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ABSTRACT

Multiple myeloma (MM) is characterized by the clonal expansion of plasma cells and the excretion
of a monoclonal immunoglobulin (M-protein), or fragments thereof. This biomarker plays a key
role in the diagnosis and monitoring of MM. Although there is currently no cure for MM, novel
treatment modalities such as bispecific antibodies and CAR T-cell therapies have led to substantial
improvement in survival. With the introduction of several classes of effective drugs, an increasing
percentage of patients achieve a complete response. This poses new challenges to traditional
electrophoretic and immunochemical M-protein diagnostics because these methods lack sensitivity
to monitor minimal residual disease (MRD). In 2016, the International Myeloma Working Group
(IMWG) expanded their disease response criteria with bone marrow-based MRD assessment using
flow cytometry or next-generation sequencing in combination with imaging-based disease
monitoring of extramedullary disease. MRD status is an important independent prognostic marker
and its potential as a surrogate endpoint for progression-free survival is currently being studied.
In addition, numerous clinical trials are investigating the added clinical value of MRD-guided
therapy decisions in individual patients. Because of these novel clinical applications, repeated
MRD evaluation is becoming common practice in clinical trials as well as in the management of
patients outside clinical trials. In response to this, novel mass spectrometric methods that have
been developed for blood-based MRD monitoring represent attractive minimally invasive
alternatives to bone marrow-based MRD evaluation. This paves the way for dynamic MRD
monitoring to allow the detection of early disease relapse, which may prove to be a crucial
factor in facilitating future clinical implementation of MRD-guided therapy. This review provides
an overview of state-of-the-art of MRD monitoring, describes new developments and applications
of blood-based MRD monitoring, and suggests future directions for its successful integration into
the clinical management of MM patients.

Abbreviations: CR: complete response; CT: computed tomography; CTC: circulating tumor cells;
DIA: data independent analysis; FDA: Food and Drug Administration; FDG: 2-[(18)F]
fluoro-2-deoxy-D-glucose; FLC: free light chain; IMWG: International Myeloma Working Group;
LC: liquid chromatography; LLOD: lower limit of detection; m/z: mass to charge ratio; MALDI-TOF:
matrix-assisted laser desorption/ionization-time of flight; MM: multiple myeloma; MRD: minimal
residual disease; MS: mass spectrometry; MS/MS: tandem mass spectrometry; MS-MRD: mass
spectrometry - minimal residual disease; NGF: next generation flow cytometry; NGS: next
generation sequencing; PET: positron emission tomography; PFS: progression free survival; PRM:
parallel reaction monitoring; SIL: stable isotope labeled; SPEP: serum protein electrophoresis;
SRM: single reaction monitoring; t-mAb: monoclonal antibody therapy; UPEP: urine protein
electrophoresis
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Introduction

Multiple myeloma (MM), the second most common
hematological malignancy, is characterized by the
clonal expansion of plasma cells in the bone marrow
that produce a monoclonal immunoglobulin
(M-protein), or fragments thereof [1]. Electrophoretic

M-protein diagnostics combined with serum free light
chain (FLC) analysis are the gold standard for moni-
toring MM disease activity [2,3]. In the past decade,
the life expectancy of MM patients has improved sub-
stantially because of the introduction of new effective
therapies. With modern multimodal therapy regimens
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such as those studied in the CASSIOPEIA and GRIFFIN
trials, more than 70% of MM patients achieved a com-
plete response (CR, no detectable evidence of M-protein
in serum and urine by using electrophoretic methods
and <5% plasma cells in bone marrow) during first-line
therapy, which translated into improved survival of MM
patients [4,5]. Despite the greatly improved rate and
depth of response, MM remains an incurable disease
for the majority of patients, with periods of remission
followed by relapse and eventual development of
multidrug-resistant disease [6]. Given the high number
of patients who reach a complete response, major
efforts have been made to measure minimal residual
disease (MRD) for response evaluation. The International
Myeloma Working Group (IMWG) has defined consen-
sus criteria to identify responses beyond conventionally
defined CR that allows uniform reporting on MRD sta-
tus [3]. Bone marrow-based techniques that are used
for MRD testing are next-generation sequencing (NGS),
next-generation flow cytometry (NGF), and allele-specific
oligonucleotide-quantitative polymerase chain reaction
[7,8]. These can be combined with imaging techniques
to detect extramedullary disease. Not only does MRD
evaluation provide a uniform framework for MRD
reporting and a potential endpoint for clinical trials,
but also it provides a powerful tool for disease prog-
nostication [9]. Recent studies have shown a strong
correlation between MRD negativity (no detectable
clonal plasma cells in the body after treatment) in
patients with CR and prolonged progression-free sur-
vival (PFS) [10-14]. Another reason for the increased
interest in novel methodologies to measure MRD is
the numerous prospective trials in which the added
clinical value of MRD is being studied for response-driven
treatment decisions (www.clinicaltrials.gov). Currently,
approximately 20 clinical trials studying MRD-guided
therapy have been registered. Recently the first results
of two clinical trials were published. In the MASTER
trial, NGS was used to assess MRD status at fixed time
points in a cohort of 123 newly diagnosed MM patients.
Although this was a single-arm trial, the PFS data sug-
gested that standard-risk and high-risk patients bene-
fited more than ultra-high-risk patients (defined by the
presence of cytogenetic abnormalities: O (standard risk);
1 (high-risk); 2+ (ultra-high-risk)) from such a
therapy-free interval, because the ultra-high-risk
patients would most likely need continuous therapy
to prevent disease progression [15]. In the
GEM2012menos65 trial, patients with positive MRD at
two years after autologous hematopoietic stem cell
transplantation received lenalidomide/dexamethasone
for three years, while MRD-negative patients were not
given any additional therapy. Despite the additional

three years of maintenance therapy, MRD-positive
patients had higher relapse rates compared to
MRD-negative patients [16]. This data suggested that
discontinuation of maintenance therapy for
MRD-negative patients may be beneficial to prevent
toxicities while the response is preserved. However,
randomized trials comparing the continuation and dis-
continuation of maintenance therapy based on MRD
outcome are necessary to assess the value of
MRD-guided therapy. Because MRD-guided therapy
relies on periodic MRD monitoring, there is an urgent
clinical need for ultra-sensitive techniques such as mass
spectrometry (MS) that allow evaluation of MRD
(MS-MRD, mass spectrometry - minimal residual disease)
in blood as a less invasive, patient-friendly alternative
for MRD evaluation performed on bone marrow [17,18].
This review provides a comprehensive overview of the
available methods to monitor disease activity in MM
patients and focuses on novel ultra-sensitive
blood-based MS-MRD methods to detect and quantify
M-protein. The advantages and disadvantages of
blood-based MS-MRD, the possible complementary
value of MS-MRD in the management of MM patients,
and the steps that still need to be taken to realize the
implementation of blood-based MS-MRD evaluation in
clinical practice are discussed.

Methods to monitor myeloma disease activity

Monitoring disease activity is most commonly per-
formed on peripheral blood serum and bone marrow
(see Table 1).

Routine M-protein detection in blood or urine

Serum or urine protein electrophoresis (SPEP, UPEP) is
used in routine clinical practice as a tool to support the
diagnostic evaluation and disease monitoring of patients
with MM. As SPEP/UPEP separates different types of
proteins found in serum or urine, it is also suitable to
identify the presence of a unique M-protein. The two
methods for SPEP/UPEP are gel-based electrophoresis
and capillary electrophoresis. While gel-based electro-
phoresis performs separation in an agarose gel, capillary
electrophoresis performs separation in a small-diameter
fused silica capillary. Both electrophoretic methods are
robust, semi-automated, and able to monitor M-protein
concentrations with similar performance in terms of
sensitivity, specificity, and reproducibility [19,20].
Regardless of which method is used, as a follow-up step,
immunofixation electrophoresis or immunosubtraction
capillary electrophoresis is used to further characterize


http://www.clinicaltrials.gov

Table 1. Overview of methods for disease
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monitoring in multiple myeloma patients.

Method Sample Sensitivity Applicability Cost Advantages Limitations
SPEP Serum ~2g/L 100% € Cost-effective, Poor sensitivity, M-protein half-life,
high throughput, robust  t-mAb interference
IFE Serum ~0.5g/L 100% €€ Cost-effective, Not quantitative, poor sensitivity,
M-protein isotype M-protein half-life, t-mAb interference
FLC Serum ~0.001g/L 100% €€ High throughput, Poor sensitivity for intact M-protein,
(polyclonal) sensitive for FLC inter-institute differences
Intact protein MS  Serum ~0.1g/L 100% €€€ High throughput Intermediate sensitivity, M-protein half-life
Bottom-up MS Serum ~0.001g/L 100% €€€E High sensitivity and Requires baseline sequence data and
specificity high-end MS expertise, M-protein
half-life, currently RUO
NGF Bone marrow 1 in 210° 100% €€€ High sensitivity, Invasive, fresh sample is needed, possible
accepted as MRD-method sampling bias
NGS Bone marrow 1 in =10 90% €€€€€  High sensitivity, Invasive, baseline sample is needed,

accepted as MRD-method possible sampling bias, limited global

availability

IFE: immunofixation electrophoresis; FLC:
therapeutic monoclonal antibody.

the M-protein isotype. These electrophoretic techniques
are complemented by immunoassays to quantify circu-
lating free light chains to diagnose, prognosticate and
monitor patients with MM [21,22]. Electrophoretic
M-protein diagnostics combined with serum FLC anal-
yses provide robust, reliable, and high-throughput assays
to monitor myeloma disease activity [23]. These meth-
ods are, however, not suitable to measure low M-protein
concentrations because the polyclonal immunoglobulin
background negatively impacts the sensitivity of these
assays [24]. Recognition of the limited sensitivity to
accurately measure low-concentration monoclonal
abnormalities is reflected in the IMWG guidelines that
requires “measurable” disease to meet at least one of
the following three criteria: serum M-protein >10g/L,
urine M-protein =200mg/24h, or serum involved FLC
>100mg/L, provided that the FLC ratio is abnormal
(involved FLC, FLCs from the monoclonal immunoglob-
ulin are involved while FLCs from the polyclonal back-
ground are uninvolved) [3,25]. Optimized MM treatment
strategies and the introduction of novel treatment
modalities such as immunomodulatory drugs, protea-
some inhibitors, and CD38-targeting antibodies, and
more recently bispecific antibodies and CAR-T cells have
greatly improved the rates and depth of responses
[26-28]. For more sensitive detection of myeloma dis-
ease activity, bone marrow analysis is required.

