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Polycythemia vera (PV) is a relatively indolent myeloid neoplasm with median survival that exceeds 35 years in young patients, but

its natural history might be interrupted by thrombotic, fibrotic, or leukemic events, with respective 20-year rates of 26%, 16%, and

4%. Current treatment strategies in PV have not been shown to prolong survival or lessen the risk of leukemic or fibrotic

progression and instead are directed at preventing thrombotic complications. In the latter regard, two risk categories are

considered: high (age >60 years or thrombosis history) and low (absence of both risk factors). All patients require phlebotomy to

keep hematocrit below 45% and once-daily low-dose aspirin, in the absence of contraindications. Cytoreductive therapy is

recommended for high-risk or symptomatic low-risk disease; our first-line drug of choice in this regard is hydroxyurea but we

consider pegylated interferon as an alternative in certain situations, including in young women of reproductive age, in patients

manifesting intolerance or resistance to hydroxyurea therapy, and in situations where treatment is indicated for curbing

phlebotomy requirement rather than preventing thrombosis. Additional treatment options include busulfan and ruxolitinib; the

former is preferred in older patients and the latter in the presence of symptoms reminiscent of post-PV myelofibrosis or protracted

pruritus. Our drug choices reflect our appreciation for long-term track record of safety, evidence for reduction of thrombosis risk,

and broader suppression of myeloproliferation. Controlled studies are needed to clarify the added value of twice- vs once-daily

aspirin dosing and direct oral anticoagulants. In this invited review, we discuss our current approach to diagnosis, prognostication,

and treatment of PV in general, as well as during specific situations, including pregnancy and splanchnic vein thrombosis.
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HISTORICAL PRELUDE
Polycythemia vera (PV), “maladie de Vaquez,” was first described
by Louis Henri Vaquez (1860–1936), a French physician, in 1892
[1]. A few additional cases were later described and systematically
reviewed by William Osler (1849–1919) in 1903 [2]. In 1951,
William Dameshek (1900–1969) included PV in his conceptual
classification of myeloproliferative disorders, now referred to as
“myeloproliferative neoplasms (MPN),” along with essential
thrombocythemia (ET) and primary myelofibrosis (PMF) [3].
Dameshek’s concept of MPN was genetically ratified in 2005 by
the seminal discovery, across these three clincopathologic entities,
of a JAK2 gain of-function mutation (JAK2V617F; a G to T somatic
mutation at nucleotide 1849, in exon 14, resulting in the
substitution of valine to phenylalanine at codon 617) [4–7]. In
2007, additional JAK2 mutations in exon 12 were described in
JAK2V617F-negative patients with PV [8]; JAK2 mutational
frequencies, in PV, are estimated at 97% for JAK2V617F and 3%
for other JAK2 mutations, including JAK2 exon 12. In other words,
for all practical purposes, the presence of a JAK2 mutation is now
expected in virtually all patients with PV, a fact that has greatly
complemented our morphologic-based diagnostic approach;
current literature suggests similar outcome in patients with JAK2

exon 14 vs exon 12 mutations [9–11]. Laboratory studies

examining the pathogenetic role of JAK2 mutations are high-
lighted by its origin at the stem cell level and the demonstration
of heightened JAK-STAT activation and induction of mutant JAK2-
driven PV phenotype in mice [5, 12, 13]. JAK2V617F is one of three
MPN-specific driver mutations that include CALR and MPL

mutations; the latter are usually not found in patients with PV
but are prevalent in JAK2V617F-negative ET and PMF. It is currently
assumed that the phenotypic differences between PV and the
other two MPN variants are in part contributed by differences in
the specific cytokine receptors that are activated by the
corresponding driver mutation and interactions with other co-
occurring mutations and their order of acquisition [12].
The historical account of PV therapeutics spans over a century,

