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The development of new resources for a more accurate diagnosis and response
assessment in multiple myeloma has been a long process for decades, mainly since
the middle of the 20th century. During this time, the succession of technical advances has
run parallel to the better knowledge of disease biology and the availability of novel
therapeutic strategies. The cornerstone of standardized criteria to uniformly evaluate the
disease response in myeloma dates back to the 1990s when the key role of complete
remission was established. Since then, different updates have been implemented
according to available scientific evidences not always without certain controversies. The
progressive improvements in survival results of myeloma patients and the growing quality
of responses due to the novel therapies have led to the need of developing new tools for
better monitoring of tumor burden. In this way, the concept of minimal residual disease
and its key value based on the prognostic significance and the clinical relevance has been
consolidated during the last years, overcoming the value of conventional response criteria
or classical adverse prognosis markers. Nevertheless, its precise role in the clinical
management of myeloma patients to detect early treatment failure and trigger early
rescue strategies is still pending to be defined. In this review, we revisit the major
milestones in the understanding of tumor reduction in multiple myeloma until the most
recent imaging techniques or liquid biopsy approaches, including a critical view of
conventional response criteria, whose backbone has remained unchanged during the
last 20 years.
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INTRODUCTION

Multiple myeloma (MM) is a plasma cell neoplasm that represents the second most frequent
hematologic malignancy. The natural history of MM is characterized by a succession of relapses
interspersed with periods of remission of progressively shorter duration (1, 2), usually considered as
an incurable disease for most patients. But, on the other hand, historical series have shown a
significant improvement in survival outcomes since the last decades of the 20th century (3, 4) due to
the introduction of novel drugs and combinations, the optimization of supportive treatment, a
better knowledge of disease biology, and the implementation of new techniques for diagnosis and
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monitoring of MM. Simultaneously, the achievement of
progressively deeper responses has been possible, and our
understanding of tumor reduction in MM continues to
expand. Nevertheless, some of the criteria for response
assessment currently in force have remained mostly unchanged
since they were established years or decades ago.
THE CONTROL OF MULTIPLE MYELOMA
THROUGH MONOCLONAL
IMMUNOGLOBULINS: A
HISTORICAL PERSPECTIVE

The first reports describing “Kahler’s disease” in the mid-19th
century were focused on the clinical features and necropsy
findings (5, 6). The presence of a monoclonal spike in the
electrophoresis (EP) of serum proteins was not described until
the late 1930s, but it was not until 1950 when EP and
immunofixation (IF) were included as a tool for MM diagnosis
in clinical practice. Moreover, although the first descriptions of
urine Bence–Jones proteins date from the 19th century, they
were only identified as the light chains of monoclonal
immunoglobulins by Nobel Prize winner Gerald Edelman in
1963 (7).

The preliminary attempts to treat MM using experimental
compounds with anticancer properties during the 1950s were
unable to prolong the overall survival (OS) of MM patients (8, 9).
Nevertheless, in 1962, melphalan demonstrated a significant
cytotoxic effect on MM cells, which was enhanced through the
combination with prednisone, achieving OS results longer than 3
years in MM patients (8, 10). The employment of monoclonal
immunoglobulin in serum or urine to track tumor burden in
those clinical studies led to the identification of a correlation
between M spike reduction and improved OS outcomes (11).
Nevertheless, none of the various combinations of
chemotherapeutic agents explored during the 1960s, 1970s,
and 1980s was able to overcome the results previously
obtained with melphalan–prednisone (12–14).

The discovery of the powerful antitumor effect of high-dose
chemotherapy followed by an autologous stem cell transplantation
(ASCT) was a major milestone in the history of MM. This
successful approach, originally led by the Royal Marsden Hospital
(15) and the Arkansas group (16), resulted in the introduction of
the concept of complete response (CR) by the end of the 1980s,
which was then defined as the absence of M spikes in EP (17, 18).
This notion of CR became more widespread during the 1990s, and
it was even refined by the Arkansas group, who introduced the IF to
define CR (19, 20). All these evidences supported the key role of
ASCT in MM revealing for the first time a connection between
depth and duration of response. A definitive phase III clinical trial
published in 1996 by the Intergroupe Francophone du Myélome
(IFM) showed that high-dose melphalan plus ASCT was superior
to conventional chemotherapy, achieving higher CR rates assessed
by EP and a significant benefit both in progression-free survival
(PFS) and in OS (21).
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HIGH-DOSE THERAPY AND
AUTOLOGOUS STEM CELL
TRANSPLANTATION: FIRST
CONSENSUS CRITERIA

