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A B S T R A C T

Purpose
Patients with myeloproliferative neoplasms (MPNs), including polycythemia vera, essential
thrombocythemia, and primary myelofibrosis, have a propensity to develop acute myeloid
leukemia (AML) and myelodysplastic syndromes (MDSs). Using population-based data from
Sweden, we assessed the role of MPN treatment and subsequent AML/MDS risk with special
focus on the leukemogenic potential of hydroxyurea (HU).

Methods
On the basis of a nationwide MPN cohort (N � 11,039), we conducted a nested case-control
study, including 162 patients (153 and nine with subsequent AML and MDS diagnosis, respec-
tively) and 242 matched controls. We obtained clinical and MPN treatment data for all patients.
Using logistic regression, we calculated odds ratios (ORs) as measures of AML/MDS risk.

Results
Forty-one (25%) of 162 patients with MPNs with AML/MDS development were never exposed to
alkylating agents, radioactive phosphorous (P32), or HU. Compared with patients with who were
not exposed to HU, the ORs for 1 to 499 g, 500 to 999 g, more than 1,000 g of HU were 1.5 (95%
CI, 0.6 to 2.4), 1.4 (95% CI, 0.6 to 3.4), and 1.3 (95% CI, 0.5 to 3.3), respectively, for AML/MDS
development (not significant). Patients with MPNs who received P32 greater than 1,000 MBq and
alkylators greater than 1 g had a 4.6-fold (95% CI, 2.1 to 9.8; P � .002) and 3.4-fold (95% CI, 1.1
to 10.6; P � .015) increased risk of AML/MDS, respectively. Patients receiving two or more
cytoreductive treatments had a 2.9-fold (95% CI, 1.4 to 5.9) increased risk of transformation.

Conclusion
The risk of AML/MDS development after MPN diagnosis was significantly associated with high
exposures of P32 and alkylators but not with HU treatment. Twenty-five percent of patients with
MPNs who developed AML/MDS were not exposed to cytotoxic therapy, supporting a major role
for nontreatment-related factors.

J Clin Oncol 29:2410-2415. © 2011 by American Society of Clinical Oncology

INTRODUCTION

Patients with myeloproliferative neoplasms (MPNs),
including polycythemia vera (PV), essential throm-
bocythemia (ET), and primary myelofibrosis
(PMF) have a propensity to develop acute myeloid
leukemia (AML) and myelodysplastic syndromes
(MDSs).1,2 In PV, the reported incidence of AML/
MDS ranges between 5% and 10% after 10 years of
observation, with a time-dependent increase of
risk.3-5 The risk seems higher (8% to 20%) in PMF6,7

and lower (2% to 5%) in ET.8-10 The underlying
mechanisms of transformation remain an area of
controversy.5 Use of alkylating agents and radioac-

tive phosphorous (P32)3,11,12 is associated with an
established increased risk for leukemic transforma-
tion. Hydroxyurea (HU) has been found to be less
leukemogenic,9,10,13,14 although there are reports on
increased transformation risk, especially when com-
bined with other cytotoxic agents.15,16 Thus, its
long-term effect on AML/MDS development re-
mains controversial.5

The launching of large randomized trials ad-
dressing the risk of treatment-related AML/MDS
has been hampered by the rarity of MPNs, late-
appearing events in a long-term disease course, and
reluctance to randomly assign patients to receive
potentially leukemogenic therapies. To overcome
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this dilemma, we conducted the first large comprehensive study using
population-based data from Sweden. The aim was to determine to
what extent cytoreductive therapies add to the inherent risk of trans-
formation, with a focus on the role of HU.

METHODS

Central Registries, Hospitals, and Patients

All residents of Sweden are assigned a national registration number,
which is used in government-maintained nationwide health care and popula-
tion registries, whereby record linkage is possible with high accuracy. For each
individual, date of death is centrally registered in the cause of death registry.

Sweden has provided universal medical health care for the entire popu-
lation, currently 9 million people, since the mid 1950s. Patients with hemato-
logic malignancies are almost exclusively diagnosed, treated, and observed by
physicians at hospital-based hematology/oncology centers.

