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Abstract 

Background: Multiple myeloma remains an incurable disease with multiple relapses due to residual myeloma cells 
in the bone marrow of patients after therapy. Presence of small number of cancer cells in the body after cancer treat‑
ment, called minimal residual disease, has been shown to be prognostic for progression‑free and overall survival. 
However, for multiple myeloma, it is unclear whether patients attaining minimal residual disease negativity may 
be candidates for treatment discontinuation. We investigated, if longitudinal flow cytometry‑based monitoring of 
minimal residual disease (flow‑MRD) may predict disease progression earlier and with higher sensitivity compared to 
biochemical assessments.

Methods: Patients from the Nordic countries with newly diagnosed multiple myeloma enrolled in the European‑
Myeloma‑Network‑02/Hovon‑95 (EMN02/HO95) trial and undergoing bone marrow aspiration confirmation of 
complete response, were eligible for this Nordic Myeloma Study Group (NMSG) substudy. Longitdudinal flow‑MRD 
assessment of bone marrow samples was performed to identify and enumerate residual malignant plasma cells until 
observed clinical progression.

Results: Minimal residual disease dynamics were compared to biochemically assessed changes in serum free light 
chain and M‑component. Among 20 patients, reaching complete response or stringent complete response dur‑
ing the observation period, and with ≥3 sequential flow‑MRD assessments analysed over time, increasing levels of 
minimal residual disease in the bone marrow were observed in six cases, preceding biochemically assessed disease 
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Introduction
Multiple myeloma (MM) is a common malignant gam-
mopathy and associated with a wide spectrum of symp-
toms [1]. Patients typically present with proliferation 
of abnormal monoclonal plasma cells (PC) in the bone 
marrow (BM) and monoclonal protein (M-component) 
in the serum and/or urine [2]. Therapeutic advance-
ments like autologous stem cell transplant, protea-
some inhibitors, immune-modulators and monoclonal 
antibodies have resulted in significant improvements 
in treatment response depth and clinical outcome 
[3]. However, the majority of patients will eventually 
develop refractory disease, making MM a remaining 
incurable disease [4].

Precise assessment of response to therapy is of high 
importance in every phase of MM and consensus rec-
ommendations have been developed by the Interna-
tional Myeloma Working Group for uniform reporting 
of response levels [5]. Complete response is biochemi-
cally defined as non-detectable M-component in the 
serum and urine by immunofixation plus disappearance 
of any soft tissue plasmacytoma, and detection of < 5% 
plasma cells in BM. Stringent CR (sCR) includes all CR 
criteria plus a normal ratio of serum free light chain ratio 
(sFLCr), together with the absence of monoclonal PCs by 
immunohistochemistry after counting ≥100 BM PC or 
immunofluorescence at a sensitivity level of  10− 2 [6, 7]. 
Achievement of a normal sFLC ratio is associated with 
improved outcomes including overall survival [8, 9].

Relapse is a consequence of the expansion of residual 
MM cells [5]. These residual MM cells in patients may 
be detectable as “minimal residual disease” (MRD, also 
referred to as “measurable residual disease”) by cur-
rent Next Generation Flow (NGF) or VDJ sequencing 
methods with which a minimal sensitivity level of  10− 5 
or  10− 6 can be reached [10, 11]. MRD negativity at the 
 10− 5 level or even more informative at the  10− 6 level is 
a strong prognostic factor of progression-free survival 
and is under consideration as a surrogate trial endpoint 
to improve the identification of effective treatments [12–
15]. Additionally, IMWG guidelines have introduced the 

term sustained MRD negativity for individuals with MRD 
negativity confirmed 1 year apart [5].

Multiparametric flow cytometry (MFC) is a widely 
applicable technique, allowing identification and dis-
crimination between normal and abnormal PCs based 
on aberrant patterns of protein expression by neoplastic 
PCs. MFC has been reported to hold diagnostic, prog-
nostic and predictive information and plays an increas-
ingly important role in diagnostics and prognostics of 
plasma cell disorders [16, 17]. Flow-MRD assessment, 
the evaluation of absence of phenotypically aberrant 
PCs using MFC, currently reaches method sensitivities 
between  10− 4 and  10− 6 [11].

