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Clinical and biological evolution of myeloma is a continuum

Dutta et al, Nat. Rev. Clinical Oncology 2022



How do we go 
from to

Table 1. International Consensus Classification of
mature lymphoid and histiocytic/dendritic cell
neoplasms

Mature B-cell neoplasms

Chronic lymphocytic leukemia/small lymphocytic lymphoma

Monoclonal B-cell lymphocytosis

Chronic lymphocytic leukemia type

Non-chronic lymphocytic leukemia type

B-cell prolymphocytic leukemia

Splenic marginal zone lymphoma

Hairy cell leukemia

Splenic B-cell lymphoma/leukemia, unclassifiable

Splenic diffuse red pulp small B-cell lymphoma

Hairy cell leukemia-variant

Lymphoplasmacytic lymphoma

Waldenstr€om macroglobulinemia

Immunoglobulin M (IgM) monoclonal gammopathy of
undetermined significance (MGUS)

IgM MGUS, plasma cell type*

IgM MGUS, not otherwise specified (NOS)*

Primary cold agglutinin disease*

Heavy chain diseases

Mu heavy chain disease

Gamma heavy chain disease

Alpha heavy chain disease

Plasma cell neoplasms

Non-IgM MGUS

Multiple myeloma (plasma cell myeloma)*

Multiple myeloma, NOS

Multiple myeloma with recurrent genetic abnormality

Multiple myeloma with CCND family translocation

Multiple myeloma with MAF family translocation

Multiple myeloma with NSD2 translocation

Multiple myeloma with hyperdiploidy

Solitary plasmacytoma of bone

Extraosseous plasmacytoma

Monoclonal Ig deposition diseases

Ig light chain amyloidosis (AL)*

Localized AL amyloidosis*

Light chain and heavy chain deposition disease

Extranodal marginal zone lymphoma of mucosa-associated
lymphoid tissue (MALT lymphoma)

Primary cutaneous marginal zone lymphoproliferative disorder*

Nodal marginal zone lymphoma

Pediatric nodal marginal zone lymphoma

Follicular lymphoma

In situ follicular neoplasia

Duodenal-type follicular lymphoma

BCL2-R–negative, CD23-positive follicle center lymphoma

Primary cutaneous follicle center lymphoma

Pediatric-type follicular lymphoma

Table 1. (continued)

Testicular follicular lymphoma*

Large B-cell lymphoma with IRF4 rearrangement*

Mantle cell lymphoma

In situ mantle cell neoplasia

Leukemic non-nodal mantle cell lymphoma

Diffuse large B-cell lymphoma, NOS

Germinal center B-cell subtype

Activated B-cell subtype

Large B-cell lymphoma with 11q aberration*

Nodular lymphocyte predominant B-cell lymphoma*

T cell/histiocyte-rich large B-cell lymphoma

Primary diffuse large B-cell lymphoma of the central nervous
system

Primary diffuse large B-cell lymphoma of the testis*

Primary cutaneous diffuse large B-cell lymphoma, leg type

Intravascular large B-cell lymphoma

HHV-8 and Epstein-Barr virus–negative primary effusion-based
lymphoma*

Epstein-Barr virus–positive mucocutaneous ulcer*

Epstein-Barr virus–positive diffuse large B-cell lymphoma, NOS

Diffuse large B-cell lymphoma associated with chronic
inflammation

Fibrin-associated diffuse large B-cell lymphoma

Lymphomatoid granulomatosis

Epstein-Barr virus–positive polymorphic B-cell
lymphoproliferative disorder, NOS*

ALK-positive large B-cell lymphoma

Plasmablastic lymphoma

HHV-8–associated lymphoproliferative disorders

Multicentric Castleman disease

HHV-8–positive germinotropic lymphoproliferative disorder

HHV-8–positive diffuse large B-cell lymphoma, NOS

Primary effusion lymphoma

Burkitt lymphoma

High-grade B-cell lymphoma, with MYC and BCL2 rearrangements*

High-grade B-cell lymphoma with MYC and BCL6
rearrangements*
High-grade B-cell lymphoma, NOS

Primary mediastinal large B-cell lymphoma

Mediastinal gray-zone lymphoma*

Classic Hodgkin lymphoma

Nodular sclerosis classic Hodgkin lymphoma
Lymphocyte-rich classic Hodgkin lymphoma

Mixed cellularity classic Hodgkin lymphoma

Lymphocyte-depleted classic Hodgkin lymphoma

Mature T-cell and NK-cell neoplasms
T-cell prolymphocytic leukemia
T-cell large granular lymphocytic leukemia

Italic font indicates provisional tumor entities.

*Changes from the 2016 WHO classification.

†These lesions are classified according to the lymphoma to which they correspond.
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IMWG model for risk stratification of SMM incorporating FISH
of patients utilizing new imaging assessments like PET-
CT, genetic signatures, Bence Jones proteinuria, or
dynamic models such as the evolution of the M-
component and the decrease of hemoglobin, among
others. Although many of them identify SMM patients
with ≥50% risk of progression to MM within the first 2
years since diagnosis, in clinical practice, physicians are
frequently confused about what model to use to define the
risk of progression in SMM; moreover, many ongoing
clinical trials in SMM use different inclusion criteria,
which may be a confounding factor upon analyzing the
efficacy of new drugs/combinations in this setting. Taken
together, this model derived from an international SMM
population with commonly available and reproducible
biomarkers could be employed as a standard in registra-
tion trials as well as routine clinical practice.
The phase 3 trial conducted by the ECOG group eval-

uating single-agent lenalidomide versus observation in
SMM patients showed a significant benefit in progression-
free survival for the high-risk subset defined as in the
current study using the 2/20/20 model7. Moreover, the
same group decided to amend their new phase 3 trial
comparing Ld versus Ld plus daratumumab in high-risk
SMM in order to introduce the 2/20/20 model as inclu-
sion criteria. The ASCENT trial conducted by the

Table 4 Logistic regression equation to develop the risk
score predicting progression risk at 2 years.

Risk factor Coefficient Odds ratio (95% CI) p value Score

FLC IU

0–10 (reference) – – – 0

>10–25 0.69 1.99 (1.15, 3.45) 0.014 2

>25–40 0.96 2.61 (1.36, 4.99) 0.004 3

>40 1.56 4.73 (2.88, 7.77) <0.0001 5

M-protein

0–1.5 (reference) – – – 0

>1.5–3 0.95 2.59 (1.56, 4.31) 0.0002 3

>3 1.3 3.65 (2.02, 6.61) <0.0001 4

BMPC

0–15 (reference) – – – 0

>15–20 0.57 1.77 (1.03, 3.06) 0.04 2

>20–30 1.01 2.74 (1.6, 4.68) 0.0002 3

>30–40 1.57 4.82 (2.5, 9.28) <0.0001 5

>40 2 7.42 (3.23, 17.02) <0.0001 6

FISH abnormality 0.83 2.28 (1.53, 3.42) <0.0001 2

FLC IU involved to uninvolved serum-free light chain ratio.

Table 5 Predictive values of risk score tool.