All physicians and pathologists/cytologists in Sweden are obliged by law
to report each incident case of cancer they diagnose to the centralized nation-
wide cancer registry established in 1958. The registry contains information on
diagnosis, sex, date of birth, date of diagnosis, and region/hospital in which the
diagnosis was made.17 A recent validation study focusing on lymphoprolifera-
tive tumors diagnosed from 1964 to 2003 found more than 90% to 95%
completeness and diagnostic accuracy.18 Since 1993, patients with MDSs have
been reported to the registry. In Sweden, from the mid 1970s to late 1990s,
MPN diagnostics were based on Polycythemia Vera Study Group criteria.19,20

Since the late 1990s, WHO criteria have been used.19,21,22

As described previously,23 we identified 11,039 patients in a nationwide
MPN cohort, including all patients with MPNs diagnosed from 1958 to 2005,
from the Swedish Cancer Registry. In parallel, we retrieved information on
patients with MPNs through our national MPN network to include patients
who were not reported to the cancer registry.

In the present study, we conducted record linkage with the cancer regis-
try to obtain information regarding subsequent AML and MDS diagnoses
among patients in the MPN cohort. We identified 292 patients with MPNs
who developed AML (n � 271) and MDSs (n � 21). Detailed information on
treatment (type of therapy, cumulative dose, duration of treatment) and
laboratory variables at diagnosis, including full blood count, bone marrow
examination (at MPN diagnosis and at transformation), and any other tumor
preceding AML/MDS, was collected from medical records. Patients were ex-
cluded if there was lack of relevant medical information (n � 51). Also, four
and five patients were excluded because the original MPN or AML/MDS
diagnosis, respectively, was found to be incorrect or unclear during review, and
five patients were excluded because they had received prior chemotherapy or
radiotherapy for a non-MPN malignancy.

For each patient with MPNs with a subsequent AML/MDS diagnosis (ie,
cases), up to two patients with MPNs without AML/MDS matched for MPN
subtype, year of birth (� 5 years), sex, and date of MPN diagnosis (� 1 year)
were identified (ie, controls). A control patient could be used for more than
one patient case but with adjusted follow-up time. For each control, similar to
patient cases, we obtained detailed clinical and treatment information from
medical records. Controls were excluded if MPN diagnosis was found to be
incorrect or unclear during review (n � 2) or if they had received prior
chemotherapy or radiotherapy for a non-MPN malignancy (n � 12). For the
matched case-control analysis, 65 patient cases were excluded because there
were no matched controls available in the database. Approval for this study was
obtained from the Karolinska Institutet Review Board.

Statistical Analysis

The risk of AML was analyzed in the nationwide MPN cohort. All
patients were observed from date of MPN diagnosis to date of death, emigra-
tion, diagnosis of AML, or end of follow-up, whichever occurred first. The
absolute risks with respect to MPN subtype are presented by means of Kaplan-
Meier curves. The risk in relation to the expected risk in the population is
presented as standardized incidence ratio (SIR; ie, ratio of observed to expected
numbers of AML cases). The expected number of cases was estimated by

multiplying the age-, sex-, and calendar year–specific person-years of
follow-up for patients with MPNs who developed AML, with the correspond-
ing AML rates in the general population obtained from the Swedish Cancer
Registry. CIs for the SIRs were determined based on the assumption of
Poisson-distributed number of observed cases. Patients who developed MDSs
were not included in these analyses because of the later-introduced MDS
registration in the cancer registry.

The risk of transformation in relation to cumulative doses of HU, P32,
and alkylating agents was analyzed by conditional logistic regression. The
matching factors were adjusted for age, sex, calendar period, and MPN sub-
type. Crude associations for each treatment as well as associations adjusted for
other treatments were estimated. Trend tests were performed by considering
the categorized variables to be equidistantly numeric. Subset analyses of pa-
tients with PV/ET and AML were performed on the matched sets fulfilling
these criteria. Results are presented as odds ratios (ORs) together with 95%
CIs. Analysis of survival after AML in relation to MPN treatment was per-
formed on all patients with relevant clinical information. All analyses were
performed with SAS version 9.2 (SAS Institute, Cary, NC).

RESULTS

The study population in the nested case-control study consisted of 162
patients with MPNs (59% men; median age, 64 years) who developed
AML/MDS (ie, cases) and their 242 matched control patients with
MPNs. Characteristics of patient cases and controls are listed in Table
1. Among patient cases, 153 experienced transformation to AML and
nine to MDSs. A majority had a preceding PV diagnosis (68%).
Thirty-four percent were diagnosed with MPNs before 1980.