Treatment of other haematological malignancies, such 
as acute lymphoblastic leukaemia and chronic myeloid 
leukaemia, often are guided by MRD results, and achieve-
ment of MRD negativity has been endorsed as a purpose 
the treatment in acute myeloid leukemia [18–20]. How-
ever, standardization of MRD testing in MM as well as 
defining the role of MRD status in guiding treatment 
decisions remains unanswered and is ongoing [21]. We 
hypothesized that longitudinal BM flow-MRD measure-
ments would reveal information on depth and dynamics 
of MRD that potentially could drive treatment decisions 
and tailor therapeutic strategies in the future. Few stud-
ies have longitudinally evaluated MRD in MM [22–24]. 
Therefore, we aimed to investigate the impact of long-
term sequential BM flow-MRD assessments to determine 
the potential of flow-MRD monitoring in comparison to 
standard disease monitoring by M-component and sFLC 
ratio.

Methods
Study Design: The NMSG MRD substudy was part of 
the EMN02/HO95 trial (NCT01208766) and enclosed 
23 sites from the Nordic countries [25]. Patients were 
included in the study from March 1, 2012 to March 31, 
2014. Patients undergoing BM aspiration for response 
assessment prior to start of maintenance treatment were 
eligible for the MRD study [26]. The study was approved 
by the national and regional committees (see supple-
mentary information for detailed list) on health research 

and clinical progression by 5.5 months and 12.6 months (mean values), respectively. Mean malignant plasma cells 
doubling time for the six patients was 1.8 months (95% CI, 1.4–2.3 months). Minimal malignant plasma cells detection 
limit was 4 × 10–5.

Conclusions: Flow‑MRD is a sensitive method for longitudinal monitoring of minimal residual disease dynamics in 
multiple myeloma patients in complete response. Increasing minimal residual disease levels precedes biochemically 
assessed changes and is an early indicator of subsequent clinical progression.

Trial registration: NCT01 208766
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ethics and performed in accordance with the good 
clinical practice regulations and the declaration of Hel-
sinki principles with written informed consent from all 
included patients.

Specimens and clinical data: Heparin-stabilized BM 
samples were received (at the NMSG central Biobank 
at Aalborg University Hospital) for MFC analysis at 
diagnosis and were, when eligible for the MRD-study, 
subsequently for molecular response assessment by 
flow cytometry (1st flow-RA) and following flow-MRD 
analyses (Table  S1). The EMN Data Center (Torino/
Italy) had collected data on clinical characteristics, 
namely dates for inclusion (INCL), clinical response 
status (RS) and 1st progression, as well as biochemical 
analysis data including serum protein electrophoresis 
(SPEP), serum immunofixation (IF) status, and sFLC 
ratio. Presence of an M protein on SPEP or IF were 
considered as positive; sFLC ratios outside the 0.26–
1.65 range as abnormal [7]. Clinical progression and 
RS were documented from the participating sites and 
defined according to IMWG criteria [27, 28]. Reasons 
for end of follow-up was death, emigration, patients 
withdrawal from study participation (off-protocol), or 
October 31st, 2018 (cut-off ) for the flow cytometric 
data. Cut-off for the clinical data was set at September 
18th, 2019. Clinical progression and overall survival 
status were matched to censoring date for data compa-
rability with the flow-MRD data.

Flow-MRD assessment: A modified 1st generation 
Euroflow antibody 2 tube panel set for PC disorders 
(PCD) was applied to freshly stained BM aliquots [29]. 
For more detailed information see supplementary infor-
mation (supplementary methods and Table  S2; Fig.  S1) 
and Op Bruinink et  al. 2020 [30–35]. Flow-MRD posi-
tivity was defined as the enumeration of ≥40 mPC cells 
among ≥1 ×  106 total nucleated cells across all concate-
merized tubes, reflecting a minimum detection limit of 
4 ×  10− 5 (0.004%). Samples with insufficient quality or 
technical issues were excluded (“inadequate sample”) 
as outlined in Table 1. Critical parameters for exclusion 
were total cellularity (< 1 ×  105 cells for diagnostic sam-
ples; < 1 ×  106 cells for MRD samples), aggregation, coag-
ulation, haemodilution, absence of a clear defined mPC 
population (< 0.1% for diagnostic samples), absence of 
a nPC population (for MRD samples, < 100 cells), inad-
equate specimen processing and/or technical issues. 
Only samples analysed within 52 h after sampling were 
included into the MRD-analysis, as recommended from 
current literature [36, 37].

Statistical data analysis: A doubling time for mPC 
expansion in patients with subsequent biochemical and 
clinical progression was derived by fitting a log-linear 
model of mPC versus time and dividing log(2) with the 

regression coefficient. Differences in proportions were 
tested using Fishers exact test.