annotated by key contributions from the Polycythemia Vera Study
Group (PVSG), founded in 1967 [14]. The pre-PVSG era included
mostly ineffective and potentially detrimental treatment modal-
ities, save for therapeutic phlebotomy [15, 16], including skeletal
radiation therapy (1917) [17], acetylphenylhydrazine (1918) [18],
potassium arsenite (1933) [19], radiophosphorus (P32) (1940) [20],
lead acetate (1942) [21], nitrogen mustard (1950) [22], triethylene
melamine (1952) [23], pyrimethamine (1954) [24], busulfan (1958)
[25], 6-mercaptopurine (1962) [26], pipobroman (1962) [27], uracil
mustard (1964) [28], chlorambucil (1965) [29], and dapsone (1966)
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[30]. Hydroxyurea (HU) and melphalan were added to the list in
1970 [31, 32]. Early retrospective studies in PV had suggested a
superior median survival with myelosuppressive therapy as
opposed to either no treatment (median survival ∼18 months)
or treatment with phlebotomy alone (median survival close to 4
years) [33], while at the same time raised concerns regarding
myelosuppressive drug leukemogenecity [34, 35]. The PVSG
clinical trials, shepherded by Louis Wasserman (1912–1999), were
designed to clarify these issues at hand with support from NIH
that lasted until 1987 and included 14 separate studies [36]. The
PVSG studies implicated both chlorambucil and P32, but not HU,
as being leukemogenic and detrimental to survival [37, 38],
although the leukemogenic hazards of HU are still being debated.
Across the Atlantic, Tiziano Barbui (1938) and fellow investigators
from Europe have successfully conducted a series of controlled
prospective studies that have confirmed the antithrombotic value
of keeping the hematocrit target below 45%, with phlebotomy ±
HU/cytoreductive therapy (2013) [39], and low-dose aspirin
therapy (2004) [40] in PV, and that of HU in high-risk ET (1995)
[41]. The expanding therapeutic armamentarium for PV now
includes pegylated interferon (peg-INF) [42] and ruxolitinib [43].
Over the last several years, we have been involved in the
development of both the 2008 [44] and 2016 [45] World Health
Organization (WHO) classification system for MPNs and have in
addition fostered contemporary diagnostic and treatment algo-
rithms [46–49]. In the current review, we considered new
developments and also revisited with ongoing controversies in
order to outline our current approach in the diagnosis,
prognostication and treatment of PV.

OUR CURRENT DIAGNOSTIC APPROACH IN POLYCYTHEMIA
VERA
PV is currently defined by an acquired increase in hemoglobin/
hematocrit level above 16.5 gm/dL/49% in men and 16 g/dL/48%
in women, in the context of a JAK2 mutation and characteristic
bone marrow morphology. The 2016 WHO classification system
for hematopoietic tumors recognizes the almost perfect associa-
tion between PV and a JAK2 mutation, as well as the fact that
JAK2V617F is also detected in 50–70% of patients with either ET or
PMF [45]. The formal diagnostic table lists three major (Hb/Hct

level above 16.5 g/dL/49% in men and 16 g/dL/48% in women or
red cell mass >25% above mean normal predicted value;
consistent bone marrow morphology; and presence of a
JAK2V617F or exon 12 mutation) and one minor (subnormal
serum erythropoietin (Epo) level) criteria; WHO-qualified diagnosis
requires the presence of either all three major criteria or the first
two major criteria plus the minor criterion [50]. Our current
approach to the diagnosis of PV is consistent with these
fundamentals, with some modifications that accommodate clinical
practice scenarios, which are further elaborated below (Fig. 1). In
general, screening for other mutations through next-generation
sequencing (NGS) or cytogenetic abnormalities is more useful in
terms of prognostication (discussed below in the section of
prognosis) rather than diagnosis.

JAK2 mutation screening
Virtually all patients with PV harbor either JAK2V617F (exon 14;
97% sensitivity) or JAK2 exon 12 mutation (majority of JAK2V617F-
negative cases) [51]. Accordingly, the first step in approaching the
diagnosis of PV should include JAK2 mutation screening, and we
favor upfront targeting of both exons 14 and 12, in order to avoid
undue delay in the diagnostic process; it should also be noted that
peripheral blood and bone marrow samples are equally informa-
tive in detecting and quantifying JAK2V617F [52]. In order to
address issues with inconclusive test results and also provide an
additional layer of diagnostic comfort, we recommend concomi-
tant measurement of serum Epo level, which is expected to be
subnormal in more than 85% of patients with PV [53]. JAK2

mutation screening might also be a more sensitive diagnostic tool,
compared to bone marrow morphology, in patients presenting
with “MPN-unclassifiable (MPN-U)” phenotype or splanchnic vein
thrombosis (SVT), as discussed below [54].