Minimal residual disease evaluation

Bone marrow-based MRD methods allow fast examina-
tion of millions of cells (or the corresponding amount
of DNA) and provide a quantitative assessment of
residual myeloma cells in the bone marrow [29]. The
IMWG defines MRD negativity as the absence of clonal

free light chains; MS, mass spectrometry; RUO: research use only; SPEP: serum protein electrophoresis; t-mAB:

plasma cells in the bone marrow aspirate, measured
with techniques that have a minimum sensitivity to
detect 1 myeloma cell in 10° nucleated cells [3]. The
techniques that are most suitable for MRD testing are
NGS or NGF, as they can reach the minimum sensitivity
level required. With methodological improvements, an
even higher sensitivity of 1 in 108 nucleated cells can
be achieved with NGS [30], and NGF has a sensitivity
that ranges between 1 in 10° and 1 in 10° nucleated
cells. For both assays, the availability of sufficient bone
marrow cells is the limiting factor [31]. Because of the
complexity and challenges in harmonizing NGF, the
measurements in clinical trials are often centralized in
an academic laboratory. The ClonoSeq assay (Adaptive
Biotechnologies Seattle, WA, USA) is currently the only
Food and Drug Administration (FDA)-approved NGS
assay. Along with recent advances in NGS and NGF
methodologies, interest in the detection of circulating
tumor cells (CTC) using NGS and NGF has recently
increased. Several groups have demonstrated that CTCs
are detectable at diagnosis in the majority of MM
patients. Moreover, high levels of CTCs are associated
with aggressive MM and correlate with a significantly
worse PFS compared to low CTC levels [32-34].
However, due to the low percentage of CTCs, especially
in patients undergoing treatment, only a few patients
have measurable CTC levels, suggesting that CTC mon-
itoring is currently not sensitive enough for blood-based
MRD evaluation [34,35].

Imaging techniques to support evaluation of
disease activity

As MM is often a patchy disease and myeloma cells
may grow outside the bone marrow, there is a chance
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of false negative bone marrow-based MRD test results
due to sampling bias [36]. Therefore, the IMWG incor-
porated imaging in addition to bone marrow evalua-
tion to better characterize MRD [3]. Magnetic resonance
imaging is a sensitive, noninvasive imaging technique
to detect bone involvement and to provide information
on soft tissue disease and the pattern of myeloma
growth in the bone marrow [37]. Positron emission
tomography (PET) imaging is used to assess the met-
abolic activity of tumor cells [38]. A widely used glu-
cose analogue, 2-[(18)FIfluoro-2-deoxy-D-glucose (FDG),
is used to measure the uptake of glucose by tumor
tissue [39]. The combination of PET with computed
tomography (CT) has become a powerful imaging tech-
nique to evaluate tumor activity not only at MM diag-
nosis but also during therapy, and it is the current
standard of care to evaluate post-therapeutic residual
infiltration [40,41]. According to the IMWG criteria,
imaging MRD negativity is defined when every area
of increased tracer uptake at baseline on PET/CT scans
has disappeared, or the uptake value of FDG has
decreased to either less than the maximum standard-
ized uptake value of the mediastinal blood pool or to
less than that of the surrounding normal tissue [3].
These criteria are applicable only when MRD negativity
has already been defined by NGS or NGF. Regarding
the normalization of lesions after effective treatment,
the prognostic and predictive value of FDG-PET/CT is
superior to magnetic resonance imaging because the
latter lesions can remain positive for months [42].
Limitations of FDG-PET/CT are radiation exposure, false
negativity at baseline that may be due to low expres-
sion of hexokinase-2 [43], false negative results in case
of hyperglycemia, and the lack of standardized criteria
for evaluation of disease activity [37]. MRD status is
becoming an increasingly important response param-
eter in randomized clinical trials, and recent studies
even support the use of MRD status as a surrogate
endpoint for PFS [44]. Despite the enormous gain in
sensitivity and the impact of bone marrow-based MRD
evaluation on the management of patients with MM,
some factors limit the application of these techniques.
The bone marrow aspirate is an invasive procedure
that causes patient discomfort and limits repeated MRD
testing. Sampling bias may occur due to hemodilution
during the aspiration process and inter-operator vari-
ability [45]. However, sampling bias can be minimized
by using the first pull of aspirate [46] and an optimized
protocol for bone marrow sampling [47]. Bone marrow
infiltration in MM is frequently heterogeneous and
characterized by myeloma hotspots alternating with
regions with relatively few myeloma cells, which intro-
duces the risk of non-representative sampling [48].

Additionally, an outgrowth of extramedullary myeloma
may give false negative results even after repeated
bone marrow sampling. To circumvent these limita-
tions, several groups have developed more sensitive
blood-based assays to measure disease activity as
potential patient-friendly future alternatives to bone
marrow-based MRD evaluation.

Blood-based M-protein monitoring using
mass spectrometric methods

Over the last decade, substantial progress has been
made in the development of ultra-sensitive methods
to detect M-protein in peripheral blood serum using
MS. Both the clonotypic peptide approach (bottom-up,
MS-MRD) and the intact protein approach (intact pro-
tein MS) make use of the unique mass and sequence
of the M-protein to measure its concentration. Each
method offers specific advantages such as high sensi-
tivity or high throughput (Figure 1).

M-protein detection using intact immunoglobulin
methods (intact protein MS)

Electrophoretic methods are widely employed for
robust quantification and isotyping of M-proteins. With
increasing clinical demands to detect low concentra-
tions of M-protein, to overcome interferences from
novel therapeutic monoclonal antibodies, and to
shorten turn-around times, electrophoretic methods
have reached their analytical limits. Mass spectrometric
assays that determine the presence of monoclonal
immunoglobulins by detecting intact immunoglobulin
chains, as shown in Table 2, provide time-saving and
accurate methods for M-protein detection. These intact
protein MS methods are interpreted in a similar fashion
to SPEP and immunofixation electrophoresis because
monoclonal immunoglobulins present as a peak in the
mass/charge ratio (m/z) mass distribution [49]. Hence,
this method requires the M-protein to be more abun-
dant compared to the polyclonal immunoglobulin back-
ground. Intact protein MS assays are highly suitable for
routine diagnostics because of their rapid turn-around
time and their high specificity, as was demonstrated
by Murray et al. [50]. The fast run-time does, however,
come at the expense of lower assay sensitivity. In 2014,
Barnidge et al. from the Mayo Clinic published both
an intact protein MS [51] and a bottom-up [52] method
for M-protein monitoring in MM patients using the same
liquid chromatography mass spectrometry (LC-MS) sys-
tem. Using a 15-min gradient for both methods, the
bottom-up method reached a lower limit of detection
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Figure 1. Graphical illustration of Intact protein MS versus Bottom-up MS. Intact protein MS measures light chain m/z using
MALDI-TOF which can reach high throughput and is easier to standardize. Personalized targeting of monoclonal peptides using
bottom-up MS is technically more complex but increases the sensitivity of the assay.

Table 2. Overview of intact protein MS methods to detect M-proteins.

Measurement
Immunoglobulin time per LLOD
Analytes purification method sample (min) Instrument/Method (mg/L) Reference
Heavy and light chains 1gG purification (melon gel) 15 LC-ESI-Q-TOF 50 (LC) [51]
250 (HQ)
Heavy and light chains IgG purification (melon gel) 24 LC-ESI-Q-TOF/ 5 [53]
kappa and lambda purification (capture MiRAMM
select)
Light chains IgG, IgA, IgM purification <1 MALDI-TOF/ MASS-FIX 450 [55]
Kappa and lambda purification (capture
select)
Light chains 19G purification (melon gel) 35 LC-FT-ICR 30 [81]
Heavy and light chains Kappa and lambda purification (capture 1 LC-ESI-Q-TOF 10 [82]
select)
Heavy and light chains IgG, IgA, IgM purification <1 MALDI-TOF/ EXENT-MS  Not reported [56]

Kappa and lambda total purification
Kappa and lambda FLC purification
(EXENT-MS)

LC-ESI-Q-TOF: liquid chromatography electrospray ionization quadrupole time-of-flight; LC-FT-ICR: liquid chromatography Fourier transform ion cyclotron
resonance.