Results
Detection of mPCs in BM samples from patients in CR/SCR 
at 1st flow‑response assessment
During the inclusion period, 136 patients (age range 
18–64 years) were registered in the NMSG MRD study 
(Table  1 Part A). In 53 patients, a BM aspirate sample 
was sent for a first response assessment by flow cytom-
etry (1st flow-RA), when assumed to be in CR/sCR at any 
time during the course. Fifteen patients with confirmed 
clinical response status of CR or better (12 with sCR; 3 
with CR) and an adequate BM sample were included in 
the 1st flow-RA analysis (Table 1 Part B; Table S3; Fig. 1). 
Thirty-eight patients were excluded (31 patients with 
RS < CR, 1 Off-protocol, 6 with inadequate BM sam-
ples). Flow-RA revealed, that 80% (12/15) patients with 
clinical CR/sCR were mPC negative. Eleven of these 
patients were in sCR. In the remaining three patients 
(20%) a small mPC population (64, 126 and 4319, respec-
tively) was detected. Frequency range was 8.2 ×  10− 4 to 
8.8 ×  10− 5 mPC/  106 cells. Corresponding sFLC ratios 
were normal in the three patients (Fig.  1). Time from 
inclusion to 1st flow-RA varied widely (interval range 
2.7–41.6 month, median 20.1 months; lower quartile: 
12.6 month; upper quartile: 35.4 months), and sample size 
varied greatly from 1.3–13.4 ×  106 acquired cells (median 
5.9 ×  106). Due to the small size of the dataset with three 
flow-RA positive patients, no statistical conclusion could 
be drawn for rate of clinical progression between the two 
groups. However, all three flow-RA positive patients sub-
sequently progressed.

Flow‑MRD identifies early progression
Longitudinal flow-MRD assessments were carried out 
to determine the potential of flow-MRD monitoring 
on the risk of disease progression and to evaluate its 
dynamics. The inclusion criterium for this long-term 
analysis was the achievement of CR during the patient’s 
course, thereby including patients with VGPR or bet-
ter at first response assessment. As outlined (Table  1 
Part C; Table S3), 34 patients from 53 patients included 
in the MRD-study fulfilled these criterium, of which 19 
patients have been in CR at 1st RA. This group comprises 
the same 15 patients from the 1st flow-RA analysis plus 
4 patients, where 1st flow-RA was not available, but sub-
sequently BM samples for flow-MRD assessment were 
received. Accordingly, 19 patients (19/53) were excluded 
(15 patients with best RS of VGPR or lower, 6 patients 
with only inadequate BM samples, 2 patients went 
off-protocol).
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For 20 patients (20/34) at least three flow-MRD 
assessment points with adequate BM samples were 
analysed (Table  1 Part C; Table  S3; Fig.  2). Of these 
20 patients, 13 patients displayed sustained flow-
MRD negativity upon acquisition of 1.2–19.5 ×  106 
cells (mean 7.1 ×  106; N = 105), accompanied by nor-
mal values for SFLC ratio, SPEP and IF; and they all 
remained clinical progression free within the observa-
tion period of 6 years (non-progressors). One patient 
developed extra medullary disease without BM 
involvement.

Six patients progressed in the BM (progressors). 
Longitudinal flow-MRD evaluation revealed flow-
MRD positivity followed by mPC population increase 
for all six progressors upon 3–13 sequential follow-up 

samples (Median evaluation interval 3.8 months, 
range 1–30 months; Fig.  3, Table  S4). Mean mPC 
doubling time for the six patients was calculated 
to be 1.8 months with a confidence interval of 1.4 to 
2.3 months, assessed by fitting a log-linear model 
with the mPC concentration versus time to progres-
sion (Fig.  3). Flow-MRD positivity was observed 
with a median of 12.6 months (IQR 11.8 month, 6 
patients) before clinical progression was recorded, and 
5.5 months (IQR 9.3, 5 patients) before biochemical 
parameters became abnormal, which were recurrence 
of abnormal sFLC ratio in 4 patients and positive SPEP 
in one patient (Table  S2). In patient PID124 all ana-
lysed biochemical paramters remained normal until 
clinical progression.

