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Occurrence and prognostic significance of cytogenetic
evolution in patients with multiple myeloma
M Binder1, SV Rajkumar2, RP Ketterling3, A Dispenzieri2, MQ Lacy2, MA Gertz2, FK Buadi2, SR Hayman2, YL Hwa2, SR Zeldenrust2,
JA Lust2, SJ Russell2, N Leung2,4, P Kapoor2, RS Go2, WI Gonsalves2, RA Kyle2 and SK Kumar2

Cytogenetic evaluation at the time of diagnosis is essential for risk stratification in multiple myeloma, however little is known about
the occurrence and prognostic significance of cytogenetic evolution during follow-up. We studied 989 patients with multiple
myeloma, including 304 patients with at least two cytogenetic evaluations. Multivariable-adjusted regression models were used
to assess the associations between the parameters of interest and cytogenetic evolution as well as overall survival. The prognostic
significance of baseline cytogenetic abnormalities was most pronounced at the time of diagnosis and attenuated over time. In the
patients with serial cytogenetic evaluations, the presence of t(11;14) at the time of diagnosis was associated with decreased odds
of cytogenetic evolution during follow-up (odds ratio (OR) = 0.22, 95% confidence interval (CI) = 0.09–0.56, P= 0.001), while the
presence of at least one trisomy or tetrasomy was associated with increased odds (OR = 2.96, 95% CI = 1.37–6.42, P= 0.006). The
development of additional abnormalities during the 3 years following diagnosis was associated with increased subsequent
mortality (hazard ratio = 3.31, 95% CI = 1.73–6.30, Po0.001). These findings emphasize the importance of the underlying clonal
disease process for risk assessment and suggest that selected patients may benefit from repeated risk stratification.
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INTRODUCTION
Two distinct oncogenic pathways have been implicated in the
molecular pathogenesis of multiple myeloma.1 One pathway
is characterized by the occurrence of translocations involving the
immunoglobulin heavy chain locus (non-hyperdiploid pathway),2

the other one by multiple trisomies of odd-numbered chromo-
somes (hyperdiploid pathway).3 The involved pathway and the
presence of specific cytogenetic abnormalities at the time
of diagnosis have been shown to be of prognostic
significance.4–7 The occurrence of cytogenetic abnormalities has
been implicated in disease progression8,9 but it is hitherto
unknown which factors are determining the subsequent devel-
opment of cytogenetic abnormalities and whether or not these
abnormalities are of prognostic significance later on in the course
of disease. Although there is evolving consensus to reevaluate for
cytogenetic high-risk features during follow-up, data regarding
the acquisition, persistence and regression of other cytogenetic
features are lacking.10 We undertook this study to identify factors
associated with the subsequent evolution of cytogenetic abnorm-
alities and to assess their prognostic significance during follow-up.

PATIENTS AND METHODS
Study population
The patients who were diagnosed with multiple myeloma at Mayo Clinic
Rochester between January 2004 and December 2012 were identified by
retrospective chart review. The patients with a cytogenetic evaluation via
fluorescence in situ hybridization within 6 months of diagnosis were
included in the study. Those who underwent at least two fluorescence
in situ hybridization evaluations, including the diagnostic specimen, were
included in the longitudinal subgroup.

Cytogenetic evaluation
The bone marrow aspirates were evaluated for deletions, monosomies,
trisomies, tetrasomies and translocations using locus-specific or
centromere-specific fluorescence in situ hybridization probes. The immu-
noglobulin heavy chain rearrangements were evaluated using
an immunoglobulin heavy chain break-apart probe and up to five
potential partners (FGFR3, CCND1, CCND3, MAF and MAFB). The specimens
that failed quality control and were deemed inappropriate for evaluation
by the hematopathologist were excluded. The data on t(11;14), t(4;14),
t(14;16), monosomies (9, 11, 13, 14, 15, 16, 17), trisomies (11, 13, 14, 15, 16,
17), tetrasomies (3, 7, 9, 11, 13, 15, 17), del(13q), and del(17p) were
obtained for all the specimens. The data on t(6;14) and t(14;20) were
obtained from 2009 onward and the analyses were adjusted accordingly.
Cytogenetic evolution was defined as a new deletion, monosomy, trisomy,
tetrasomy or translocation during follow-up. The presence of del(17p),
t(14;16) or t(14;20) was considered a high-risk abnormality. Hyperdiploidy
was defined as the presence of multiple (⩾2) trisomies.