Is bone marrow examination mandatory for the diagnosis of
PV
The official WHO diagnostic criteria for PV allow bypassing bone
marrow examination, for diagnostic purposes, in JAK2-mutated
cases with Hb/Hct level above >18.5 g/dL/55.5% in men and
16.5 g/dL/49.5% in women, with subnormal serum Epo. However,
we advise the specific procedure in all patients, save for certain
clinical scenarios, not only for confirming the diagnosis but also

Fig. 1 Current diagnostic algorithm for polycythemia vera. Our approach to diagnosis of polycythemia vera (PV).
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for purposes of establishing a baseline and obtain prognostically
relevant cytogenetic information. Exceptional cases include older
patients and those with significant comorbidities, where the
additional information from bone marrow examination might not
affect treatment decisions or long-term prognostication.

The concept of masked polycythemia vera and MPN-
unclassifiable
There is increasing awareness of patients presenting with SVT
associated with a JAK2 mutation, but not meeting the WHO-listed
criteria for PV or other MPN. The WHO classification system defines
such presentation as MPN-U, which also includes cases with the
so-called masked PV [50]. From a biological standpoint, a
documented increase in Hb/Hct from an individual’s baseline,
associated with a JAK2 mutation, should be approached as PV,
even if Hb/Hct levels do not cross the WHO-defined diagnostic
thresholds; such circumstances should also be considered in
distinguishing PV from JAK2-mutated ET, where JAK2V617F allele
burden might provide additional clue (i.e., expected to be higher
in the former and often <20% in the latter). Similarly, the dilutional
effect of marked splenomegaly might underestimate Hb/Hct
levels in some patients. In the end, such details regarding
diagnostic accuracy might not influence specific treatment
strategies, as long as one errs on the side of keeping the Hct
level <45%, in equivocal cases [55].

The relevance of bone marrow fibrosis in the context of PV
A subset of patients with PV displays variable degree of bone
marrow fibrosis at time of diagnosis. Such occurrences do not alter
the diagnostic label if the other WHO-defined formal criteria are
met. We have in the past investigated the prevalence and
prognostic relevance of bone marrow fibrosis at time of initial
diagnosis of PV [56, 57]; in one study [57], approximately 14% of
526 patients displayed mostly grade 1 reticulin fibrosis that was
associated with increased incidence of palpable splenomegaly
and post-PV MF but lower incidence of thrombosis. Another study
of 262 patients reported an even higher (48%) incidence of grade
1 reticulin fibrosis and confirmed the association with an
increased risk of fibrotic transformation [56]. These observations
underline the importance of bone marrow examination at time of
diagnosis, which also facilitates detection of abnormal karyotype
that has previously been associated with inferior survival in PV
[58–60]. On the other hand, diagnosis of post-PV MF requires the
presence of ≥grade 2 fibrosis, accompanied by development of
progressive splenomegaly, anemia, leukoerythroblastosis, or con-
stitutional symptoms [61].

PROGNOSTICATION
Predicting overall, leukemia-free, and myelofibrosis-free
survival
Overall survival in PV and other MPNs is inferior to that of age- and
sex-matched general population [60, 62]. Age remains the most
important predictor of survival in PV; among 665 Mayo Clinic
patients with PV seen between 1967 and 2017, 79 (12%) were
ages ≤40 years, 226 (34%) ages 41–60, and 360 (54%) ages >60,
with corresponding median survivals of 37, 22, and 10 years [63].
In an international study of 1545 patients with PV, age-
independent risk factors for overall survival included leukocytosis,
venous thrombosis, and abnormal karyotype [60]. The adverse
effect of persistent leukocytosis on disease progression was also
underlined in a recent study [64]. In the aforementioned
international PV study [60], cumulative risk for leukemic transfor-
mation was 2.3% at 10 years and 5.5% at 15 years; risk factors for
leukemic transformation included older age, abnormal karyotype,
leukocytes ≥15 × 109/L and treatment exposure to pipobroman or
P32/chlorambucil, but not to HU or busulfan [60]. Other studies
have found JAK2V617F allele burden of >50% [65], presence of

