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ü Avoid serial assessments requiring repeated BM aspirate sampling
ü Negative MRD may be obtained as a result of dilution of BM with blood

and/or the patchy distribution of transformed plasma cells

Rational for testing MRD in MM using peripheral blood samples



Are malignant plasma cells detectable within a peripheral blood specimen?

Flow cytometry
NGS

Mass spectrometry
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AIM: to identify circulating plasma cells from whole blood specimens, using

ü two-color FC (CD38; CD45)
ü three-color FC (CD38; CD45; k; l)

Witzig et al, Cytometry, 1996



FIG. 4. Flow cytometry dot-plots of the mononuclear cells from a patient with documented monoclonal A 
plasma cells by immunofluorescence microscopy. a: CD45PerCP vs. CD38PE. Gate 1 contains CD38br'ght 
CD45- cells; Gate 2, CD38"'ghtCD45d'm cells; and Gate 3, CD38br'gh'CD45+ cells. b, c, and d: The kappa/ 
lambda analysis on the cells in gates R1, R2, and R3, respectively. Monoclonal lambda cells are found 
predominantly in the CD38b"ghtCD45- and CD38b"ghtCD45d'm cell populations. 
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Detection of Myeloma Cells in the Peripheral Blood by 
Flow Cytometry 

Thomas E. Witzig, Teresa K. Kimlinger, Gregory J, Ahmann, Jerry A. Katzmann, and 
Philip R. Greipp 

Division of Internal Medicine and Hematology (T.E.W., P.RG.) and Department of Laboratory Medicine and 
Pathology ( T.K.IC, G.J.A., J.A.K.), Mayo Clinic and Mayo Foundation, Rochester, Minnesota 

Bone marrow plasma cells (PC) from patients with multiple myeloma (MM) express monoclonal cytoplas- 
mic immunoglobulin (clg) light chain, strongly express CD38, and usually lack or dimly express CD45. The 
detection of malignant plasma cells in the peripheral blood (P8) by immunofluorescence microscopy (IM) 
distinguishes patients with active MM from those with stable disease. The aim of this study was to learn 
whether two-color (CD38 and CD45) flow cytometry (FC) on whole blood specimens (WBFC) and three-color 
FC (CD38, CD45, and anti-K or A clg) on mononuclear cells could identify circulating PC as well as the 
standard, more labor intensive IM technique. Split-samples of PB from 73 patients with plasma cell prolif- 
erative disorders were examined by both techniques. WBFC detected CD38+ CD45- cells in 94% (33/35) 
of patients with circulating monoclonal PC detected by IM and three-color FC detected monoclonal CD38 + 
CD45- cells in 77% (27/35) of these cases. The absolute number of monoclonal PC detected by IM was 
compared to the FC methods and the Spearman rank correlations were 0.77 with WBFC and 0.80 with 
three-color FC. This study indicates that WBFC, using antibodies to CD38 and CD45, offers a practical and 
reliable method to detect and quantify circulating malignant PC in patients with MM. 
0 1996 Wiley-Liss, Inc. 
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Monoclonal plasma cells can be detected in small num- 
bers in the peripheral blood of patients with plasma cell 
proliferative disorders by immunocytochemistry or im- 
munofluorescence microscopy ( 1-3). Their clonality 
has been confirmed by molecular genetic techniques (4- 
7). The detection of circulating monoclonal plasma cells 
(1,  3 , 6 4 3 )  and their proliferative status (2) can be help- 
ful in determining disease activity. These techniques can 
also provide an estimate of the level of tumor cell con- 
tamination of peripheral blood stem cell harvest products 

The expression pattern of the cell surface antigens 
CD38 and CD45 has been found to be important in the 
identification of bone marrow plasma cells. The CD38 
antigen is a membrane antigen that is expressed during 
early B-cell development (pre-B and immature B), is ab- 
sent on mature and activated B-cells, and is brightly re- 
expressed by plasma cells ( 12). The leukocyte common 
antigen CD45 is an important leukocyte-specific protein 
tyrosine phosphatase ( 13). It is expressed on pre-B cells 
as the CD45RA isoform. When B-cell activation occurs, 
there is a transition from CD45RA to CD45RO with an 
intermediate cell that is CD45RA + RO + . Early plasma 
cells express CD45RO only and as they become end 

0 1996 Wiley-Liss, Inc 

(9-11). 

stage, terminally differentiated plasma cells they lose 
CD45RO to become CD38 + CD45- ( 14). Terstappen et 
al. (15) used multiparameter flow cytometry (FC) on 
samples of human bone marrow from 7 normal donors 
and found normal plasma cells to be CD38 + . Other in- 
vestigators have used the characteristic strong CD38 ex- 
pression on plasma cells to study bone marrow plasma 
cells from normal human subjects (16) and patients with 
multiple myeloma (16, 17). Even more precise identifi- 
cation of bone marrow plasma cells can be attained by 
examining the expression patterns of both CD38 and 
CD45 in a two-color flow cytometry system. Hata et al. 
( 18) found that bone marrow plasma cells from myeloma 
patients were typically CD38f  + CD45- or weak+. 
This antigenic profile has been used to determine the 
expression of other antigens on marrow plasma cells and 
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circulating neoplastic PCs vs matched BM
ü mostly quiescent: arrested in the subG0-G1

lower S-phase
lower G2/M

Paiva B, et al. Blood 2016

Assessment of circadian distribution of CTCs, CD341 HSCs,

CXCR4, and SDF1

The absolute number of PB clonal PCs as well as CD341HSCs was measured
in PB samples from 6 MM patients, using the following MoAb combination
(PacB, OC515, FITC, PE, PerCP-Cy5.5, PE-Cy7, APC): CD45, CD138,
CD38, CXCR4, CD34, CD19, CD56. PB samples were collected using
a central line after discarding the first 2 mL. Measurements started at 4:00 PM

and they were repeated every 4 hours up to 12:00 PM the next day, when
patients initiated anti-myeloma treatment. Plasma samples were collected in
parallel and the stromal cell–derived factor 1 (SDF1) plasma levels were
measured using a quantitative enzyme-linked immunosorbent assay (Quanti-
kine; R&D Systems) following the manufacturer’s recommendations.

FISH studies

Fluorescence-activated cell sorter (FACS)-sorted BM and PB (paired) clonal
PCs from 5 MM patients were initially screened (as part of the clinical
workout) by interphase fluorescence in situ hybridization (FISH), for the
presence of immunoglobulin heavy locus (IGH) translocations, del(13q14)
and del(17p13). Then, due to the expected low number of sorted CTCs,
selected FISH probes targeting chromosomal abnormalities commonly found
inMM20,21 (1q21, 6q21, 9q34, 13q14, 14q,32, Chr15, or 17p13) were used for
further cytogenetic characterization of BM clonal PCs and CTCs; a minimum
of 100 interphase nuclei were analyzed per probe/probe combination, as
described elsewhere.22

Statistical analyses

The Wilcoxon signed rank test was used to evaluate the statistical signi-
ficance of differences observed between BM and PB clonal PCs. For all
statistical analyses, SPSS software (version 15.0; SPSS Inc.) was used.

Results

Myeloma CTCs show unique iPEP

Myeloma CTCs were measured in the 46 patients; the median
absolute number of CTCs per microliter was 0.93 (0.07-905). Paired
BMand PB samples were analyzed in 15 patients. Comparedwith BM
clonal PCs, MM CTCs showed downregulation (P , .05) of the
CD11a, CD11c, CD29, CD49,d and CD49e integrins, as well as of the
CD33 and CD56 adhesionmolecules, and the stem cell factor receptor

CD117, as reflected by a decreased mean fluorescence intensity (MFI)
per PC of each of thesemarkers (Figure 1A). CD28, CD38, andCD81,
a tetraspanin involved in B-cell activation and proliferation, were also
downregulated (P , .05) in CTCs. CD138 was typically underex-
pressed on CTCs (medianMFI of 2141 vs 3665 arbitrary units in BM
clonal PCs; P 5 .03). In addition, cellular complexity, as defined by

Figure 2. Distribution of BM clonal PCs and their corresponding CTCs from 10
MM patients among the different stages of the cell cycle: sub-G0G1, S-phase,

and G2M. Results are expressed as median percentage of BM clonal PCs and CTCs in
each of the 3 stages and the upper bound of the 95% confidence intervals (vertical lines).

Figure 3. Representative FISH microscopic photographs of FACS-purified PC

nuclei from BM clonal PCs and their paired CTCs from 5 MM patients. For each
patient, selected probes with the corresponding percentage of altered PC nuclei are
shown for BM clonal PCs (left panels) and their paired CTCs (right panels).

3594 PAIVA et al BLOOD, 21 NOVEMBER 2013 x VOLUME 122, NUMBER 22

D
ow

nloaded from
 https://ashpublications.org/blood/article-pdf/122/22/3591/1371749/3591.pdf by guest on 17 N

ovem
ber 2019

CTCs represent a unique subset 
of the whole BM clonal plasma cells compartment



Paiva B, et al. Blood 2016egress into PB, or only a specific subpopulation? (2) Do CTCs
have stem cell–like features and are they enriched on clonogenic
cells? or (3) Do circadian rhythms also affect CTCs (similarly to
CD341 hematopoietic stem cells [HSCs])?

Here, we investigated the phenotypic, cytogenetic, and func-
tional characteristics of CTCs from MM patients, by comparing
them to patient-paired BM clonal PCs. Our results show that CTCs
represent a unique subset of patient-paired BM clonal PCs with
clonogenic potential and a quiescent phenotype, which may poten-
tially be driven to circulate by circadian rhythms.