(LLOD) of 43mg/L and the intact protein MS method molecular mass, improved the LLOD by almost 10
reached 250mg/L for detecting the M-protein heavy  times, to 5mg/L [53]. The throughput of intact protein
chain. By increasing the separation time, this method, = MS M-protein monitoring was even further accelerated
termed monoclonal immunoglobulin rapid accurate by replacing the liquid chromatography-electrospray
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ionization quadrupole time-of-flight (LC-ESI-Q-TOF) MS
system with matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) [54-56]. MALDI-TOF
technology for M-protein detection uses reduced serum
samples that are spotted on a target plate embedded
in a matrix [53]. The sample spots and matrix are ion-
ized using a laser beam. The resulting charged ions are
accelerated under a fixed potential that causes the ions
to travel through the flight tube to the detector. Based
on mass and charge, ions have a distinguishable time
of flight that enables protein identification [57].
MASS-FIX, a combination of MALDI-TOF-MS and immu-
noglobulin enrichment into five separate Ig-fractions
(IgG, IgA, IgM, kappa, and lambda) showed improved
sensitivity over both SPEP and immunofixation electro-
phoresis with an ultra-fast run time of less than one
minute for each patient and the potential to assess the
M-protein isotype. Furthermore, Mellors et al. demon-
strated the detection of N-glycosylation of monoclonal
light chain using MASS-FIX analysis [58], which was
later confirmed in a large cohort [59]. This important
post-translational modification is a potential new risk
marker as patients with M-protein light-chain glyco-
sylation had an increased risk to develop clinically rel-
evant plasma cell disorders, including amyloid
light-chain (AL) amyloidosis [60,61]. Patients with IgM
light chain glycosylation were at increased risk of devel-
oping cold agglutinin disease [62,63]. To also measure
monoclonal free light chain (FLC), the MASS-FIX method
was extended with magnetic beads that bound FLC
kappa and FLC lambda to purify a total of seven
Ig-fractions from serum samples [64]. This latter method
has been further developed by Binding Site
(Birmingham, UK) and named “EXENT-MS” [56]. Intact
protein MS methods for detecting M-protein are
cost-effective, high-throughput, and versatile assays for
screening and monitoring [65]. However, monitoring
MRD requires higher sensitivity and the measurement
of clonotypic peptides rather than intact
immunoglobulins.

M-protein quantification using clonotypic peptide
methods (bottom-up MS)

MS targeting of clonotypic peptides originating from
the variable region of the M-protein provides an
ultra-sensitive patient- and disease-specific assay. In
recent years, significant advances have been made
within the field of M-protein detection using liquid
chromatography tandem MS (LC-MS/MS) or targeted
MS assays as listed in Table 3. Barnidge et al. were
among the first groups to report on such an assay

[51,52]. Others made improvements in sensitivity by
using more advanced targeted MS techniques such as
parallel reaction monitoring (PRM) instead of selected
reaction monitoring (SRM) and by developing different
methods for immunoglobulin purification. The term,
MS-MRD, was coined for this blood-based assay as
clonotypic peptide targeting allows monitoring of dis-
ease activity with a sensitivity that is similar to MRD
evaluation performed on bone marrow [66]. MS-MRD
assays generally include the following steps: (1) clono-
typic peptide selection (targeted/personalized assay
development), (2) purification of immunoglobulins in
peripheral blood serum, (3) sample digestion to gen-
erate immunoglobulin peptides, (4) injection into the
LC-MS system and (5) data analysis including quanti-
fication of the M-protein.

Peptide selection and targeted (personalized) assay
development

Target peptides from the variable region of the
M-protein can be selected from either genetic material
from the myeloma cell or from de novo sequencing of
the serum M-protein. The advantage of direct sequenc-
ing of myeloma cells is that it provides high sequence
certainty of the clonotype [66]. The advantage of de
novo M-protein sequencing is that MS-MRD becomes
completely independent of bone marrow sampling
[67]. RNA originating from bone marrow can be ana-
lyzed with RNAseq or amplified using a multiplex PCR
reaction, and such data can be used to derive the
peptide sequence from the most abundant clone, as
demonstrated by Barnidge et al. [52]. This provides
high certainty of the M-protein sequence. However,
this method does require an invasive bone marrow
aspirate, and retrieving the M-protein sequence is
time-consuming. In patients with low bone marrow
disease burden and lack of a dominant clone, mRNA
sequencing may not provide conclusive results.
Blood-based options are available for clonotypic pep-
tide selection; however, these methods also require a
minimum M-protein concentration. The first reported
blood-based method to select M-protein-specific pep-
tides is called de novo feature selection. In this method,
a shotgun analysis is performed on a tryptic digest,
followed by a de novo search [68]. The most important
advantage of this method is the complete indepen-
dence from bone marrow sampling. However, the level
of sequence certainty when using single enzyme
digestion is lower compared to mRNA sequencing
methods. This is potentially problematic when stable
isotope labeled (SIL) peptides are used for quantifica-
tion because the synthesis of SIL peptides requires



Table 3. Overview of bottom-up MS methods to detect M-proteins.

LLOD
(mg/L)

Immunoglobulin
purification method

Quantification

LC-MS/MS
method

Analyte
selection

RNA seq.

Citation

Instrument

method

Analyte

[52]
[79]
[68]

43

LC-ESI-Q-TOF
TQS (QQQ)

IgG purification (melon gel)

Relative signal intensity

SIL peptides

SRM

Heavy chain variable region
Light chain variable region
Light chain variable region

15

SRM

RNA seq.

1

Kappa or lambda purification Q exactive — Orbitrap

DDA (untargeted, MS/  Relative signal intensity

De novo, Trypsin

(capture select), followed by LC
purification (SDS-PAGE gel)

IgG purification (melon gel)

MS of top 15
precursors)

PRM

only

[72,83]

0.2
0.1-1.5

Fusion — Orbitrap

Q exactive plus

SIL peptides

RNA seq.

Heavy chain variable region

[73]

Relative signal intensity Kappa or lambda purification

RNA seq. PRM

Light chain and heavy chain

(capture select)
IgG purification (melon gel)

variable region
Light or heavy chain variable De novo,

[71]

7

Q exactive

SIL peptides

PRM

multi-enzyme

Light or heavy chain variable De novo,

region

[70]

0.25

Orbitrap Fusion Tribrid — Q Exactive
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accurate and complete information on the peptide
sequence. To tackle this problem, multi-enzyme diges-
tion may be used to provide significantly higher
sequence coverage and, because of data from over-
lapping peptide fragments, more accurate sequence
information [69-71]. However, this method is
time-consuming and labor-intensive because multiple
sample digests per patient are required, and there are
increased demands on reagents, mass spectrometer
runtime, and data integration. Although all clonotypic
peptides are derived from the variable region of the
M-protein, uniqueness still needs to be assessed to
exclude peptides that are identical to commonly
expressed germline sequences for the variable region
or are present in other serum proteins. Optimal
MS-MRD sensitivity can be reached only when selected
peptides trace back exclusively to the clonal sequence
of the myeloma cells. Alignment with germline variable
region sequences in databases such as IMGT can be
used to select unique peptides [72]. Computational
methods in which potential clonotypic peptides are
compared to open-access databases containing
immune repertoire data can be used for the auto-
mated selection of clonotypic peptides. As a quality
control measure to ensure myeloma specificity, poten-
tial clonotypic peptides can be targeted in healthy
control sera and can be excluded from patient mon-
itoring when they are present in such controls.
Although Langerhorst et al. showed 100% stability of
clonotypic peptides during disease progression in
36 MM patients [66], clonal evolution of the M-protein
sequences, a process in which the sequence of the
M-protein changes during disease progression, could
theoretically occur. To assess this phenomenon in
patient follow-up data, at least two clonotypic pep-
tides should be selected, preferably from both the
heavy and the light chain. Monitoring at least two
clonotypic peptides and internal quality control in one
multiplexed MS-run provides resilience against rare
clonal evolution and allows monitoring of free light
chain escape.

Immunoglobulin purification

Purification of immunoglobulins in peripheral blood
serum leads to a higher concentration of M-protein in
these samples; this reduces the level of abundant
serum proteins and increases the signal-to-noise ratio.
To further improve the sensitivity of MS-MRD, several
options for immunoglobulin purification are available.
Zajec et al. have shown up to a 17-fold increase in
LLOD in purified samples using melon gel compared
to non-purified digests [72]. Melon gel provides an
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easy-to-use, negative selection for IgG and IgA. It is
available in a commercial purification kit (Thermo
Fisher Scientific, Waltham, MA, USA) in which the resin
binds all serum proteins except for IgG and IgA. Martins
et al. [73]. achieved the same levels of sensitivity as
Zajec et al. by using capture select resin (Thermo Fisher
Scientific) to purify the immunoglobulins in peripheral
blood serum. Capture-select purification methods are
based on a positive selection of beads that bind either
kappa or lambda, depending on the resin that is used.
Bergen et al. also performed an enrichment for kappa
or lambda, depending on the isotype of the M-protein,
using capture select [68]. Samples were reduced using
DL-dithiothreitol followed by separation using sodium
dodecyl sulfate polyacrylamide gel electrophoresis,
after which they selected the fragment of interest.
Although this method provided a very pure immuno-
globulin product, it was time-consuming. This makes
it difficult to implement in routine diagnostics where
fast, robust, and cost-effective methods are required.