Risk of AML Transformation in Relation to MPN

Subtype, Duration of Disease, WBC Count at

Diagnosis, and Sex

The overall risk of AML transformation was a SIR of 35.1 (95%
CI, 30.6 to 39.9); the risk increased with time after a diagnosis of MPNs
(approximate SIR after 15 years, 60). Among MPN subtypes, PMF
carried the highest risk of AML development (SIR, 63.8; 95% CI, 42.7
to 91.6), followed by PV (SIR, 33.0; 95% CI, 27.8 to 38.9) and ET (SIR,
24.7; 95% CI, 17.3 to 34.2). Risk of AML transformation in relation to
time after MPN diagnosis and according to subtype is graphically
illustrated in Figure 1. WBC count greater than 9.0 � 109/L at MPN
diagnosis was observed in 62.0% of patient cases and 66.4% of con-
trols, respectively. The median WBC count of patient cases and con-
trols with AML at diagnosis was 10.6 and 10.8 � 109/L, respectively.
The risk of transformation was equal among men and women when
all MPN diagnoses were analyzed together. Among patients with ET,
women had a lower risk, whereas the risk among women with PV was
higher than that among men. However, the differences were not
statistically significant (data not shown).

Risk of AML/MDS Transformation in Relation to

MPN Therapy

Twenty-five percent of patients with MPNs who developed
AML/MDS were never exposed to alkylating agents, P32, or HU (v
32% of controls; Table 1). A total of 22% and 11% of patient cases and
controls, respectively, received treatment with two or three types of
cytoreductive treatments (Table 1). The proportion of patients ad-
ministered HU alone was identical (21%) among patient cases and
controls (Table 1).

Cumulative doses of alkylators, P32, and HU among patient cases
and controls are listed in Table 2. Eight percent of patient cases and
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controls received 1,000 g or more of HU (Table 2). Previous exposure
to HU was not significantly associated with an increased risk of AML/
MDS transformation at any cumulative dose level, neither in a crude
analysis nor after adjustment for other treatments (Table 2).

A total of 25% of patient cases were exposed to 1,000 MBq or
more of P32 in comparison with 12% of controls. Similarly, cumula-
tive doses of alkylators (mainly busulphan) exceeding 1.0 g were
recorded in 7% of patient cases and 3% of controls (Table 2). The risk
for AML/MDS transformation was strongly associated with high ex-
posure of P32 and alkylating agents in both crude and adjusted analy-
ses. Lower exposure to P32 and alkylating agents was not associated
with a significantly increased transformation risk (Table 2). Patients
receiving two or three types of cytoreductive treatment had a higher
risk of transformation than patients receiving single-agent treatment
at any dose level (Table 3). When analysis was restricted to patients
with PV and ET, results were essentially unchanged (Table 2). The
same was true when patients with transformation to MDSs were
excluded (Table 2).

Time to AML/MDS transformation differed between the treat-
ment groups. Among patients who received no treatment or HU only,
40% and 42% experienced transformation 5 years or more after MPN
diagnosis, respectively. In contrast, a majority of patients treated with
alkylating agents (76%), P32 (77%), or combinations of the two (91%)
experienced transformation after more than 5 years.

Survival in Patients With AML/MDS After MPNs

Patients with MPNs with AML transformation had a median
survival of 3 months from time of AML diagnosis. Patients with
preceding ET tended to have better survival compared with patients
with PV/PMF; however, the difference was not significant (data not
shown). Outcome after AML transformation was not influenced by
type of previous MPN treatment (Fig 2).

DISCUSSION

To assess the role of treatment-related risk factors for AML/MDS
development in patients with MPNs, we took advantage of a large
(N � 11,039) national MPN cohort.23 By identifying patients who
experienced transformation to AML/MDS and their matched con-
trols from this cohort, a nested case-control study was performed. The
SIR of AML transformation was 24.7 to 63.8, depending on MPN
subtype. This is probably a conservative estimate because reporting of
transformation in certain patient categories, such as the elderly, occa-
sionally may have been neglected. The increased transformation risks,
calculated as ORs, associated with the highest exposure to HU, P32,
and alkylators were only 1.3, 4.6, and 3.4, respectively (Table 2).
Importantly, 25% of patients with transformation to AML/MDS were
never exposed to HU, P32, or alkylating agents. In addition, only 32%
of patients with transformed disease were exposed to cumulative doses
of P32 and/or alkylating agents shown here to be leukemogenic. We