Materials and methods

Patients and samples

Overall, 46 patients with symptomatic MM (32 newly diagnosed cases and
24 patients with relapse/refractory disease) were prospectively studied, and
staged according to the International Myeloma Working Group criteria.3 In
all patients, BM and PB samples were simultaneously collected after in-
formed consent was given by each individual, according to the local ethical
committees and the Helsinki Declaration protocol. Due to the limitations in
the number of CTCs in each individual sample, a prioritization was made for
the investigations to be performed. This explains the differences in the
number of samples investigated/tested by each technique.

MFC immunophenotyping

Approximately 100 mL and 1 mL of EDTA-anticoagulated BM and PB
paired samples from 15 patients were immunophenotyped using a direct

8-color immunofluorescence stain-and-then-lyse technique, with 4 different
combination of monoclonal antibodies (MoAbs) (Pacific Blue [PB], Pacific
Orange [PacO], fluorescein isothiocyanate [FITC], phycoerythrin [PE],
peridinin chlorophyll protein–cyanin 5.5 [PerCP-Cy5.5], PE–cyanin 7
[PE-Cy7], allophycocyanin [APC], Alexa Fluor 700 [AF700]): (1) CD29,
CD45/CD11a, b7, CD79b, CD49d, CD19, CD38; (2) CD11c, CD45, CD41a,
CD49e, CD33, CD117, CD19, CD38; (3) CD20, CD45, CD81, CD54,
CD138, CD56, CD19, CD38; and (4) HLA-DR, CD45, CD44, CXC
chemokine receptor 4 (CXCR4), CD27, CD28, CD19, CD38. Data ac-
quisitionwas performed for>106 leukocytes per tube in a FACSCanto II flow
cytometer (BD Biosciences) using the FACSDiva 6.1 software.

Generation of iPEPs

In all BM and PB samples analyzed, the PC compartment was defined by the
5 parameters commonly investigated in each aliquot (CD38, CD45, CD19,
forward light scatter [FSC], and sideward light scatter [SSC]). Then, the
immunophenotypic protein expression profile (iPEP) of BM clonal PCs and
CTCs for all 23 phenotypic markers analyzed plus FSC and SSC was
generated for every single clonal PC, after merging of flow cytometry data
files and calculation of data.17 Briefly, the merge function of the Infinicyt
software (Cytognos SL) was used to fuse the different data files corre-
sponding to the 4 different 8-color MoAb combinations studied per sample,
into a single data file containing all information measured for that sample.
For any single cell in each 8-color MoAb combination, this included those
antigens that were measured directly on it and antigens which were not
evaluated directly (“missing values”) for that cell in the corresponding tube
that it was contained in. Then, the calculation function of the Infinicyt
software was used to fill in those “missing values,” based on the “nearest
neighbor” statistical principle, in a space defined by its unique position in
the multidimensional space created by the 5 common (backbone) parameters

Figure 1. Detailed immunophenotypic features of

paired BM clonal PCs vs CTCs from 15 MM
patients. (A) Notched boxes represent the 25th and
75th percentile values of the ratio between the amount

of FSC, SSC, or antigen MFI expression per paired
CTCs/BM clonal PCs; the line in the middle and vertical
lines correspond to the median value and both the 10th

and 90th percentiles, respectively. (B) The correspond-
ing iPEPs for each patient are shown. The iPEP of BM

clonal PCs is represented by 1 and 2 SD lines, whereas
their paired individual CTCs are represented by black
dots. Each patient-specific iPEP is represented using

the automated population separator (APS1) plot based
on a graphical representation of principal component
1 (x-axis) vs principal component 2 (y-axis) for a total of

25 parameters studied (23 phenotypic markers plus
FSC and SSC). In 12 of 15 patients (cases 1, 3, 4, 6, 8,

9, 10, 11, 12, 13, 14, 15) CTCs clustered in a unique
area of the whole space occupied by their paired BM
clonal PCs, whereas in the remaining cases (patients 2,

5, 7) CTCs were spread throughout the whole BM
clonal PC compartment.
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ü integrins

(CD11a/CD11c/CD29/CD49d/CD49e)
ü adhesion (CD33/CD56/CD117/CD138)
ü activation molecules (CD28/CD38/CD81) 
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SSC was also significantly decreased in CTCs vs BM clonal PCs. In
turn, no differences were noted (P. .05) for other maturation-related
markers such as CD19, CD20, CD27, CD45, and CD79b, as well as
for the SDF1 chemokine receptor 4 (CXCR4). Patient-based com-
parisons between the iPEP of CTCs (black dots in Figure 1B) and BM
clonal PCs (defined by 1 and 2 SD curves in Figure 1B) revealed that
CTCs consistently displayed overlapping phenotypic features with
BMclonal PCs; however, in 12 of 15 patients (cases 1, 3, 4, 6, 8, 9, 10,
11, 12, 13, 14, 15) CTCs clustered in a uniquely restricted area of that
occupied by BM clonal PCs, whereas in the remaining cases (patients
2, 5, 7) CTCs were spread throughout the whole BM clonal PC
compartment (Figure 1B).

Myeloma CTCs are mostly quiescent

Overall, the proliferation index (percentage of cells in S phase) of
BM clonal PCs was significantly higher than that of their paired
CTCs (median, 0.8% vs 0%; range, 0.5%-5% vs 0%-0.8%; P5 .005).
Accordingly, virtually all CTCs (median, 100%; range, 97%-100%)
were in the sub-G0G1 phase of the cell cycle (Figure 2), this number
being significantly higher (P 5 .005) than that found in BM clonal
PCs (median, 97%; range, 85%-99%).

Myeloma CTCs consist of unique cytogenetic subclones of BM

clonal PCs

Comparison between the iPEP of BM clonal PCs and CTCs sug-
gested that, at least in a large subset of patients, CTCswould represent
a unique subset of the whole BM clonal PC compartment. To build up
on these observations, we investigated a selected number of chro-
mosomal abnormalities in highly purified FACS-sorted BM clonal
PCs and CTCs from 5 patients (Figure 3). Patient 1 was negative for
t(IGH), del(13q), and del(17p), and both BM clonal PCs and CTCs
were diploid for 6q21 and 9q34. In turn, gains at 1q21 were observed
in 23% and 28% of BM clonal PCs and CTCs, respectively. Patient 2
had del(13q14) and gain of 9q34 in clonal BMPCs (95% and 90%,
respectively), with similar percentages being found in CTCs (97%
and 80%, respectively); however, trisomy 15 was observed in 38% of
BM clonal PCs while undetectable in the corresponding CTCs.
Patient 3 had del(13q14) in 80% of BM clonal PCs and del(17p13)
was also present in 8% of these cells; in turn, no del(13q) and del(17p)
was observed in the patient’s CTCs. Similarly, an IGH translocationwas
detected in 45% of clonal BMPCs from patient 4, but the cor-
responding CTCs lacked this specific cytogenetic abnormality. In

Table 1. Frequency of colonies and clusters

No. of colonies No. of clusters

Patient (no. of cells) BM clonal PCs CTCs BM clonal PCs CTCs

1 (1200) 0 0 0 0

2 (5300) 0 1 0 0

3 (6500) 2 5 0 2

4 (10 000) 0 0 0 0

5 (10 000) 0 0 0 0

6 (40 000) 0 0 0 3

7 (72 000) 0 0 0 0

8 (80 000) 0 0 1 14

9 (100 000) 0 0 0 0

10 (349 000) 0 0 0 0

Frequency of colonies and clusters scored at day 114 after coculture of the
same number of paired BM clonal PCs and CTCs with the human mesenchymal

stem cell line immortalized by expression of the telomerase reverse transcriptase
gene, hMSC-TERT.

Figure 4. Circadian rythms in myeloma. Circadian

distribution of CTCs (A), CD341 HSCs and progenitor
cells (B), SDF1a plasma levels (C), and the levels of
CXCR4 surface expression per CTCs (D) in MMpatients

(N 5 6). All measurements started at 4:00 PM and they
were repeated every 4 hours up to 12:00 PM, the next day
(when the patients initiated antimyeloma therapy). The

4:00 PM and 8:00 PM time points are repeated at both
sides of all 4 graphics to facilitate viewing of the circadian

variations.
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CTCs: circadian distribution
ü similar pattern to CD34cells
ü opposite to SDF-1 plasma levels and 

CXCR4 surface expression on clonal
PCs

ü CTCs may egress to PB to 
colonize/metastasize other sites in the 
BM during the patients’ resting period

CTCs represent a unique subset 
of the whole BM clonal plasma cells compartment



iPEP of BM clonal PCs is represented by 1 and 2 SD lines
paired CTCs are represented by black dots. 