Total risk score Predicted risk at 2 years based on Actual (% with 2-year progression) Predictive value

Risk score Full regression model Positive Negative

0 3.2 3.3 1 (1.3%) 25.8 n/a

2 6.2 6.1 3 (5.4%) 29.1 98.8

3 8.5 8.3 2 (2.6%) 31.5 97.1

4 11.6 11.1 3 (10.3%) 36.1 97.2

5 15.7 14.8 19 (19.2%) 37.7 96.3

6 20.8 19.4 11 (23.4%) 43 91.8

7 27 25 16 (27.6%) 46 89.9

8 34.3 31.5 21 (35%) 50.4 87.6

9 42.5 39 17 (48.6%) 55.4 85

10 51 46.9 18 (41.9%) 57 82.8

11 59.5 55 17 (50%) 63.2 81

12 67.5 62.9 13 (61.9%) 69.4 79.3

13 74.6 70.1 8 (50%) 72.5 77.9

14 80.5 76.5 11 (78.6%) 82.9 77.2

15 85.4 81.8 10 (83.3%) 85.7 76

16+ 89.2 86.2 8 (88.9%) 88.9 75
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*

International Myeloma Foundation with a curative strat-
egy is using the same model.
While we used 2-year progression as the end point to

define a high-risk SMM population, we have also created
a more precise and individualized scoring tool to classify
individuals by risk of progression using the entire spec-
trum of values for each patient (in place of dichotomous
division) including M-spike, BMPC infiltration, and sFLC
ratio. Accordingly, this scoring tool is able to precisely
identify SMM patients with extremely low risk of pro-
gression at 2 years (close to MGUS), as well as SMM with
a risk of progression at 2 years even >50%. Thus, using
this risk scoring, SMM patients with total risk score of 1
have 90% of probability of not developing MM in 2 years
(negative predictive value (NPV)= 90%), while for those
patients with total risk score of 9, the probability of
developing MM in 2 years will be of 93% (positive pre-
dictive value= 93%). However, the identification of SMM
patients who will not progress with near certainty (100%
NPV) is difficult, and in the subgroup of patients with
total risk score of 0, the risk does exist.
There are some limitations in this study because of its

retrospective nature as well as the missing data observed
for some variables that may have led to their exclusion in
the multistep process. This is the case for the presence of

immune paresis, percentage of plasma cells with aberrant
phenotype or circulating plasma cells, or the evolution of
the M-component and the decrease in hemoglobin. In
addition, differences in the specific methodology used for
FISH may vary from institution to institution. One addi-
tional limitation is its complete reliance on clinical fea-
tures. It has been recently shown that the mutational
landscape, particularly mutations in the RAS family as
well as c-Myc alterations, may independently predict
progression risk24. Moreover, the transition process from
SMM to MM could also involve growth of preexisting
clones due to a more permissive bone marrow micro-
environment25,26. The current study also does not factor
in other demographic factors such as race as the numbers
were insufficient to explore this.
In summary, our study identifies a subgroup of SMM

patients with 50% progression risk at 2 years from diag-
nosis based on the presence of two or three factors among
M-protein (>2 g/dL), BMPC infiltration (>20%), or the
ratio of involved versus uninvolved sFLC (>20). This
model is easily reproducible and available worldwide,
could be used to identify high-risk SMM patients in the
context of clinical research, and will contribute in the near
future to be able to offer early treatment to a more
homogeneous subgroup of SMM patients. Availability of

Risk Stratification groups Total risk score Hazard Ratio (95% CI) Risk of progression (2 years) # of patients
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Fig. 4 Risk of progression according to the risk score. Risk score was developed using the entire range of the values for BMPC, serum FLC, and
serum M-spike as well as cytogenetic abnormality. Patients with total risk score between 0 and 4 had a 2-year progression risk of 3.8%, patients with a
total score between 5 and 8 had a risk of 26%, those with a score between 9 and 12 had a risk of progression of 51%, and those with a score >12 had
a risk of progression of 73%.
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Genomic features can help prognostication in SMM

Bustoros et al, JCO 2020

shorter TTP (2.6 v 9.3 years [P5 .004] and 1.2 v 3.5 years
[P 5 .001], respectively; Figs 5A and 5B), and our results
were independent of the clinical model used (ie, Mayo
2008 or 2018; Data Supplement). Of note, high-risk ge-
nomic alterations were found in patients described as low
risk by both models, in whom they conferred a significantly
increased risk of progression (Data Supplement). Im-
portantly, our genomic model improved the prediction of
progression when added to the Mayo 2008 or 2018

models (C-statistic, 0.66 v 0.75 and 0.72 v 0.77, re-
spectively; likelihood ratio test P , .001; Table 1; Data
Supplement).

External Validation of the Genomic Prediction Model

To test the robustness and generalizability of our model,
we validated it in an external cohort of 72 patients with
SMM whose tumor DNA had been previously sequenced.7

Forty-seven patients in this cohort progressed to MM with
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FIG 4. Kaplan-Meier curves for analysis of time to progression in patients with (A) mitogen-activated protein kinase (MAPK) pathway mutations (KRAS
andNRAS); (B)MYC alterations, including translocation and amplifications; and (C) DNA repair pathway alterations (deletion 17p, TP53, and ATM single
nucleotide variants [red] compared to the absence of these alterations [blue]). (D) Forest plots of multivariable Cox regression of the genomic alterations
and the clinical risk model with genetic features selected after bootstrap forward/backward variable selection with Mayo 2018 criteria.
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Whole-genome sequencing dissects features of 
non-progressive cases

this study, this analysis was performed in three main steps.
Firstly, we used the Dirichlet process (DP)-derived clonal muta-
tional burden of each patient to estimate the relative time of
acquisition of each large chromosomal gain. In this way, we could
identify large chromosomal gains occurring within the same time
window. Then, we estimated the contribution of each mutational
signature, collapsing together duplicated and non-duplicated
mutations within the earliest multi-chromosomal gain event in
each patient. Finally, we estimated the SBS1- and SBS5-based
molecular time of each early multi-gain event and converted it to
patient years. Overall, the age at sampling was not significantly
different between MM, stable, and progressive myeloma pre-
cursor condition (Fig. 6a). However, when we used the molecular
timing approach, we were able to show that the stable myeloma
precursor condition cases had a significantly different temporal
pattern, in which multi-gain events occurred later in the patient’s
life (median 53.5 years; range 28–65) compared to the progressive
myeloma precursor condition cases (median 28 years range 5–46)
and MM cases (median 20.5; range 9–56) (Fig. 6b, c). These data

argue against a temporal bias created by early sample collection
relative to the initiation in non-progressing samples. Instead, the
results suggest that while these stable entities may eventually
progress to MM, based on these temporal estimates, this would be
predicted to occur at average ages of 90–100 years. Overall,
our temporal estimates suggest that stable myeloma precursor
condition represents a different biological entity; one that is
acquired at a later age in life, without myeloma defining genomic
events, and with a much lower tendency to progress compared to
progressive myeloma precursor condition.

Discussion
Early discovery work focusing on monoclonal serum proteins by
Waldenstrom, Kyle, and others led to the emergence of two major
schools of thought. Waldenstrom proposed that there were
patients who had monoclonal proteins without any symptoms or
evidence of end-organ damage, representing a benign monoclonal
gammopathy46–49. Conversely, the alternate opinion was that some
patients with asymptomatic monoclonal proteins nevertheless

Fig. 4 Copy number profile of myeloma precursor condition and multiple myeloma (MM). Cumulative copy number profile of all patients with either
WGS or SNP array data available. Cases were grouped according to their clinical stage: stable (N= 81) and progressive (N= 19) myeloma precursor
condition and MM (N= 228). Red and blue bars reflect chromosomal gain and loss, respectively. Yellow and green lines on the top of each graph represent
GISTIC peaks with a significantly different prevalence across the three stages (yellow: Fisher’s exact test p < 0.05 and green: q < 0.1). On the first, second
and third cumulative plots we reported the significant difference between: stable myeloma precursor condition vs. MM, stable myeloma precursor
condition vs. progressive myeloma precursor condition and progressive myeloma precursor condition vs. MM, respectively. MGUS: monoclonal
gammopathy of undetermined significance, SMM: smoldering multiple myeloma, chr: chromosome.
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p < 0.001), respectively. Two patients with progressive myeloma
precursor condition did not have any canonical events (i.e., IGH-
translocations and/or hyperdiploid), however, they were char-
acterized by multiple chromosomal abnormalities, SVs, complex
events and nonsynonymous mutations, confirming the critical role
of these events for myeloma precursor initiation and progression.
Overall, the progressive myeloma precursor condition SV land-
scape was similar to that observed in MM, itself (Fig. 5b, c). This
finding was confirmed by looking at the genomic distribution of
SV: in progressive precursors, and to a greater extent in MM,
the distribution was significantly associated with H3K27a and
chromatin accessibility loci (Supplementary Fig. 5)26.