Table 1. Clinical Characteristics of Patients With MPNs Who Developed
AML/MDS and Matched Controls

Characteristic

Patient Cases Controls

No. % No. %

Total 162 100 242 100
Sex

Female 67 41 101 42
Male 95 59 141 58

MPN subtype
PV 110 68 176 73
ET 26 16 39 16
PMF 15 9 23 9
MPN NOS 11 7 4 2

Age at MPN diagnosis, years
� 49 17 10 20 8
50-59 35 22 55 23
60-69 55 34 91 38
� 70 55 34 76 31
Median 64 65
Range 17-85 35-86

Type of transformation
AML 153 94 —
MDS 9 6 —

Calendar period of MPN diagnosis
1958-1969 32 20 44 18
1970-1979 23 14 39 16
1980-1989 41 25 58 24
1990-1999 51 31 81 33
2000-2005 15 9 20 8

Treatment
None 41 25 78 32
Alk only 12 7 29 12
P32 only 39 24 59 24
HU only 34 21 50 21
Alk � P32 19 12 13 5
Alk � HU 5 3 4 2
HU � P32 10 6 9 4
Alk � P32 � HU 2 1 0 0

Abbreviations: Alk, alkylating agent; AML, acute myeloid leukemia; ET, essential
thrombocythemia; HU, hydroxyurea; MDS, myelodysplastic syndrome; MPN,
chronic myeloproliferative neoplasm; NOS, not otherwise specified; P32, radioac-
tive phosphorus; PMF, primary myelofibrosis; PV, polycythemia vera.
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Fig 1. Risk of acute myeloid leukemia (AML) transformation in relation to time since
myeloproliferative neoplasm (MPN) diagnosis according to subtype. Determined for
all patients with MPNs with AML transformation who were identified from the
Swedish Cancer Registry (n � 235). ET, essential thrombocythemia; NOS, not
otherwise specified; PMF, primary myelofibrosis; PV, polycythemia vera.
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therefore conclude that the risk of transformation is mainly associated
with the disease itself, whereas exposure to cytoreductive agents is of
less importance.

Our results support the hypothesis that nontreatment-related
factors play a major role in AML/MDS development after MPNs. In a
recent study based on 18 patients with MPNs who experienced trans-
formation to leukemia, AML1/RUNX1 mutations were detected in
five patients at transformation; one patient was never exposed to
cytoreductive therapy.24 Furthermore, when AML1/RUNX1 mutants
were transduced into stem cells of patients with MPNs in chronic
phase, it resulted in proliferation of immature myeloid cells, enhanced
self-renewal capacity, and proliferation of primitive progenitors.24 In
another study involving 24,577 first-degree relatives of the 11,039
patients with MPNs described in the present study, we found a 1.8-
fold (95% CI, 0.9 to 3.8; P � .09) excess risk of AML development in
relatives of patients with ET.23

Another main finding is the lack of a significant association
between HU exposure and AML/MDS risk. The potential leukemo-
genic effect of HU has remained a controversial issue for many
years.5,25,26 AML transformation has been reported in up to 22% of

Table 2. Risk of AML/MDS Transformation in Patients With MPNs in Relation to Cumulative Dose

Cumulative Dose

Patient
Cases Controls

All Patient Cases and Controls Patient Cases and
Controls With PV/ET
Risk of AML/MDSRisk of AML/MDS Risk of AML/MDS Risk of AML Only

No. % No. %
Crude

OR 95% CI
Adjusted

OR� 95% CI
Adjusted

OR� 95% CI
Adjusted

OR� 95% CI

Total No. of patients 162 100 242 100
HU, g

0 111 69 179 74 1.0 Ref 1.0 Ref 1.0 Ref 1.0 Ref
1-499 24 15 29 12 1.3 0.7 to 2.6 1.5 0.6 to 2.4 1.3 0.6 to 2.5 1.0 0.4 to 2.5
500-999 14 9 15 6 1.3 0.6 to 3.1 1.4 0.6 to 3.4 1.5 0.6 to 3.6 0.9 0.3 to 2.6
� 1,000 13 8 19 8 1.0 0.4 to 2.3 1.3 0.5 to 3.3 1.1 0.4 to 3.0 1.2 0.5 to 3.2
Trend test P .510 .320 .370 .600