(FSC, SSC, CD38, CD45, and CD19). Finally, BM clonal PCs and CTCs
were discriminated from normal PCs by aberrant phenotypic expressions
(extensively described elsewhere18), and they were compared for the 25
parameters evaluated by principal component analysis and represented using
the automated population separator (APS1; principal component 1 vs prin-
cipal component 2) graphical representation of the Infinicyt software.17

Cell-cycle analyses

The proliferation index of BM clonal PCs and CTCs was analyzed in paired
PB and BM samples from 10 MM patients using 5-color staining for nuclear
DNA and 4 cell-surface antigens. Briefly, 100 mL and 300 mL of EDTA-
anticoagulated BM and PB samples, respectively, were incubated for 15
minutes in the dark (room temperature) with the following combination of
MoAb (PacB, PacO, FITC, PE): CD19, CD45, CD38, CD56. After lysing
nonnucleated red cells, the nucleated cells were washed and stained with
3 mL per tube of DRAQ5 (Vitro SA). After another 10-minute incubation,
samples were immediately acquired in a FACSCanto II flow cytometer using
the FACSDiva software program, and information on >106 cells corre-
sponding to the whole BM and PB cellularity was measured and stored. Data
were analyzed with the Infinicyt software and the overall percentage of

proliferating cells (including those cells in the S-phase of the cell cycle) was
calculated, as described elsewhere.19

Colony assays

Patient-specific aberrant phenotypes were used to sort BM clonal PCs and
CTCs (purity.95%) from paired BM and PB heparinized samples from 10
MM patients, using a FACSAria III flow cytometer (BD Biosciences). For
colony assays, the same number of BM clonal PCs and CTCs were plated into
Methocult media (StemCell Technologies) supplemented with 10% lymphocyte-
conditioned media (IL-6, 20 ng/mL plus insulinlike growth factor-1 (IGF-1),
20 ng/mL) and cocultured with the hMSC-TERT human mesenchymal stem
cell (MSC) line immortalized by expression of the telomerase reverse
transcriptase gene (a generous gift from Dr D. Campana; Department of
Paediatrics, Yong Loo Lin School of Medicine, National University of
Singapore, Republic of Singapore), at a ratio of 10:1. Cells were cultured at
37°C in a 5% CO2 humidified atmosphere; at day 114 of culture, colonies
(>40 cells) and clusters (>10 cells) were scored. A negative control with the
hMSC-TERT cell line incubated under identical conditions was used along
with all patient samples, such control systematically showing no colonies or
clusters at day 114 in the 10 experiments performed.

Figure 1. (Continued).
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ü CTCs clustered in a uniquely restricted area 
of that occupied by BM clonal PCs: 12/15 

CTCs represent a unique subset of the whole BM clonal PC 
compartment
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(FSC, SSC, CD38, CD45, and CD19). Finally, BM clonal PCs and CTCs
were discriminated from normal PCs by aberrant phenotypic expressions
(extensively described elsewhere18), and they were compared for the 25
parameters evaluated by principal component analysis and represented using
the automated population separator (APS1; principal component 1 vs prin-
cipal component 2) graphical representation of the Infinicyt software.17

Cell-cycle analyses

The proliferation index of BM clonal PCs and CTCs was analyzed in paired
PB and BM samples from 10 MM patients using 5-color staining for nuclear
DNA and 4 cell-surface antigens. Briefly, 100 mL and 300 mL of EDTA-
anticoagulated BM and PB samples, respectively, were incubated for 15
minutes in the dark (room temperature) with the following combination of
MoAb (PacB, PacO, FITC, PE): CD19, CD45, CD38, CD56. After lysing
nonnucleated red cells, the nucleated cells were washed and stained with
3 mL per tube of DRAQ5 (Vitro SA). After another 10-minute incubation,
samples were immediately acquired in a FACSCanto II flow cytometer using
the FACSDiva software program, and information on >106 cells corre-
sponding to the whole BM and PB cellularity was measured and stored. Data
were analyzed with the Infinicyt software and the overall percentage of

proliferating cells (including those cells in the S-phase of the cell cycle) was
calculated, as described elsewhere.19

Colony assays

Patient-specific aberrant phenotypes were used to sort BM clonal PCs and
CTCs (purity.95%) from paired BM and PB heparinized samples from 10
MM patients, using a FACSAria III flow cytometer (BD Biosciences). For
colony assays, the same number of BM clonal PCs and CTCs were plated into
Methocult media (StemCell Technologies) supplemented with 10% lymphocyte-
conditioned media (IL-6, 20 ng/mL plus insulinlike growth factor-1 (IGF-1),
20 ng/mL) and cocultured with the hMSC-TERT human mesenchymal stem
cell (MSC) line immortalized by expression of the telomerase reverse
transcriptase gene (a generous gift from Dr D. Campana; Department of
Paediatrics, Yong Loo Lin School of Medicine, National University of
Singapore, Republic of Singapore), at a ratio of 10:1. Cells were cultured at
37°C in a 5% CO2 humidified atmosphere; at day 114 of culture, colonies
(>40 cells) and clusters (>10 cells) were scored. A negative control with the
hMSC-TERT cell line incubated under identical conditions was used along
with all patient samples, such control systematically showing no colonies or
clusters at day 114 in the 10 experiments performed.

Figure 1. (Continued).
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ü CTCs clustered in a uniquely restricted area 
of that occupied by BM clonal PCs: 12/15 

ü CTCs were spread throughout the whole
BM clonal PC compartment: 3/15

CTCs represent a unique subset of the whole BM clonal PC 
compartment

Paiva B, et al. Blood 2016
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Detailed characterization of multiple myeloma circulating tumor
cells shows unique phenotypic, cytogenetic, functional, and 

circadian distribution profile

CTCs represent a unique subset 
of the whole BM clonal plasma cells compartment
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of a large cohort of newly diagnosed MGUS, SMM and
MM cases, including also for the first time, SP and mac-
rofocalMM patients. Overall, our results showed an up to
~2-fold increased frequency of cases presenting with
CTPC in PB by NGF vs. both immunocytochemistry and
conventional flow cytometry, among MGUS (59% vs.

19–37%)19,25, SMM (100% vs. 15–50%)29,49 and MM
(100% vs. 50–73%)19,25,26. In contrast, only a small per-
centage of SP and macrofocalMM had detectable CTPC
in PB. Altogether, these results confirm and extend on
previous observations indicating that the presence of
CTPC in PB is usually associated with systemic disease
(i.e., MGUS, SMM and MM), higher numbers of PB
CTPC within patients with systemic disease reflecting a
more malignant clinical behavior19,22,50, while it is a rare
finding among tissue-localized PC tumors (e.g., SP and
macrofocalMM)14. In line with these findings, the overall
number of PB CTPC as assessed by NGF also increased
progressively from SP and macrofocalMM to MGUS,
SMM, and MM, the number instead of the presence vs.
absence of CTPC providing an accurate discrimination
between MGUS and MM in the great majority of patients.
Altogether, these findings would support further evalua-
tion of the benefit of including PB CTPC counts in new
minimally invasive (i.e., PB-based) diagnostic algorithms,
to distinguish between MGUS and MM; alternatively, it
might be used as a prognostic factor in both diseases, as
discussed below. Although next-generation sequencing
approaches were not explored in parallel to NGF in our
cases, previous reports from the literature suggest a
similar sensitivity (i.e., detection of 1 CTPC in 106 total
cells; 0.0001%) but a slightly lower applicability (n= 44/46
patients; 96%)51,52.
Previous studies based on less sensitive approaches

indicated that the presence of CTPC in PB and/or their

Fig. 2 Correlation between the number and immunophenotype of tumor PCs in paired PB and BM samples from newly diagnosed PCN
patients. Correlation between the percentage of TPC from all BMPC and the absolute PB CTPC counts in paired BM and PB samples are shown in a,
while the correlation between median fluorescence intensity (MFI) levels of expression of individual phenotypic markers in paired BM TPC vs. PB
CTPC are displayed in b. In a, dots are colored per diagnostic category as follows: SP patients are color-coded as purple circles, macrofocalMM as light
blue circles, MGUS cases are represented as green circles, SMM as orange circles, and MM as red circles. The dotted line represents the percentage of
BM TPC above, which CTPC are usually detected in PB of PCN patients (91% vs. 9% cases with CTPC were found for patients above and below the
line, respectively). In b, individual phenotypic markers are color-coded as follows: CD38, dark blue; CD56, dark green; CD45, light purple; CD19, dark
purple; CD117, pink; CD81, gray; CD138, light blue; CD27, yellow; CyKappa, orange; CyLambda; brown; Vs38c, light green; SmKappa+ SmLambda,
black; Ki67, red; and, CD20, blue. PB peripheral blood, BM bone marrow, PC plasma cell, TPC tumor PC, CTPC circulating tumor PC, NPC normal PC,
PCN PC neoplasms, MFI median fluorescence intensity, SP solitary plasmacytoma, macrofocalMM macrofocal MM, MGUS monoclonal gammopathy
of undetermined significance, SMM smoldering MM, MM multiple myeloma

Table 1 Most accurate cutoff to discriminate between
MM and MGUS cases based on the absolute number of PB
circulating tumor PC

Variable No. of CTPC/μL of PB

Cutoff value 0.058 CTPC/μL

Sensitivity 80%

Specificity 80%

AUC 88%

Positive predictive value (%) 65%

Negative predictive value (%) 90%

No. of MGUS cases below cutoff/total (%) 120/150 (80%)**

No. of MM cases above cutoff/total (%) 55/68 (81%)

False-positive cases (%) 30/150 (20%)

False-negative cases (%) 13/68 (19%)

PB peripheral blood, PC plasma cell, CTPC circulating tumor PC, MGUS
monoclonal gammopathy of undetermined significance, MM symptomatic
multiple myeloma, AUC area under the curve, No. number.
*p <0.0001. **6/30 (20%) MGUS cases above the cutoff have progressed to MM
after a median follow-up of 17 months
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PB and BM samples from newly diagnosed MM 

PB-CTPCs vs BM-TPCs: similar immunophenotypic profile

PB-CTPCs significantly lower (p < 0.05) of CD38, CD138, 
CD81, CD56, CD27, and Vs38c maturation-associated
markers, CD117

more immature and less proliferative immunophenotype
for paired PB vs. BM 

PB-CTPCs: peripheral blood-circulating tumor plasma cells
BM-TPCs: bone marrow-tumor plasma cells
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Detection of tumor plasma cells within the peripheral blood of 
patients with plasma cell neoplasias - NGF

Presence of CTPC in PB is associated with
systemic disease (i.e., MGUS, SMM and
MM) vs localized disease (i.e.,
macrofocal MM, solitary plasmacytoma)

(score 2) analyzed and/or the independent value of the
two parameters. Despite this, at nearly 2 years, ~25% of
SMM with higher numbers of CTPC in PB ( ≥ 0.1 CTPC/
μL) had progressed to active MM vs. 0% among SMM
patients with lower PB CTPC counts, although differences
did not reach statistical significance (p= 0.2) (Fig. 4b).
Among MM, R-ISS stage III cases showed significantly

higher counts (Fig. 3e) of CTPC in PB (p= 0.001 and p=
0.004 vs. stage I and stage II cases, respectively). Inter-
estingly, MM cases with low numbers (i.e., <0.1 CTPC/µL
of PB- that would correspond to an MGUS-like pattern)
of CTPC, showed prolonged 2 years PFS and OS rates
(Figs. 4c, d, respectively): PFS of 94% vs. 40% (p= 0.014)
and OS of 100% vs. 67% (p= 0.03), respectively-.

