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Myelodysplastic syndrome (MDS) is a
well-recognized complication of chemo-
therapy for multiple myeloma (MM). Serial
bone marrow metaphase examinations
were performed for MM restaging in
3077 patients undergoing high-dose
therapy (HDT). MDS-associated cytoge-
netic abnormalities (MDS-CAs) were ob-
served in 105 of 2418 patients in whom
cytogenetic data were available after HDT.
MDS-CAs occurred transiently in 72 pa-
tients and on 3 successive occasions
(persistent MDS-CAs) in 33 patients, for
10-year estimates of 4% and 2%, respec-

tively; only 21 patients developed overt
clinical MDS and 5, acute myeloblastic
leukemia (AML). MDS-CA development
was linked to lower CD34 yield at collec-
tion, longer time interval from MM diagno-
sis to HDT, older age, and lower platelet
recovery after HDT; persistent MDS-CAs
were predicted by CD34 yield of less than
3 � 106/kg and need for more than 2
apheresis procedures. Applying a tertile
frequency distribution over time to all 105
patients with MDS-CAs, its detection early
after HDT was associated with longer
time interval from diagnosis and low pre-

HDT platelet count (likely resulting from
pre-HDT damage), whereas late-onset
MDS-CAs were noted among patients
treated with Total Therapy 2 and Total
Therapy 3 that applied post-HDT consoli-
dation chemotherapy (suggesting pos-
sible post-HDT damage). While the risk of
MDS-CAs was low and clinical MDS oc-
curred infrequently, monitoring after post-
HDT consolidation chemotherapy ap-
pears warranted. (Blood. 2008;111:94-100)
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Introduction

Autologous hematopoietic cell–supported high-dose therapy (HDT)
with melphalan has become the standard of care in the management
of younger patients with symptomatic or progressive multiple
myeloma (MM).1,2 According to both randomized and historically
controlled trials, tandem autotransplantation, especially, has in-
creased complete response (CR) rates beyond 40% and at least
doubled survival in relationship to standard-dose therapies.3,4 In
fact, 10-year survival rates of more than 30% have been observed.5

The treatment-related mortality in most HDT trials is well less than
5% in patients up to and even older than 65 years.6 Long-term
sequelae are uncommon, so that even third and fourth transplants
have been successfully applied.7,8

Myelodysplastic syndrome (MDS) is a well-recognized compli-
cation of cancer therapy, especially with hematopoietic stem
cell–toxic therapies such as ionizing radiation and alkylating
agent–based chemotherapy (melphalan, nitrosoureas), occurring a
median of 4 to 5 years after treatment.9-11 Whereas cytogenetic
abnormalities typifying MDS (MDS-CAs) after alkylator-based
therapy include partial or complete deletions of chromosomes 5, 7,
and 20 as well as trisomy 8,12,13 topoisomerase inhibitors, etoposide
and doxorubicin, target chromosome 11 and induce MDS with a
shorter latency phase of 1 to 2 years.14-16 Sizable series have been
reported on the development of therapy-related MDS (t-MDS) in

the context of HDT for Hodgkin and non-Hodgkin lymphoma as
well as for MM.17-21 Since standard-dose regimens precede autolo-
gous bone marrow and, more recently, peripheral blood stem cell
(PBSC) collection, it remains unclear whether t-MDS was initiated
by chemotherapies administered prior to PBSC collection or by
HDT or both. Most studies attributed MDS development to
pretransplantation regimens; however, primary HDT after non–
stem cell–toxic vincristine-adriamycin-dexamethasone (VAD)
therapy for MM was associated with a low incidence of t-MDS of
only 0% at 4.7 years.20 According to multivariate analyses,
MDS-CA frequency reached 15% at 10 years after HDT in older
patients (� 65 years), those with more than 24 months of standard
chemotherapy prior to PBSC collection and poor PBSC collec-
tion.21,22 In recent studies that applied fluorescence in situ hybridiza-
tion (FISH) analysis for the detection of MDS lesions in interphase
cells, such abnormalities sometimes were already present in PBSCs
prior to high-dose regimens and were similar or identical to those
subsequently detected after HDT.23,24