Table 1 Flow‑MRD response assessment after treatment of multiple myeloma

Abbreviations: PR Partial response, VGPR Very good PR, CR Complete response, SCR Stringent CR, Flow-MRD MRD assessment using MFC, RA Response assessment, RS 
Clinical response category, FU Follow up (FU1 = 1st RA; FUX = subsequent follow ups), Pts Patients. Grey Boxes indicate patients included into the final analysis. (*1): at 
censoring date

Comment Patients Pts. with clinical 
progression (*1)

(A) Patients registered/included into the study Patients included into the study (Inclusion period: 
01‑03‑2012 ‑ 31‑03‑2014)

136 79

Patients with only diagnostic BM sample received 
(until 31‑10‑2018)

83

Patients with BM samples for Flow‑MRD analysis 
received (until 31‑08‑2018)

53 29

(B) 1st flow RA (Flow‑MRD analysis FU1) Patients with BM samples received for 1st Flow‑RA 53
Excluded patients not reaching RS of CR at 1st 
response assessment

31 13

Excluded patients (OFF‑protocol) 1 1
Included patients with RS of CR/SCR at 1st 
response assessment

21 14

Included with adequate BM sample 15
Excluded with inadequate BM sample 6

(C) Longitudinal flow‑MRD analysis (FU1‑FUX) Patients with BM samples received for longitudinal 
analysis

53

Best reached RS during the patients course: <VGPR 2 1
Best reached RS during the patients course: VGPR 11 10
Best reached RS during the patients course: CR 12 5
Best reached RS during the patients course: sCR 28 13
Excluded patients (Off‑protocol) 2
Excluded patients not reaching CR over the entire 
patients course

13

Excluded with inadequate BM samples (until 
progression)

4

Included patients with reached RS CR/SCR over the 
patients course

34

Included with ≥ 3 Flow‑MRD samples analysed 
(incl. FU1)

20 7

Excluded with ≤ 2 Flow‑MRD samples analysed 
(incl. FU1)

14 7
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Discussion
The primary objective of the flow-MRD study was to 
evaluate the depth and dynamic of flow-MRD and the 
risk of disease progression in MM patients in posttreat-
ment CR during lenalidomide maintenance. Our data 
confirm that flow-MRD is a sensitive tool for response 
evaluation and subsequent patient monitoring.

First, flow-RA was able to detect residual mPC within 
the group of patients in CR/sCR, underscoring that 
flow-RA using the flow-MRD panel has superior sen-
sitivity compared to biochemical and morphological 
assessment. This observation is in line with previous 
studies, documenting MRD positivity in MM patients 
in CR [38, 39]. However, the limited number of patients 
in the flow-RA positive group did not allow analysis 
of whether presence of residual mPC at end of treat-
ment evaluation in CR/sCR patients had an impact 

on progression free survival (PFS) and overall survival 
(OS) between patients in CR with detectable versus 
undetectable MRD. These subjects are to be touched 
upon in upcoming reports for the total EMN02 study 
[40].

Second, and more important, we determined the 
prognostic role of MRD by longitudinally monitor-
ing flow-MRD in patients in remission. Focusing on 
patients with intramedullary disease with achieved 
CR during the treatment course we showed that MRD 
appearance, assessed by flow-MRD, predicted bio-
chemical disease progression 5.5 months in advance 
and 12.6 months in advance to clinical progression. 
For comparison, in recent studies, where MM patients 
were sequentially monitored after induction and sub-
sequent autologous stem cell transplantation plus con-
tinuous maintenance, a 4 month precedence of MRD 

Fig. 1 1st Flow‑RA of bone marrow sample received from patients at response evaluation. X‑axis: Patients with response status of CR and sCR 
are aligned according to PID number and flow‑MRD status. Y‑axis: Cell Counts/sFLCr values (log scale). (*1): sFLCr was close to normal range 
(0.24) and became normal with the next sFLCr measurement (1.58). (*2): sFLCr was taken 27 days after MFC date, previous sFLCr measurement 
(> 27 days before MFC date) displayed normal ratio. Abbreviations: CR: Complete response. SCR: Stringent complete response. Patient ID / PID: 
Patient identification number. SFLCr: Serum free light chain ratio. MFC: Multiparamteric flow cytometry. mPC: Malignant plasma cells. nPC: normal 
polyclonal plasma cells