Statistical analysis
Multivariable-adjusted logistic regression models were used to assess
the associations between the parameters of interest at diagnosis and the
presence of cytogenetic evolution in the follow-up specimens. All the
models were adjusted for sex, age, the presence of high-risk abnormalities,
the number of abnormalities at the time of diagnosis and the time
between the first and last cytogenetic evaluation. Overall survival
estimates were calculated using the method described by Kaplan and
Meier.11 The log-rank test was used to assess the differences in survival
distributions. Multivariable-adjusted Cox proportional hazards models12

were used to assess the effect of cytogenetic evolution on overall survival.
All the models were adjusted for sex, age at diagnosis and the number of
cytogenetic evaluations. The model assessing the prognostic significance
of additional cytogenetic abnormalities during the 3 years after diagnosis
was additionally adjusted for the presence of high-risk abnormalities and
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the number of abnormalities at diagnosis. Likelihood ratio tests were used
to assess the goodness of fit of nested models. The χ2 or Fisher’s exact test
was used to assess the distribution of cytogenetic abnormalities in the
subgroups.

RESULTS
Between January 2004 and December 2012, there were 989
patients with a new diagnosis of multiple myeloma with
cytogenetic data at the Mayo Clinic Rochester. Three hundred
and four patients (31%) underwent at least one additional
cytogenetic evaluation during follow-up either at the time
of disease progression (98%) or during the evaluation for
autologous hematopoietic stem cell transplantation (2%). The
median time between the first and last cytogenetic evaluation was
14 months (1–88). The patients who underwent serial cytogenetic
evaluations were younger at the time of diagnosis and
experienced longer overall survival compared with the patient
with a single cytogenetic evaluation (median 6.7 versus 5.1 years,
Po0.001), reflecting the fact that these patients had to survive
long enough to undergo repeated cytogenetic evaluation. The
distribution of cytogenetic features in the two subgroups was very
similar. The patient characteristics, cytogenetic features at
diagnosis and survival experience of the entire cohort as well
as the two subgroups are summarized in Table 1.

Prognostic significance of baseline cytogenetic features during
follow-up
Consistent with prior reports,3,6,7 the presence of cytogenetic
high-risk features and the absence of a hyperdiploid clone at
diagnosis were associated with shorter overall survival (Table 1).
However, the effects of these prognostic factors were attenuated
over time. The presence of high-risk features was no longer
associated with overall survival in those who survived 3 years, the
absence of a hyperdiploid clone was no longer of prognostic
significance in those who survived 1 year after diagnosis. Figures 1
and 2 show the Kaplan–Meier overall survival estimates for the
entire cohort and those patients who survived 1, 2 and 3 years
after diagnosis, stratified by the aforementioned prognostic
factors. The corresponding multivariable-adjusted hazard ratios
are shown in Table 2.

Occurrence of cytogenetic evolution
The patients with a hyperdiploid clone at diagnosis were more
frequently found to develop new cytogenetic abnormalities later
on during the course of disease, especially the acquisition of
additional copies of chromosomes was more common (Table 3).
Although the propensity to develop new abnormalities was
different, the types of new abnormalities were very similar in the
two groups: Monosomy 13, trisomy 11, tetrasomy 15 and deletion
17p were the most common new abnormalities in both
the groups. The presence of additional copies of chromosomes
(any trisomy or tetrasomy at diagnosis) was associated with
increased odds of new abnormalities during follow-up (OR (odds
ratio) = 2.96, 95% CI (95% confidence interval) = 1.37–6.42,
P= 0.006) while the presence of t(11;14) was associated with
decreased odds (OR = 0.22, 95% CI = 0.09–0.56, P= 0.001), adjust-
ing for sex, age, the presence of high-risk abnormalities, the
number of abnormalities at the time of diagnosis and the time
between first and last cytogenetic evaluation. The presence of
high-risk abnormalities at the time of diagnosis was not associated
with increased odds of new abnormalities during follow-up
(P= 0.267). In addition, adjusting for autologous hematopoietic
stem cell transplantation status did not significantly change the
parameter estimates or improve model fit (P= 0.427). The other
two translocations with sufficient data to analyze, t(4;14) and
t(14;16), were not associated with the development of new