Sample preparation and LC-MS/MS

Sample preparation steps before MS acquisition include
sample reduction to break disulfide bonds connecting
heavy and light chains, alkylation to prevent the
re-establishment of disulfide bonds, and digestion of
the serum sample. The most commonly-used digestion
enzyme is trypsin, because of its robustness, efficiency,
and specificity for basic residues; it generates peptides
with higher charge states upon ionization [74]. Peptides
in the digested samples are separated by the LC system
based on hydrophobicity. The peptides are gradually
injected into the MS system, they are ionized, creating
charged ions, and they enter the quadrupole where
specific peptides of interest are selected and frag-
mented. In the detector, specific fragment masses are
analyzed [75]. In MS-MRD studies, different mass ana-
lyzers have been used (Table 3). A triple quadrupole
mass analyzer specifically detects ion fragments of
interest based on the trajectory stability of the ion in
the third quadrupole [76]. Orbitrap systems trap ions
in an electrostatic field in which a central electrode
kept at high voltage causes the ions to move around
the central electrode. The frequency of this motion is
recorded and subjected to a Fourier formation. Because
the frequency is proportional to the mass-to-charge
ratio, ion fragments can be identified [77]. Targeted
MS was established with the development of SRM and
was introduced in the proteomics field about a decade
ago [78]. In SRM, fragment ions are generated from
precursor peptides. A pair of precursor and associated
fragment ions that occur after the dissociation of the

precursor are referred to as transitions. For reliable
identification and quantification of a peptide, several
of these fragment ions, preferably with high signal
intensity, should be monitored, making the develop-
ment of an SRM method a time-consuming process.
A triple quadrupole mass spectrometer operated in
SRM mode delivers good sensitivity and dynamic
range, although the selectivity can be limited due to
its low-resolution analyzers. In the first published
MS-MRD assays, SRM was the only option for targeted
monitoring [52,79]. When the resolution and accuracy
of mass spectrometers improved, PRM emerged as an
alternative to SRM. In PRM mode, a mass spectrometer
records all fragment ions for a selected precursor,
increasing the specificity and providing a more flexible
workflow compared to SRM. As shown in Table 3, all
recent MS-MRD publications used PRM to target clo-
notypic peptides. Another development within the field
of fast high-resolution MS entails data-independent
analysis (DIA). DIA is a next-generation proteomic
methodology that records full MS/MS spectra of all
precursors present in a sample, providing an even
more flexible method [80]. Retrospective analysis is
possible and allows a retrospective switch to other
targets, which is not possible with SRM or PRM. DIA
should provide a time-saving solution for MS-MRD
because the development of a personalized PRM
method for each new patient is circumvented. However,
even when DIA runs are performed on high-speed/
resolution MS instruments, it is anticipated that full
spectra recording will compromise performance in
terms of speed, sensitivity or selectivity.

M-protein quantification

For accurate monitoring of therapy response, absolute
M-protein quantification is crucial. MS-MRD quantifica-
tion requires a calibrator to be added to the sample
before data acquisition. SIL peptides are widely
regarded as the optimal internal standard for the abso-
lute quantification of protein using LC-MS/MS. Also in
the setting of MS-MRD, SIL peptides offer the best
possible reference for clonotypic peptides [71,72,79].
SIL peptides are heavy labeled, synthesized copies of
the clonotypic peptide with a known concentration
that are spiked into the patient serum to quantitate
the MS-MRD signal intensity. The disadvantage of using
SIL peptides for quantification is the requirement for
the synthesis of a unique standard for each patient.
This is expensive and time-consuming, and it does not
facilitate a standardized workflow. Using a universal
calibrator to quantitate M-protein concentrations for
all patients would make MS-MRD more suitable for



implementation in routine clinical diagnostics. Several
options are available to relate unknown follow-up sam-
ples to, for example, SPEP-positive samples with a
known concentration of the M-protein, providing a
path to quantitation. Different possibilities for the use
of universal calibrators for MS-MRD quantification are
discussed below.

Challenges facing implementation of MS-MRD
in routine clinical practice

Using MS-MRD, M-protein concentrations can be
detected with a 1000-fold increased sensitivity
compared to serum electrophoretic methods. The
first studies that report on direct head-to-head com-
parisons of blood-based MS-MRD versus bone
marrow-based MRD evaluation suggested that both
methods had similar sensitivity to detect disease activ-
ity with similar prognostic value [18,70,73]. Whilst
these encouraging results demonstrated that in the
future, MS-MRD might be a less invasive alternative
for MRD evaluation based on bone marrow, some
challenges related to the complexity of this personal-
ized assay lie ahead before MS-MRD methods can
be implemented in routine clinical practice. These
include intrinsic challenges (assay labor intensity and
the use of a patient-specific calibrator), regulatory
challenges (FDA/EMA clearance, assay validation and
standardization), and disease-related challenges
(M-protein half-life).

Intrinsic challenges

MS-MRD is time-consuming and labor-intensive

High sample throughput is an important requirement
for the implementation of MS M-protein analysis in rou-
tine diagnostics. In 2018, Kohlhagen et al. provided a
best practice example of the automation of their
MASS-FIX method (including pre- and post-analysis) for
implementation in their routine M-protein diagnostics
workflow [84]. To date, all described MS-MRD assays
have been based on PRM methods using personalized
internal standards and rely on manual data analysis. To
improve sample throughput, several elements of the
method need automation. Automated liquid handling
would improve workflow and precision. Furthermore,
the workflow should include automated clonotypic pep-
tide selection as this crucial part of the assay is
time-consuming and requires expertise. Important
criteria for peptide selection include the uniqueness
of clonotypic peptides originating from the
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immunoglobulin variable region and raw signal intensity
[68,71,73]. Furthermore, the algorithm for selecting clo-
notypic peptides should include criteria based on lin-
earity and sensitivity in a dilution series and should
meet quality control aspects such as the absence of
targeted signal in healthy control samples. Another
time-consuming bottleneck is the manual analysis of
MS-MRD data. By logging the patient intake data and
selected clonotypic peptides for each patient, data anal-
ysis of follow-up samples could be automated as well.
MS instrument operation still requires expertise, and
simplification of instrument operation is needed for
broad clinical implementation of MS-MRD and for use
in laboratories with less MS experience [85]. Recent
developments within the field of LC-MS/MS assays, such
as DIA, could obviate the need to develop a personal-
ized PRM method for each new patient. To date, no
MS-MRD application using DIA has been published.
Although DIA has the potential to be part of a highly
automated “one MS-MRD assay fits all’, it does require
a high-speed and high-resolution mass spectrometer.
Compared to PRM, DIA will generate even more com-
plex data as it records full MS/MS spectra that further
challenge the automation of the data analysis.

Patient-specific calibrator

SIL peptides offer, besides a calibrator to quantify
MS-MRD data, the best possible reference for clono-
typic peptides in terms of retention time, ion mobility,
and fragmentation spectra. Unfortunately, the use of
SIL peptides is expensive and time-consuming because
each patient requires the synthesis of unique SIL pep-
tides. Furthermore, using SIL peptides requires a high
certainty of the M-protein peptide sequence. To over-
come this problem, a universal, off-the-shelf calibrator
could be used to replace SIL peptides. A stable isotope
labeled universal monoclonal antibody (SILUMAD,
Sigma Aldrich, Saint Louis, MO, USA) was described by
Schokker et al. to function as an internal standard in
the measurement of trastuzumab and pertuzumab; one
SILUMAb peptide selected as a calibrator peptide dis-
played excellent assay linearity over 3 log scales [86].
This method could be applied to MS-MRD as well by
comparing ratios of SILUMADb to the clonotypic peptide.
In this way, multiple peptides per patient could be
assessed in the quantification of the M-protein without
the need for ordering new SIL peptides. Zajec et al.
explored an alternative workflow for M-protein quan-
tification using tandem mass tag labeling in which two
samples with different M-protein concentrations were
labeled with different tandem mass tags before
combining them. The M-protein concentration of one
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sample was known and was used to recalibrate the
second sample that had an unknown M-protein quan-
tification [83]. Such labeling methods indeed circum-
vent the need to use unique labeled peptides, but the
process of labeling the samples with tandem mass tag
reagents requires an extra sample preparation step.
Although the methods presented by both Zajec et al.
and Schokker et al. require at least one sample with
a known M-protein concentration, usually assessed by
SPEP, the potential of using a universal calibrator to
simplify MS-MRD is demonstrated. For some patients,
however, such samples are not available, and it is pos-
sible to report the response to therapy only in terms
of the percentage change of M-protein concentrations
over time [73,87].

Regulatory challenges

Analytical and clinical validation

Worldwide, several groups have invested heavily in
improving the performance of MS-MRD. Thus there is no
consensus method at present for the performance of
MS-MRD, and studies performed to date are on relatively
small cohorts (Table 3). Analytical validation of a mature
MS-MRD method should include an assessment of its
sensitivity, specificity, accuracy, turn-around times, repro-
ducibility, and linearity. Prior to approving MS-MRD in a
routine clinical setting, extensive clinical validation on
large retrospective and prospective cohorts of MM
patients should be performed. Clinical validation should
entail MS-MRD feasibility, its prognostic value, its capacity
to monitor response to therapy, and its clinical concor-
dance with bone-marrow-based MRD evaluation. The goal
of these studies is to assess the complementary clinical
value of MS-MRD but also its potential shortcomings.
Furthermore, they will provide information about sam-
pling time points and frequencies in the assessment of
a patient’s MRD status. Whilst MS-MRD provides a less
invasive method to assess MRD, unnecessary sampling
should still be avoided. In a more mature development
stage, clinical validation of MS-MRD should be performed
in prospective MM cohorts to shadow other MRD detec-
tion methods or study how MS-MRD can be implemented
to facilitate MRD-guided therapy.