In 1998, Bladé et al. presented a proposal to define the response
and progression criteria for MM in the Myeloma Subcommittee
of the European Society for Bone and Marrow Transplant
(EBMT) (22). This initiative was debated and agreed with
other cooperative groups to include the results obtained from
clinical trials with high-dose melphalan plus ASCT (23–25), and
novel definitions replaced the consensus criteria stated during
the polychemotherapy era when normalization of bone marrow
plasmacytosis or loss of monoclonal bands in IF was never
considered (26). The definition of CR reached at the time was
later assumed by the International Myeloma Working Group
(IMWG), and it still remains in force with few changes (27).

One meta-analysis gathering almost 5,000 patients with MM
treated with high-dose melphalan and ASCT (28) confirmed the
connection between CR and long-term prognostic improvement.
Ten years later, a second meta-analysis (29) supported the value
of CR in the present times. Nevertheless, the prognosis of MM
patients who currently achieve a CR by employing new-
generation drugs is strikingly better than that of those treated
in earlier periods. Thus, this point suggests that certain
differences may exist inside the CR category.

Intermediate responses between CR and partial response
(PR), which were not considered in the EBMT classification,
then appeared as new categories. They included the “near CR”
(nCR), which was equivalent to CR by EP and the “very good
partial response” (VGPR), advocated by the IFM and defined as a
reduction of M spike at between 90% and 99% in EP. The IFM99-
02/03/04 clinical trials found similar PFS/OS profiles in patients
with CR and VGPR (30, 31). This fact promoted that VGPR
became widespread, and it was eventually incorporated into the
IMWG criteria in 2006 (32).
CONTROVERSIES ON THE CLINICAL
MEANING OF COMPLETE RESPONSE IN
MULTIPLE MYELOMA

The stratification of disease response and its correlation with
prognosis represented unquestionable progress, but the transfer
to clinical practice was not without controversies, such as the
denialism regarding the opportunity to consider CR and PFS
extension as primary therapeutic endpoints. This debate, today
surpassed, had a great impact involving relevant critics with this
approach who argued toxicity reasons (33).

On the other hand, the incorporation of IF into clinical
research was not homogeneous. The results from IFM studies
reporting similar PFS/OS outcomes for patients in VGPR and in
CR created confusion about the exact role of CR and led to the
overestimation of the value of VGPR. Nevertheless, the
achievement of CR was only based on a negative EP since IF
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was not employed in these studies; thus, both categories were
almost identical (31).

The IMWG criteria from 2006 introduced the new category of
stringent CR (sCR), which included the normalization of serum-
free light chain ratio and absence of clonal cells in bone marrow
biopsy by immunochemistry in addition to the requirements for
CR (27). New controversies emerged regarding this novel
category since the favorable results obtained in some studies
using these criteria (34) were not confirmed by other authors
who questioned the usefulness of sCR due to the low sensitivity
and specificity of fluorescence and the absence of differences in
survival when it is compared with CR (35–37).

Since 1998, the definition of CR according to the IMWG
criteria has invariably required the absence of monoclonal
paraprotein in serum and urine by IF. In 2004, an External
Committee published a proposal for uniform assessment and
reporting of responses in clinical trials under the supervision of
Independent Committees. This outlook recommended 2
consecutive evaluations with negative IF in both serum and
urine to confirm CR, classifying the response as VGPR when
serum IF was negative but no urine IF was available (38). This
downgrading of CR to VGPR in the absence of urine
assessments led to an inappropriate reduction of CR rate in
some clinical trials (39, 40), a relevant end-point for efficacy. A
recent sub-analysis of phase III GEM2012menos65 clinical trial
(41) queries this point by showing a 0% urine IF-positive rate in
107 patients with serum M-protein at diagnosis who became
serum IF-negative after treatment. Meanwhile, in 161 patients
with both serum and urine M-protein at diagnosis who became
serum IF-negative after treatment, only 1.8% was urine
IF-positive.