At the University of Arkansas for Medical Sciences, cytoge-
netic analyses of Giemsa-banded metaphases were routinely
performed as part of initial and subsequent bone marrow
evaluations in patients with MM, primarily to detect MM-
typical cytogenetic abnormalities (MM-CAs) conferring a poor
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prognosis.25,26 We now report our experience with such serial
cytogenetic analyses for the detection of MDS-CAs during the
follow-up of more than 3000 consecutive patients enrolled in
melphalan-based HDT trials.

Methods

The institutional review board of the University of Arkansas for Medical
Sciences approved the studies. Informed consent was obtained in accor-
dance with the Declaration of Helsinki.

The database

The Arkansas MM database was reviewed for all 3077 patients who
received at least one HDT regimen prior to January 2007. Bone marrow
aspirates were routinely submitted for cytogenetic analysis prior to and
serially after HDT, usually at 3-month to 6-month intervals during the
first 3 years of follow up and then semiannually. Of all 3077 patients, at
least one informative karyotype was available both prior to and after
HDT in 2816. A diagnosis of MDS-CA was based on the presence of
MDS-associated cytogenetic abnormalities in at least 2 metaphases in
case of structural aberrations or trisomies, whereas 3 metaphases were
required in case of hypodiploid abnormalities.27 Additional information
gathered from the MM database included age, duration and type of
pretransplantation therapy, hemoglobin concentration, platelet count,
CD34 yield/kg body weight, days of PBSC collection, data on days to
platelet and granulocyte recovery after first and second transplantation,
as well as MM-related parameters such as immunoglobulin isotype,
beta-2-microglobulin (B2M), C-reactive protein (CRP), and MM-CAs.
Also annotated was whether patients received their primary therapy at
Arkansas as part of Total Therapies 1 (TT1),28 2 (TT2),29or 3 (TT3)30-32)
or other protocols (non–TT-P) or off-protocol (non-P), along with the
transplantation preparatory regimen, such as melphalan 200 mg/m2

(MEL 200), melphalan 140 mg/m2 (MEL 140), MEL 140 plus total body
irradiation (TBI), or combination chemotherapy with carmustine, etopo-
side, cytarabine, and melphalan (BEAM).33

Statistical methods

The method of Kaplan-Meier was used to estimate overall survival and
cumulative incidence of MDS-CAs,34 using the log-rank test statistic for
comparisons.35 Starting time for cumulative incidence of MDS-CAs was
the date of the first HDT for each patient, with death included as a
competing risk.36 P values for nonparametric tests of association in the
2 groups of patients (those with and without MDS-CAs) with continuous
baseline variables, first and second transplantation, were obtained
according to the method of Kruskal-Wallis (chi-square).37 The Cochran-
Armitage trend test was used to compare patient characteristics accord-
ing to their tertile frequency distribution over time.38 Univariate and
multivariate Cox proportional hazard models were used to model time to
t-MDS as a function of the baseline prognostic variables.39 Overall
survival models were also created using the Cox proportional hazards
methodology with stepwise model selection based on likelihood ratio
and score tests.

Results

Onset of and variables associated with MDS-CAs

One-hundred five patients developed MDS-CAs, the details of
which are summarized in Table 1. Only 21 of these patients were
eventually diagnosed with MDS and 5 with acute myeloblastic
leukemia (AML). While the majority of patients (78%) devel-
oped a single MDS abnormality, 17% had 2; 3%, 3; and 2%,
even 4 concurrent MDS-CAs. Overall, del20q was the dominant

abnormality; � 7/7q�, t(1;7)(p;q), and � 5/5q� abnormalities
were each present in at least 10%. Figure 1 portrays the
cumulative proportions of patients developing MDS-CAs. Since
MDS-CAs could occur intermittently with intervening normal
karyotypes, data are also presented separately for patients with
transient versus persistent MDS-CAs (defined as 3 successive
MDS-CA hits). At 10 years, the cumulative frequencies of
transient MDS-CAs were 4% and of persistent MDS-CAs, 2%.