Surprisingly, the longer PFS rates of MM cases who
showed lower numbers of CTPC in PB was independent
of response to therapy both when the IMWG complete
response (CR) status (p <0.0001; Fig. 4e) and the BM
MRD status (p= 0.02; Fig. 4f) were considered.

Discussion
In the past, progressively higher frequencies of MGUS

and MM patients presenting with CTPC in PB have been
reported in parallel to an increased sensitivity of the
techniques used (e.g., immunocytochemistry vs. conven-
tional 4- and 8- color flow)19,20,22–24,29,47,48. Here, we
applied for the first time the recently described high-
sensitive NGF method34 for the detection of CTPC in PB

Fig. 1 Frequency of CTPC by NGF in PB of newly diagnosed PCN patients and distribution of TPC and NPCand their ratios in HD vs PCN
patients. Boxes extend from the 25th to 75th percentiles; the line in the middle and vertical lines correspond to the median value and the 10th and
90th percentiles, respectively. *p < 0.05 for SMM and MM vs. all other groups; **p < 0.05 for MM vs. all other groups; #p < 0.05 for SP vs. MGUS; ¥p <
0.05 vs. HD; •p < 0.05 for MGUS vs. MM; §p < 0.05 for HD vs. all other groups. PC plasma cell, PCN PC neoplasms, CTPC circulating tumor PC, NPC
normal PC, SP solitary plasmacytoma, macrofocalMM macrofocal MM, MGUS monoclonal gammopathy of undetermined significance, SMM
smoldering MM, MM multiple myeloma, PB peripheral blood, NGF next-generation flow, HD healthy donors
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patients with plasma cell neoplasias - NGF

Presence of CTPC in PB is associated with
systemic disease (i.e., MGUS, SMM and
MM) vs localized disease (i.e.,
macrofocal MM, solitary plasmacytoma)

(score 2) analyzed and/or the independent value of the
two parameters. Despite this, at nearly 2 years, ~25% of
SMM with higher numbers of CTPC in PB ( ≥ 0.1 CTPC/
μL) had progressed to active MM vs. 0% among SMM
patients with lower PB CTPC counts, although differences
did not reach statistical significance (p= 0.2) (Fig. 4b).
Among MM, R-ISS stage III cases showed significantly

higher counts (Fig. 3e) of CTPC in PB (p= 0.001 and p=
0.004 vs. stage I and stage II cases, respectively). Inter-
estingly, MM cases with low numbers (i.e., <0.1 CTPC/µL
of PB- that would correspond to an MGUS-like pattern)
of CTPC, showed prolonged 2 years PFS and OS rates
(Figs. 4c, d, respectively): PFS of 94% vs. 40% (p= 0.014)
and OS of 100% vs. 67% (p= 0.03), respectively-.

Surprisingly, the longer PFS rates of MM cases who
showed lower numbers of CTPC in PB was independent
of response to therapy both when the IMWG complete
response (CR) status (p <0.0001; Fig. 4e) and the BM
MRD status (p= 0.02; Fig. 4f) were considered.

Discussion
In the past, progressively higher frequencies of MGUS

and MM patients presenting with CTPC in PB have been
reported in parallel to an increased sensitivity of the
techniques used (e.g., immunocytochemistry vs. conven-
tional 4- and 8- color flow)19,20,22–24,29,47,48. Here, we
applied for the first time the recently described high-
sensitive NGF method34 for the detection of CTPC in PB

Fig. 1 Frequency of CTPC by NGF in PB of newly diagnosed PCN patients and distribution of TPC and NPCand their ratios in HD vs PCN
patients. Boxes extend from the 25th to 75th percentiles; the line in the middle and vertical lines correspond to the median value and the 10th and
90th percentiles, respectively. *p < 0.05 for SMM and MM vs. all other groups; **p < 0.05 for MM vs. all other groups; #p < 0.05 for SP vs. MGUS; ¥p <
0.05 vs. HD; •p < 0.05 for MGUS vs. MM; §p < 0.05 for HD vs. all other groups. PC plasma cell, PCN PC neoplasms, CTPC circulating tumor PC, NPC
normal PC, SP solitary plasmacytoma, macrofocalMM macrofocal MM, MGUS monoclonal gammopathy of undetermined significance, SMM
smoldering MM, MM multiple myeloma, PB peripheral blood, NGF next-generation flow, HD healthy donors
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Detection of tumor plasma cells within the peripheral blood of 
patients with plasma cell neoplasias - NGF

overall number of PB CTPC as assessed by
NGF also increased progressively from SP and
macrofocal MM to MGUS, SMM, and MM

(score 2) analyzed and/or the independent value of the
two parameters. Despite this, at nearly 2 years, ~25% of
SMM with higher numbers of CTPC in PB ( ≥ 0.1 CTPC/
μL) had progressed to active MM vs. 0% among SMM
patients with lower PB CTPC counts, although differences
did not reach statistical significance (p= 0.2) (Fig. 4b).
Among MM, R-ISS stage III cases showed significantly

higher counts (Fig. 3e) of CTPC in PB (p= 0.001 and p=
0.004 vs. stage I and stage II cases, respectively). Inter-
estingly, MM cases with low numbers (i.e., <0.1 CTPC/µL
of PB- that would correspond to an MGUS-like pattern)
of CTPC, showed prolonged 2 years PFS and OS rates
(Figs. 4c, d, respectively): PFS of 94% vs. 40% (p= 0.014)
and OS of 100% vs. 67% (p= 0.03), respectively-.

Surprisingly, the longer PFS rates of MM cases who
showed lower numbers of CTPC in PB was independent
of response to therapy both when the IMWG complete
response (CR) status (p <0.0001; Fig. 4e) and the BM
MRD status (p= 0.02; Fig. 4f) were considered.

Discussion
In the past, progressively higher frequencies of MGUS

and MM patients presenting with CTPC in PB have been
reported in parallel to an increased sensitivity of the
techniques used (e.g., immunocytochemistry vs. conven-
tional 4- and 8- color flow)19,20,22–24,29,47,48. Here, we
applied for the first time the recently described high-
sensitive NGF method34 for the detection of CTPC in PB

Fig. 1 Frequency of CTPC by NGF in PB of newly diagnosed PCN patients and distribution of TPC and NPCand their ratios in HD vs PCN
patients. Boxes extend from the 25th to 75th percentiles; the line in the middle and vertical lines correspond to the median value and the 10th and
90th percentiles, respectively. *p < 0.05 for SMM and MM vs. all other groups; **p < 0.05 for MM vs. all other groups; #p < 0.05 for SP vs. MGUS; ¥p <
0.05 vs. HD; •p < 0.05 for MGUS vs. MM; §p < 0.05 for HD vs. all other groups. PC plasma cell, PCN PC neoplasms, CTPC circulating tumor PC, NPC
normal PC, SP solitary plasmacytoma, macrofocalMM macrofocal MM, MGUS monoclonal gammopathy of undetermined significance, SMM
smoldering MM, MM multiple myeloma, PB peripheral blood, NGF next-generation flow, HD healthy donors
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Detection of tumor plasma cells within the peripheral blood of 
patients with plasma cell neoplasias - NGF

All treated MM patients who showed CTPC after therapy
always showed MRD + of paired BM samples (data not shown) 

Preliminary results

Further validation needed

persistence/presence of CTPC in MM patients who had undergone
therapy, might be used as a surrogate marker of BM MRD-positivity



Are malignant plasma cells detectable within a peripheral blood specimen?

Flow cytometry
NGS

Mass spectrometry



ü Circulating tumor DNA: promising non-invasive tool, for monitoring response to therapy

Kumar S, et al. Lancet Oncol, 2010; Buedts L, et al. Haematologica, 2016
Wan JCM, et al. Nar Rev Cancer, 2017; Oberle A, et al. Haematologica 2017; Perrot A, et al,  Blood, 2018

ü Clonotypic V(D)J rearrangement: monitoring MM ctDNA after treatment initiation
Non-responders/progressors: detectable ctDNA at times of high tumor burden
compared with less than half of responders

Detection of tumor plasma cells within the peripheral blood of 
patients with plasma cell neoplasias evaluating ctDNA



MRD by NGS Clonotypic V(D)J rearrangement: 
peripheral blood vs matches BM samples

Mazzotti C, et al,  Blood Advances, 2018



detected in the plasma (supplemental Table 1). The assay uses a
variety of primers to amplify each V and J gene segment and results
in a range of amplicon sizes. Although some of the IGH locus
amplicon sizes may exceed 180 base pairs, the assay was able to
identify trackable clonotypes in 100% (10/10) of patients. Because
CD138-sorted cells from bone marrow were used at diagnosis, no
quantitative correlation was found between plasma and bone
marrow at this time point.