FDA/EMA clearance

Diagnostics tests performed in sites other than where
they were developed require FDA (USA) or EMA (Europe)
clearance. In 2020, the FDA published regulatory con-
siderations for MRD products as guidance on the
requirements for approving an in vitro diagnostic device
to measure MRD as well as the use of MRD as a

biomarker in clinical practice [88]. In their non-binding
recommendations, the FDA is neutral regarding the
technology platform that should be used to assess MRD.
However, the FDA does state that the assay procedure,
reagents, and analysis are to be prespecified [88].
Furthermore, the complete assay, from sample collection
to system output, should be validated analytically for
the intended use using relevant clinical samples.
Regarding the applicability of MRD status in clinical
practice, the FDA differentiates various types of bio-
markers: diagnostic, prognostic, predictive, efficacy
response, and monitoring. Understanding which bio-
marker attributes apply to its proposed use is important
when validating the MRD status for that specific use
[88]. The significant improvements in clinical outcomes
of MM have spurred interest in the use of MRD status
as a potential surrogate endpoint for survival to expe-
dite drug development. Regarding its use as a surrogate
endpoint for PFS, the FDA states: “the strength of evi-
dence to support surrogacy depends on (1) biological
plausibility of the relationship, (2) demonstration in epi-
demiological studies of the prognostic value of the sur-
rogate endpoint for the clinical outcome, and (3)
evidence from clinical trials that treatment effects on
the surrogate endpoint correspond to effects on the
clinical outcome.” As the M-protein is a thoroughly stud-
ied biomarker and is used in routine diagnostics, the
biological plausibility of its relationship with disease
activity and its prognostic value are widely accepted.
Furthermore, in a first proof of concept study with 41
patients from the IFM 2009 trial, the MS-MRD data of
Langerhorst et al. indicated that MS-MRD negative
blood-tests correlated with a longer PFS [18]. However,
the prognostic value of MS-MRD negativity as well as
the relationship between treatment outcome and
MS-MRD status should be validated in large, indepen-
dent cohorts of MM patients. Also, crucial information
regarding the MS-MRD threshold can be gathered.
Additionally, when MS-MRD is used as a biomarker to
guide therapy decisions, it is important to consider that
the sensitivity of the assay should be at least 10-fold
below the decision-making threshold. Similarly, in the
current guidelines, MRD negativity is defined as detec-
tion of less than one in 10° cells; thus the assay should
be optimized and validated to have an analytical sen-
sitivity of at least one in 10° cells.

Standardization and harmonization

To ensure reliable test results and minimize the risk of
incorrect interpretations, harmonization among labo-
ratories that measure the same measurand should be
established [89,90]. The International Organization for



Standardization (ISO) has released requirements for the
implementation of harmonization protocols (ISO
21151:2020) in cases that lack certified reference mate-
rials [91]. This applies to MS-MRD because no certified
reference material is available for the unique patient
measurand. Nonetheless, harmonization can be
achieved by periodically providing a panel of clinical
samples that are analyzed by each individual laboratory
performing MS-MRD assays, followed by result com-
parison for agreement. As part of a harmonization
protocol, a definition of the threshold for MS-MRD
negativity should be considered. In contrast to the
internationally-defined threshold for bone marrow-based
MRD, no such threshold for MS-MRD assessment has
been determined yet. Therefore, relevant cutoff values
defining a relapse should be considered. For the pur-
pose of harmonization, a comparison between multiple
centers should be performed to show the comparabil-
ity between institutes. It is anticipated that current
developments such as automated liquid handling and
automated data analysis to improve assay robustness
and turn-around times are expected to positively
impact the reproducibility of MS-MRD.

Disease related challenges

M-protein half-life

The M-protein is a biomarker of myeloma disease activ-
ity. A confounding factor is the half-life of the M-protein
in the blood, which causes a delay between myeloma
cell elimination and a decrease in M-protein concen-
tration. For accurate reflection of disease activity, the
half-life of the M-protein isotype must be taken into
account (Figure 2(A)). Different immunoglobulins have
different clearance rates: the half-life of IgG is ~23 d
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[92], of IgA, ~6 d [93], and of free light chains, 2-6h
[94]. For IgG, this issue is even more complex because
of 1gG recycling by the neonatal Fc receptor that pro-
tects 1gG from catabolism [92]. At high IgG concentra-
tions, as often occurs in newly diagnosed myeloma
patients with an IgG M-protein, the neonatal Fc recep-
tor becomes saturated and strongly diminishes the IgG
half-life [95]. Therapy effectiveness can be more accu-
rately assessed if the slope of the M-protein decrease
is analyzed, taking the isotype-specific half-life of the
M-protein into account. Figure 2(B) illustrates that
hypothetical patient 1 seems to have a better response,
as indicated by the slope of the M-protein response,
compared to hypothetical patient 2. However, taking
into consideration that patient 2 secretes an IgG
M-protein with a relatively long half-life, it can be con-
cluded that patient 2 effectively has the best response
to therapy.

Defining potential clinical applications for
blood-based MS-MRD

It is anticipated that MS-MRD blood testing will provide
additional information on the depth of response only
in patients in whom electrophoretic and free light
chain results have normalized. MS-MRD could poten-
tially optimize patient management in various ways as
shown in Figure 3. Frequent monitoring of disease
activity beyond stringent complete response could
reveal prognostic markers such as therapy response
kinetics and relapse kinetics. Moreover, MS-MRD could
play a role in reducing the number of invasive bone
marrow aspirations in a patient. MS-MRD could, for
example, provide information to optimize the timing
of bone marrow sampling, or could help to assess
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Figure 2. Schematic representation of the impact of serum half-life (t1/2) on M-protein monitoring. (A) Depending on the Ig
t1/2 of the Ig-isotype, there is a certain delay between the lysis of clonal plasma cells and the decrease in serum M-protein.
Responses are shown for hypothetical immediate and 100% effective therapeutic intervention in patients with an IgG-, IgA-,
and FLC-M-protein. Based on the M-protein isotype and the response kinetics, therapy effectiveness can be calculated. (B) In
clinical practice this would mean that hypothetical patient 2 (IgG M-protein, continuous line) experiences a 100% effective
therapy response (inside IgG shaded area). Although hypothetical patient 1 (IgA M-protein, dotted line) has a steeper response
curve, the therapy response is less effective (outside IgA shaded area). t1/2 = half-life.
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sustained MRD negativity. On the other hand, MS-MRD
may have complementary value to bone marrow-based
MRD monitoring, for example, to address the unmet
need of MRD monitoring in patients with extramedul-
lary disease. Moreover, the minimally invasive character
of MS-MRD allows dynamic MRD monitoring, which
makes it ideally suited for early relapse detection and
for the implementation of MRD-guided treatment deci-
sions. These could include a switch in therapy, stopping
maintenance therapy, or initiation of relapse treatment
when MRD negativity is lost. The value of each of these
potential clinical applications, however, should be
investigated and evaluated in large patient cohorts.

Early relapse detection and MS-MRD guided therapy

Because of its blood-based nature, MS-MRD is well
suited for frequent monitoring, which allows longitu-
dinal analysis of disease activity. This provides more
detailed information about clinical response and per-
mits earlier detection of disease progression, as

Disease burden
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demonstrated by Noori et al. who showed that the
MS-MRD blood test on average detected relapse
442 days earlier than routine blood tests [96].
Furthermore, longitudinal M-protein monitoring and
early relapse detection could provide information upon
which treatment decisions could be made (MS-MRD
guided therapy). Figure 3 demonstrates schematically
several scenarios on how dynamic MRD monitoring
could provide information that might aid patient man-
agement. Accordingly, a patient presenting with
increased M-protein levels directly after stopping treat-
ment would benefit from an extended period of ther-
apy. On the other hand, a patient presenting with
stable M-protein levels could benefit from a controlled
treatment-free period to improve the quality of life.

Optimize timing of bone marrow biopsies

In addition to MRD evaluation, bone marrow aspiration
yields the possibility of obtaining valuable information
such as the presence of specific prognostic cytogenetic
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Figure 3. Schematic representation of therapeutic response evaluation. Visualization of the paradigm that deep responses are
prognostic for longer survival. Current blood-based assays are not sensitive enough to monitor disease activity beyond sCR
(dotted lines). The shaded box indicates the window of opportunity for more sensitive blood-based MRD monitoring with several
potential clinical applications: (1) Therapy response kinetics as a potential prognostic marker; (2) Optimize timing of bone marrow
sampling; (3) Diagnose sustained MRD-negativity; (4) Disease monitoring of patients with false-negative MRD results caused by
extramedullary disease; (5) MRD-guided treatment decisions; (6) Early relapse detection; (7) Relapse kinetics as a potential
prognostic marker. PR: partial response; VGPR: very good PR; CR: complete response; sCR: stringent complete response; MRD:

minimal residual disease.



abnormalities and bone marrow immune reconstitution
that cannot be obtained by MS-MRD. Furthermore, in
the rare event of MM patients who do not secrete an
M-protein, referred to as non-secreting MM, disease
activity cannot be monitored using MS-MRD. For these
reasons, we anticipate that MS will never completely
replace existing MRD tests in bone marrow but will
have clinical value as a companion method. Retrieving
a bone marrow aspirate is an invasive procedure that
is traumatic for the patient, and having to undergo
this procedure multiple times during a period of
intense treatment has a negative impact on the quality
of life. Minimizing the biopsy frequency while still
retrieving all the important information about the dis-
ease status requires good timing. MS-MRD could be
used as an indicator to make informed decisions on
when to perform invasive bone marrow MRD evaluation.

Therapeutic drug monitoring

Therapeutic monoclonal antibodies (t-mAbs) can cause
interference in serum protein electrophoresis and immu-
nofixation and this problem becomes increasingly difficult
when a patient is treated with a cocktail of t-mAbs [97].
Because unique monoclonal peptides are monitored with
MS-MRD, t-mAbs do not interfere in this assay. In the
same MS-MRD analysis, it is possible to perform thera-
peutic drug monitoring of t-mAbs because each t-mAb
has its own unique variable region carrying unique pep-
tides [98]. Noori et al. analyzed patients treated with a
combination of nivolumab and daratumumab and
showed that MS-MRD could assess both M-protein con-
centrations and t-mAb concentrations in a single assay.
These results show the potential to expand the number
of serum protein analytes measured in one multiplex
MS-MRD assay.