Variables predicting timing of MDS-CA onset

Features associated with MDS-CA development were examined by
Cox regression analyses. Among all 105 patients with MDS-
CA development (transient or persistent), low CD34 yield

Table 1. Type and frequency of MDS-CAs in 105 patients

No., type of MDS-Cas No. (%)

One

del(20q) 25 (24)

�7/7q� 16 (15)

t(1;7)(q10;p10) 14 (13)

�5/5q� 10 (10)

del(13q) 7 (7)

�8 5 (5)

del(11q) 2 (2)

del(16q) 1 (1)

t(3;21) 1 (1)

Inv(3) 1 (1)

der(1;14)(q10;q10) 0 (0)

del(12p) 0 (0)

Two

�7/7q�, �5/5q� 6 (6)

t(1;7)(q10;p10), �8 3 (3)

�7/7q�, del(20q) 3 (3)

�8, t(3;21) 1 (1)

�7/7q�, del(13q) 1 (1)

�7/7q�, Inv(3) 1 (1)

del(20q), �5/5q� 1 (1)

del(20q), del(12p) 1 (1)

del(20q), t(1;7)(q10;p10) 1 (1)

Three

�7/7q�, �5/5q�, �8 1 (1)

�7/7q�, t(1;7)(q10;p10), �8 1 (1)

t(1;7)(q10;p10), del(13q), der(1;14)(q10;q10) 1 (1)

Four

�7/7q�, del(12p), �5/5q�, del(13q) 1 (1)

�7/7q�, del(20q), �5/5q�, del(13q) 1 (1)

Figure 1. Cumulative incidence of MDS-CAs. Denoted are the times from first
transplantation to any MDS-CA (blue), to the detection of transient MDS-CAs (red),
and to the observation of the first among 3 successive MDS-CA examinations
(persistent MDS-CAs [green]).
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(� 3 � 106/kg), low platelet recovery level 3 months after first
transplantation (� 150 � 109/L), advanced age (� 70 years), and
longer time interval from MM diagnosis to HDT (� 30 months)
were independently associated with MDS-CA development (Table
2 “All 105 patients”). Days of stem-cell collection and low CD34
yield were independently associated with the development of
persistent MDS-CAs in 33 patients (Table 2 “33 patients with
persistent MDS-CAs”). Thus, the 10-year risk of first MDS-CA
was 3% in the absence, 5% in the presence of 1, and 12% in the
presence of 2 and more baseline risk factors (excluding platelet
recovery) (Figure 2A); for the 33 patients with persistent MDS-
CAs, the 10-year estimates were 5% and 2% in the presence of
1 and 0 risk factors, respectively (Figure 2B). Clinical MDS or
AML, observed in 26 patients, was observed with similar frequen-
cies in transient and persistent MDS-CA categories (P � .52).

Time course of MDS-CA development by calendar year and
protocol status

Figure 3 examines the cumulative times of MDS-CA onset in
relationship to the calendar year of HDT therapy and protocol-
or nonprotocol-based HDT regimens. Patients treated since
1999 seemed to have a delayed onset of MDS-CAs (Figure 3A).
Nonprotocol (non-P) and non–TT protocol (non–TT-P) groups
experienced as a group an earlier onset of MDS-CAs, whereas
such onset appeared delayed in TT2 and TT3 patients (Figure
3B). Beyond 5 years from HDT, there was a projected higher
rate of MDS-CAs among TT2 and TT3 patients. Among patients
treated prior to 1999, those receiving TT1 tended to develop
MDS-CAs less frequently than non–TT-P and non-P groups
(Figure 3C). In more recent HDT recipients, the 2-year and
3-year risk of MDS-CAs was low in the 2% to 3% range,
especially with TT2 and TT3 protocols; however, the MDS-CA
risk seemed to increase among such patients beyond the fourth
year after HDT (Figure 3D). There was a provision in TT2 for
patients not recovering a platelet count of at least 100 � 109/L
to receive, as post-HDT consolidation therapy, dexamethasone
instead of combination chemotherapy comprising topoisomer-
ase inhibitors (etoposide, doxorubicin); such patients seemed to
have an earlier onset of MDS-CAs, whereas those receiving
chemotherapy tended to exhibit an ongoing increased risk of
MDS-CAs beyond 5 years after HDT (Figure 3E). No difference
in MDS-CA development was observed among patients on the