We analyzed hotspots hit by recurrent SV in our case series.
Sixty-nine hotspots were identified in 752 low-coverage long-
insert WGS cases from the CoMMpass data set23,26. The median
number of these SV hotspots per patient was significantly lower
among stable myeloma precursor condition compared to MM
(Wilcoxon rank-sum test p < 0.0001; Supplementary Fig. 6).
Among the stable myeloma precursor condition cases, we
identified only 11 SV hotspots: all translocations between the
IGH locus and CCND1 (n= 7), MAFB (n= 2), CCND3 (n= 1),
and LTBR|LAG3 (n= 1). Of note, none of the stable myeloma
precursor condition cases had any SVs involving the MYC/PVT1
hotspot13,20 in sharp contrast with 35% (6/17) in progressive
precursor condition cases and 32/80 (40%) MM (Fisher’s exact
test p= 0.03 and p= 0.003, respectively). Overall, progressive

myeloma precursor condition did not show any significant
differences in SV hotspot prevalence compared to either MM or
stable myeloma precursor condition.

Time lag between initiation and sample collection. Considering
myeloma defining genomic events (i.e., SNVs, CNVs, SVs, and
mutational signatures), stable myeloma precursor condition
emerged as a distinct genomic entity compared to MM. In con-
trast, the progressive myeloma precursor condition demonstrated
a genomic profile similar to that of MM. This absence of mye-
loma defining genomic events among stable cases could be due to
two possible explanations. Firstly, the early detection of the clone
by serum protein electrophoresis and consequent earlier sample
collection in the course of disease might have introduced a
temporal bias into our analysis (i.e., the earlier the plasma cell
clonal detection, the lower its genomic complexity). Alternatively,
stable cases represent a distinct biological entity, characterized by
few genomic aberrations and a low propensity to acquire addi-
tional abnormalities associated with progression. To identify the
most likely model, we leveraged the molecular-clock approach,
recently developed to time landmark events in both cancers and
normal tissues27,29,30,42,43. Notably, this approach is based on the
SBS1 and SBS5 mutational burden pre- and post-chromosomal
gain to estimate the time lag between cancer-initiating gains and
sample collection. Previous MMmolecular time estimates25 are in
line with a long lag time from initiation to development44,45. For

Fig. 3 Mutations in myeloma driver genes. a, b Prevalence and distribution of nonsynonymous mutations in driver genes (N= 80) across stable (blue;
N= 15) and progressive (purple; N= 17) myeloma precursor condition and multiple myeloma (brown). In (b) red: mutated; Gray: wild type. p values were
calculated using Wilcoxon rank-sum test. Boxplots show the median and interquartile range. c Proportion of cases with at least one significant known
hotspot mutation (brown) within myeloma driver genes in stable and progressive myeloma precursor condition and multiple myeloma (MM). d Proportion
of mutations in driver genes involving known AID targets (light green) in stable and progressive myeloma precursor condition and MM. MGUS: monoclonal
gammopathy of undetermined significance, SMM: smoldering multiple myeloma, SD: stable, PD: progressive, WGS: whole-genome sequencing, WXS:
whole exome sequencing. Asterisks in (c, d) indicate a p < 0.01 under Fisher’s exact test.
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High-risk clinical features of NDMM

have been shown to impact outcomes in MM but their routine use
has been largely limited due to clinical time restraints. In a recent
systemic review and meta-analysis, a significantly increased HR for
death was shown for patients with activity of daily living score ≤4
(pooled HR= 1.576; 95% CI, 1.051–2.102) [39]. Further, patients
classified as frail showed higher risk of death than fit patients did
(pooled HR= 2.169; 95% CI, 1.002–2.336). It is of note though that
genomic risk may be intimately related with patient-related factors.
In 1777 NDMM patients treated on the Myeloma XI trial, patients
with TP53 deletion showed features of advanced disease and
associated morbidity, specifically poorer performance status (World
Health Organization [WHO] performance status ≥2; P= 0.0012).
Although WHO performance status was independently associated
with shorter survival, the association with TP53 deletion suggests
an interrelationship with genetic and clinical features [40].
There is increasing evidence that socioeconomics and access to

care directly impact patient outcomes. Several studies have
demonstrated that patients of minority ethnic or racial background
are less likely than non-Hispanic Whites (nHws) to receive ASCT as
treatment for MM and that referral for transplantation may be
delayed. However, similar outcomes for minorities compared with
nHws undergoing ASCT has been shown when access is equal [41].
MM patients of racial and ethnic minority are frequently under-
represented in clinical trials. Pulte et al. performed a meta-analysis
evaluating patients on five recent clinical trials that utilized novel
agents and did not find a difference in outcome based on race.
Because Hispanic and African American patients have the least
apparent benefit from newer agents at the population level. These
results suggest that minority patients are less likely to be
appropriately treated [42]. To further validate this point, a recent

VA experience showed that with equal access, AA patients may
have superior outcomes with median OS of AA patients 5.07 years
(95% CI, 4.70–5.44 years) as opposed to 4.52 years (95% CI,
4.38–4.65 years) for white veterans (log-rank P < 0.001) [43].

Biology of disease trumps everything
Response to initial therapy and achieving a prolonged initial
remission duration may ultimately be the most important
prognostic factor in NDMM patients. There is clear data that
shows achieving deep remissions that are minimal residual
disease (MRD) negative can trump high-risk biological features
and that standard-risk patients who fail to achieve deep
remissions fair worse and may indeed be high risk after all [44].
Below, we will briefly review the data on primary refractory and
early relapsing myeloma but will forgo an in-depth review of MRD
and its impact on outcomes as this topic has been covered
extensively in several recent reviews and meta-analyses.
Response rates to standard triplet induction therapy for both

transplant eligible and ineligible patients are in the 85–90% range
[45] thus primary refractory myeloma is uncommon. Unfortu-
nately, despite improved 2nd line therapy, outcomes for these
patients remain poor even if treated with novel induction. For
patients undergoing up-front ASCT after induction failure, as far
back as 2010 Gertz et al. showed that failure to achieve at least a
partial response (PR) to IMID based induction prior to ASCT leads
to shorter OS (73.5 vs. 30.4 months) and PFS (22.1 vs. 13.1 months;
P < 0.001) from time of transplant [46]. Lee et al. demonstrated
even worse outcomes in patients refractory to novel based
regimens (majority were bortezomib based) showing a median
PFS of 4.7 months and median OS of 11.6 months following ASCT

Fig. 1 High-risk clinical features. *Large FLs (diameter >2.5 cm) associated with site-specific enrichment of HiR driver mutations consistent
with them being key mediators of drug resistance and treatment failure [86–100]. **Certain EME sites seemed to carry worse prognosis with
3-year PFS differing according to involved organs: kidney (59.5%), skin (20.1%), lymph nodes (37.6%), CNS (47.9%), lung/respiratory tract
(44.4%), GI/liver (22.5%), and spleen, ovaries, and testes (60.0%). BM bone marrow, CA cytogenetic abnormalities, CPCs circulating plasma cells,
EBMT European Society for Blood and Marrow Transplantation, EME extramedullary myeloma that is extra-osseous (results from
hematogenous spread and involving only soft tissues, the incidence in NDMM 1.7–3.5%90), EMB extamedullary myeloma that is paraskeletal or
paraosseous plasmacytomas (consists of tumor masses adjacent to bones and arising from focal skeletal lesions, incidence in NDMM
6–34.4%90), EMM extramedullary myeloma, FL focal lesion, HR hazard ratio, ISS international staging system, MRI magnetic resonance imaging,
MV multivariate, NDMM newly diagnoses multiple myeloma, NR not reached, OS overall survival, PC plasma cells, PCPI plasma cell
proliferation index, PET-CT 18-fluoro-deoxyglucose emission tomography, PFS progression-free survival, R-ISS revised international staging
system, TT total therapy.
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Table 1. Different methodologies of risk stratification.