Detecting extramedullary disease

The reported incidence of extramedullary disease
ranges from 0.5 to 4.8% in newly diagnosed MM
patients, and from 3.4 to 14% in relapsed or refractory
MM patients [99]. PET/CT or magnetic resonance imag-
ing scans can detect extramedullary tumors, and sev-
eral studies have shown that patients with
extramedullary disease have a worse prognosis
[100,101]. Because MS-MRD detects the M-protein in
peripheral blood serum regardless of tumor location,
MS-MRD has the potential to detect small tumor bur-
den even in patients without bone marrow involve-
ment. In rare cases, but more frequently in advanced
stages of MM, involvement of the central nervous
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system is observed. The prognosis of patients with
leptomeningeal involvement is poor, with a reported
average survival of <6 months caused in part by poor
penetration of anti-MM agents across the blood-brain
barrier [102,103]. We have previously shown that
MS-MRD can be applied to other matrices such as
cerebrospinal fluid [104]. This provides the opportunity
to monitor intrathecal M-protein production as a bio-
marker for central nervous system involvement. In the
same sample, MS-MRD can also measure t-mAb con-
centrations as a tool to assess drug penetrance in the
cerebrospinal fluid.

Conclusion

The future direction of MRD assessment in MM is
toward more sensitive and less invasive technology.
Ultra-sensitive detection of circulating M-protein in
blood samples using LC-MS/MS now provides a
dynamic overview of the patient’s MRD status through
a less invasive procedure that is not negatively affected
by the quality of the input material, as is the case with
bone marrow aspirates due to hemodilution and the
patchy nature of the disease. Nonetheless, several tech-
nical aspects of MS-MRD, including cutoff values, com-
pensation for M-protein half-life, and standardization
and automation of this personalized assay, remain
critical areas for further investigation. Dynamic
blood-based MRD monitoring will provide more
detailed information on how individual patients
respond to treatment and allow early detection of dis-
ease relapse. Upcoming clinical validation studies
should focus on ways to use this information in clinical
practice. These studies should be performed alongside
existing methodologies for MRD evaluation to investi-
gate the complementary value of MS-MRD.

Disclosure statement

NWCJvdD has received research support from Janssen
Pharmaceuticals, AMGEN, Celgene, Novartis, Cellectis, and
BMS, and serves in advisory boards for Janssen
Pharmaceuticals, AMGEN, Celgene, BMS, Takeda, Roche,
Novartis, Bayer, Adaptive, and Servier. JFMJ holds a patent
related to the field of myeloma diagnostics. JFMJ and MMvD
have received research support from the Dutch Cancer
Society under Grant #14465 and from Sebia (Lisses, France).
The other authors have nothing to disclose. The funding
organizations played no role in the design, preparation, or
approval of the manuscript.

Funding

This work was supported by KWF Kankerbestrijding [#14465].



14 (&) C.WINANDSETAL.

ORCID

Charissa Wijnands
Somayya Noori
Niels W. C. J. van de Donk

http://orcid.org/0000-0001-9057-8751
http://orcid.org/0000-0003-3776-2976
http://orcid.

org/0000-0002-7445-2603

Martijn M. VanDuijn
Joannes F. M. Jacobs

http://orcid.org/0000-0002-6654-994X
http://orcid.org/0000-0002-6208-6386

References

(1l

(2]

(3]

(4]

(6]

(7]

(8l

(10l

(111

[12]

[13]

van de Donk N, Pawlyn C, Yong KL. Multiple myeloma.
Lancet. 2021;397(10272):410-427.

Dimopoulos M, Kyle R, Fermand JP, et al. Consensus
recommendations for standard investigative workup:
report of the international myeloma workshop consen-
sus panel 3. Blood. 2011;117(18):4701-4705.

Kumar S, Paiva B, Anderson KC, et al. International my-
eloma working group consensus criteria for response
and minimal residual disease assessment in multiple
myeloma. Lancet Oncol. 2016;17(8):e328-e346.
Laubach JP, Kaufman JL, Sborov DW, et al. Daratumumab
(DARA) plus lenalidomide, bortezomib, and dexameth-
asone (RVd) in patients (pts) with transplant-eligible
newly diagnosed multiple myeloma (NDMM): updated
analysis of griffin after 24 months of maintenance.
Blood. 2021;138(Suppl 1):79-79.

Moreau P, Hulin C, Perrot A, et al. Maintenance with
daratumumab or observation following treatment with
bortezomib, thalidomide, and dexamethasone with or
without daratumumab and autologous stem-cell trans-
plant in patients with newly diagnosed multiple my-
eloma (CASSIOPEIA): an open-label, randomised, phase
3 trial. Lancet Oncol. 2021;22(10):1378-1390.
Rodriguez-Otero P, Paiva B, San-Miguel JF. Roadmap to
cure multiple myeloma. Cancer Treat Rev. 2021;100:102284.
Ding H, Xu J, Lin Z, et al. Minimal residual disease in
multiple myeloma: current status. Biomark Res.
2021;9(1):75.

Diamond BT, Rustad E, Maclachlan K, et al. Defining the
undetectable: the current landscape of minimal resid-
ual disease assessment in multiple myeloma and goals
for future clarity. Blood Rev. 2021;46:100732.

Cho H, Shin S, Chung H, et al. Real-world data on prog-
nostic value of measurable residual disease assessment
by fragment analysis or next-generation sequencing in
multiple myeloma. Br J Haematol. 2022;198(3):503-514.
Munshi NC, Avet-Loiseau H, Rawstron AC, et al.
Association of minimal residual disease with superior
survival outcomes in patients with multiple myeloma:
a meta-analysis. JAMA Oncol. 2017;3(1):28-35.
Martinez-Lopez J, Wong SW, Shah N, et al. Clinical val-
ue of measurable residual disease testing for assessing
depth, duration, and direction of response in multiple
myeloma. Blood Adv. 2020;4(14):3295-3301.

Perrot A, Lauwers-Cances V, Corre J, et al. Minimal re-
sidual disease negativity using deep sequencing is a
major prognostic factor in multiple myeloma. Blood.
2018;132(23):2456-2464.

Mills JR, Barnidge DR, Dispenzieri A, et al. High sensi-
tivity blood-based M-protein detection in sCR patients
with multiple myeloma. Blood Cancer J. 2017;7(8):e590.

[14]

[15]

[16]

(171

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

Munshi NC, Avet-Loiseau H, Anderson KC, et al. A large
meta-analysis establishes the role of MRD negativity in
long-term survival outcomes in patients with multiple
myeloma. Blood Adv. 2020;4(23):5988-5999.

Costa LJ, Chhabra S, Medvedova E, et al. Daratumumab,
carfilzomib, lenalidomide, and dexamethasone with
minimal residual disease response-adapted therapy in
newly diagnosed multiple myeloma. J Clin Oncol.
2022;40(25):2901-2912.

Puig N, Contreras Sanfeliciano T, Paiva B, et al.
Assessment of treatment response by IFE, next gener-
ation flow cytometry and mass spectrometry coupled
with liquid chromatography in the GEM2012MENOS65
clinical trial. Blood. 2021;138(Supp! 1):544-544.
Derman BA, Stefka AT, Jiang K, et al. Measurable residu-
al disease assessed by mass spectrometry in peripheral
blood in multiple myeloma in a phase Il trial of carfilzo-
mib, lenalidomide, dexamethasone and autologous stem
cell transplantation. Blood Cancer J. 2021;11(2):19.
Langerhorst P, Noori S, Zajec M, et al. Multiple myelo-
ma minimal residual disease detection: targeted mass
spectrometry in blood vs next-generation sequencing
in bone marrow. Clin Chem. 2021;67(12):1689-1698.
Jacobs JFM, Turner KA, Graziani MS, et al. An interna-
tional multi-center serum protein electrophoresis accu-
racy and M-protein isotyping study. Part II: limit of
detection and follow-up of patients with small
M-proteins. Clin Chem Lab Med. 2020;58(4):547-559.
Turner KA, Frinack JL, Ettore MW, et al. An internation-
al multi-center serum protein electrophoresis accuracy
and M-protein isotyping study. Part I: factors impacting
limit of quantitation of serum protein electrophoresis.
Clin Chem Lab Med. 2020;58(4):533-546.

Willrich MA, Katzmann JA. Laboratory testing require-
ments for diagnosis and follow-up of multiple myeloma
and related plasma cell dyscrasias. Clin Chem Lab Med.
2016;54(6):907-919.

Dispenzieri A, Kyle R, Merlini G, et al. International my-
eloma working group guidelines for serum-free light
chain analysis in multiple myeloma and related disor-
ders. Leukemia. 2009;23(2):215-224.

Udd KA, Spektor TM, Berenson JR. Monitoring multiple
myeloma. Clin Adv Hematol Oncol. 2017;15(12):951-961.
David FK, Lee S. Challenges of measuring monoclonal pro-
teins in serum. Clin Chem Lab Med. 2016;54(6):947-961.
Rajkumar SV, Harousseau J-L, Durie B, et al. Consensus
recommendations for the uniform reporting of clinical
trials: report of the international myeloma workshop
consensus panel 1. Blood. 2011;117(18):4691-4695.
Suzuki K, Nishiwaki K, Yano S. Treatment strategy for mul-
tiple myeloma to improve immunological environment and
maintain MRD negativity. Cancers. 2021;13(19):4867-4891.
Barlogie B, Anaissie E, Haessler J, et al. Complete re-
mission sustained 3 years from treatment initiation is
a powerful surrogate for extended survival in multiple
myeloma. Cancer. 2008;113(2):355-359.