control versus thalidomide arm of TT2 (data not shown).
Furthermore, the MDS-CA subtype distribution was similar in
the 3 treatment categories (TT-P, non–TT-P, non-P).

Patient characteristics associated with tertile time intervals to
MDS-CAs

Since there were time-dependent differences in MDS-CA develop-
ment (Figure 3), we examined variables that were associated with
early versus late onset of MDS-CAs. As noted in Table 3,
significant differences were observed in the tertile distributions of
patients with early, intermediate, or late onset of MDS-CA

Figure 2. Cumulative incidence of MDS-CAs according to number of risk
factors. (A) Transient and persistent MDS-CAs. (B) Persistent MDS-CAs.

Table 2. Multivariate analyses for time to MDS-CAs

Variable

Time to MDS-CA

n/N (%) HR (95% CI) P

All 105 patients*

Total CD34 collected less than 3�106/kg 57/2313 (2) 3.47 (1.77-6.77) �.001

Time interval from diagnosis to 1st transplantation more than 30 mo 277/2313 (12) 2.08 (1.27-3.40) .004

Age 70 y or older 213/2313 (9) 2.00 (1.08-3.70) .027

Platelet recovery 3 mo after 1st transplantation less than 150 � 109/L† — 1.79 (1.16-2.77) .008

33 patients with persistent MDS-CA‡

Total CD34 collected less than 3�106/kg 81/2457 (3) 3.34 (1.01-11.04) .048

CD34 harvest for more than 2 d 95/2457 (4) 3.36 (1.17-9.65) .025

Multivariate model uses stepwise selection with entry level 0.1, and variable remains if it meets the 0.05 level. P values are from Wald chi-square test in Cox regression.
HR indicates hazard ratio; 95% CI, 95% confidence interval; and —, not applicable.
*For these patients, other variables include time from first therapy to first transplantation (univariately significant), hemoglobin level, platelet count, LDH level, albumin

concentration, B2M concentration, creatinine level, cytogenetic abnormalities, 3 or more transplantations (time dependent), and platelet recovery at approximately 3 months
after second transplantation (time dependent).

†Time-dependent variables.
‡For these patients, other variables include age, time from first therapy to first transplantation (univariately significant), hemoglobin level, platelet count, LDH level, albumin

concentration, B2M concentration, creatinine level, cytogenetic abnormalities, 3 or more transplantations (time dependent), and platelet recovery at approximately 3 months
after first and second transplantation (time dependent).
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Figure 3. Cumulative incidence of MDS-CAs. (A) By calendar year of therapy. (B) According to protocol. (C) According to protocol among patients treated from 1989 to 1998.
(D) According to protocol among patients treated from 1999 to 2006. (E) Among patients enrolled in TT2 protocol according to whether consolidation consisted of chemotherapy
or dexamethasone.

Table 3. Patient characteristics according to their tertile frequency distribution over time to MDS-CA

Variable 1st tertile 2nd tertile 3rd tertile P*

TT2 or TT3 protocol 4/35 (11) 9/35 (26) 14/35 (40) .006

More than 12 mo from diagnosis 16/35 (46) 7/35 (20) 6/35 (17) .008

1st quartile of platelets, 109/L 11/31 (35) 4/32 (13) 3/33 (9) .007

CRP concentration 6.0 mg/L or more 15/30 (50) 10/31 (32) 5/27 (19) .012

CD34 infused with 2nd transplantation less than 3�106/kg 6/16 (38) 2/21 (10) 2/17 (12) .061