P32, MBq
0 92 57 161 67 1.0 Ref 1.0 Ref 1.0 Ref 1.0 Ref
1-499 14 9 21 9 1.3 0.6 to 2.8 1.5 0.6 to 3.3 1.3 0.6 to 3.1 1.4 0.6 to 3.2
500-999 16 10 32 13 0.9 0.5 to 1.8 1.1 0.5 to 2.2 0.9 0.4 to 1.9 1.2 0.6 to 2.5
� 1,000 40 25 28 12 4.0 1.9 to 8.3 4.6 2.1 to 9.8 4.8 2.0 to 9.9 4.4 2.0 to 9.6
Trend test P .006 .002 .006 .003

Alkylating agents, g
0 124 77 196 81 1.0 Ref 1.0 Ref 1.0 Ref 1.0 Ref
0.1-0.49 15 9 26 11 1.0 0.5 to 2.0 1.1 0.5 to 2.3 1.0 0.5 to 2.1 1.2 0.5 to 2.7
0.50-0.99 11 7 12 5 1.7 0.6 to 4.4 1.7 0.6 to 5.0 1.4 0.5 to 4.4 2.1 0.7 to 6.4
� 1.00 12 7 8 3 3.0 1.0 to 8.8 3.4 1.1 to 10.6 3.2 1.0 to 10.0 3.6 1.1 to 11.2
Trend test P .030 .015 .032 .007

Abbreviations: AML, acute myeloid leukemia; ET, essential thrombocythemia; HU, hydroxyurea; MDS, myelodysplastic syndrome; MPN, chronic myeloproliferative neoplasm; OR,
odds ratio; P32, radioactive phosphorus; PV, polycythemia vera; Ref, reference.

�Mutually adjusted for other treatments.

Table 3. Risk of AML/MDS Transformation According to No. of
Cytoreductive Treatment Types

Treatment OR 95% CI

None 1.0 Ref
P32 only 1.5 0.8 to 2.8
Alkylating agent only 0.9 0.4 to 2.1
HU only 1.2 0.6 to 2.4
Mixed treatment (two or three) 2.9 1.4 to 5.9

Abbreviations: AML, acute myeloid leukemia; HU, hydroxyurea; MDS,
myelodysplastic syndrome; OR, odds ratio; P32, radioactive phosphorus;
Ref, reference.
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Fig 2. Acute myeloid leukemia (AML) survival in relation to previous therapy.
Mixed combinations of two to three cytoreductive treatments (n � 46), alkylators
only (n � 21), none (n � 47), hydroxyurea (HydroxyU) only (n � 45), and
radioactive phosphorous (P32) only (n � 47).

AML/MDS Transformation in Myeloproliferative Neoplasms

www.jco.org © 2011 by American Society of Clinical Oncology 2413



patients after therapy with HU alone16,27 and 30% of patients after
therapy with HU in combination with busulphan.16 Other studies,
including the large prospective ECLAP (European Collaboration on
Low-dose Aspirin in Polycythemia Vera) study, have found no asso-
ciation between HU treatment and leukemic transformation in pa-
tients with ET and PV.12,25,28-31 In the randomized trial comparing
HU and pipobroman (piperazine derivative that acts via alkylating
mechanism) in patients with PV, leukemic transformation was signif-
icantly more common after pipobroman therapy compared with HU
therapy, with cumulative incidences of 22% versus 56% at 20 years.27

Importantly, in this study, half of the patients who developed AML/
MDS in the HU group received more than one cytoreductive drug,
whereas in the pipobroman group, 85% of AML/MDS cases received
pipobroman only.14,32 The discrepant results published regarding HU
exposure and risk of AML/MDS are probably related to differences in
patient characteristics (including MPN subtypes, MPN therapy,
follow-up, and study size). On the basis of our findings, we cannot
totally exclude a leukemogenic effect of HU. However, this potential
risk is limited compared with the risk associated with the disease itself.
Although sickle-cell anemia is not a myeloproliferative disorder, we
believe the fact that AML/MDS development is a rare event even after
many years of HU treatment in patients with sickle-cell anemia pro-
vides additional support for this notion.33,34 In vitro studies have also
suggested that the mutagenic and carcinogenic potential of in vivo HU
therapy is low.35