Lancman G, Sastow DL, Cho HJ, et al. Bispecific anti-
bodies in multiple myeloma: present and future. Blood
Cancer Discov. 2021;2(5):423-433.

Paiva B, van Dongen JJ, Orfao A. New criteria for re-
sponse assessment: role of minimal residual disease in
multiple myeloma. Blood. 2015;125(20):3059-3068.


http://orcid.org/0000-0001-9057-8751
http://orcid.org/0000-0003-3776-2976
http://orcid.org/0000-0002-7445-2603
http://orcid.org/0000-0002-7445-2603
http://orcid.org/0000-0002-6654-994X
http://orcid.org/0000-0002-6208-6386

[30]

[31]

[32]

[33]

(34]

[35]

[36]

[37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

Flores-Montero J, Sanoja-Flores L, Paiva B, et al. Next
generation flow for highly sensitive and standardized
detection of minimal residual disease in multiple my-
eloma. Leukemia. 2017;31(10):2094-2103.

Takamatsu H. Clinical value of measurable residual dis-
ease testing for multiple myeloma and implementation
in Japan. Int J Hematol. 2020;111(4):519-529.
Bertamini L, Oliva S, Rota-Scalabrini D, et al. High levels
of circulating tumor plasma cells as a key hallmark of
aggressive disease in transplant-eligible patients with
newly diagnosed multiple myeloma. J Clin Oncol.
2022;40(27):3120-3131.

Garces JJ, Cedena MT, Puig N, et al. Circulating tumor
cells for the staging of patients with newly diagnosed
transplant-eligible multiple myeloma. J Clin Oncol.
2022;40(27):3151-3161.

Shanmugam V, Parnes A, Kalyanaraman R, et al. Clinical
utility of targeted next-generation sequencing-based
screening of peripheral blood in the evaluation of cy-
topenias. Blood. 2019;134(24):2222-2225.
Notarfranchi L, Zherniakova A, Lasa M, et al.
Ultra-sensitive assessment of measurable residual dis-
ease (MRD) in peripheral blood (PB) of multiple myelo-
ma (MM) patients using bloodflow. Blood. 2022;140(Suppl
1):2095-2097.

Bertamini L, D'Agostino M, Gay F. MRD assessment in
multiple myeloma: progress and challenges. Curr
Hematol Malig Rep. 2021;16(2):162-171.

Hillengass J, Landgren O. Challenges and opportunities
of novel imaging techniques in monoclonal plasma cell
disorders: imaging “early myeloma”. Leuk Lymphoma.
2013;54(7):1355-1363.

Zamagni E, Tacchetti P, Barbato S, et al. Role of imaging
in the evaluation of minimal residual disease in multi-
ple myeloma patients. JCM. 2020;9(11):3519-3528.
Hillengass J, Usmani S, Rajkumar SV, et al. International
myeloma working group consensus recommendations
on imaging in monoclonal plasma cell disorders. Lancet
Oncol. 2019;20(6):e302-e312.

Cavo M, Terpos E, Nanni C, et al. Role of (18)F-FDG PET/
CT in the diagnosis and management of multiple my-
eloma and other plasma cell disorders: a consensus
statement by the international myeloma working group.
Lancet Oncol. 2017;18(4):e206-€217.

Jamet B, Zamagni E, Nanni C, et al. Functional imaging
for therapeutic assessment and minimal residual disease
detection in multiple myeloma. IJMS. 2020;21(15):5406.
Moreau P, Attal M, Caillot D, et al. Prospective evaluation
of magnetic resonance imaging and [(18)fluorodeoxy-
glucose positron emission tomography-computed to-
mography at diagnosis and before maintenance thera-
py in symptomatic patients with multiple myeloma
included in the IFM/DFCI 2009 trial: results of the
IMAJEM study. J Clin Oncol. 2017;35(25):2911-2918.
Rasche L, Angtuaco E, McDonald JE, et al. Low expres-
sion of hexokinase-2 is associated with false-negative
FDG-positron emission tomography in multiple myelo-
ma. Blood. 2017;130(1):30-34.

Daniele P, Mamolo C, Cappelleri JC, et al. Response rates
and minimal residual disease outcomes as potential
surrogates for progression-free survival in newly diag-
nosed multiple myeloma. PLOS One. 2022;17(5):€0267979.

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

(59]

[60]

[61]

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES . 15

Delgado JA, Guillen-Grima F, Moreno C, et al. A simple
flow-cytometry method to evaluate peripheral blood
contamination of bone marrow aspirates. J Immunol
Methods. 2017;442:54-58.

Foureau DM, Paul BA, Guo F, et al. Standardizing clin-
ical workflow for assessing minimal residual disease by
flow cytometry in multiple myeloma. Clin Lymphoma
Myeloma Leuk. 2023;23(1):e41-e50.

Cloos J, Harris JR, Janssen J, et al. Comprehensive pro-
tocol to sample and process bone marrow for measur-
ing measurable residual disease and leukemic stem cells
in acute myeloid leukemia. J Vis Exp. 2018;133:e56386.
Rawstron AC, Orfao A, Beksac M, et al. Report of the
European Myeloma Network on multiparametric flow
cytometry in multiple myeloma and related disorders.
Haematologica. 2008;93(3):431-438.

Murray DL, Dasari S. Clinical mass spectrometry ap-
proaches to myeloma and amyloidosis. Clin Lab Med.
2021;41(2):203-219.

Murray DL. Bringing mass spectrometry into the care
of patients with multiple myeloma. Int J Hematol.
2022;115(6):790-798.

Barnidge DR, Dasari S, Botz CM, et al. Using mass spec-
trometry to monitor monoclonal immunoglobulins in
patients with a monoclonal gammopathy. J Proteome
Res. 2014;13(3):1419-1427.

Barnidge DR, Tschumper RC, Theis JD, et al. Monitoring
M-proteins in patients with multiple myeloma using
heavy-chain variable region clonotypic peptides and
LC-MS/MS. J Proteome Res. 2014;13(4):1905-1910.
Mills JR, Barnidge DR, Murray DL. Detecting monoclonal
immunoglobulins in human serum using mass spec-
trometry. Methods. 2015;81:56-65.

Campbell L, Simpson D, Ramasamy K, et al. Using quan-
titative immunoprecipitation mass spectrometry
(QIP-MS) to identify low level monoclonal proteins. Clin
Biochem. 2021;95:81-83.

Mills JR, Kohlhagen MC, Dasari S, et al. Comprehensive
assessment of M-proteins using nanobody enrichment
coupled to MALDI-TOF mass spectrometry. Clin Chem.
2016;62(10):1334-1344.

Puig N, Contreras MT, Agullo C, et al. Mass spectrom-
etry vs immunofixation for treatment monitoring in
multiple myeloma. Blood Adv. 2022;6(11):3234-3239.
Singhal N, Kumar M, Kanaujia PK, et al. MALDI-TOF
mass spectrometry: an emerging technology for mi-
crobial identification and diagnosis. Front Microbiol.
2015;6:1-16.

Mellors PW, Dasari S, Kohlhagen MC, et al. MASS-FIX
for the detection of monoclonal proteins and light
chain N-glycosylation in routine clinical practice: a
cross-sectional study of 6315 patients. Blood Cancer J.
2021;11(3):50-58.

Dasari S, Kohlhagen MC, Dispenzieri A, et al. Detection
of plasma cell disorders by mass spectrometry: a com-
prehensive review of 19,523 cases. Mayo Clin Proc.
2022;97(2):294-307.

Zhang Z, Westhrin M, Bondt A, et al. Serum protein
N-glycosylation changes in multiple myeloma. Biochim
Biophys Acta Gen Subj. 2019;1863(5):960-970.
Dispenzieri A, Larson DR, Rajkumar SV, et al.
N-glycosylation of monoclonal light chains on routine



16 . C.WIJNANDS ET AL.

[62]

[63]

[64]

[65]

[66]

[67]

(68]

[69]

[70]

(711

[72]

[73]

[74]

[75]

MASS-FIX testing is a risk factor for MGUS progression.
Leukemia. 2020;34(10):2749-2753.

Sidana S, Murray DL, Dasari S, et al. Glycosylation of
immunoglobulin light chains is highly prevalent in cold
agglutinin disease. Am j of Hematol. 2020;95(9):e222—-
e225.

Juskewitch JE, Murray JD, Norgan AP, et al. In from the
cold: M-protein light chain glycosylation is positively
associated with cold agglutinin titer levels. Transfusion.
2021;61(4):1302-1311.

Sepiashvili L, Kohlhagen MC, Snyder MR, et al. Direct
detection of monoclonal free light chains in serum by
use of immunoenrichment-coupled MALDI-TOF mass
spectrometry. Clin Chem. 2019;65(8):1015-1022.

Giles HV, Wechalekar A, Pratt G. The potential role of
mass spectrometry for the identification and monitoring
of patients with plasma cell disorders: where are we
now and which questions remain unanswered? Br J
Haematol. 2022;198(4):641-653.

Langerhorst P, Brinkman AB, VanDuijn MM, et al.
Clonotypic features of rearranged immunoglobulin
genes yield personalized biomarkers for minimal resid-
ual disease monitoring in multiple myeloma. Clin Chem.
2021,;67(6):867-875.

Noori S, Zajec M, Russcher H, et al. Retrospective lon-
gitudinal monitoring of multiple myeloma patients by
mass spectrometry using archived serum protein elec-
trophoresis gels and de novo sequence analysis.
Hemasphere. 2022;6(8):e758-e762.