Serum features Genomic
features

Proposed clinical
definition of
high risk:

% defined
as
high risk

Definition of
high risk

Outcomes based
on risk

Additional important notes

ISS [3] Serum β2-
microglobulin
Serum albumin

None NAa 33.6% ISS stage III: Serum
β2-microglobulin
>5.5mg/L

Median OS (months)
• Stage I: 62
• Stage II: 45
• Stage III: 29

B2-microglobulin: indicative of
increased tumor burden and
declining renal function
Serum albumin: driven by
inflammatory cytokines such as
IL-6 and the bone marrow
microenvironment

R-ISS [2] LDH
Serum β2-
microglobulin
Serum albumin

del(17p)b

t(4;14)
t(14;16)

NAc 10% ISS stage III and
either high-risk CA
by iFISH or high LDH

5-year OS:
• Stage 1: 82%
• Stage 2: 62%
• Stage 3: 40%

Stage 3 patients have a median
PFS of 29 months and median
OS of 37 months [54]

IMWG [5] Serum β2-
microglobulin
Serum albumin

del(17p)b

t(4;14)
+1q21

Median OS
<2 years

20% ISS II/III and t(4;14) or
17p13 del by iFISH

Median OS:
• Low risk: >10 years
• Standard risk: 7 years
• High risk: 2 years

High-risk group with a 4-year
PFS of 12% and OS of just 35%
Low-risk group consists of ISS I/
II and absence of t(4;14), 17p13
del or +1q21 and age
<55 years

mSMART [55] LDH
Serum β2-
microglobulin
Serum albumin

Ploidy status
t(4;14) t(14;16) t
(14;20)
t(11;14)
t(6/14)
del(17p) and
p53 deletion
deletion 13
gain 1q
GEP

NAd 20% High-risk genetic
Abnormalities
• t(14;16); t(14;20);
• Del17p or p53
mutation
GEP: high-risk
signature

Median OS:
• High risk: 3 years
• Intermediate risk:
4–5 years
• Standard risk:
8–10 years

• Trisomies may ameliorate
high-risk genetic abnormalities
• High plasma cell S-phase also
defines high risk: cutoffs vary
• Standard risk includes all
others including trisomies, t
(11;14), and t(6;14)
• t(4;14): re-classified as
intermediate risk

EMC92/
SYK92 –MMprofiler
[30]

None High-risk
survival
signature of 92
genese

Median OS
<2 years

18–20% Two-tiered system of
high and
standard risk

Reduced OS with HR
of 2.06 to 5.23 in
validation cohorts
amongst the TT2, TT3,
APEX, and MRC-IX
studies

In multivariate analyses, the
signature was proven to be
independent of the currently
used prognostic factors

UAMS GEP70 or MyPRS
[28]

None High-risk
survival
signature of 70
genese

"early disease-
related death"

13–14% Two-tiered system of
high and
standard risk

HR for high v standard-
risk GEP:
• EFS: 3.41 (P= 0.002)
• OS: 4.75 (P<0.001)

Standard-risk patients with a
5-year continuous complete
remission of 60% vs. 3-year rate
of only 20% in those with a
high-risk
"Early disease-related death"
definition not clear in the
primary literature

CoMMpass [19] LDH fTP53 mutation
λ-chain
translocation
IGLL5 mutation

Time to
progression (TTP)
of < 18 months

20.6% TTP < 18 months:
high-risk
TTP >18 months:
low risk

Median OS in months:
• High risk: 32.8
• ISS III: 54
• Baseline high-risk CA:
65

TTP 18-month cutoff chosen
because time to ASCT was
~6 months and many MM
studies define early PD as
relapse within 12 months
from ASCT
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Table 1. continued

Serum features Genomic
features

Proposed clinical
definition of
high risk:

% defined
as
high risk

Definition of
high risk

Outcomes based
on risk

Additional important notes

Myeloma Genome
Project [6, 17]

Serum β2-
microglobulin
Serum albumin

TP53
inactivation
+1q amp

NAg 6.1% Biallelic TP53
inactivation or amp
of CKS1B (1q21) on
the background of
ISS stage III

High risk:
• Median PFS:
15.4 months
• Median OS:
20.7 months

1q amplification considered ≥
4 copies
LDH values were not
universally available
preventing the calculation of
R-ISS thus ISS and IMWG risk
criteria were used

Cytogenetics
Prognostic Index [9]

None del(17p) t(4;14)
del(1p32)
1q21 gain
trisomies 3,
5, and 21

NA 11–18% Prognostic Index >1
defined high riskh

5-year survival:
• High risk: <50%
• Int risk: 50–75%
• Low risk: >75%

The main objective was to
develop and validate a
prognostic model based on the
seven cytogenetic
abnormalities

amp amplification, ASCT autologous stem cell transplantation, CA cytogenetic abnormalities, GEP gene-expression profile, HR hazard ratio, iFISH interphase fluorescent in situ hybridization, ISS International
Staging System, IMWG International Myeloma Working Group, Int intermediate, LDH lactate dehydrogenase, MMmultiple myeloma, NA not applicable/not available, OS overall survival, PD progressive disease, PFS
progression-free survival, R-ISS Revised International Staging System, TTP time to progression.
aUnivariate and multivariate analyses were used to explore three modeling approaches with the most significant prognostic factors assessed using the following methods: (1) the weighted variable model; (2)
the model based on the number of risk factors occurring in an individual patient; and (3) the survival tree model in which risk factors present at each branch point are sequentially reassessed.
biFISH: early studies showed the power of MM-specific abnormalities on metaphase cytogenetics and their association with inferior survival. This assay relies on the presence of actively dividing cells, and as
terminally differentiated B cells, plasma cells have limited proliferative capacity [38]. Consequently, only one-third of MM patients have metaphase cytogenetic abnormalities at diagnosis. Interphase FISH is a
more sensitive modality for identifying specific cytogenetic abnormalities associated with inferior survival and is used to depict risk for both the R-ISS and IMWG staging systems.
cUtilized different statistical models to best partition risk. K-adaptive partitioning dedicated to censored survival data (minimax-based partitioning rule by log-rank test) was used for ISS/CA/LDH grouping; this
routine gave an optimal number of three subgroups (R-ISS I, II, and III).
dPartitioned into three groups based on data from multiple centers.
eSee gene-expression profile section for further details and references.
fFactors associated in multivariate analyses with time to progression of less than 18 months.
gUtilized different statistical models to best partition risk, please refer to Walker et al. [17].
hRefer to Perrot et al. [9] for more information on how the prognostic index was calculated.

P.H
agen

et
al.

3

B
lo
o
d
C
an

cer
Jo
u
rn
al

����������(2022)�12:83�



Of note, t(14;16)-positive patients showed only a trend
toward a shorter PFS in multivariate analysis, but it was
not significant (HR, 1.15 [95% CI, 0.96 to 1.37] v no t(14;
16), P 5 .13).