At the time of MRD (n5 37), which involved a variety of time points
during the course of treatment (supplemental Table 1), there was
49% consistency between paired plasma and bone marrow
results (Table 1), with the most frequent discrepancy observed
as undetectable MRD in plasma, which was positive in the
bone marrow. Hence, in this study, MRD assessment of ctDNA
displayed a negative predictive value of only 36%. The positive
predictive value was 89%, and no quantitative correlation between
plasma and bone marrow was found, including when MRD was
positive in both samples (Figure 1). Of note, there was a minimal
correlation between myeloma ctDNA detection at the time of
MRD and quantity of analyzed cell-free DNA (supplemental
Figure 1). Conversely, we observed only 1 discrepant case in
which MRD was positive in plasma (8.3 templates per milliliter)
and negative in bone marrow (Table 1; supplemental Figure 1),
raising 2 hypotheses: an extramedullary relapse or a false-negative
result in bone marrow, as discussed above. For this patient,
no extramedullary relapse was detected by positron emission
tomography and computed tomography at the time of MRD.
Interestingly, there were 4 sequences tracked for this patient, and
all 4 were observed in the plasma MRD sample. Finally, we can
assert that this bone marrow sample was not diluted with blood.
Nevertheless, it remains a possibility that the patchy nature of
disease in bone marrow led to this discrepancy and that analysis of
additional bone marrow samples may have revealed MRD (only
;707 000 cells were analyzed in this case).

We provide the first comparative study of MRD by NGS on Ig gene
rearrangements between ctDNA and the bone marrow. Our results
suggest that, in these conditions, MRD burden in ctDNA has no
correlation with the bone marrow; therefore, the quantitative
significance of ctDNA may be limited. Liquid biopsy is clearly a
potential significant development for the monitoring of solid
cancers11 and lymphoma12,13 in which tumor load is difficult to
directly evaluate. MM is, above all, a bone marrow–located disease.
Until recently, remission was evaluated on indirect immunobio-
chemical markers (ie, monoclonal protein), but developments
in MRD assessment technologies have allowed direct evalua-
tion of the bone marrow compartment with an unprecedented
sensitivity. We and other investigators have shown that the

highest level of sensitivity is required, because significant differ-
ences in progression-free survival are observed between patients
achieving positive MRD at 1025 and MRD negativity (,1026).5,14

Given that ctDNA was undetectable in 69% of patients with
MRD detected in the bone marrow, it may not serve as a sufficient
analyte for monitoring. Furthermore, in the study by Oberle et al,10

only 39% of patients with less than a very good partial response
displayed detectable ctDNA; they suggested that this may reflect
different biological implications of ctDNA compared with M-protein.
Both studies underscore the need for additional analysis to
understand the utility of blood in monitoring MM disease. In particular,
the use of additional molecular targets, such as recurrent mutations
and copy number alterations,15-17 may improve its applicability.
Nevertheless, it is noteworthy that, at diagnosis, ctDNA allowed us
to identify clonotypes, confirming the ability of ctDNA to provide an
alternative noninvasive test when disease is active.

To conclude, we demonstrate the absence of a correlation between
ctDNA and bone marrow for MRD by NGS using only Ig gene
rearrangements in myeloma patients, suggesting that ctDNA alone
may not serve as a routinely applicable marker of disease status in
MM in these conditions. In addition, a more refined understanding of
the production and kinetics of ctDNA in myeloma may be necessary
before blood can be routinely used as a source to monitor MM
burden.
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Table 1. Comparison of MRD status obtained in plasma and in bone
marrow

Plasma
MRD positive

Plasma
MRD negative Total

Bone marrow MRD positive 8 18 26

Bone marrow MRD negative 1 10 11

Total 9 (PPVplasma 5 89%) 28 (NPVplasma 5 36%) 37

NPVplasma, negative predictive value of MRD assessed from plasma sample; PPVplasma,
positive predictive value of MRD assessed from plasma sample.
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Figure 1. Relationship between myeloma ctDNA and bone marrow MRD.

Paired bone marrow and blood samples were obtained from 37 patients during follow-

up. MRD was performed using deep sequencing. r 5 Pearson’s correlation coefficient.
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ü At the time of MRD (n. 37): 49% (18/37) consistency between paired plasma and BM



detected in the plasma (supplemental Table 1). The assay uses a
variety of primers to amplify each V and J gene segment and results
in a range of amplicon sizes. Although some of the IGH locus
amplicon sizes may exceed 180 base pairs, the assay was able to
identify trackable clonotypes in 100% (10/10) of patients. Because
CD138-sorted cells from bone marrow were used at diagnosis, no
quantitative correlation was found between plasma and bone
marrow at this time point.

At the time of MRD (n5 37), which involved a variety of time points
during the course of treatment (supplemental Table 1), there was
49% consistency between paired plasma and bone marrow
results (Table 1), with the most frequent discrepancy observed
as undetectable MRD in plasma, which was positive in the
bone marrow. Hence, in this study, MRD assessment of ctDNA
displayed a negative predictive value of only 36%. The positive
predictive value was 89%, and no quantitative correlation between
plasma and bone marrow was found, including when MRD was
positive in both samples (Figure 1). Of note, there was a minimal
correlation between myeloma ctDNA detection at the time of
MRD and quantity of analyzed cell-free DNA (supplemental
Figure 1). Conversely, we observed only 1 discrepant case in
which MRD was positive in plasma (8.3 templates per milliliter)
and negative in bone marrow (Table 1; supplemental Figure 1),
raising 2 hypotheses: an extramedullary relapse or a false-negative
result in bone marrow, as discussed above. For this patient,
no extramedullary relapse was detected by positron emission
tomography and computed tomography at the time of MRD.
Interestingly, there were 4 sequences tracked for this patient, and
all 4 were observed in the plasma MRD sample. Finally, we can
assert that this bone marrow sample was not diluted with blood.
Nevertheless, it remains a possibility that the patchy nature of
disease in bone marrow led to this discrepancy and that analysis of
additional bone marrow samples may have revealed MRD (only
;707 000 cells were analyzed in this case).
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suggest that, in these conditions, MRD burden in ctDNA has no
correlation with the bone marrow; therefore, the quantitative
significance of ctDNA may be limited. Liquid biopsy is clearly a
potential significant development for the monitoring of solid
cancers11 and lymphoma12,13 in which tumor load is difficult to
directly evaluate. MM is, above all, a bone marrow–located disease.
Until recently, remission was evaluated on indirect immunobio-
chemical markers (ie, monoclonal protein), but developments
in MRD assessment technologies have allowed direct evalua-
tion of the bone marrow compartment with an unprecedented
sensitivity. We and other investigators have shown that the

highest level of sensitivity is required, because significant differ-
ences in progression-free survival are observed between patients
achieving positive MRD at 1025 and MRD negativity (,1026).5,14

Given that ctDNA was undetectable in 69% of patients with
MRD detected in the bone marrow, it may not serve as a sufficient
analyte for monitoring. Furthermore, in the study by Oberle et al,10

only 39% of patients with less than a very good partial response
displayed detectable ctDNA; they suggested that this may reflect
different biological implications of ctDNA compared with M-protein.
Both studies underscore the need for additional analysis to
understand the utility of blood in monitoring MM disease. In particular,
the use of additional molecular targets, such as recurrent mutations
and copy number alterations,15-17 may improve its applicability.
Nevertheless, it is noteworthy that, at diagnosis, ctDNA allowed us
to identify clonotypes, confirming the ability of ctDNA to provide an
alternative noninvasive test when disease is active.

To conclude, we demonstrate the absence of a correlation between
ctDNA and bone marrow for MRD by NGS using only Ig gene
rearrangements in myeloma patients, suggesting that ctDNA alone
may not serve as a routinely applicable marker of disease status in
MM in these conditions. In addition, a more refined understanding of
the production and kinetics of ctDNA in myeloma may be necessary
before blood can be routinely used as a source to monitor MM
burden.
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detected in the plasma (supplemental Table 1). The assay uses a
variety of primers to amplify each V and J gene segment and results
in a range of amplicon sizes. Although some of the IGH locus
amplicon sizes may exceed 180 base pairs, the assay was able to
identify trackable clonotypes in 100% (10/10) of patients. Because
CD138-sorted cells from bone marrow were used at diagnosis, no
quantitative correlation was found between plasma and bone
marrow at this time point.

At the time of MRD (n5 37), which involved a variety of time points
during the course of treatment (supplemental Table 1), there was
49% consistency between paired plasma and bone marrow
results (Table 1), with the most frequent discrepancy observed
as undetectable MRD in plasma, which was positive in the
bone marrow. Hence, in this study, MRD assessment of ctDNA
displayed a negative predictive value of only 36%. The positive
predictive value was 89%, and no quantitative correlation between
plasma and bone marrow was found, including when MRD was
positive in both samples (Figure 1). Of note, there was a minimal
correlation between myeloma ctDNA detection at the time of
MRD and quantity of analyzed cell-free DNA (supplemental
Figure 1). Conversely, we observed only 1 discrepant case in
which MRD was positive in plasma (8.3 templates per milliliter)
and negative in bone marrow (Table 1; supplemental Figure 1),
raising 2 hypotheses: an extramedullary relapse or a false-negative
result in bone marrow, as discussed above. For this patient,
no extramedullary relapse was detected by positron emission
tomography and computed tomography at the time of MRD.
Interestingly, there were 4 sequences tracked for this patient, and
all 4 were observed in the plasma MRD sample. Finally, we can
assert that this bone marrow sample was not diluted with blood.
Nevertheless, it remains a possibility that the patchy nature of
disease in bone marrow led to this discrepancy and that analysis of
additional bone marrow samples may have revealed MRD (only
;707 000 cells were analyzed in this case).

