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In multiple myeloma (MM), measurable residual disease (MRD) is defined as a low-level detection of
malignant plasma cells (PCs) that persist after treatment. MM MRD from bone marrow (BM)
compartment characterizes the treatment efficacy, is highly predictive for outcome, and was therefore
introduced as a consensus criterion for response assessment.1,2 While BM aspirate is considered the
primary source of sample for MM MRD assessment, this technique is challenging in terms of repeated
BM punctures, dilution by peripheral blood (PB), extramedullary disease, and heterogenous MM tumor
spread throughout the BM compartment.3 To overcome these obstacles, MM MRD detection in PB
samples was established.4,5 Recent studies have demonstrated that circulating malignant PCs can be
detected by next-generation flow cytometry (NGF) at first diagnosis (FD) of MM.6 Circulating malignant
PC detection by NGF after treatment is challenging, particular due to low frequency of malignant PCs
circulating in the PB, and lacks additional studies with a sufficient number of patients.7-9

To evaluate the possibility of substituting elaborative BM aspiration with a PB sample to define the MRD
status, the BM and PB MM MRD status postinduction therapy as assessed by NGF in patients with MM
treated within the GMMG HD7 trial was compared (supplemental Data: Patients and Methods,
supplemental Figure 1).

As a detectable number of circulating tumor cells is expected at MM FD, proof of concept (ie, general
detection of circulating PCs) was performed on a small number of FD patients with MM (n = 18). For BM
samples, a median of 7.35 (2.00–9.20) ×106 cells was analyzed. The analyzed median cell number in PB
was 8.80 (1.00–9.60) ×106. The corresponding limit of detection (LOD, 20/total number of events
acquired) and limit of quantification (50/total number of events acquired) are given in supplementary
Table 1. Aberrant PCs were detected in all the analyzed BM samples (n = 18, 100%) at MM FD. PB
analyses were evaluated at 2 cutoffs: 1 × 10−5 and 1 × 10−6. At the cutoff of 1 × 10−5, aberrant
circulating tumor cells were found in 16 patients (89%), and at the cutoff of 1 × 10−6, they were found in
17 patients (94%, supplemental Table 2). Aberrant PCs detected in the BM of all patients resulted in a
concordance of aberrant PC detection in BM and PB at MM FD of 89% and 94% for each cutoff,
respectively (supplemental Figure 2). The median percentage of aberrant PC detected by NGF in MM
FD BM samples was 1.100% (0.007%-13.100%), corresponding to a median tumor load (TL, number of
aberrant PCs/total number of nucleated cells acquired) of 1.10 × 10−2 (7.00 × 10−5 − 1.31 × 10−1).
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Figure 1. BM and PB MRD NGF metrics, concordance, and test performance. Analyses were performed on matched BM/PB pairs (n = 70) postInd3. The NGF metrices:

(A) acquired nucleated cell number, (B) LOD, and (C) LOQ are given for the BM and PB samples. (D) Concordance is shown of BM and PB NFG MRD results after treatment,

evaluated at 2 cutoffs (1 × 10E-05 and 1 × 10E-06). (E) PB MRD test performance is calculated. Cases with discordance due to nonassessable BMMRD (n = 3) were not considered.

BM, bone marrow; FN, false negative; FP, false positive; LOD, limit of detection; LOQ, limit of quantification; MRD, measurable residual disease; NGF, next-generation flow cytometry;

NPV, negative predictive value; PB, peripheral blood; postInd3, after 3 cycles of induction therapy; PPV, positive predictive value; TN, true negative; TP, true positive.
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Table 1. Tumor load and percentage of PCs in BM and PB after treatment

Samples

BM postInd3

MRD-positive samples only (n = 29)

MRD cutoff 1 × 10−5

PB postInd3

MRD-positive samples only (n = 6)

MRD cutoff 1 × 10−6

Variable Aberrant PCs (%) Tumor load Aberrant PCs (%) Tumor load

Minimum 0 2.50E-06 0.001 1.21E-05

Median 0.037 3.76E-04 0.003 2.92E-05

Maximum 8.500 8.31E-02 6.800 7.87E-02

Variable Normal PCs (%) Overall PCs (%) Normal PCs (%) Overall PCs (%)

Minimum 0 0.003 0.001 0.003

Median 0.016 0.045 0.005 0.008

Maximum 0.140 8.600 0.050 6.850

BM, bone marrow; MRD, measurable residual disease; PB, peripheral blood; PCs, plasma cells; postInd3, after 3 cycles of induction therapy.
The amount of aberrant PC detected in the MM FD PB samples
was lower as compared with BM samples: median 0.017% (0%-
0.540%), corresponding to a median TL of 1.21 × 10−4 (0–5.47 ×
10−3). In both the BM and PB samples, non-aberrant PCs were
detected in small percentages (supplemental Table 3). When
plotting the percentage of BM and PB PCs, we found a medium-
strength positive correlation between BM aberrant PCs and circu-
lating aberrant PCs at MM FD (R2 = 0.595, supplemental
Figure 3A), but not for nonaberrant PCs (R2 = 0.054,
supplemental Figure 3B).