In addition, when prognosis according to the depth of
response was evaluated in 449 pat ients f rom the
GEM2012menos65 trial, the conventional response criteria
showed a limited value for prognosis, especially in patients
already installed in the maintenance phase, and globally in
patients with persistent measurable residual disease (MRD), a
concept very similar to minimal residual disease (42). There were
no differences in PFS or OS for patients with MRD-positive
status irrespective of whether they have achieved PR, VGPR, CR,
or sCR (PFS, p > 0.08; OS, p > 0.2); and plasma cell count in bone
marrow and free light chains ratio did not have prognostic
impact in patients with negative IF (43).
NOVEL PERSPECTIVES IN TUMOR
BURDEN ASSESSMENT: THE MINIMAL
RESIDUAL DISEASE OR THE
MEASURABLE RESIDUAL DISEASE

Despite the value of CR in clinical practice, the prognosis
associated with CR is heterogeneous. Overall, those therapeutic
combinations with higher CR rates are associated with longer
PFS in comparison with CRs obtained with other therapies with
lower efficacy (44). The variability in the length of CR seems
consistent with the results of the aforementioned meta-analysis
Frontiers in Oncology | www.frontiersin.org 3
(29), which showed a better performance of CRs achieved with
nove l drugs in compar i son wi th those ob ta ined
with chemotherapy.

Mass spectrometry (45) or the detection of persistent tumor
cells in bone marrow or peripheral blood with high-sensitivity
methods based on molecular (46) or immunophenotypic (47)
techniques represent the answer to this need. Additionally, high-
resolution imaging techniques increase the potential to identify
the underlying disease (48). Multiparametric flow cytometry
(MFC) has become the most employed technique to assess
MRD due to its prompt availability and the elaboration of a
comprehensive standard as EuroFlow (49).

Even with 4-color immunofluorescence techniques and
sensitivity of 10−4, MFC in bone marrow confirmed its clinical
relevance since very early approaches. The first analyses of the
GEM2000 trial, in the era of chemotherapy and ASCT,
demonstrated substantial differences in prognosis between
patients who achieved MRD-negative status at day 100 after
ASCT and those who maintain MRD-positive status (median
PFS 71 vs. 37 months, p < 0.001; median OS not achieved vs. 89
months, p = 0.002). Even more, in a combined analysis of
GEM2000 and GEM05menos65 clinical trials, patients with
MRD-negative or MRD-positive status showed similar
prognosis in each subgroup regardless of the induction scheme
with chemotherapy or novel combinations including proteasome
inhibitors and immunomodulatory drugs (GEM data
not published).

More recently, an integrated evaluation of 3 phase III GEM/
PETHEMA clinical trials including new drugs confirmed that the
MRD-negative rates (sensitivity 10−4) after different induction
regimes anticipate longer PFS, reinforcing the key value of MRD
in the efficacy assessment of new treatments. In this analysis, the
achievement of CR without MRD-negative did not improve PFS/
OS outcomes in comparison with patients in PR or VGPR. The
benefit associated with MRD negativity was consistent in all
subgroups analyzed including patients with high-risk
cytogenetics (50). Further studies including patients treated
with different combinations and similar sensitivity thresholds
have validated these results (51).
CONSOLIDATION OF MEASURABLE
RESIDUAL DISEASE IN THE CLINICAL
MANAGEMENT OF MULTIPLE MYELOMA

Flow Cytometry
Second-generation MFC, which achieves a sensitivity of 10−5,
increases the power of the MRD to discriminate patients with
different prognoses over the aforementioned techniques. In
phase III GEM2010 clinical trial including ≥65-year-old
patients with newly diagnosed MM (NDMM), the achievement
of MRD-negative by second-generation MFC strikingly manage
to overcome the adverse prognosis associated with high-risk
cytogenetics in comparison with standard-risk patients (52, 53).
Overall, a sequential improvement in PFS/OS outcomes was
observed per tumor burden logarithmic depletion (54). This
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point justifies the exploration of more sensitive techniques to
detect the remaining tumor burden.