Score Calculation

The top predictors significantly affecting both OS and PFS
(ISS, del(17p), LDH, t(4;14), and 1q1) were used to build
an additive score. In the training set, data on 2,226 patients

0.45 1 2.25

1.55 (1.42 to 1.69)II v I ! .0001
III v I 2.03 (1.83 to 2.25) ! .0001
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NA v no 1.08 (0.93 to 1.24) .31

" ULN v #$#$ULN 1.66 (1.50 to 1.83) ! .0001
NA v # ULN 1.00 (0.88 to 1.13) .96

Yes v no 1.56 (1.40 to 1.74) ! .0001
NA v no 1.02 (0.88 to 1.19) .81

Yes v no 1.45 (1.29 to 1.63) !$!$.0001
NA v no 1.09 (0.99 to 1.20) .074

Yes v no 1.34 (1.09 to 1.65) .0058
NA v no 1.00 (0.90 to 1.10) .94

" 1 v # 1 1.32 (1.20 to 1.44) ! .0001
NA v # 1 0.74 (0.45 to 1.24) .26

IgA v no-IgA 1.23 (1.14 to 1.34) ! .0001
NA v no-IgA 1.14 (0.85 to 1.54) .38
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NA v # 1 0.72 (0.47 to 1.09) .11791

IgA v no-IgA 1.10 (1.03 to 1.17) .0049
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# 45 v " 45 1.11 (1.02 to 1.20) .0166
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FIG 1. Feature selection: (A) OS impact of the single variables in amultivariate Coxmodel and (B) PFS impact of the single variables in amultivariate Coxmodel.
N5 7,072patients (training set). 1q1, 1q gain/amplification; del, deletion; ECOGPS, EasternCooperativeOncologyGroupperformance status; HR, hazard ratio;
IgA, immunoglobulin A; ISS, International Staging System; LDH, lactate dehydrogenase; NA, not available; OS, overall survival; PFS, progression-free survival; t,
translocation; ULN, upper limit of normal.

TABLE 2. R2-ISS Score Definition on the Basis of the Evaluable Patients Included in the Training Set (n 5 2,226)
Risk Feature OS HR (95% CI) PFS HR (95% CI) Score Valuea

ISS II 1.75 (1.49 to 2.05) 1.43 (1.28 to 1.61) 1

ISS III 2.53 (2.13 to 3.01) 1.76 (1.54 to 2.01) 1.5

del(17p) 1.82 (1.53 to 2.17) 1.43 (1.23 to 1.65) 1

LDH high 1.60 (1.36 to 1.88) 1.37 (1.20 to 1.57) 1

t(4;14) 1.53 (1.29 to 1.81) 1.40 (1.21 to 1.62) 1

1q1 1.47 (1.29 to 1.68) 1.33 (1.20 to 1.48) 0.5

Group No. (%) Total Additive Score

Low (I) 428 (19) 0

Low-intermediate (II) 686 (31) 0.5-1

Intermediate-high (III) 917 (41) 1.5-2.5

High (IV) 195 (9) 3-5

Abbreviations: 1q1, 1q gain/amplification; del, deletion; HR, hazard ratio; ISS, International Staging System; LDH, lactate dehydrogenase; OS, overall
survival; PFS, progression-free survival; R2-ISS, Second Revision of the ISS; t, translocation.

aScore values were calculated using OS as outcome and were rounded to the nearest 0.5. The coefficient related to the comparison ISS II versus I was used
as the reference value (score value 5 1).
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patients with NDMM. Compared with the R-ISS,2 the R2-ISS
adds 1q1 to the score, and its calculation takes into account
the prognostic significance of the coexistence of several CA.

Of note, 1q1 is a very common finding in NDMM, with
approximately 40% of patients presenting with this abnor-
mality.44 Although this variable was missing in many older
trials included in this analysis, the multivariate analysis on
the available patients (2,770 patients in the training cohort
only) clearly confirmed its prognostic role in patients with
NDMM.

In the analysis of CA in the validation set, a certain proportion of
missing cases was also observed, although the missingness
mechanism was different from that in the training set. Indeed,
CA analysis in the validation set required a centralized sample
that was not mandatory, and a lower-than-expected sample
compliance was registered. However, complete cases were

enough to validate our score, and the OS in complete versus
incomplete cases was similar (Data Supplement Fig S8), thus
revealing no evidence of selection bias.

In our analysis, t(14;16), which was included in the R-ISS,
was significant in terms of OS but not of PFS and, as a
consequence, was not included in the R2-ISS calculation.
Indeed, despite its biological importance, t(14;16) is rare
and usually presents together with other adverse prognostic
factors.48,49 Moreover, it may not be a marker of high-risk
disease per se, as observed here and by other groups
analyzing large cohorts of patients.48,49

Compared with the R-ISS, the R2-ISS has the advantage of
being validated in an independent cohort of patients.
Furthermore, a longer follow-up in this study (75.5 months
v 46months in the R-ISS study)2 allowed us to analyzemore
precisely the OS of our patient cohort.
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FIG 2. Survival outcomes in patients withmultiple myeloma stratified by the R2-ISS algorithm: (A) OS in the training set, (B) OS in the validation set, (C)
PFS in the training set, and (D) PFS in the validation set. HR, hazard ratio; NR, not reached; OS, overall survival; PFS, progression-free survival; R2-ISS,
Second Revision of the International Staging System.
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FIG 3. R2-ISS and OS by transplant eligibility and type of treatment in the training set: (A) OS in transplant-eligible patients, (B) OS in transplant-
ineligible patients, (C) OS in patients receiving regimens based on IMiDs, (D) OS in patients receiving regimens based on PIs, and (E) OS in patients
receiving regimens based on IMiDs plus PIs. HR, hazard ratio; IMiDs, immunomodulatory drugs; NR, not reached; OS, overall survival; PIs, proteasome
inhibitors; R2-ISS, Second Revision of the International Staging System.
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Increasing genomic complexity correlates with prognosis in NDMM

associated with PFS and OS in patients treated intensively or
non-intensively, in patients treated with thalidomide-based or
conventional induction therapy, and in patients receiving
thalidomide maintenance or no maintenance (Supplementary
data).

The integration of biological groupings and the ISS
The ISS stage was significantly associated with survival in the
same data set, with a median OS that was not reached for ISS I,
47.7 months for ISS II and 35.7 months for ISS III. The genetic
groups defined by number of adverse lesions and the ISS were
independently associated with PFS and OS in multivariate
analysis (Table 3). The genetic risk groups significantly stratified
OS within the ISS II and III groups (Po0.001), and conversely
the ISS stratified outcome within the groups characterized by 0
and 41 adverse lesions (Po0.001 and P¼ 0.006, respectively).
Integrating the genetic risk groups with the ISS, therefore, has the
potential to further refine the definition of risk for individual
patients. When the two systems were combined, three distinct
risk groups were evident based on the median OS associated
with each group (Table 4). In this way, we were able to identify
a favorable risk group, defined as patients with ISS I or II and no
adverse genetic lesions or ISS I and one adverse lesion (median

OS 67.8 months). At the opposite end of the clinical spectrum,
ultra-high-risk disease was defined by ISS II or III in the presence
of 41 adverse lesion. This group constituted 13.8% of patients,

Figure 3 OS graded by number of adverse lesions. This demonstrates
the progressive impact on survival of the co-segregation of multiple
adverse genetic lesions. The triple combination of an adverse IGH
translocation, þ 1q and del(17p) was associated with a median OS of
9.1 months.

Figure 4 Survival of genetically defined risk groups. (a) PFS and (b)
OS of patients with no adverse FISH lesions, one adverse FISH lesion
and 41 adverse FISH lesion. This defined a genetic high-risk group
with 41 adverse genetic lesion, associated with a median PFS of 11.7
months and a median OS of 21.7 months.

Table 3 Multivariate analysis of the ISS with the genetic groups defined by number of adverse lesions

Variable PFS OS

HR 95% CI P HR 95% CI P

Number of adverse lesions (0 vs 1) 1.48 1.21–1.80 o0.001 1.30 1.00–1.69 0.048
Number of adverse lesions (0 vs 41) 2.42 1.89–3.09 o0.001 2.59 1.93–3.47 o0.001
ISS (I vs II) 1.34 1.05–1.70 0.019 1.79 1.24–2.57 0.002
ISS (I vs III) 1.53 1.20–1.96 0.001 2.72 1.91–3.89 o0.001

Abbreviations: CI, confidence interval; HR, hazard ratio; ISS, International Staging System; OS, overall survival; PFS, progression-free survival.