We provide the first comparative study of MRD by NGS on Ig gene
rearrangements between ctDNA and the bone marrow. Our results
suggest that, in these conditions, MRD burden in ctDNA has no
correlation with the bone marrow; therefore, the quantitative
significance of ctDNA may be limited. Liquid biopsy is clearly a
potential significant development for the monitoring of solid
cancers11 and lymphoma12,13 in which tumor load is difficult to
directly evaluate. MM is, above all, a bone marrow–located disease.
Until recently, remission was evaluated on indirect immunobio-
chemical markers (ie, monoclonal protein), but developments
in MRD assessment technologies have allowed direct evalua-
tion of the bone marrow compartment with an unprecedented
sensitivity. We and other investigators have shown that the

highest level of sensitivity is required, because significant differ-
ences in progression-free survival are observed between patients
achieving positive MRD at 1025 and MRD negativity (,1026).5,14

Given that ctDNA was undetectable in 69% of patients with
MRD detected in the bone marrow, it may not serve as a sufficient
analyte for monitoring. Furthermore, in the study by Oberle et al,10

only 39% of patients with less than a very good partial response
displayed detectable ctDNA; they suggested that this may reflect
different biological implications of ctDNA compared with M-protein.
Both studies underscore the need for additional analysis to
understand the utility of blood in monitoring MM disease. In particular,
the use of additional molecular targets, such as recurrent mutations
and copy number alterations,15-17 may improve its applicability.
Nevertheless, it is noteworthy that, at diagnosis, ctDNA allowed us
to identify clonotypes, confirming the ability of ctDNA to provide an
alternative noninvasive test when disease is active.

To conclude, we demonstrate the absence of a correlation between
ctDNA and bone marrow for MRD by NGS using only Ig gene
rearrangements in myeloma patients, suggesting that ctDNA alone
may not serve as a routinely applicable marker of disease status in
MM in these conditions. In addition, a more refined understanding of
the production and kinetics of ctDNA in myeloma may be necessary
before blood can be routinely used as a source to monitor MM
burden.
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MRD positive

Plasma
MRD negative Total

Bone marrow MRD positive 8 18 26

Bone marrow MRD negative 1 10 11

Total 9 (PPVplasma 5 89%) 28 (NPVplasma 5 36%) 37

NPVplasma, negative predictive value of MRD assessed from plasma sample; PPVplasma,
positive predictive value of MRD assessed from plasma sample.
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Figure 1. Relationship between myeloma ctDNA and bone marrow MRD.

Paired bone marrow and blood samples were obtained from 37 patients during follow-

up. MRD was performed using deep sequencing. r 5 Pearson’s correlation coefficient.
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detected in the plasma (supplemental Table 1). The assay uses a
variety of primers to amplify each V and J gene segment and results
in a range of amplicon sizes. Although some of the IGH locus
amplicon sizes may exceed 180 base pairs, the assay was able to
identify trackable clonotypes in 100% (10/10) of patients. Because
CD138-sorted cells from bone marrow were used at diagnosis, no
quantitative correlation was found between plasma and bone
marrow at this time point.

At the time of MRD (n5 37), which involved a variety of time points
during the course of treatment (supplemental Table 1), there was
49% consistency between paired plasma and bone marrow
results (Table 1), with the most frequent discrepancy observed
as undetectable MRD in plasma, which was positive in the
bone marrow. Hence, in this study, MRD assessment of ctDNA
displayed a negative predictive value of only 36%. The positive
predictive value was 89%, and no quantitative correlation between
plasma and bone marrow was found, including when MRD was
positive in both samples (Figure 1). Of note, there was a minimal
correlation between myeloma ctDNA detection at the time of
MRD and quantity of analyzed cell-free DNA (supplemental
Figure 1). Conversely, we observed only 1 discrepant case in
which MRD was positive in plasma (8.3 templates per milliliter)
and negative in bone marrow (Table 1; supplemental Figure 1),
raising 2 hypotheses: an extramedullary relapse or a false-negative
result in bone marrow, as discussed above. For this patient,
no extramedullary relapse was detected by positron emission
tomography and computed tomography at the time of MRD.
Interestingly, there were 4 sequences tracked for this patient, and
all 4 were observed in the plasma MRD sample. Finally, we can
assert that this bone marrow sample was not diluted with blood.
Nevertheless, it remains a possibility that the patchy nature of
disease in bone marrow led to this discrepancy and that analysis of
additional bone marrow samples may have revealed MRD (only
;707 000 cells were analyzed in this case).

We provide the first comparative study of MRD by NGS on Ig gene
rearrangements between ctDNA and the bone marrow. Our results
suggest that, in these conditions, MRD burden in ctDNA has no
correlation with the bone marrow; therefore, the quantitative
significance of ctDNA may be limited. Liquid biopsy is clearly a
potential significant development for the monitoring of solid
cancers11 and lymphoma12,13 in which tumor load is difficult to
directly evaluate. MM is, above all, a bone marrow–located disease.
Until recently, remission was evaluated on indirect immunobio-
chemical markers (ie, monoclonal protein), but developments
in MRD assessment technologies have allowed direct evalua-
tion of the bone marrow compartment with an unprecedented
sensitivity. We and other investigators have shown that the

highest level of sensitivity is required, because significant differ-
ences in progression-free survival are observed between patients
achieving positive MRD at 1025 and MRD negativity (,1026).5,14

Given that ctDNA was undetectable in 69% of patients with
MRD detected in the bone marrow, it may not serve as a sufficient
analyte for monitoring. Furthermore, in the study by Oberle et al,10

only 39% of patients with less than a very good partial response
displayed detectable ctDNA; they suggested that this may reflect
different biological implications of ctDNA compared with M-protein.
Both studies underscore the need for additional analysis to
understand the utility of blood in monitoring MM disease. In particular,
the use of additional molecular targets, such as recurrent mutations
and copy number alterations,15-17 may improve its applicability.
Nevertheless, it is noteworthy that, at diagnosis, ctDNA allowed us
to identify clonotypes, confirming the ability of ctDNA to provide an
alternative noninvasive test when disease is active.

To conclude, we demonstrate the absence of a correlation between
ctDNA and bone marrow for MRD by NGS using only Ig gene
rearrangements in myeloma patients, suggesting that ctDNA alone
may not serve as a routinely applicable marker of disease status in
MM in these conditions. In addition, a more refined understanding of
the production and kinetics of ctDNA in myeloma may be necessary
before blood can be routinely used as a source to monitor MM
burden.
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marrow
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MRD positive
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MRD negative Total

Bone marrow MRD positive 8 18 26
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Total 9 (PPVplasma 5 89%) 28 (NPVplasma 5 36%) 37

NPVplasma, negative predictive value of MRD assessed from plasma sample; PPVplasma,
positive predictive value of MRD assessed from plasma sample.
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Figure 1. Relationship between myeloma ctDNA and bone marrow MRD.

Paired bone marrow and blood samples were obtained from 37 patients during follow-

up. MRD was performed using deep sequencing. r 5 Pearson’s correlation coefficient.
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detected in the plasma (supplemental Table 1). The assay uses a
variety of primers to amplify each V and J gene segment and results
in a range of amplicon sizes. Although some of the IGH locus
amplicon sizes may exceed 180 base pairs, the assay was able to
identify trackable clonotypes in 100% (10/10) of patients. Because
CD138-sorted cells from bone marrow were used at diagnosis, no
quantitative correlation was found between plasma and bone
marrow at this time point.

At the time of MRD (n5 37), which involved a variety of time points
during the course of treatment (supplemental Table 1), there was
49% consistency between paired plasma and bone marrow
results (Table 1), with the most frequent discrepancy observed
as undetectable MRD in plasma, which was positive in the
bone marrow. Hence, in this study, MRD assessment of ctDNA
displayed a negative predictive value of only 36%. The positive
predictive value was 89%, and no quantitative correlation between
plasma and bone marrow was found, including when MRD was
positive in both samples (Figure 1). Of note, there was a minimal
correlation between myeloma ctDNA detection at the time of
MRD and quantity of analyzed cell-free DNA (supplemental
Figure 1). Conversely, we observed only 1 discrepant case in
which MRD was positive in plasma (8.3 templates per milliliter)
and negative in bone marrow (Table 1; supplemental Figure 1),
raising 2 hypotheses: an extramedullary relapse or a false-negative
result in bone marrow, as discussed above. For this patient,
no extramedullary relapse was detected by positron emission
tomography and computed tomography at the time of MRD.
Interestingly, there were 4 sequences tracked for this patient, and
all 4 were observed in the plasma MRD sample. Finally, we can
assert that this bone marrow sample was not diluted with blood.
Nevertheless, it remains a possibility that the patchy nature of
disease in bone marrow led to this discrepancy and that analysis of
additional bone marrow samples may have revealed MRD (only
;707 000 cells were analyzed in this case).