The EuroFlow standard (49) implements a novel flow
cytometry approach (next-generation flow [NGF]) to identify
MRD with a deeper sensitivity of 10−6. Second-generation MFC
and NGF have demonstrated a good correlation when tumor
burden is relatively high (PR, VGPR, CR), but approximately
25% of patients with MRD-negative status by conventional MFC
became MRD-positive when they were assessed by NGF. In the
recent intention-to-treat analysis of ASCT-eligible patients with
NDMM included in the GEM2012menos65 trial (55), those
patients with MRD-positive status by NGF showed an 82%
reduction in the risk of progression or death (hazard ratio
0.18, p < 0.001) in comparison with MRD-negative patients.
These results support the role of the achievement of MRD-
negative status to overcome the penalty associated with risk
factors including high-risk cytogenetics.

Molecular Techniques
Clonal rearrangements of immunoglobulin genes detected by
fluorescence PCR or the more complex and sensitive allele-
specific oligonucleotide PCR (ASO-PCR) have shown to be
useful to measure MRD and discriminate groups of patients
with different prognoses at the frontline (56, 57).

In the past few years, deep sequencing (next-generation
sequencing [NGS]) with a sensitivity of 10−5/10−6, or even
deeper than 10−6, has been the molecular technique of choice
to assess MRD in MM in many studies (46, 58, 59). NGF and
NGS have demonstrated a high degree of agreement when they
are compared at the same level of sensitivity (46, 60).

The Settlement of Measurable Residual
Disease in Clinical Practice
The IMWG criteria for response assessment from 2016 (27)
prompted the new category of CR with MRD-negative status
indistinctly defined by LymphoSIGHT (or any alternative
validated NGS method) or by MFC according to EuroFlow
standard, achieving at least a sensitivity of 10−5. This classification
included a novel category of “sustained MRD-negative” for patients
with MRD negativity in the marrow and by imaging confirmed
minimum in 2 consecutive evaluations at 1 year apart.

Recent meta-analyses confirmed the key improvement both
in PFS and in OS for patients who achieve MRD-negative status,
with or without CR (61, 62). Remarkably, the survival benefit
associated with MRD-negative status was observed in ASCT-
eligible and non-eligible NDMM patients, but also in patients
with relapsed/refractory MM (RRMM), and even overcoming
the adverse prognosis of high-risk cytogenetics. Further studies
have supported these evidences (63, 64).

Therefore, the obtainment of an MRD-negative status
represents a valid surrogate marker for PFS (and likely also for
OS) in almost every scenario in MM. A growing number of
opinions are claiming the recognition of MRD negativity as a
primary end-point for efficacy in clinical trials (65–68).
Additionally, many studies have confirmed the prognostic
power of MRD kinetics based on the evidences obtained
Frontiers in Oncology | www.frontiersin.org 4
during the maintenance phase of treatment at the frontline
(69–71).

The first results from clinical trials where treatment is
modulated according to MRD results are beginning to become
available (72, 73). Furthermore, novel studies including ultra-
early salvage therapy are now being designed, supported by the
hypothesis that when tumor burden is low, MRD kinetics would
be especially useful for the early detection of the initial signs of
therapeutic failure (74). This would enable the taking of
measures to manage early treatment and to abort the
emerging progression.

When a Single Bone Marrow Is Not
Enough: The Role of Imaging Techniques
Sometimes, a single bone marrow aspirate or biopsy may be
insufficient to obtain the full picture of the extent of MM due to
the heterogeneous bone marrow infiltration or the presence of
extramedullary disease. Today, the conventional skeletal X-ray
survey tends to be replaced by alternative imaging techniques
since it requires 30%–50% of trabecular bone destruction to
detect bone damage, and it is not useful to discriminate between
residual and active lytic lesions (75).

Positive lesions in PET-CT scans have shown adverse prognostic
value both at diagnosis and at relapse (48, 76). Additionally, the
intake suppression of known lesions before or after ASCT has a
favorable impact on PFS and OS (77, 78). In fact, a new category of
imaging plus MRD-negative status (which requires a response by
PET-CT in addition to MRD negativity) was recognized in the last
consensus of the IMWG (27), underscoring the complementarity
between both approaches (79, 80). Different proposals for
standardization have been implemented in recent years, and they
are pending validation (81, 82).