bone marrow fibrosis at time of diagnosis [56, 57], and persistent
leukocytosis [64] to be associated with increased risk of fibrotic
transformation. More recent studies in PV have confirmed the
adverse and age-independent impact on survival of karyotype,
leukocytosis, and certain non-JAK2 mutations including SRSF2 and
IDH2 [66, 67]; of note, NGS studies have revealed that over 50% of
patients with PV harbor DNA sequence variants/mutations other
than JAK2, with the most frequent being TET2 (18%), ASXL1 (15%),
and LNK (3%) [67, 68]; combined prevalence of adverse mutations
(SRSF2, IDH2, RUNX1, U2AF1) for overall, leukemia-free or
myelofibrosis-free survival in PV was estimated at 5–10% [67].
These observations have led to the development of an
integrated clinical and genetic survival risk model for PV,
dubbed as mutation-enhanced international prognostic
model-PV (MIPSS-PV) [67]; prognostic variables for overall
survival assigned in the MIPSS-PV model were age >67 years
(three adverse points), leukocytosis (≥15 × 109/L; two adverse
points), abnormal karyotype (one adverse point), and SRSF2

mutation (two adverse points); accordingly three risk cate-
gories were considered: low-risk (0–1 points), intermediate-risk
(2–3 points), and high-risk (>3 points) with corresponding
median survivals of 24, 13.1, and 3.2 years [67]. We believe that
additional prognostic information from NGS and/or karyotype
is useful when available but not mandated in routine clinical
practice; furthermore, additional studies are needed to validate
MIPSS-PV and identify prognostically specific cytogenetic
abnormalities [58, 59]. Regarding the latter, in one study of
196 cytogenetically annotated patients with PV, the presence
of abnormal karyotype predicted inferior overall, leukemia-free,
and myelofibrosis-free survival [59]; however, the number of
informative cases with specific cytogenetic abnormalities was
too small to further delineate their individual prognostic
contribution.

Thrombosis risk stratification
In general, patients with MPN, across all age groups, are at a
higher risk of both arterial and venous thrombosis, compared to
matched controls [69]. Treatment-relevant risk stratification in PV
is designed to estimate the likelihood of thrombotic complica-
tions, which is estimated to occur in approximately 26% of
patients followed for a median of 20 years [70]. The original PVSG
studies had identified advanced age, history of thrombosis, and
treatment with phlebotomy alone as the main risk factors for
thrombosis [71]. Accordingly, conventional risk stratification in PV
includes two risk categories: high-risk (age >60 years or
thrombosis history) and low-risk (absence of both risk factors).
Clinical practice in PV has since adopted cytoreductive therapy for
the management of high-risk patients and this should be
considered when evaluating post-PVSG era studies of risk factor
analysis [38]. In that context, a multicenter prospective European
Collaborative Low-dose Aspirin Polycythemia Vera (ECLAP) study
of 1638 patients with PV confirmed that age >65 years and history
of thrombosis remained as the most important risk factors for
cardiovascular events in patients receiving contemporary treat-
ment, whereas antiplatelet therapy was more effective than
cytoreduction in protection against cardiovascular events [72]. In a
more recent rendition of the particular ECLAP study, risk factors for
arterial thrombosis included prior arterial event and hypertension,
and for venous thrombosis included previous venous event and
age ≥65 years [73]. These observations were confirmed by a more
recent study, which also identified hyperlipidemia and diabetes as
risk factors for arterial events and leukocytosis and major
hemorrhage for venous events [74]. The detrimental effect of
hypertension to arterial thrombosis was underlined by another
study [75]. In patients who have already experienced a first
thrombotic event, risk factors for recurrence included age >60
years, and, for arterial thrombosis, leukocytosis at time of first
event, in patients younger than 60 years old [76, 77].
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Additional pro-thrombotic variables in PV considered over the
last three decades include leukocytosis [64, 78–81], JAK2V617F
allele burden [65, 82] and intensity of phlebotomy [83, 84]. In
regard to the latter, one retrospective study suggested an
association between intensity of phlebotomy (>3 sessions/year)
and increased risk of thrombosis in high-risk PV patients receiving
HU [84]; however, this observation was not supported by a more
powerful analysis of the aforementioned ECLAP and cytoreductive
therapy in PV (CYTO-PV) database [83]. Two studies are
noteworthy for their evaluation of thrombosis impact from
JAK2V617F allele burden in PV [65, 82]; one included 320 patients
[65] and found no association with thrombosis risk, although the
authors reported an association with risk of fibrotic progression;
the second study included 173 patients [82] and reported an
association between JAK2V617F allele burden of >75% and
cardiovascular events as well as increased need for cytoreductive
therapy.
A recent systematic review and meta-analysis of articles