abnormalities during the follow-up (P= 0.219 and P= 0.624,
respectively).
During the follow-up, 145 patients (47.7%) were found to have

lost at least one abnormality (median 1, range 1–8) that was
present on prior cytogenetic evaluations. The most common lost
abnormalities were monosomy 13, trisomy 15, tetrasomy 11
and deletion 17p. Adjusting for the same factors as before, the
number of abnormalities at the time of diagnosis was the only
characteristic associated with increased odds of loss of abnorm-
alities during the follow-up (OR = 1.49 for each abnormality
present at the time of diagnosis, 95% CI = 1.20–1.85, Po0.001).
Both the development of new (n= 1) and the loss of existing
translocations (n= 3) was rare.

Prognostic significance of cytogenetic evolution
One hundred and sixty four of the 304 patients with serial
cytogenetic evaluations were alive 3 years after diagnosis.
Figure 3a shows the Kaplan–Meier overall survival estimates for
these 164 patients, stratified by the development of new
cytogenetic abnormalities. Development of new cytogenetic
abnormalities during the 3 years after diagnosis was associated
with increased subsequent mortality (hazard ratio = 3.31, 95%
CI = 1.73–6.30, Po0.001), adjusting for sex, age, the presence
of high-risk abnormalities and the number of abnormalities at the
time of diagnosis. In addition, adjusting for the time between
the first and last cytogenetic evaluation and autologous hemato-
poietic stem cell transplantation status did not significantly
change the parameter estimates or improve model fit (P= 0.114
and P= 0.360, respectively).
Figure 3b further stratifies the group of patients without new

abnormalities into those who had abnormalities at the time of
diagnosis but not during follow-up (normalization) and those who
had stable abnormalities over time (stability). Both the patients

Table 1. Characteristics of the whole cohort of 989 patients with
multiple myeloma (stratified by the number of cytogenetic
evaluations)

Entire cohort Serial FISH Single FISH

Men (n (%)) 585 (59) 192 (63) 393 (57)
Age at diagnosis (years) 63 (22–95) 61 (32–82) 65 (22–95)
Follow-up (years) 2.7 (0–9) 3.7 (0–8) 2.0 (0–9)
Overall survival (years) 5.3 (4.8–6.4) 6.7 (5.0–7.4) 5.1 (4.3–6.1)

Cytogenetic features at diagnosis (n (%))
Standard or intermediate risk 844 (85) 253 (83) 591 (86)
High risk 145 (15) 51 (17) 94 (14)

Overall survival by cytogenetic features (years (95% CI))
Standard or intermediate risk 5.8 (5.1–7.2) 7.0 (5.1–NR) 5.3 (4.5–6.4)
High risk 3.3 (2.7–4.3) 4.1 (3.1–NR) 2.4 (1.8–4.7)

Karyotype at diagnosis (n (%))
Hyperdiploid karyotype 354 (36) 112 (37) 243 (35)
Non-hyperdiploid karyotype 635 (64) 192 (63) 442 (65)

Overall survival by karyotype (years (95% CI))
Hyperdiploid karyotype 6.4 (5.0–NR) NR (5.0–NR) 6.4 (4.4–NR)
Non-hyperdiploid karyotype 5.0 (4.3–5.8) 5.8 (4.7–7.4) 4.6 (4.1–5.8)

Cytogenetic abnormalities at diagnosis (n (%))
Translocations 337 (34) 101 (33) 236 (34)
Monosomies 400 (40) 130 (43) 270 (39)
Trisomies 541 (55) 172 (57) 369 (54)
Tetrasomies 119 (12) 33 (11) 86 (13)
Deletions 196 (20) 63 (21) 133 (19)