Moreover, MRI is the gold-standard imaging technique to
assess bone marrow. This fact is important since the bone
marrow infiltration by MM cells may be heterogeneous, and
the identification of focal lesions in bone marrow by MRI has
proven to have a prognostic value (83, 84).
TOWARDS A COMPREHENSIVE
EVALUATION OF TUMOR BURDEN:
THE FUTURE

New techniques of mass spectrometry (MS) enable the
identification of monoclonal proteins with a deeper limit of
sensitivity in comparison with EP and IF (85), leading to an
increased power to discriminate populations with different
survival outcomes. It is still pending validation in large
prospective studies, but preliminary data suggest that MS may
represent a less invasive alternative than MRD evaluations in
bone marrow by NGS or MFC (45, 86).

The detection of circulating tumor cells (CTC) in peripheral
blood may be representative of the residual tumor burden, being a
minimally invasive approach in the setting of precision medicine
(87). In fact, the identification of CTC is associated with
prognostic significance, and it has an impact on survival results
January 2022 | Volume 11 | Article 800309
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(88, 89). Recent and innovative techniques such as the detection of
circulating microRNA, cell-free circulating tumor DNA, or
extracellular vesicles released from MM cells may be useful in
the clinical monitoring, the evaluation of tumor heterogeneity and
clonal evolution, or the identification of therapeutic targets (90).

Other advances are also being implemented in the setting of
imaging techniques. Whole-body diffusion-weighted MRI (WB-
DWI) maintains the advantages of MRI to identify small lesions
in bone marrow at diagnosis, but it also allows the quantification
of residual disease through the apparent diffusion coefficient
without the need for intravenous contrast and shows a good
correlation with bone marrow infiltration, thus being superior to
conventional MRI (91, 92). Some preliminary studies have
confirmed a benefit in PFS linked to the achievement of WB-
DWI negativity after ASCT (93, 94), additionally being a
technique without ionizing radiation, which may overcome
some of the limitations of PET-CT (95).
DISCUSSION: WINDS OF CHANGE
FOR RESPONSE CRITERIA IN
MULTIPLE MYELOMA

CR in MM patients is linked with a clear improvement in
survival outcomes, also in the age of novel agents, but it is
losing consistency in the long term. The possibility of detecting
and quantifying deeper thresholds of tumor burden has begun to
blur the usefulness of conventional response criteria,
undermining the role of traditional response categories.

For most of the MM patients, especially at the frontline or at
first relapses, the achievement of MRD-negative status in bone
marrow represents a potential surrogate marker for PFS, which is
able to overcome the adverse prognosis of classical factors as the
high-risk cytogenetics. In recent years, MRD negativity has been
progressively consolidated as a primary end-point to evaluate the
efficacy of new therapies in clinical trials.
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Bone marrow techniques for MRD assessment may be
insufficient to accurately estimate the residual tumor burden.
To this end, new imaging techniques (PET-CT or WB-DWI) or
serum approaches (MS and liquid biopsy) have been
implemented, showing a potential complementarity with
current MRD studies (MFC or NGS).

Breakthrough therapeutic agents and combinations,
optimized supportive therapies, and new diagnostic techniques
are improving the management of MM patients and their
survival outcomes. All these changes have brought scenarios
and questions that require new answers: when and how to
measure MRD. Should we advocate for the early detection of
treatment failure and consequently promote early rescue
interventions? Is now the time for clinical decision making
based on MRD results?
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en Hematologıá (PETHEMA) Foundation.
REFERENCES

1. Yong K, Delforge M, Driessen C, Fink L, Flinois A, Gonzalez-McQuire S, et al.
Multiple Myeloma: Patient Outcomes in Real-World Practice. Br J Haematol
(2016) 175(2):252–64. doi: 10.1111/bjh.14213

2. Jagannath S, Roy A, Kish J, Lunacsek O, Globe D, Eaddy M, et al. Real-World
Treatment Patterns and Associated Progression-Free Survival in Relapsed/
Refractory Multiple Myeloma Among US Community Oncology Practices.
Expert Rev Hematol (2016) 9(7):707–17. doi: 10.1080/17474086.2016.1195254

3. Langseth ØO, Myklebust TÅ, Johannesen TB, Hjertner Ø, Waage A.
Incidence and Survival of Multiple Myeloma: A Population-Based Study of
10 524 Patients Diagnosed 1982–2017. Br J Haematol (2020) 191(3):418–25.
doi: 10.1111/bjh.16674