Prognosis in myeloma based on FISH and the ISS
KD Boyd et al
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These data show that high genomic complexity has
an adverse clinical impact in patients with hyperdi-
ploid karyotype multiple myeloma (Po0.0001;
Figure 1b and c). To assess the impact of addi-
tional–structural–chromosomal aberrations in newly
diagnosed multiple myeloma only, we compared the
overall survival among these four groups. There were
21, 30, 20, and 81 newly diagnosed patients for
group 1, 2, 3, and 4 and showing an overall survival
of 97, 87, 48, and 48 months, respectively

(P=0.0026), all were consistent with the entire study
(Supplementary Figure 1a; Supplementary Table 1).

To further assess the clinical impact of a hyperdi-
ploid karyotype in multiple myeloma, we subse-
quently included the overall survival data of 35
multiple myeloma patients who had a normal
karyotype and were negative for CKS1B gain,
MYEOV/CCND1-IGH rearrangement, RB1, or TP53
deletions by FISH analyses as cytogenetically/FISH
normal or baseline controls. Compared with this

Figure 1 (a) Proportion of patients in each group. (b) Comparison of the median overall survival among the four groups. (c) Impact of
additional–structural–chromosomal aberrations (ASAs) on the overall survival of patients with multiple myeloma in all the four groups.
The Kaplan–Meier curve that represents the group 4, with three or more additional–structural–chromosomal aberrations have a significant
shorter survival than the groups with one or no additional–structural–chromosomal aberrations. (d) Comparison of the overall survival
between group 1 and a cytogenetic control group consisted of patients with a normal karyotype and normal FISH for CKS1B, MYEOV/
CCND1-IGH, RB1, and TP53.

Table 2 New diagnosis or relapsed disease and staging of patients in all the four groups

Group 1
N=35

Group 2
N=46

Group 3
N=39

Group 4
N=164 P-value

New diagnosis % (N) 60 (21) 65 (30) 51 (20) 49 (81) 0.7393
Relapsed disease % (N) 31 (11) 15 (7) 28 (11) 35 (57) 0.278
Refractory disease % (N) 9 (3) 20 (9) 21 (8) 16 (26) 0.6129
Median follow-up (months) 74 (20–221) 59 (10–154) 48 (4–180) 42 (3–168) o0.0001
Death rate % (N) at median follow-up 14 (5) 26 (12) 33 (13) 47 (77) o0.0001
Stage Ia % (N) 33 (12) 20 (9) 33 (13) 25 (41) 0.34
Stage IIb % (N) 22 (8) 20 (9) 18 (7) 18 (30) 0.9342
Stage IIIc % (N) 45 (15) 60 (28) 49 (19) 57 (93) 0.3189

aStage I, serum beta-2 microglobuline o3.5 mg/l, serum albumin 43.5 g/l, no high-risk CA and normal LDH.
bStage II, no revised-ISS stage I or III.
cStage III, serum beta-2 microglobuline 45.5 mg/l and either high-risk CA by FISH or high LDH.

Modern Pathology (2017) 30, 843–853

Structural aberrations in hyperdiploid multiple myeloma

846 AA Carballo-Zarate et al

Carballo-Zarate et al, Mod Path 2017
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• Karyotype
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Fig. 4 A recursive partitioning model for PFS and OS identified
clinical and genomic markers associated with risk. a A recursive
partitioning model for PFS based on the inclusion of genetic and
clinical predictors, showing the terminal nodes. b Kaplan–Meier
curves were generated for PFS for all terminal nodes of the tree. c
Nodes with similar outcome profiles were combined to generate three
risk groups. Nodes 8 and 18 were combined to designate low-risk
patients (green); nodes 11, 19, and 6 were combined to designate
intermediate-risk patients (red); nodes 10 and 7 were combined to

designate Double-Hit patients (blue). Double-Hit comprised 6.1% of
the total patient population and included patients who were either of
the following: bi-allelic inactivation of TP53 or ISS stage III with
amplification of CKS1B. Significant differences in PFS between the
risk groups are identified (P < 0.0001). d As in (c) with OS. e The risk
groups identified in (c) were applied to a subset of Total Therapy
patients (n= 85) with available genetic data; significantly different
PFS outcomes are observed, with especially poor PFS in Double-Hit
patients (P < 0.0001). f As in (e) with OS

B. A. Walker et al.

Walker et al, Leukemia 2018
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Table 10), which is potentially a surrogate marker for homologous
recombination deficiency. The extent of LOH was positively
correlated with the APOBEC signature (P 5 .039), loss of TP53
(P , .001), and presence of mutation in at least 1 of 15 genes
involved in homologous recombination deficiency (P , .001;
supplemental Figures 12-13).

Copy number abnormalities are associated with
mutational dependencies
The comprehensive availability of mutational, structural, and
copy number data prompted us to reevaluate the classification
of myeloma. Copy number data were generated from the whole-
exome data in an unbiased genome-wide fashion to identify
minimally altered regions (n 5 39), which theoretically contain
either transcriptional units or single tumor suppressor or onco-
genes. Genes of interest located at the peaks of change within
these regions were identified (Figure 3A). Markers of the chro-
mosomal gain of trisomic chromosomes were selected to identify
these variables. The frequencies of copy number changes in these
regions and derived biallelic events are shown in supplemental
Tables 5 and 6.

The 39 regions of recurrent copy number alteration (CNA), in-
cluding the markers for each of the trisomic chromosomes, were
used in a K-means clustering approach to group the samples,
which were then annotated with additional genetic information
(Figure 3B). Clustering identified 9 copy number groups, of
which 2 were hyperdiploid: cluster 1 with gains in chromosomes
3, 5, 9, 15, 19, and 21, and cluster 2 gains in the same chro-
mosomes plus chromosome 11 and mutation of FAM46C. The
remaining 7 groups were nonhyperdiploid, consisting of cluster
3, which is characterized by del1p; cluster 4 by del12p and 13q;
cluster 5 by del13q and 14q and mutations in MAX, TRAF3,
and NFKBIA; cluster 6 by del16q; cluster 7 by t(14;16), del11q,
1q gain, and mutation ofDIS3; cluster 8 by t(11;14); and cluster
9 by t(11;14) with gain 11q (Figure 3C).

Oncogenic dependencies between mutations and CNAs were
identified that distinguished each of the molecular subtypes of
MM. These dependencies were exemplified by the presence of
particular mutated genes in myeloma subgroups, as well as
association with copy number changes andmutations (Figures 1,
3, and 4A). Mechanistically, we identified a critical relationship
between acquired chromosomal CNAs and mutations on those
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Figure 2. An increasing number of driver abnormalities is associatedwith poor prognosis. (A) Bar plot of number ofmutated driver genes per sample; 203 samples (15.9%) did
not contain any nonsynonymous single-nucleotide variants or indels in any of the 63 driver genes; 1070 samples (84.1%) contained $1 mutation, 700 samples (55.0%) contained
$2 mutations, 351 samples (27.6%) contained $3 mutations, and 151 samples (11.9%) contained $4 mutations (N5 1273). (B) The distribution of all driver abnormalities identified
per sample. The number of drivers per sample was calculated using the drivers listed in (supplemental Table 7). Each marker counts for a score of 1; score summed for each patient;
maximum score5 91, because some drivers were mutually exclusive (eg, IG translocations), and some copy number features were summarized as a chromosomal arm alteration. The
median number of drivers per sample was 5, with a range of 0 to 24. (C) Progression-free survival of patients was significantly negatively affected as the number of drivers increased
(P , .001; N 5 1273). (D) Overall survival of patients was significantly negatively affected as the number of drivers increased (P , .001; N 5 1273).
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survival probability at 5 years for different values of the PI.
Tests were two-sided, and P , .05 was considered sig-
nificant. Statistical analyses were performed using SAS 9.4
(SAS Institute, Cary, NC) and R version 3.0.2 (R Foundation
for Statistical Computing, Vienna, Austria) software.