Abbreviations: CI, confidence interval; FISH, fluorescence in situ hybridiza-
tion; NR, not reached. The data are given as median (range) unless denoted
otherwise. NR, not reached.
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with stable abnormalities and the patients with new abnormalities
experienced worse overall survival than the patients with
normalization (P= 0.026 and P= 0.002, respectively). As there
were no deaths observed in the normalization group, no hazard
ratios were estimated.
The proportion of patients with cytogenetic high-risk features at

diagnosis was identical in those who developed additional
abnormalities later on and those who did not (14% in both
groups, P= 1.000). The subsequent overall survival experience
of the 10 patients who developed high-risk features during the
follow-up was not statistically different from the 42 patients
developing other cytogenetic abnormalities (P= 0.392). Likewise,
the subsequent overall survival experience of the 36 patients who
developed additional copies of chromosomes was not statistically
different from the 16 patients developing other cytogenetic
abnormalities (P= 0.217).

DISCUSSION
Over the last decade several new treatment options including
immunomodulators, proteasome-inhibitors and more recently
a histone deacetylase inhibitor and a monoclonal antibody13

have become available for patients with multiple myeloma.
Immunotherapies including monoclonal antibodies14 and trans-
duction of autologous T cells to target specific surface antigens15

are currently being investigated. The use of novel agents and risk-
adapted treatment strategies have led to an increase in response

rates and overall survival in patients with newly diagnosed
multiple myeloma and patients with advanced disease.16–23

Although the demographic characteristics of patients treated
at Mayo Clinic Rochester have changed little over the past 30
years, the median overall survival has almost doubled (median
overall survival 5.3 years in the current cohort versus 2.8 years in
the 1027 patients diagnosed between 1985 and 1998) and more
than half of the patients with unfavorable cytogenetics were alive
3 years after diagnosis.24 Risk-adapted treatment strategies
currently solely rely on cytogenetic evaluation at the time
of diagnosis,25 and to our knowledge, no prior studies exist to
examine the impact of cytogenetic evolution throughout the
course of disease.
Our data suggest that the presence of high-risk abnormalities or

a hyperdiploid clone at the time of diagnosis is most informative
for the time immediately following diagnosis and that these
effects are attenuated over time. With every year, a patient
surviving the impact of these cytogenetic findings becomes less
pronounced. Both treatment exerting selective pressure on the
different clones present at diagnosis and natural progression
of the disease are plausible explanations for these observed
alterations of the underlying disease process. Clones harboring the
cytogenetic abnormalities detected at the time of diagnosis may
no longer be present or driving the disease process 1, 2 or 3 years
later. This seemed to be relevant for the small subgroup of
patients with a normalization of their cytogenetic profile during
the 3 years following diagnosis that experienced excellent

Figure 1. Kaplan–Meier overall survival estimates stratified by the presence of cytogenetic high-risk features at the time of diagnosis (solid
line): Landmark analysis with patients entering the cohort at the time of diagnosis (a), and the survivors 1 (b), 2 (c) and 3 (d) years after
diagnosis.
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subsequent overall survival. Although we did not investigate
treatment effects on cytogenetic evolution, regression towards
the mean is likely contributing to the association observed
between the number of abnormalities at the time of diagnosis and
the loss of these abnormalities during follow-up. Future studies

are needed to investigate the impact of specific treatment
regimens on cytogenetic evolution over time.
Although the newly evolved abnormalities were similar

between patients with and without a hyperdiploid clone
at diagnosis, the propensity to develop these abnormalities was
different. Among the examined translocations, t(11;14) was
associated with increased cytogenetic stability during the follow-
up. This translocation upregulates cyclin D1 and is less commonly
seen in hyperdiploid disease. It has been associated with
lymphoplasmacytic morphology and lower serum monoclonal

Figure 2. Kaplan–Meier overall survival estimates stratified by the presence of a hyperdiploid clone at the time of diagnosis (solid line):
Landmark analysis with patients entering the cohort at the time of diagnosis (a), and the survivors 1 (b), 2 (c) and 3 (d) years after diagnosis.