We provide the first comparative study of MRD by NGS on Ig gene
rearrangements between ctDNA and the bone marrow. Our results
suggest that, in these conditions, MRD burden in ctDNA has no
correlation with the bone marrow; therefore, the quantitative
significance of ctDNA may be limited. Liquid biopsy is clearly a
potential significant development for the monitoring of solid
cancers11 and lymphoma12,13 in which tumor load is difficult to
directly evaluate. MM is, above all, a bone marrow–located disease.
Until recently, remission was evaluated on indirect immunobio-
chemical markers (ie, monoclonal protein), but developments
in MRD assessment technologies have allowed direct evalua-
tion of the bone marrow compartment with an unprecedented
sensitivity. We and other investigators have shown that the

highest level of sensitivity is required, because significant differ-
ences in progression-free survival are observed between patients
achieving positive MRD at 1025 and MRD negativity (,1026).5,14

Given that ctDNA was undetectable in 69% of patients with
MRD detected in the bone marrow, it may not serve as a sufficient
analyte for monitoring. Furthermore, in the study by Oberle et al,10

only 39% of patients with less than a very good partial response
displayed detectable ctDNA; they suggested that this may reflect
different biological implications of ctDNA compared with M-protein.
Both studies underscore the need for additional analysis to
understand the utility of blood in monitoring MM disease. In particular,
the use of additional molecular targets, such as recurrent mutations
and copy number alterations,15-17 may improve its applicability.
Nevertheless, it is noteworthy that, at diagnosis, ctDNA allowed us
to identify clonotypes, confirming the ability of ctDNA to provide an
alternative noninvasive test when disease is active.

To conclude, we demonstrate the absence of a correlation between
ctDNA and bone marrow for MRD by NGS using only Ig gene
rearrangements in myeloma patients, suggesting that ctDNA alone
may not serve as a routinely applicable marker of disease status in
MM in these conditions. In addition, a more refined understanding of
the production and kinetics of ctDNA in myeloma may be necessary
before blood can be routinely used as a source to monitor MM
burden.
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Table 1. Comparison of MRD status obtained in plasma and in bone
marrow

Plasma
MRD positive

Plasma
MRD negative Total

Bone marrow MRD positive 8 18 26

Bone marrow MRD negative 1 10 11

Total 9 (PPVplasma 5 89%) 28 (NPVplasma 5 36%) 37

NPVplasma, negative predictive value of MRD assessed from plasma sample; PPVplasma,
positive predictive value of MRD assessed from plasma sample.
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Paired bone marrow and blood samples were obtained from 37 patients during follow-

up. MRD was performed using deep sequencing. r 5 Pearson’s correlation coefficient.
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detected in the plasma (supplemental Table 1). The assay uses a
variety of primers to amplify each V and J gene segment and results
in a range of amplicon sizes. Although some of the IGH locus
amplicon sizes may exceed 180 base pairs, the assay was able to
identify trackable clonotypes in 100% (10/10) of patients. Because
CD138-sorted cells from bone marrow were used at diagnosis, no
quantitative correlation was found between plasma and bone
marrow at this time point.

At the time of MRD (n5 37), which involved a variety of time points
during the course of treatment (supplemental Table 1), there was
49% consistency between paired plasma and bone marrow
results (Table 1), with the most frequent discrepancy observed
as undetectable MRD in plasma, which was positive in the
bone marrow. Hence, in this study, MRD assessment of ctDNA
displayed a negative predictive value of only 36%. The positive
predictive value was 89%, and no quantitative correlation between
plasma and bone marrow was found, including when MRD was
positive in both samples (Figure 1). Of note, there was a minimal
correlation between myeloma ctDNA detection at the time of
MRD and quantity of analyzed cell-free DNA (supplemental
Figure 1). Conversely, we observed only 1 discrepant case in
which MRD was positive in plasma (8.3 templates per milliliter)
and negative in bone marrow (Table 1; supplemental Figure 1),
raising 2 hypotheses: an extramedullary relapse or a false-negative
result in bone marrow, as discussed above. For this patient,
no extramedullary relapse was detected by positron emission
tomography and computed tomography at the time of MRD.
Interestingly, there were 4 sequences tracked for this patient, and
all 4 were observed in the plasma MRD sample. Finally, we can
assert that this bone marrow sample was not diluted with blood.
Nevertheless, it remains a possibility that the patchy nature of
disease in bone marrow led to this discrepancy and that analysis of
additional bone marrow samples may have revealed MRD (only
;707 000 cells were analyzed in this case).

We provide the first comparative study of MRD by NGS on Ig gene
rearrangements between ctDNA and the bone marrow. Our results
suggest that, in these conditions, MRD burden in ctDNA has no
correlation with the bone marrow; therefore, the quantitative
significance of ctDNA may be limited. Liquid biopsy is clearly a
potential significant development for the monitoring of solid
cancers11 and lymphoma12,13 in which tumor load is difficult to
directly evaluate. MM is, above all, a bone marrow–located disease.
Until recently, remission was evaluated on indirect immunobio-
chemical markers (ie, monoclonal protein), but developments
in MRD assessment technologies have allowed direct evalua-
tion of the bone marrow compartment with an unprecedented
sensitivity. We and other investigators have shown that the

highest level of sensitivity is required, because significant differ-
ences in progression-free survival are observed between patients
achieving positive MRD at 1025 and MRD negativity (,1026).5,14

Given that ctDNA was undetectable in 69% of patients with
MRD detected in the bone marrow, it may not serve as a sufficient
analyte for monitoring. Furthermore, in the study by Oberle et al,10

only 39% of patients with less than a very good partial response
displayed detectable ctDNA; they suggested that this may reflect
different biological implications of ctDNA compared with M-protein.
Both studies underscore the need for additional analysis to
understand the utility of blood in monitoring MM disease. In particular,
the use of additional molecular targets, such as recurrent mutations
and copy number alterations,15-17 may improve its applicability.
Nevertheless, it is noteworthy that, at diagnosis, ctDNA allowed us
to identify clonotypes, confirming the ability of ctDNA to provide an
alternative noninvasive test when disease is active.

To conclude, we demonstrate the absence of a correlation between
ctDNA and bone marrow for MRD by NGS using only Ig gene
rearrangements in myeloma patients, suggesting that ctDNA alone
may not serve as a routinely applicable marker of disease status in
MM in these conditions. In addition, a more refined understanding of
the production and kinetics of ctDNA in myeloma may be necessary
before blood can be routinely used as a source to monitor MM
burden.
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Plasma
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Bone marrow MRD positive 8 18 26
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Total 9 (PPVplasma 5 89%) 28 (NPVplasma 5 36%) 37

NPVplasma, negative predictive value of MRD assessed from plasma sample; PPVplasma,
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Figure 1. Relationship between myeloma ctDNA and bone marrow MRD.

Paired bone marrow and blood samples were obtained from 37 patients during follow-

up. MRD was performed using deep sequencing. r 5 Pearson’s correlation coefficient.
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Myeloma MRD by deep sequencing from circulating tumor DNA does
not correlate with results obtained in the bone marrow

Only 39% of patients with less than a VGPR displayed detectable ctDNA

ctDNA was undetectable in 69% of patients with MRD detected within the BM

ctDNA may not serve as a sufficient analyte for MRD monitoring



Are malignant plasma cells detectable within a peripheral blood specimen?
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Peripheral blood approached by using mass spectrometry

looks for the unique mass of the unique amino acid sequencing on each monoclonal Ig

much higher sensitivity

mass spectrometry

targets the (M- protein) similar to conventional electrophoresis



Peripheral blood approached by using mass spectrometry

The miRAMM method original described using liquid chroma-
tography (LC)-coupled electrospray ionization-time-of-flight
(TOF)-based MS platforms has also been adapted to a lower cost
chromatography-free matrix assisted laser desorption/ionization
(MALDI)-TOF MS platform with performance properties suited for
the high volume clinical lab.16 Analytical times are rapid
(o1 minute per patient) and when combined with five separate
immunoprecipitations for IgG, IgA, IgM, κ and λ,the method can
detect, quantitate and isotype M-proteins. The analytical equip-
ment (Bruker, Microflex MALDI-TOF, Billerica, MA, USA) has also
gained acceptance in the clinical lab for identification of bacteria.
Recent application of MALDI-TOF MS method to patients with
established clinical diagnosis demonstrated that MALDI-TOF MS
had comparable clinical sensitivity with protein electrophoresis/
IFE/FLC methods.17 However, although MALDI-TOF MS methods
are quick and robust, electrospray ionization-TOF instruments
provide superior resolving power and mass accuracy enabling a
lower limit of detection. Thus, electrospray ionization-TOF
miRAMM is better suited for quantitating low level M-proteins
and resolving potential t-mAb drug interferences.
In this study, we have assessed the ability of a high sensitivity

MS-based miRAMM method to extend the analytical range of
traditional M-protein measurements in patients who in patients
who achieve stringent CR (sCR) post autologous stem cell
transplant (ASCT).

MATERIALS AND METHODS
Nanobody enrichment
Serum Ig enrichment was performed using a 50:50 mix of camelid-derived
nanobodies directed against the LC constant domains of κ and λ (Thermo
Fisher Scientific PN: 084910 and 083310), Life Technologies, Carlsbad, CA
USA. Briefly, 10 μl of beads were incubated with 20 μl of serum diluted into
180 μl of phosphate-buffered saline for 45 min at ambient temperature.
Subsequently, the supernatant was removed and the beads were washed
three times with 200 μl of phosphate-buffered saline and then twice with
200 μl of water. Samples were eluted with 20 μl of 5% acetic acid

containing 50 mM tris [2-carboxyethyl] phosphine, to disassociate Igs into
separated LC and heavy chain components.