This finding, that is, an accurate detection of circulating PCs at MM
FD by flow cytometry, is in line with previous reports by Sanoja-Flores
et al,6 Mack et al,10 and Bertamini et al.11 Also, in accordance with
Sanoja-Flores et al,6 an association between higher numbers of
circulating PCs and higher levels of BM PCs was observed.

Our main focus was the concordance of NGF MRD detection in
matched PB and BM samples (n = 70) obtained from patients with
MM after 3 cycles of induction treatment (postInd3). In BM sam-
ples, a median of 8.05 × 106 (1.70 × 105–1.00 × 107) cells was
analyzed. The acquired median cell number in PB was 6.28
(2.10–1.00) × 106 (supplemental Table 4; Figure 1A-C). At the
MRD cutoff of 1 × 10−5, 29 (41%) BM samples were MRD posi-
tive, 38 (54%) were MRD negative, and 3 cases (4%) were non-
assessable. At the same MRD cutoff, 6 (9%) PB samples were
MRD positive, and 64 (91%) were MRD negative (supplemental
Table 5). Matching BM and PB samples at the patient level, 5
(7%) patients were concordantly BM- and PB MRD positive, while
38 (54%) were concordantly BM- and PB MRD negative. In 24
(34%) patients, BM MRD positivity was detected, but PB MRD was
negative. Nonassessable BM MRD (MRD cutoff < LOD) was the
reason for discordance in 3 (4%) additional patients. PB MRD
positivity was not detected in any of the patients in the case of a
BM MRD-negative result (Figure 1D). In the majority of samples
(BM n = 37 [53%], PB n = 64 [91%]), the MRD was
nonassessable and not comparable at the cutoff of 1 × 10−6 due to
the low sensitivity reached in the individual samples (MRD cutoff <
LOD), (Figure 1D; supplemental Table 5). Compared with BM
MRD, PB MRD test performance resulted in a sensitivity of 17%, a
specificity of 100%, a positive predictive value of 100%, and a
negative predictive value of 61% (Figure 1E). In BM MRD-positive
samples (n = 29), a median of 0.037% (<0.001%-8.5%) aberrant
14 FEBRUARY 2023 • VOLUME 7, NUMBER 3
PCs was detected postinduction therapy. PB MRD-positive sam-
ples (n = 6) showed in median 0.003% (0.001%- 6.800%) aber-
rant PCs (Table 1). A linear regression analysis of BM and PB PCs
was not feasible, as the postInd3 TL value was too low, and only a
few (n = 5) MRD concordant positive-matched samples were
detected.

Our MRD-positive rates after therapy at the 1 × 10−5 MRD cutoff
are within the range of previously reported rates when assessed by
flow cytometric and molecular genetic techniques like next-
generation sequencing (NGS).8,10,12-18 Differences in the PB
MRD-positive rates between the studies not only reflect the per-
formance of the MRD method but also indicate the efficacy of the
administered therapy and the time point of sample collection.19

These factors vary among the previously mentioned studies.

To our knowledge, only one other study has evaluated the matched
BM and PB MRD results by NGF, indicating a lower sensitivity of PB
MRD: Sanoja-Flores et al6 reported 26% concordantly positive
results (this study, 7%), 34% concordantly negative results (this
study 54%), and 40% discordant results (this study, 34%),
respectively. The differences in test performance metrics, particularly
in the sensitivity (40% vs 17%) and negative predictive value rates
(45% versus 61%), mainly resulted from the BM MRD-positive rate
being higher in the study of Sanoja-Flores et al6 (66%) than in this
analysis (41%).8 In this analysis, a sufficient cell number to evaluate
the MRD at the ≤ 1 × 10−5 cutoff was reached in all but one of the
PB samples postInd3. However, in 50% of analyzed PB samples,
postInd3 less than 1 × 107 events were acquired, therefore limiting
the sensitivity of the MRD analysis. This can potentially contribute to
the lower rate of MRD PB samples identified in this study in com-
parison with Sanoja-Flores et al.6

Our results indicate that PB MRD is less sensitive than BM MRD.
Furthermore, posttreatment BM- and PB-matched MM MRD
analyses performed with NGS also indicate that MRD PB
assessment is less sensitive than BM MRD assessment.15,16,18

On the other hand, being fast, cost-effective, and not neces-
sarily requiring a baseline sample, NGF for MM MRD analysis in
PB might be very useful when incorporated in a MM MRD
flowchart. Given the high specificity and positive predictive value
of PB MRD, PB MRD might serve as a minimally invasive method
for MRD assessment—at least in a proportion of BM MM MRD-
positive patients posttreatment (approximately 20%).
RESEARCH LETTER 381



Perspectively, the MRD flowchart might start with NGF testing in
PB, then proceed with NGS in the PB and NGF followed by NGS
in the BM. Next steps are only taken when the result is negative.
Such an algorithm could combine minimal invasiveness with cost-
efficiency.
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