LDH level 190 U/L or more 6/31 (19) 11/32 (34) 4/33 (12) .461

�7/7q�; �5/5q�;del(20q);�8 27/35 (77) 27/35 (77) 20/35 (57) .067

�7/7q� or del(20q) 22/35 (63) 17/35 (49) 13/35 (37) .030*

Results are shown as n/N (%), where n indicates number with factor and N indicates number with valid data for factor. Nonsignificant variables include female, white, age,
kappa light chain, hemoglobin level, creatinine level, albumin concentration, B2M concentration, cytogenetic abnormalities, second transplantation, 3 or more transplantations,
months between first therapy to first transplantation, months between first and second transplantations, total CD34 collected prior to first transplantation, days of CD34 harvest,
platelet recovery approximately 3 months after first and second transplantations.

*Cochran-Armitage trend test.
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development. TT2 and TT3 recipients had a progressively increas-
ing risk of MDS-CAs with the transition from first to third tertile,
which contrasted with the higher early-onset MDS-CA risk with
subsequent decline among patients whose time interval from initial
MM diagnosis to HDT exceeded 12 months, whose pre-HDT
platelet count was in the lowest quartile, and who had elevated CRP
levels; a trend was apparent for early-onset MDS-CAs among
patients with low CD34 quantities infused with the second
transplant (� 3 � 106/kg) and among those who developed the
� 7/7q� MDS-CA variety.

MDS-CAs and subsequent survival

We also examined whether MDS-CAs impacted post-HDT survival
in the context of standard pre-HDT prognostic factors (Table 4).
Indeed, MDS-CAs (considered as a time-dependent variable) were
associated with shortened survival after adjusting for other signifi-
cant prognostic factors. Forty of the 75 deaths observed among the
105 patients with MDS-CAs were attributable to MM progression,
while merely 7 could be traced directly to the consequences of
clinical MDS/AML or its treatment; the cause of death in the
remaining 28 patients could not be ascertained.

Since the time of onset of MDS-CAs varied greatly (ranging
from 154 to 3780 days), a pair-mate analysis matched 95 of the
105 MDS-CA patients with 115 non–MDS-CA patients (Table 2
“All 105 patients”; age within 2 years, transplantation date matched
within 1 year, CD34 � 3 � 106/kg, and interval between diagnosis
and HDT � 30 months). The survival probability for the MDS-CA
group was significantly lower (median, 25 mo vs 69 mo (P � .001)
(Figure 4).

Discussion

To our knowledge, this report is the largest ever on the
prospective detection of potentially treatment-induced MDS by
metaphase cytogenetic abnormalities, termed here MDS-CAs, in
the context of HDT for MM. Interestingly, MDS-CAs were often
only transiently observed. Even in the subgroup of 33 patients in
whom MDS-CAs were observed on 3 successive occasions, the
detection subsequently of normal metaphases was common.
Considering the tight follow-up of all patients (90% of whom

returned to our institution at least semiannually), the low
incidence of clinical MDS or AML of 1% must be considered
accurate.

Predictors of MDS-CAs were older age and hematopoietic
stem-cell compromise, as revealed by lower CD34 yield and less
complete platelet recovery after the second transplantation. Longer
time intervals from MM diagnosis to first HDT probably reflected
more extensive prior treatment exposure. Among the 33 patients
with persistent MDS-CAs, the 2 independent adverse predictors for
such occurrence were low CD34 yield and need for extended
apheresis procedures, reflecting damage to hematopoietic stem
cells that antedated HDT.

