (i.e., MRD resurgence; Fig. 1). 
As a patient-level surrogate that encapsulates longitudinal 
disease-treatment interaction at highly sensitive levels, we 
look forward to MRD facilitating our move toward indi-
vidualized treatment.

Fig. 1   Opportunities and ongoing studies for MRD-adapted therapy
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