Liquid chromatography
An Eksigent Ekspert 200 microLC (Foster City, CA, USA) was used to
separate Ig LCs before ionization and detection. The mobile phases
included an aqueous phase A (100% water+0.1% formic acid) and an
organic phase B (90% acetonitrile+10% isopropanol+0.1% formic acid).
Two microlitres of each bead elution was injected per analysis onto a
Poroshell 300SB-C3 column (1.0 mm × 75 mm) with a 5 μm particle size
placed in a 60 °C column heater. The gradient used has been described
previously and the flow rate was 25 μl/min.15

Mass spectrometry
A SCIEX TripleTOF 5600 quadrupole TOF MS using electrospray ionization in
positive ion mode was used for miRAMM analysis. Source conditions have
been described previously.15 Data analysis was performed using Analyst TF
v1.6 and PeakView ver. 2.2 (AbSciex, Framingham, MA, USA). The mass
spectra of the multiply charged LC ions were deconvoluted to accurate
molecular mass using the Bio Tool Kit ver. 2.2 plug-in software (Asb Sciex,
Framingham, MA, USA). The retention time of the monoclonal LC in each
pre-treatment patient sample was tracked using PeakView. Subsequent
detection of residual monoclonal LCs in post-treatment samples was
performed by searching for the presence of a monoclonal LC above the
polyclonal background with a molecular mass within ±1 Da of pre-
treatment monoclonal LC with a retention time within 0.5 min of that
identified in the pre-treatment sample. The LC signal intensity was recorded
as counts per seconds. The instrument was calibrated every five samples
using the automated calibrant delivery system. Mass measurement accuracy
was estimated to be 15 p.p.m. over the course of the analysis.

Patient samples
The Mayo Foundation Institutional Review Board approved this retro-
spective study. All patients gave written informed consent to have their
medical records reviewed. Patient selection criteria included: availability of
a serum sample within 30 days of initial diagnosis at Mayo Clinic Rochester
from 2005 to 2012 and between 3 and 12 months post-ASCT, and
attainment of a sCR using serum and urine IFE, serum Ig FLC and BM
6-color multicolor flow cytometry with a sensitivity of 10− 4 to 10− 5 within
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Figure 1. A deepening miRAMM response is suggestive of longer PFS in patients in sCR. Examples of miRAMM data. The top panel indicates a
patient who had a miRAMM relapsed. At diagnosis the monoclonal LC mass signature was readily identifiable (red arrow). This mass signature
was then assessed in subsequent post-treatment samples. At day 100, there is undetectable disease by miRAMM (dashed red arrow). The
astrisk indicates a secondary oligoclonal response. However, ~ 200 days later there MS signature of this patients disease had re-emerged
indicating a relapse (red arrow). The bottom panel indicates a patient with a deepening miRAMM response. Between diagnosis and 100 days
post-ASCT, the MS signature for this patient decreased from an intensity of 160 000 to 40 000. Approximately 200 days later, this has
continued to decline and is now at 4500.
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Peripheral blood approached by using mass spectrometry

The miRAMM method original described using liquid chroma-
tography (LC)-coupled electrospray ionization-time-of-flight
(TOF)-based MS platforms has also been adapted to a lower cost
chromatography-free matrix assisted laser desorption/ionization
(MALDI)-TOF MS platform with performance properties suited for
the high volume clinical lab.16 Analytical times are rapid
(o1 minute per patient) and when combined with five separate
immunoprecipitations for IgG, IgA, IgM, κ and λ,the method can
detect, quantitate and isotype M-proteins. The analytical equip-
ment (Bruker, Microflex MALDI-TOF, Billerica, MA, USA) has also
gained acceptance in the clinical lab for identification of bacteria.
Recent application of MALDI-TOF MS method to patients with
established clinical diagnosis demonstrated that MALDI-TOF MS
had comparable clinical sensitivity with protein electrophoresis/
IFE/FLC methods.17 However, although MALDI-TOF MS methods
are quick and robust, electrospray ionization-TOF instruments
provide superior resolving power and mass accuracy enabling a
lower limit of detection. Thus, electrospray ionization-TOF
miRAMM is better suited for quantitating low level M-proteins
and resolving potential t-mAb drug interferences.
In this study, we have assessed the ability of a high sensitivity

MS-based miRAMM method to extend the analytical range of
traditional M-protein measurements in patients who in patients
who achieve stringent CR (sCR) post autologous stem cell
transplant (ASCT).

MATERIALS AND METHODS
Nanobody enrichment
Serum Ig enrichment was performed using a 50:50 mix of camelid-derived
nanobodies directed against the LC constant domains of κ and λ (Thermo
Fisher Scientific PN: 084910 and 083310), Life Technologies, Carlsbad, CA
USA. Briefly, 10 μl of beads were incubated with 20 μl of serum diluted into
180 μl of phosphate-buffered saline for 45 min at ambient temperature.
Subsequently, the supernatant was removed and the beads were washed
three times with 200 μl of phosphate-buffered saline and then twice with
200 μl of water. Samples were eluted with 20 μl of 5% acetic acid

containing 50 mM tris [2-carboxyethyl] phosphine, to disassociate Igs into
separated LC and heavy chain components.

Liquid chromatography
An Eksigent Ekspert 200 microLC (Foster City, CA, USA) was used to
separate Ig LCs before ionization and detection. The mobile phases
included an aqueous phase A (100% water+0.1% formic acid) and an
organic phase B (90% acetonitrile+10% isopropanol+0.1% formic acid).
Two microlitres of each bead elution was injected per analysis onto a
Poroshell 300SB-C3 column (1.0 mm × 75 mm) with a 5 μm particle size
placed in a 60 °C column heater. The gradient used has been described
previously and the flow rate was 25 μl/min.15

Mass spectrometry
A SCIEX TripleTOF 5600 quadrupole TOF MS using electrospray ionization in
positive ion mode was used for miRAMM analysis. Source conditions have
been described previously.15 Data analysis was performed using Analyst TF
v1.6 and PeakView ver. 2.2 (AbSciex, Framingham, MA, USA). The mass
spectra of the multiply charged LC ions were deconvoluted to accurate
molecular mass using the Bio Tool Kit ver. 2.2 plug-in software (Asb Sciex,
Framingham, MA, USA). The retention time of the monoclonal LC in each
pre-treatment patient sample was tracked using PeakView. Subsequent
detection of residual monoclonal LCs in post-treatment samples was
performed by searching for the presence of a monoclonal LC above the
polyclonal background with a molecular mass within ±1 Da of pre-
treatment monoclonal LC with a retention time within 0.5 min of that
identified in the pre-treatment sample. The LC signal intensity was recorded
as counts per seconds. The instrument was calibrated every five samples
using the automated calibrant delivery system. Mass measurement accuracy
was estimated to be 15 p.p.m. over the course of the analysis.

Patient samples
The Mayo Foundation Institutional Review Board approved this retro-
spective study. All patients gave written informed consent to have their
medical records reviewed. Patient selection criteria included: availability of
a serum sample within 30 days of initial diagnosis at Mayo Clinic Rochester
from 2005 to 2012 and between 3 and 12 months post-ASCT, and
attainment of a sCR using serum and urine IFE, serum Ig FLC and BM
6-color multicolor flow cytometry with a sensitivity of 10− 4 to 10− 5 within
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Figure 1. A deepening miRAMM response is suggestive of longer PFS in patients in sCR. Examples of miRAMM data. The top panel indicates a
patient who had a miRAMM relapsed. At diagnosis the monoclonal LC mass signature was readily identifiable (red arrow). This mass signature
was then assessed in subsequent post-treatment samples. At day 100, there is undetectable disease by miRAMM (dashed red arrow). The
astrisk indicates a secondary oligoclonal response. However, ~ 200 days later there MS signature of this patients disease had re-emerged
indicating a relapse (red arrow). The bottom panel indicates a patient with a deepening miRAMM response. Between diagnosis and 100 days
post-ASCT, the MS signature for this patient decreased from an intensity of 160 000 to 40 000. Approximately 200 days later, this has
continued to decline and is now at 4500.
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Peripheral blood approached by using mass spectrometry
Eveillar M, et al. ASCO 2019, #e19525

Eveillard M, et al. ASCO, Abstract 2019, e19525

MALDI-TOF in PB vs flow cytometry BM-based

MRD results were concordant for 44/71 (62%) 
patients (8+/+, 36 -/- respectively)
27 were discordant (10 +/-, 17-/+)

Matrix-Assisted Laser Desorption/Ionization - Time-Of-Flight mass spectrometer



When to evaluate MRD?

MRD evaluation is prognostic at any time point. Consider evaluating to:
ü Define quality of CR

ü Evaluate efficacy of subsequent treatment after CR (eg. Consolidation)
ü Identify high risk patients

ü Help on treatment decisions

Paiva B, et al. Blood, 2015

With courtesy and permission of Dr. B. Paiva
IMW 2019, Boston, MA, USA
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Peripheral blood-based MRD: TBD



ü Existing recommendations for MRD testing (i.e., to be performed for VGPR in addition to
CR) are all related to the BM-based evaluation.

ü One-time, blind BM aspiration biopsy is not able to provide information of the cancer on
its entirety and can introduce bias and false negatives. A peripheral blood approach could
potentially overcome these problems.

ü ctDNA may not serve as a sufficient analyte for MRD monitoring.

ü CTCs: possible source for monitoring MRD by NGF.

ü Mass-spectrometry-based assay are being taken into consideration.

Take-home Points