Table 2. Multivariable-adjusted hazard ratios (overall survival) for the
presence of cytogenetic high-risk features and a hyperdiploid clone at
the time of diagnosis and the three consecutive years (landmark
analysis)

Population Subgroup/all patients HR (95% CI) P-value

Cytogenetic high-risk features at diagnosis
At diagnosis 145/989 1.90 (1.46–2.48) o0.001
1-year survivors 115/822 1.82 (1.33–2.51) o0.001
2-year survivors 75/598 1.71 (1.14–2.57) 0.010
3-year survivors 47/435 1.51 (0.88–2.62) 0.138

Hyperdiploid clone at diagnosis
At diagnosis 354/989 0.67 (0.53–0.85) 0.001
1-year survivors 301/822 0.77 (0.59–1.01) 0.061
2-year survivors 233/598 0.92 (0.67–1.27) 0.603
3-year survivors 164/435 0.96 (0.64–1.44) 0.845

Abbreviations: CI, confidence interval; HR, hazard ratio. All the models are
additionally adjusted for sex, age at diagnosis and the number of
cytogenetic evaluations.

Table 3. Cytogenetic evolution during follow-up in 304 patients with
multiple myeloma stratified by FISH karyotype at the time of
diagnosis

Hyperdiploid
(n=112)

Non-hyperdiploid
(n= 192)

P-value

New abnormality 60 (54%) 69 (36%) 0.003
New monosomy 6 (5%) 14 (7%) 0.634
New trisomy 37 (33%) 33 (17%) 0.002
New tetrasomy 29 (26%) 19 (10%) o0.001
New deletion 13 (12%) 12 (6%) 0.129
New translocation 1 (1%) 0 (0%) 0.368

Abbreviation: FISH, fluorescence in situ hybridization. The data are given as
count (percent) unless denoted otherwise.
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protein concentrations in a prior study but the greater median
survival (49.6 versus 38.7 months) did not reach statistical
significance.26 Its presence was associated with better 1-year
overall survival in a small cohort of patients with primary plasma
cell leukemia.27 These findings suggesting more favorable
outcomes may be a marker of increased cytogenetic stability in
this patient population.
In our cohort, cytogenetic stability was of prognostic

significance later on in the course of disease. Those patients
who survived 3 years after diagnosis without the development
of new cytogenetic abnormalities experienced increased
subsequent overall survival compared with those who devel-
oped new abnormalities. Although there is consensus to
reassess the presence of high-risk abnormalities during follow-
up,10 the difference in subsequent overall survival was not
driven by a differential distribution of high-risk abnormalities in
our cohort. In majority of the cases, it was rather the acquisition
of additional copies of chromosomes, potentially reflecting an
underlying active or genetically unstable clone driving the
disease process at that point. With the upcoming availability of
new agents, further improvement in survival is to be expected in
the near future. Today, the vast majority of patients with
multiple myeloma are experiencing overall survival beyond
3 years after diagnosis. Our data suggest that the cytogenetic

risk strata established at the time of diagnosis become less and
less informative as the disease progresses. The underlying clonal
process seems to evolve over time and so do associated
prognostic factors. An assessment of cytogenetic stability
proved to be relevant for those patients who survived 3 years
or more after diagnosis. The distinct cytogenetic features
present at the time of diagnosis were associated with
cytogenetic stability during the follow-up. These findings
suggest that selected subgroups of patients may benefit from
repeated risk stratification during the follow-up.
The ability to draw firm conclusions from these data is limited

by the retrospective nature of this study. The associations
remained stable after adjusting for potential confounding
factors including patient and disease characteristics, suggesting
an independent predictive or prognostic value of these
cytogenetic features, respectively. Careful assessment of patient
and disease characteristics, adjustment for known confounding
factors and sensitivity analyses yielded stable effect estimates.
However, the presence of residual confounding accounting for
parts of the observed associations cannot be completely
excluded. The strengths of this study include a large single-
center cohort of patients evaluated and treated in a uniform
manner, relative completeness of data and several years
of follow-up.
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