Fig. 2 Flow‑MRD monitoring of patients reaching CR/sCR during their course, identifies flow‑MRD positive patients over time before progression 
is clinically observed, while flow‑MRD negative maintain progression‑free regardless their initial RS status. Data points for longitudinal flow‑MRD 
assessment (circles) after inclusion from 20 patients with ≥3 flow‑MRD BM samples (inclusive 1st RA), analysed until clinical progression or until date 
of last clinical contact are lined up over time. Inclusion, RS, progression and date of last contact (until censoring) are indicated. Abbreviations: PR: 
Partial response. VGPR: Very good PR. CR: Complete response. SCR: stringent CR. INCL: Date of inclusion into the MRD‑study. PROG: Date of clinical 
progression. Flow‑MRD: MRD assessment using MFC. RA = Response assessment. RS: Response status (clinical). Patient ID: Patient identification 
number. SFLCr: Serum free light chain ratio. MFC: Multiparamteric flow cytometry. mPC: Malignant plasma cells. DLC: Date of last contact or 
censoring date. (*): Patients progressed with extramedullary disease. n.d.: 1st RA BM sample not received or flow‑MRD status not determined

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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positivity towards biochemical relapse and 9 months to 
clinical relapse were observed [22, 24]. Furthermore, in 
a cohort of six patients we observed a mean doubling 
time of less than 2 months (1.8 months with confidence 
interval 1.4–2.3 months). To the best of our knowledge, 
no other studies have calculated the dynamics of mPC 
expansion during pre-clinical relapse. Together, these 
observations underscore the potential value of sequen-
tial flow-MRD assessments. Loss of MRD negativity 
is the earliest marker of progressive disease and this 
information could be clinical useful to help clinicians 
restart treatment before the occururrence of clinical 
progression and relapse.

IMWG has previously arbitrarily proposed a 12 months 
interval for monitoring patients with sustained flow-
MRD [5]. In our study, based on three cases (PID45, 
PID124, PID132), the duration from first assessed flow-
MRD negativity to flow-MRD positivity was 22.6 months 
(mean of 11.1, 19.1, 37.7 months). The IMWG proposed 
12 months flow-MRD monitoring interval would thus 
be sufficient for early prediction of progression in 2 out 
of 3 cases in our study. However, the small number of 
patients and the wide spread of duration does not allow 
to draw a meaningful conclusion on a general monitoring 
interval. Individual patients may differ largely in courses 

of MRD progression based on risk group, cytogenetic or 
clonogenc landscape in the malignant cell clones, a larger 
dataset is needed for robust statistical conclusions [41]. 
Previously, it was observed, that progressing patients 
with negative MRD after autologous stem cell transplan-
tation lost their MRD negative status with a median time 
of 18 months (10 patients), and even shorter intervals of 
6 to 12 months for monitoring patients with MRD nega-
tive status were suggested [24]. With our observation of 
a doubling time of 1.8 months for mPC expansion after 
reaching MRD-positivity, argues for a more frequent 
flow-MRD monitoring after the initial detection of mPC, 
to follow their increase in the BM, preceding clinical 
progression.

Methodologically, the minumum level of flow-MRD 
detection was defined at study initiation to be 4 ×  10− 5 
(0.004%, ≥40 mPC among ≥106 cells), in order to chal-
lenge the IMWG recommendation of 0.01% from 2008. 
However, consensus criteria for flow-MRD negativity 
was updated in 2016 to a minimum sensitivity of  10− 5, 
among acquisition of ≥3 ×  106 cells [5]. Furthermore, 
there is now evidence, that patients achieving MRD nega-
tivity at the level of  10− 6 have prolonged progression-free 
periods when compared to those who are MRD negative 
at  10− 5 or lower [42, 43]. Although we aimed to analyse 

Fig. 3 Monitoring the quantity of flow‑MRD until clinical progression across six patients with clinical progression reveals, that flow‑MRD positivity 
precedes substantial changes in clinical monitored values for sFLCr, SPEP and IF, and subsequent clinical progression. Time from inclusion to 
measured flow‑MRD positivity varied from 5.9–64.4 month (Mean 19.1 month). MRD positivity was detected with a mean of 12.6 month (range 
9.6–26.6) before clinical progression (according to IMWG standard) was recorded. Median mPC doubling time was calculated to 1.8 month (1.4–2.3) 
across the six patients, fitting a log‑linear model for mPC concentration (mPC/ ×  106 events) versus time to clinical progression. X‑axis: Timeline 
(months to clinical progression). Y‑axis: mPC frequency. Achieved flow‑MRD detection limit for the MRD+ patient group is shown as a dotted 
horizontal line. Abbreviations: MRD: Minimal residual disease. PID: Patient identification ID. SCR: Stringent complete response. SFLCr: Serum free 
light chain ratio (abnormal/normal). IF: Immunofixation (positive/negative) SPEP: Serum protein electrophoresis (positive/negative). Lin: Linear. Log: 
Logarithmic. nd: not determined. “0”: Flow‑MRD negative
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 106 cells per BM sample, all available cells from an MRD 
sample were routinely processed, resulting in 65% of BM 
samples (across 34 patients) and 86% of BM samples 
(across 20 patients with ≥3 MRD samples processed) 
with ≥3 ×  106 cells acquired. However, we find, that the 
acquisition of 1 ×  106 events would have been sufficient 
for the detection and enumeration of MRD-positivity in 
our patients, and vice versa no clear mPC population was 
detected in patients with sustained flow-MRD negativity 
upon aquisition of up to 2 ×  107 cells (average 7.0 ×  106 
across 110 flow-MRD negative BM samples). This sug-
gests that acquisition of 1–3 ×  106 events in most cases 
is sufficient for flow-MRD evaluation, thereby accepting 
the risk of falsely missing patients with rare residual cells 
due to sensitivity restrictions in first place in few cases; 
but those will be detected subsequently when monitored 
longitudinally.