involving over 30,000 patients suggested the role of leukocy-
tosis in terms of arterial, but not venous, thrombosis in both PV
and ET, although the association was stronger in the latter [80].
The methodology applied in this particular analysis was
questioned by other investigators [85], who, in a subsequent
report [64], did not find an association between persistent
leukocytosis and thrombosis in PV; however, the latter analysis
did not distinguish arterial from venous thrombosis because of
low event rates [81]. The controversial contribution of leukocy-
tosis, for thrombosis risk in PV, was also addressed in several
other studies [78, 79, 86].
Based on the above outlined discussion, we consider history

of arterial and venous thromboses in PV to be the most
important risk factors for subsequent arterial or venous
vascular events, respectively. We also endorse the inclusion
of advanced age, variably defined as >60 or 65 years, as a major
risk factor for both arterial and venous thrombosis. Cardiovas-
cular risk factors signal the need for institution and dose
optimization of aspirin therapy. At the present time, there is
not adequate and reproducible evidence that allows formal
inclusion of either leukocyte count or JAK2V617F allele burden,
as independent risk factors for thrombosis in PV. As such, we
do not use these variables to modify our overall treatment
strategy (Fig. 2).

HOW WE TREAT
Treatment backbone for all patients, regardless of risk
category
The cornerstone of treatment in PV includes scheduled phlebot-
omy, with a Hct target of <45%, and daily low-dose aspirin
therapy, in all patients, regardless of risk category [87]. The
antithrombotic value of phlebotomy is supported by both
controlled [39] and uncontrolled [33, 88] evidence and the case
for phlebotomy in the treatment of PV was skillfully argued by
William Dameshek in a 1968 commentary [15]. In a practically
useful and elegant discussion, Barbui et al. considered the two
most noteworthy controlled studies that are the basis for current
recommendations regarding phlebotomy in PV [89, 90]; the PVSG-
01 study [71] included 431 patients with PV who were randomized
to receive phlebotomy alone or phlebotomy with P32 or
chlorambucil; results of the study included respective median
survivals of 13, 11, and 9 years; increased thrombosis risk in
patients treated with phlebotomy alone, during the first 3 years;
and increased rates of leukemic transformation and secondary
cancers associated with chlorambucil or P32 treatment; the more
recent CYTO-PV study included 365 patients with PV who were
already receiving treatment with phlebotomy, HU, or both, prior to
study entry, who were then randomly assigned to a target
hematocrit goal of <45% or 45–50% [39]; after a median follow-up
of 31 months, thrombotic events or deaths from cardiovascular
causes were recorded in 5 of 182 patients in the <45% hematocrit
group (2.7%) and 18 of 183 patients in the 45–50% hematocrit
group (9.8%). These two studies provide the basis for current
practice in terms of the need for phlebotomy and the desired Hct
target in patients with PV. We are cognizant of limitations in both
studies, which however do not undermine their overall value [89].
We are also receptive of situations where either the patient or
their physician prefers a lower Hct target level (e.g., 42%) because
of a variety of reasons including a lower baseline value for an
individual patient (e.g., women vs men; in the setting of SVT or
pregnancy) and the desire to achieve better symptom control or
minimize excess residual risk of thrombosis despite standard
therapy. In particular, a lower target Hct might be advisable during
pregnancy since Hct levels are expected to be lower from the
second trimester onwards
The therapeutic role of aspirin in the treatment of PV has long