RESULTS

Altogether, 1,635 patients with MM diagnosed between
2000 and 2012 were analyzed. Patient characteristics,
treatment, and cytogenetic abnormalities are listed in
Table 1. The adverse cytogenetic lesions were slightly over-
represented in the training set. The median number of
cytogenetic abnormalities was two per patient (interquartile
range, 1-3) in the training set and one (interquartile range,
0-2) in the other data sets. In the training and internal
validation sets, no cytogenetic abnormality was found in
20% of patients, whereas in the external validation data
sets, there were 25% without any cytogenetic abnormality.
The complexity of the associations between cytogenetic

abnormalities is shown in Appendix Figure A1 (online only).
The most frequent combination was the one between tri-
somies 5 and 21 followed by 1q gain among patients with
t(4;14) and del(1p32). The rarest combination was the one
between trisomy 5 and t(4;14).

Because of a difference in cohort construction, the median
follow-up time was 8.2, 6.0, 7.3, and 4.9 years in the
training, internal validation, and external validation sets 1
and 2, respectively. The estimated 5-year survival proba-
bilities were 58%, 62%, 54%, and 80%, respectively.

In the training set, six cytogenetic abnormalities were
identified as statistically relevant (Table 2), and the PI was
computed as follows: 0.43 t(4;14) + 1.23 del(17p)2 0.3
3 trisomy 5 + 0.3 3 trisomy 21 + 0.5 3 1q gain + 0.8 3
del(1p32). On the basis of the distribution of the PI and the
5-year survival probability, three categories of cytogenetic
risk were created. The low-risk group included all patients
with a PI less than or equal to 0 in whom 5-year survival
probability was greater than 75%, the high-risk group
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FIG 1. Kaplan-Meier survival curves for myeloma-specific survival according to the three categories of the cytogenetic prognostic index. (A) Training set (n =
647). (B) Internal validation set (n = 234). (C) External validation data set 1 (n = 359). (D) External validation data set 2 (n = 322). Cox proportional hazards
regression models were stratified by treatment group. HR, hazard ratio.
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n. 197 features: 
• mutations
• CNAs
• karyotype

Trisomy 5
Trisomy 21
t(4;14)
1q gain
del(1p32)
del(17p)

Bolli, Leukemia 2018 Walker, Blood 2018 Perrot, JCO 2019

Either:
• TP53

inactivation (bi-
allelic)

• ISS III plus CSK1B
amplification 
(>= 4 copies)
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How do we deal with HR disease?
- 1st approach: we deal with it ex-post
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Aim/Hypothesis

High-Risk MM - the unmet need

2

Post-hoc modifications:
• Difficult to rescue at relapse

Relapse <24m 
(<18m post ASCT)

Use improved biological risk prediction:
• Improve outcome upfront

Current status

~ 20-25%

ASCT = autologous stem cell transplantation

Currently no uniform treatment standardCourtesy of M. Kaiser

Patients with early PD were defined using a time-dependent
endpoint (18 months); consequently, a landmark analysis of OS with
a landmark point at 18 months was performed to validate our findings
(Fig. 3). At the landmark time point, 121 patients with early PD and
640 patients in the reference population were evaluable. The main

reasons for not being evaluable were death due to PD during the first
18 months in the early PD population (58/191, 30%) and death due to
reasons other than PD during the first 18 months in the reference
population (42/735, 6%). The difference in early death rates between
the two groups led to a possible underestimation ofOS differences after
the landmark timepoint.Moreover, in thisOS comparison,we split the
reference population in patients with late PD and no PD. The 18-
month landmark analysis showed a significantly worse OS in patients
with early PD compared with both patients with late PD (HR, 2.05;
95% CI, 1.25–3.35; P ¼ 0.004) and patients with no PD (HR, 8.05;
95% CI, 4.11–15.74; P < 0.001).

Risk of early PD
We investigated the clinical and prognostic variables impacting the

risk of early relapse. In this analysis, we excluded from the reference
population the patients who were not at risk for the entire 18-month
period (101/926, 11%). Excluded patients were those that in the first
18months died without a PD (n¼ 42), withdrew the consent (n¼ 14),
were lost to follow-up (n ¼ 25) or interrupted the protocol for other
reasons (n ¼ 20).

A significantly higher proportion of patients in the early PD group
versus the reference population presented with ISS stage III (39% vs.
20%), gain(1q) (26% vs. 20%), IgL translocations (14% vs. 6%), high
APOBEC signature (30% vs. 24%), high LDH (9% vs. 5%), ECOG ≥2
(23% vs. 11%), KRAS mutation (31% vs. 24%), IGLL5 mutation (20%
vs. 14%), and TP53 mutation (9% vs. 3%; Supplementary Table S5).
These variables were therefore included in multivariate analysis,
together with age and treatment administered.

In multivariate analysis (Fig. 4), TP53 mutation [odds ratio (OR),
3.78, P < 0.01], high LDH levels (OR, 3.15, P < 0.01), IgL translocation

Table 2. Best response to upfront treatment and drug
refractoriness after first relapse in patients with early PD versus
late PD.

Early PD
(n ¼ 191)

Late PD
(n ¼ 228) P

Best response to upfront treatment
PD 9 (6%) 0
SD 22 (14%) 8 (4%)
PR 53 (34%) 31 (14%)
VGPR 63 (40%) 129 (57%)
CR 3 (2%) 40 (18%)
sCR 8 (5%) 18 (8%)
Nonevaluable 33 2

ORR 80% 96% P < 0.001
≥VGPR rate 47% 82% P < 0.001
Drug refractoriness after first relapse

IMiD refractory 80 (42%) 86 (38%) P ¼ 0.541
PI refractory 96 (50%) 41 (18%) P < 0.001
IMiD þ PI double refractory 41 (21%) 18 (8%) P < 0.001

Abbreviations: CR, complete response; IMiDs, immunomodulatory drugs;
n, number; ORR, overall response rate (≥PR); P, P value; PD, progressive disease;
PIs, proteasome inhibitors; PR, partial response; sCR, stringent CR; SD stable
disease; VGPR, very good partial response.

Figure 2.
OS for patients with early PD versus reference population. OS, overall survival; PD, progressive disease; HR, hazard ratio; NR, not reached; ref. pop., reference
population; CI, confidence interval; P, P value; ISS, International Staging System; ASCT, autologous stem-cell transplantation; CT, continuous therapy. Dotted lines:
95% CIs. HR adjusted for age, ISS stage, high-risk cytogenetics [presence of del(17p) and/or t(4;14) and/or t(14;16)], induction treatment, ASCT, CT, and clinical trial
enrollment.
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Early progressors have inferior OS



D’Agostino M et al, Clin Cancer Res 2020

Predictors of early relapse at diagnosis mandate a comprehensive genetic analysis

Discussion
Multiple myeloma prognosis is improving and early relapse after

upfront treatment is beginning to be recognized as a high-risk fea-
ture (28). The same observation had been done for other hematologic
malignancies with an expected indolent course, such as follicular
lymphoma and chronic lymphocytic leukemia (29, 30).

Here we proposed progression ≤18 months after the start of first-
line treatment as a marker of high risk and demonstrated its detri-
mental effect on the OS of patients with NDMM.

The 18-month cut-off was chosen because our time to ASCT was
approximately 6 months and the majority of published studies on
patients with multiple myeloma with early PD defined early PD as a
relapse within 12 months from ASCT. Indeed, the hazards of pro-
gression in our patient population increased over time with no
identified peak of risk (Supplementary Fig. S4).