When examined according to calendar year of HDT and type
of HDT regimen, no significant difference was observed be-
tween patients receiving TT1 primary therapy compared with
those with prior treatment exposure elsewhere. Of interest were
the differences in the timing of MDS-CA onset related to
post-HDT consolidation chemotherapy applied in TT2 and TT3
(late-onset MDS-CAs) and time interval from diagnosis and low
platelet count prior to HDT (early-onset MDS-CAs). The latter
more likely reflect pre-HDT–inflicted hematopoietic stem-cell
damage, whereas in the case of TT2 postconsolidation chemo-
therapy appears to be the primary culprit; the follow-up in case
of TT3 is too short, although it will be interesting to see whether
the fewer induction and consolidation cycles applied in TT3

Table 4. Multivariate analysis of post-HDT survival

Variable n/N (%)

Survival from 1st transplantation

HR (95% CI) P

3 or more transplantations* — 4.43 (3.63-5.41) �.001

Platelets less than 100�109/L 231/2147 (11) 1.82 (1.50-2.19) �.001

MDS-CAs* — 1.82 (1.38-2.40) �.001

Any cytogenetic abnormality (MM-CAs) 781/2147 (36) 1.77 (1.56-2.02) �.001

Age older than 70 years at 1st transplantation 195/2147 (9) 1.48 (1.21-1.82) �.001

B2M concentration 3.0 mg/L or higher 695/2147 (32) 1.46 (1.27-1.69) �.001

CRP concentration 6.0 mg/L or higher 819/2147 (38) 1.35 (1.18-1.54) �.001

Albumin concentration less than 3.0 g/dL 147/2147 (7) 1.32 (1.07-1.63) .010

Hb level less than 10 g/dL 663/2147 (31) 1.20 (1.04-1.38) .012

IgA isotype 462/2147 (22) 1.19 (1.03-1.39) .022

TT protocol 957/2147 (45) 0.49 (0.41-0.58) �.001

Non-TT protocol 735/2147 (34) 0.80 (0.69-0.93) .004

Female 809/2147 (38) 0.84 (0.74-0.96) .010

Results are shown as n/N (%), where n indicates number with factor and N indicates number with valid data for factor. P values are from Wald chi-square test in Cox
regression. Other variables include white count, creatinine level (univariately significant), LDH level, and second transplantation (univariately significant; time dependent).

HR indicates hazard ratio; 95% CI, 95% confidence interval.
*Time-dependent covariates.

Figure 4. Survival of patients with and without MDS-CAs matched on age, HDT
date, months from diagnosis to first HDT, and CD34 quantity.
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compared with TT2 and the incorporation of bortezomib into
TT3 will lower the risk of MDS-CAs. Thus, in the context of our
HDT programs for MM, MDS-CAs detected after autotransplan-
tation can be traced to stem-cell compromise as a result of host
senescence, pre-HDT, HDT-based, and post-HDT interventions.
While clinically largely silent in terms of MDS or AML
manifestation, the presence of MDS-CAs contributed indepen-
dently to shorter survival. We have previously reported on a
particularly grave prognosis in patients presenting with an MDS
signature within a typical MM karyotype, referred to as
MM-MDS-CAs, the occurrence of which we attributed to not
only normal hematopoietic cells’ but also MM cells’ susceptibil-
ity to MDS-type damage.26 Such metaphases could be present
together with normal diploid, MM-type CAs, and MDS-CAs.
The shorter OS in the case of MDS-CAs in this study, however,
could not be accounted for by concomitant presence of MM-
MDS-CAs (data not shown), which does not rule out the
possibility that such abnormalities might have been detectable
by interphase FISH analysis.

Most reports on t-MDS are based on the clinical/morphologic
diagnosis of MDS or AML developing in the context of HDT
following standard-dose chemotherapy, either as consolidation or
salvage intervention, so that the critical question of pre-HDT or
HDT induction of t-MDS/AML could not be answered. In the
present study, applying cytotoxic, growth stimulatory, and immuno-
modulatory agents for remission maintenance or disease recontrol,
dysmyelopoiesis and pancytopenia are common, so that the already

difficult task of diagnosing t-MDS early prior to frank leukemic
transformation is further aggravated. Critically objective and
semiquantitative criteria for MDS/AML detection are based on
metaphase detection of MDS-CAs as in our study and the detection
of such CAs in interphase nuclei by appropriate molecular probes
(interphase FISH),24,25 abnormal in vitro colony growth characteris-
tics, and shortening of telomeres.40
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