Bergen HRIll, Dasari S, Dispenzieri A, et al. Clonotypic
light chain peptides identified for monitoring minimal
residual disease in multiple myeloma without bone
marrow aspiration. Clin Chem. 2016;62(1):243-251.
Dupre M, Duchateau M, Sternke-Hoffmann R, et al. De
novo sequencing of antibody light chain proteoforms
from patients with multiple myeloma. Anal Chem.
2021;93(30):10627-10634.

Liyasova M, McDonald Z, Taylor P, et al. A personalized
mass spectrometry-based assay to monitor M-protein
in patients with multiple myeloma (EasyM). Clin Cancer
Res. 2021;27(18):5028-5037.

McDonald Z, Taylor P, Liyasova M, et al. Mass spectrom-
etry provides a highly sensitive noninvasive means of
sequencing and tracking M-protein in the blood of
multiple myeloma patients. J Proteome Res.
2021;20(8):4176-4185.

Zajec M, Jacobs JFM, Groenen P, et al. Development of
a targeted mass spectrometry serum assay to quantify
M-protein in the presence of therapeutic monoclonal
antibodies. J Proteome Res. 2018;17(3):1326-1333.
Martins CO, Huet S, Yi SS, et al. Mass spectrometry-based
method targeting Ig variable regions for assessment of
minimal residual disease in multiple myeloma. J Mol
Diagn. 2020;22(7):901-911.

Dau T, Bartolomucci G, Rappsilber J. Proteomics using
protease alternatives to trypsin benefits from sequential
digestion with trypsin. Anal Chem. 2020;92(14):9523-
9527.

Borras E, Sabido E. What is targeted proteomics? A
concise revision of targeted acquisition and targeted
data analysis in mass spectrometry. Proteomics.
2017;17(17-18):1700180.

[76]

[77]

(78]

[79]

[80]

(81]

(82]

[83]

[84]

(85]

[86]

(87]

(88]

[89]

[90]

Stefani NT. Mass spectrometry. In: Clarke W, Marzinke
M, editors. Contemporary practice in clinical chemistry.
4th ed. Washington (DC): Academic press; 2019. p.
171-185.

Beck O, Rylski A, Stephanson NN. Application of liquid
chromatography combined with high resolution mass
spectrometry for urine drug testing. In: Dasgupta A,
editor. Critical issues in alcohol and drugs of abuse
testing. 2nd ed. Cambridge (MA): Academic press; 2019.
p. 321-332.

Krasny L, Huang PH. Data-independent acquisition mass
spectrometry (DIA-MS) for proteomic applications in
oncology. Mol Omics. 2021;17(1):29-42.

Remily-Wood ER, Benson K, Baz RC, et al. Quantification
of peptides from immunoglobulin constant and variable
regions by LC-MRM MS for assessment of multiple my-
eloma patients. Proteomics Clin Appl. 2014;8(9-10):783-
795.

Li J, Smith LS, Zhu HJ. Data-independent acquisition
(DIA): an emerging proteomics technology for analysis
of drug-metabolizing enzymes and transporters. Drug
Discov Today Technol. 2021;39:49-56.

He L, Anderson LC, Barnidge DR, et al. Classification of
plasma cell disorders by 21 tesla fourier transform ion
cyclotron resonance top-down and middle-down MS/
MS analysis of monoclonal immunoglobulin light chains
in human serum. Anal Chem. 2019;91(5):3263-3269.
Santockyte R, Puig O, Zheng N, et al. High-throughput
therapeutic antibody interference-free high-resolution
mass spectrometry assay for monitoring M-proteins in
multiple myeloma. Anal Chem. 2021;93(2):834-842.
Zajec M, Jacobs JFM, de Kat Angelino CM, et al.
Integrating serum protein electrophoresis with mass
spectrometry, a new workflow for M-protein detection
and quantification. J Proteome Res. 2020;19(7):2845-
2853.

Kohlhagen M, Dasari S, Willrich M, et al. Automation
and validation of a MALDI-TOF MS (Mass-Fix) replace-
ment of immunofixation electrophoresis in the clinical
lab. Clin Chem Lab Med. 2020;59(1):155-163.

Seger C, Salzmann L. After another decade: LC-MS/MS
became routine in clinical diagnostics. Clin Biochem.
2020;82:2-11.

Schokker S, Fusetti F, Bonardi F, et al. Development and
validation of an LC-MS/MS method for simultaneous
quantification of co-administered trastuzumab and per-
tuzumab. MAbs. 2020;12(1):e17954921-e17954927.
Santockyte R, Jin C, Pratt J, et al. Sensitive multiple
myeloma disease monitoring by mass spectrometry.
Blood Cancer J. 2021;11(4):78.

US Food and Drug Administration (FDA). Guidance for
industry: hematologic malignancies: regulatory consid-
erations for use of minimal residual disease in devel-
opment of drug and biological products for treatment.
Silver Spring, MD; 2020. Standard No. FDA-2018-D-3090.
Miller WG, Greenberg N. Harmonization and standard-
ization: where are we now? J Appl Lab Med.
2021;6(2):510-521.

Ceriotti F, Cobbaert C. Harmonization of external qual-
ity assessment schemes and their role clinical chemistry
and beyond. Clin Chem Lab Med. 2018;56(10):1587-
1590.



[91]

[92]

(93]

[94]

[95]

[96]

[97]

ISO. In vitro diagnostic medical devices—Requirements
for international harmonisation protocols establishing
metrological traceability of values assigned to calibra-
tors and human samples. ISO 21151:2020. Geneva,
Switzerland: International Organization for
Standardization; 2020. Available from: https://www.iso.
org/standard/69985.html

Kendrick F, Evans ND, Arnulf B, et al. Analysis of a com-
partmental model of endogenous immunoglobulin G
metabolism with application to multiple myeloma. Front
Physiol. 2017;8:1-18.

van Tetering G, Evers M, Chan C, et al. Fc engineering
strategies to advance IgA antibodies as therapeutic
agents. Antibodies. 2020;9(4):70.

Hutchison CA, Harding S, Hewins P, et al. Quantitative
assessment of serum and urinary polyclonal free light
chains in patients with chronic kidney disease. Clin J
Am Soc Nephrol. 2008;3(6):1684-1690.

Jacobs JFM, Mould DR. The role of FcRn in the phar-
macokinetics of biologics in patients with multiple my-
eloma. Clin Pharmacol Ther. 2017;102(6):903-904.
Noori S, Wijnands C, Langerhorst P, et al. Dynamic
monitoring of myeloma minimal residual disease with
targeted mass spectrometry. Blood Cancer J.
2023;13(1):1-3.

Liu L, Wertz WJ, Kondisko A, et al. Incidence and man-
agement of therapeutic monoclonal antibody interfer-
ence in monoclonal gammopathy monitoring. J Appl
Lab Med. 2020;5(1):29-40.

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES . 17

[98] Noori S, Verkleij CPM, Zajec M, et al. Monitoring the

M-protein of multiple myeloma patients treated with a

combination of monoclonal antibodies: the laboratory

solution to eliminate interference. Clin Chem Lab Med.
2021;59(12):1963-1971.

Blade J, Beksac M, Caers J, et al. Extramedullary disease

in multiple myeloma: a systematic literature review.

Blood Cancer J. 2022;12(3):1-10.

[100]Bartel TB, Haessler J, Brown TL, et al.
F18-fluorodeoxyglucose positron emission tomography
in the context of other imaging techniques and prog-
nostic factors in multiple myeloma. Blood.
2009;114(10):2068-2076.

[101]1Usmani SZ, Mitchell A, Waheed S, et al. Prognostic im-
plications of serial 18-fluoro-deoxyglucose emission
tomography in multiple myeloma treated with total
therapy 3. Blood. 2013;121(10):1819-1823.

[102] Chen Cl, Masih-Khan E, Jiang H, et al. Central nervous
system involvement with multiple myeloma: long term
survival can be achieved with radiation, intrathecal che-
motherapy, and immunomodulatory agents. Br J
Haematol. 2013;162(4):483-488.

[103] Jurczyszyn A, Grzasko N, Gozzetti A, et al. Central nervous
system involvement by multiple myeloma: a
multi-institutional retrospective study of 172 patients in
daily clinical practice. Am J Hematol. 2016;91(6):575-580.

[104] Zajec M, Frerichs KA, van Duijn MM, et al. Cerebrospinal
fluid penetrance of daratumumab in leptomeningeal
multiple myeloma. Hemasphere. 2020;4(4):e413.

[99]


https://www.iso.org/standard/69985.html
https://www.iso.org/standard/69985.html

	Advances in minimal residual disease monitoring in multiple myeloma
	ABSTRACT
	Introduction
	Methods to monitor myeloma disease activity
	Routine M-protein detection in blood or urine
	Minimal residual disease evaluation
	Imaging techniques to support evaluation of disease activity

	Blood-based M-protein monitoring using mass spectrometric methods
	M-protein detection using intact immunoglobulin methods (intact protein MS)
	M-protein quantification using clonotypic peptide methods (bottom-up MS)
	Peptide selection and targeted (personalized) assay development
	Immunoglobulin purification
	Sample preparation and LC-MS/MS
	M-protein quantification


	Challenges facing implementation of MS-MRD in routine clinical practice
	Intrinsic challenges
	﻿﻿MS-MRD is time-consuming and labor-intensive﻿

	Patient-specific calibrator

	Regulatory challenges
	﻿﻿Analytical and clinical validation﻿

	FDA/EMA clearance
	Standardization and harmonization

	Disease related challenges
	﻿﻿M-protein half-life﻿



	Defining potential clinical applications for blood-based MS-MRD
	Early relapse detection and MS-MRD guided therapy
	Optimize timing of bone marrow biopsies
	Therapeutic drug monitoring
	Detecting extramedullary disease

	Conclusion
	Disclosure statement
	Funding
	ORCID
	References