Achievement of complete response has been accepted 
as a relevant surrogate marker of survival and attainment 
of patients attaining sCR has been shown to translate to 
better survival outcomes compared to conventional CR 
alone [27, 44]. However, the association between conven-
tional response outcomes and survival in patients with 
newly diagnosed MM is not clear [45, 46]. Especially, the 
prognostic value of sFLC measurements in MM patients 
has been questioned; large studies supporting the role 
of the assessment and others questioning the role of 
sFLC in the evaluation of response [47]. In our dataset, 
flow-MRD negative and non-progressing patients had 
also normal for sFLC ratios. Among the six progressing 
patients, we observed changes in the biochemical mark-
ers including sFLC ratio in most of the patients (83%), 
before clinical progression was documented, however, 
only 50% became sFLC ratio abnormal. These changes 
were generally detected months later than flow-MRD 
positivity, underpinning the higher sensitivity of flow-
MRD analysis versus biochemical markers, relying on 
traditional biochemical techniques and plasma cell enu-
meration by morphology with suboptimal sensitivity. 
Only PID124 progressed without biochemical abnormal-
ity, although flow-MRD detected monoclonal mPC in 
the BM. It is possible, that this patient has non-secretory 
malignant cells that may not express and release light 
chain into the PB at levels detectable with the standard 
serum measurements. Also measuring M-protein levels 
are not applicable in patients with oligosecretory or non-
secretory disease, because in these cases the levels of the 
paraprotein are low or nondetectable [48]. To date, there 
is no uniform association between rapidity of response 
and survival outcomes in MM. Studies, but performed 
before introduction of novel agents, have demonstrated 
that a rapid decrease of M-protein in the first 1 or 
2 cycles of therapy is predictive of longer survival [49]. 

In a more recent study, slow and gradual response to 
initial therapy has been shown to be a favourable prog-
nostic factor in MM, with a significantly worse overall 
survival of early responders compared to late respond-
ers [50]. We see the same overall tendency. In the pre-
sented study, progressing patients displayed on average a 
clinical response kinetic with faster CR compared to the 
non-progressors.

Despite its importance, invasive BM sampling for 
routine monitoring of MRD has shortcomings by not 
accounting for spatial heterogeneity and the patchy 
nature of MM, which may lead to false-negative 
results. Moreover, undetectable MRD in the BM may 
hide extramedullary disease, potentially detectable by 
these technologies [51]. Additionally, it is an invasive 
procedure [52]. Alternative non-invasive methods for 
MRD testing, such as analysis of circulating tumour 
cells or circulating cell-free tumour DNA in liquid 
biopsies from PB [36, 37]. However, the sensitivity of 
MRD detection in PB and the optimal method to be 
used are unclear and further clinical studies are rec-
ommended to explore the use of PB for the detection 
of MRD and for comparison with results obtained in 
BM, in a similar way as shown for MM at diagnosis 
[53]. Finally, new sensitive methods, such as quantita-
tive immunoprecipitation mass spectrometry and the 
MALDI TOF technique may overcome that shortcom-
ing [54, 55].

In conclusion, this study emphasises that flow-MRD 
assessment is a sensitive and appropriate tool for deeper 
response evaluation in MM patients beyond CR, and for 
longitudinal monitoring of MRD with potential detection 
of early clonal expansion several months prior to bio-
chemical and clinical progression. This offers the oppor-
tunity for early intervention and such strategies should 
be tested in clinical trials.
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