As expected, patients exposed to P32 or alkylating agents carried
an increased risk of AML/MDS transformation, though only at cumu-
lative doses greater than 1,000 MBq or 1 g, respectively. No dose
dependency was observed in the lower dose intervals. Although based
on small patient numbers, this may indicate the existence of a thresh-
old exposure of P32 and alkylators for AML/MDS transformation in
MPNs.36 However, patients may be at higher risk of transformation
not because of treatment-related factors but rather because of longer
disease span and more aggressive disease biology, causing exposure to
higher doses and/or multiple drugs. Interestingly, most of the patients
who developed AML/MDS after no treatment or HU treatment only
did so within 5 years of MPN diagnosis. This may corroborate the
notion that HU is nonleukomogenic because the majority of patients
administered P32 and/or alkylators experienced transformation at a
later time point.

SIRs for AML transformation among men and women did not
differ when all MPN diagnoses were included in the analysis. We
observed a lower SIR for women with ET, whereas the SIR for women
with PV was slightly higher than that for men. None of these differ-
ences were statistically significant; thus we could not verify the previ-
ously reported higher incidence of transformation in women.1,25 In
addition, we did not observe any association between leukocytosis and
risk of AML transformation, which has been suggested by some inves-
tigators37 but not others.38 As reported previously, the risk of transfor-
mation was highest among patients with PMF.1,2 The median survival
of patients after AML transformation was 3 months, confirming the
dismal prognosis associated with this event.1,6

Our study has several strengths, including its large size and the
application of high-quality data from Sweden in a stable population
with access to standardized universal medical health care. The use of
the nationwide register-based case-control design ruled out recall bias,
ensured a population-based setting, and provided generalizability of
our findings. Patient cases and controls were diagnosed with MPNs

over a period of 47 years, with almost 60% diagnosed before 1990. A
long observation time is clearly advantageous when studying diseases
with long and indolent courses and late-appearing events of interest.

Although we used the largest population-based MPN database
(N � 11,039) to date, we were limited by numbers for the nested
case-control study. More specifically, when we matched patient cases
and controls, we applied conservative matching criteria (MPN sub-
type, year of birth [� 5 years], sex, date of MPN diagnosis [� 1 year]).
Consequently, 65 patient cases were excluded because to lack of
matched controls. We obtained clinical data on 44 of these patient
cases and found clinical and treatment features for the excluded pa-
tient cases to be similar to patients included in the study (Appendix
Table A1, online only). In a sensitivity analysis in which we relaxed the
matching criteria to include only duration of disease and MPN sub-
type, these 44 patients could be included in an analysis of a larger
number of patients (206 patient cases and 366 controls). The results
were similar to those obtained in the main analysis (Appendix Table
A2, online only). Thus, we feel confident in the correctness and ro-
bustness of our results.

Only 2.6% of the 11,039 patients with MPNs in the cohort expe-
rienced transformation to AML/MDS. Given the long observation
time, this proportion is lower than that previously reported,1-3,7-9,27

although AML transformation was observed in 1.4% and 2% of pa-
tients receiving busulphan and P32, respectively, at a median follow-up
time of 8 years in a randomized trial by the European Organisation for
Research and Treatment of Cancer.36 We speculate that this may be
the result of selection bias in prior clinical studies, under-reporting in
our population-based study, or most probably a combination of both
factors. Such a discrepancy would, however, not likely affect the results
of this nested case-control study because of its design and the large
number of patients included.

The diagnostic criteria for MPNs changed during the study pe-
riod; many patients with ET in this study would today be diagnosed
with PMF. In a Swedish follow-up study of 60 patients treated with
anagrelide between 1998 and 2002, the diagnostic bone marrow sam-
ples were reevaluated blindly according to WHO criteria. Twenty-one
of 42 patients with ET were identified as truly having ET.39 Thus, the
AML/MDS SIRs reported here among patients with ET may be over-
estimations. However, this is not likely to affect the results regarding
treatment-related risk.

In summary, we conclude that the inherent propensity of MPNs
to AML/MDS transformation is substantial, as judged from the fact
that a quarter of the patients who developed AML/MDS were never
exposed to cytoreductive therapy. In addition, HU exposure, even at
high doses, is not associated with a significantly increased risk of
transformation to AML/MDS. These findings have important impli-
cations regarding treatment strategies in MPNs, especially in younger
patients requiring decades of active treatment.
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