We incorporated in our analysis baseline clinical and biological
features to identify risk factors of early PD. The characterization

by NGS of this patient cohort allowed us to simultaneously study
CNAs, translocations and mutations in genes of interest by using the
same platform. This is an advantage of NGS versus conventional
FISH, which cannot detect mutations and needs specific probes to
detect prespecified translocations and CNAs. Moreover, NGS and
conventional FISH showed high concordance in detecting the same
CNAs and translocations, as shown in Supplementary Fig. S5 and by
others (17, 18).

TP53 mutation, which is currently not included in the standard
baseline evaluation of patients with multiple myeloma, was the most
important factor increasing the risk of early PD emerging from our
analysis. Its adverse effect was confirmed in the risk of death within
24 months from diagnosis. TP53 mutation is rare in patients at
diagnosis (3.5%), but about 25% of patients with del(17p) has also
TP53 mutation. As similarly observed by other groups (9), our data
further supported the routine testing of TP53 mutation at least in del
(17p)-positive patients. Indeed, the presence of del(17p) without TP53

Figure 4.
Multivariate logistic regression model evaluating risk factors associated with early PD in the patients actually at risk for the entire 18-month period (n ¼ 825). PD,
progressive disease; OR, odds ratio; CI, confidence interval; P, P value; IgL, immunoglobulin lambda chain; IGLL5, immunoglobulin lambda like polypeptide 5; LDH,
lactate dehydrogenase; V, bortezomib; d, low-dose dexamethasone; chemo, conventional chemotherapy; R, lenalidomide; K, carfilzomib; ASCT, autologous stem-
cell transplantation; CT, continuous therapy; FDT, fixed-duration therapy; IMiDs, immunomodulatory drugs; PIs, proteasome inhibitors. Analysis is adjusted for
missing values within each variable.
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Impact of early relapse (functional HR) on IKEMA outcomes

Early relapse: <12 mo from initiation of the most recent LOT for pts with ≥2 prior LOT, <18 mo for pts with 1 prior LOT, and <12 mo from autologous stem-cell transplantation (ASCT). Facon et al, ASH 2022

EARLY LATE

IsaKD mPFS: 24,7 mo IsaKD mPFS: 42,7 mo
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Absolute prediction of HR risk is 
not possible today. Sometimes we only know 

ex post
3rd take home message



Evolutionary-convergent view of risk in myeloma

significance, and the same is true formutations in tumor suppressor
genes of the NF-kB pathway and DNA repair pathway, with the
exception of TP53mutations.113,117 However, tumor suppressors
such asTP53,RB1,DIS3,CYLD,TRAF3, often show a pattern of
bi-allelic inactivation at relapse that is prognostically relevant.123

Similarly, a combinatorial effect of lesions may confer a specific
prognosis that is not evident when any lesion is considered in
isolation, as is the case for PRDM1 deletions along with either t
(4;14) or BIRC3 deletions.113 Last, increasing numbers of chr(1q)
copies confer poor prognosis124 highlighting how disease
prognosis is linked to the complexity of its genome, which is the
basis for the definition of “double hit” or “multiple hit”myeloma.
While gene mutations would be easy to diagnose in routine

clinical practice, and could be therapeutic targets, their role in
dictating disease behavior is still mostly unknown, and therefore
the clinical utility of their detection is still limited. Similarly,
current treatments with proteasome inhibitors and immunomod-
ulatory agents do not seem to select specific gene mutations, as
mediators of treatment response are only rarely mutated.125–130

However, a somewhat specific sensitivity of t(4;14) cases to
bortezomib treatment has been described even if the mechanism
remains unknown.131

Conversely, rare “druggable” gene mutations such as the
BRAF V600E must be approached with caution since they are
often subclonal60 and their inhibition may trigger paradoxical
growth of RAS activated PCs.132–134 Indeed, subclonality of
driver lesions is an inherent feature of MM evolution and raises
the question as to whether their prognostic value also depends on
their clonal fraction. Conflicting data exist on the matter, and
some groups advocate a tumor fraction>55% for a subclonal del
(17p) before it should be considered prognostic.135 However,
from an evolutionary perspective, high-risk lesions can only be
selected positively by treatment, and therefore their simple
presence should warn the clinician (Fig. 3). Again on an
evolutionary perspective, one could wonder if genomic lesions
underlying relapse are already present at diagnosis, just in very
few cells and thus “invisible” until selective pressure from
treatment is applied, or they are truly acquired during treatment.
A similar question has been addressed in chronic myeloid
leukemia, where the cancer cells can overcome tyrosine kinase
inhibitor treatment by expanding a pre-existing clone with ABL
mutations.136 In MM, mutational signature analysis has shown
that high-dose melphalan can induce mutations in the relapsed
clone50,121 thus supporting the new acquisition of mutations. On

Figure 3. Progression to high-riskmyeloma. At diagnosis, MM is composed of a heterogeneous mixture of subclones. High risk features (blue contour) may be
absent or poorly represented and most cells would carry standard risk features (green contour). In high-risk groups, most cells at diagnosis would carry high-risk
features. After treatment the disease burden shrinks, but residual cells are likely enriched in high-risk features and possibly pre-existing cells carrying mutations
conferring chemo-resistance (orange contour). At relapse, these two features are enriched explaining the lower response rates to subsequent treatments and often
lack of response to re-treatment with first line drugs.

(2020) Vol:No www.hemaspherejournal.com
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How do we deal with HR disease?
- 2nd approach: we identify patients prospectively and treat accordingly
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Aim/Hypothesis

High-Risk MM - the unmet need

2

Post-hoc modifications:
• Difficult to rescue at relapse

Relapse <24m 
(<18m post ASCT)

Use improved biological risk prediction:
• Improve outcome upfront

Current status

~ 20-25%

ASCT = autologous stem cell transplantation

Currently no uniform treatment standard
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UK multi-centre phase 2 trial 
for UHiR MM and PCL - Screening protocol

39 NHS hospitals
Mostly community (DGH)

Sep 2017 – Jul 2019
Enrollment

Remained in OPTIMUM Screening 
(n=305; including 30 high risk patients)
• Standard of Care therapy – Data collection

Suspected or confirmed NDMM/PCL
Recruited to OPTIMUM Screening (n=472)

Did not have a symptomatic Multiple Myeloma or PCL diagnosis (n=60)
• Asymptomatic Myeloma (n=22)
• MGUS (n=14)
• Other (n=16)
• No confirmed diagnosis (n=8)

Multiple Myeloma or PCL diagnosis (n=412)

Genetic & GEP 
Risk screening

Registered and eligible for OPTIMUM 
Treatment Trial (n=107)

Risk screening result (n=412)
• Ultra High risk (n=138)
• Non-high risk (n=221)
• Partial result (n=24)
• Missing risk result (n=29)

87% complete 
screening result 

Central sample

Recruitment 10 months ahead 
of projection



Individualized Risk Model for Myeloma (IRMM)

• MMRF, N=1062  
• Moffitt, N=177      
• MPG, N=492
• MSKCC, N=109 
• UAMS, N=93

• Clinical
• Demographic
• Ethnic
• Treatment
• Genomics 

(WES/WGS)

Model is driven 
by Deep Neural 

Networks

Arjun Raj 
Rajanna

Andriy 
Derkach

Bachisio 
Ziccheddu

Courtesy of Francesco Maura (U. of Miami)



Personalized survival prediction in MM
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Conclusions

• In SMM, genomic prognostication may soon complement laboratory data
• In NDMM consensus on HR disease definition is lacking

• 2 HR lesions, 1 + HR transcriptome, CTCs?
• Radiology?

• Current risk prediction strategies are are imperfect for
• Accuracy
• Prediction of Tx effect

• Promise of large knowledge banks for prospective identification of patients
• Need for ad-hoc studies in HR even as we learn how to define and predict HR
• Future IMS risk stratification will mandate extended genotyping, preferrably 

by NGS
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