4. Thorsteinsdottir S, Dickman PW, Landgren O, Blimark C, Hultcrantz M,
Turesson I, et al. Dramatically Improved Survival inMultiple Myeloma Patients
in the Recent Decade: Results From a Swedish Population-Based Study.
Haematologica (2018) 103(9):e412–5. doi: 10.3324/haematol.2017.183475

5. v. Rustizky J. Multiples Myelom. Dtsch Z f Chir (1873) 3(1):162–72. doi:
10.1007/BF02911073

6. Solly S. Remarks on the Pathology of Mollities Ossium; With Cases.Med Chir
Trans (1844) 278.8:435–49. doi: 10.1177/095952874402700129
7. Edelman GM, Gally JA. The Nature of Bence-Jones Proteins. Chemical
Similarities to Polypetide Chains of Myeloma Globulins and Normal
Gamma-Globulins. J Exp Med (1962) 116:207–27. doi: 10.1084/jem.116.2.207

8. Bergsagel DE. The Treatment of Plasma Cell Myeloma. Br J Haematol (1976)
33(4):443–9. doi: 10.1111/j.1365-2141.1976.tb03562.x

9. Blokhin N, Larionov L, Perevodchikova N, Chebotareva L, Merkulova N.
Clinical Experiences With Sarcolysin in Neoplastic Diseases. Ann N Y Acad
Sci (1958) 68(3):1128–32. doi: 10.1111/j.1749-6632.1958.tb42675.x

10. Alexanian R, Haut A, Khan AU, Lane M, McKelvey EM, Migliore PJ, et al.
Treatment for Multiple Myeloma. Combination Chemotherapy With
Different Melphalan Dose Regimens. JAMA (1969) 208(9):1680–5. doi:
10.1001/jama.1969.03160090040009

11. Alexanian R, Bergsagel DE, Migliore PJ, Vaughn WK, Howe CD. Melphalan
Therapy for Plasma Cell Myeloma. Blood (1968) 31(1):1–10. doi: 10.1182/
blood.V31.1.1.1

12. Kyle RA, Gailani S, Seligman BR, Blom J, McIntyre OR, Pajak TF, et al.
Mult ip le Myeloma Res is tant to Melphalan : Treatment With
Cyclophosphamide, Prednisone, and BCNU. Cancer Treat Rep (1979) 63
(8):1265–9.

13. Boccadoro M, Palumbo A, Argentino C, Dominietto A, Frieri R, Avvisati G,
et al. Conventional Induction Treatments do Not Influence Overall Survival in
January 2022 | Volume 11 | Article 800309

https://doi.org/10.1111/bjh.14213
https://doi.org/10.1080/17474086.2016.1195254
https://doi.org/10.1111/bjh.16674
https://doi.org/10.3324/haematol.2017.183475
https://doi.org/10.1007/BF02911073
https://doi.org/10.1177/095952874402700129
https://doi.org/10.1084/jem.116.2.207
https://doi.org/10.1111/j.1365-2141.1976.tb03562.x
https://doi.org/10.1111/j.1749-6632.1958.tb42675.x
https://doi.org/10.1001/jama.1969.03160090040009
https://doi.org/10.1182/blood.V31.1.1.1
https://doi.org/10.1182/blood.V31.1.1.1
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Alonso and Lahuerta Tumor Reduction in Multiple Myeloma
Multiple Myeloma. Br J Haematol (1997) 96(2):333–7. doi: 10.1046/j.1365-
2141.1997.d01-2041.x
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N Engl J Med (1996) 335(2):91–7. doi: 10.1056/NEJM199607113350204
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of Flow Cytometry Immunophenotyping in Multiple Myeloma and Other
Clonal Plasma Cell-Related Disorders. Cytom B Clin Cytom (2010) 78(4):239–
52. doi: 10.1002/cyto.b.20512

48. Zamagni E, Patriarca F, Nanni C, Zannetti B, Englaro E, Pezzi A, et al.
Prognostic Relevance of 18-F FDG PET/CT in Newly Diagnosed Multiple
Myeloma Patients TreatedWith Up-Front Autologous Transplantation. Blood
(2011) 118(23):5989–95. doi: 10.1182/blood-2011-06-361386

49. Flores-Montero J, Sanoja-Flores L, Paiva B, Puig N, Garcıá-Sánchez O,
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