being suspected [71] and was initially faced with some concerns

Fig. 2 Current treatment approach in polycythemia vera. Our risk-adapted treatment algorithm in polycythemia vera (PV).
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regarding bleeding complications [91], but its formal transition
into routine clinical practice was facilitated by a controlled study
from the ECLAP group [40]. The latter study enrolled 518 patients
with PV in a double-blind randomized trial to low-dose aspirin
(100 mg daily) or placebo [40]. Treatment with aspirin did not
increase the incidence of major bleeding and instead reduced the
risk of combined endpoints for “nonfatal myocardial infarction,
nonfatal stroke, or death from cardiovascular causes” and
“nonfatal myocardial infarction, nonfatal stroke, pulmonary
embolism, major venous thrombosis, or death from cardiovascular
causes” [92]. Aspirin therapy has also been reported, in a
retrospective study, to be beneficial in JAK2V617F-mutated low-
risk ET, in preventing venous thrombosis, and also in patients with
cardiovascular risk factors, in preventing arterial thrombosis [93].
In addition to its value as an antithrombotic agent, low-dose
aspirin therapy is also effective in alleviating microvascular
symptoms in both PV and ET [94]. Recent studies have suggested
greater antiplatelet effect from twice-daily, as opposed to once-
daily dosing, not only in patients with MPN, but also in those with
other diseases, where shortening of aspirin dosing interval is
thought to overcome time-dependent renewal of the drug target
[95]. In a recent meta-analysis of seven randomized clinical trials
that included 379 participants [95], twice-daily vs once-daily
aspirin dosing resulted in greater diminishing of serum thrombox-
ane B2 (TxB2) levels, regardless of underlying disease phenotype.
The particular phenomenon was specifically confirmed by several
studies in the setting of MPN (mostly ET) [96–98], where increased
platelet turnover is thought to compromise 24-h durability of
aspirin inhibition of platelet cyclo-oxygenase-1; in one particularly
noteworthy study, three aspirin dosing regimens (100mg) were
investigated and twice-daily/thrice-daily dosing was more effec-
tive, compared to once-daily dosing, in reducing platelet
activation, measured by serum TxB2 level [97]. Although none of
the aforementioned studies reported clinical outcome, their
results were consistent in showing that multiple daily aspirin
dosing was more effective than ASA 81mg once-daily or 325mg
once-daily at suppressing serum TXB2, which is an in vivo marker
of platelet activation. Regardless, controlled prospective studies
are needed to confirm clinical relevance and safety of applying the
specific treatment strategy in MPN as well as other diseases; in the
meantime, we believe it is reasonable to consider twice-daily low-
dose aspirin dosing in PV, in the absence of contraindications and
presence of a higher risk for arterial thrombosis, including in
patients with cardiovascular risk factors and leukocytosis. Aspirin
therapy should be avoided in patients with bleeding symptoms
associated with acquired von Willebrand syndrome; however, in
the absence of bleeding history, we are comfortable in continuing
with once-daily low-dose aspirin therapy provided ristocetin
cofactor activity is above 20%, consistent with our current practice
in ET [99].

Indications and choice of cytoreductive drugs in low-risk PV
In general, cytoreductive therapy is not indicated for low-risk
disease and its lack of additional value was indirectly surmised
from a controlled study in ET [100]. However, aggressive
phlebotomy in low-risk patients with PV might result in severe
phlebotomy-induced side effects and might also not be adequate
in controlling certain disease-associated symptoms such as severe
pruritus [89, 101, 102]. As such, cytoreductive drugs might need to
be considered, in addition to phlebotomy and aspirin, in such
circumstances. In this regard, because guidance from high-quality
controlled studies is currently lacking, one must rely on available
experience from long-term prospective and retrospective studies
and should always take patient preference into account, in
deciding when to commence such treatment and which
cytoreductive agent to choose [89, 101, 102]. Our first-line drugs
of choice in the particular scenario include peg-IFN for younger
patients and HU for older patients; our choices reflect

consideration of the primary indication for treatment being
control of symptoms or curbing the need for frequent phlebo-
tomies, as opposed to prevention of thrombosis. Our proposed
overall treatment strategy is supported by accumulating evidence
of safety and treatment efficacy for peg-IFN, in the treatment of PV
[103–108], its efficacy in alleviating intractable pruritus [109], and
its selective but not consistent [110, 111] effect on the malignant
clone [112–114]. A recent phase-2 randomized study of young
patients (ages 18–60) with PV compared treatment with peg-IFN
(ropeginterferon alfa-2b, 100 mg subcutaneous injection every
2 weeks)+ phlebotomy+ low-dose aspirin against phlebotomy+
low-dose aspirin [115]; 127 patients were randomized to the two
treatment arms and followed for a median of 12.1 months; the
peg-IFN treatment arm provided superior hematocrit control (84%
vs 60%) without significant difference between the two treatment
arms in terms of grade 3 or higher adverse events. However, a
numerically larger study with longer follow-up is needed, to clarify
the role of cytoreductive therapy in low-risk PV; such a study will
also address the growing debate on whether asymptomatic, low-
risk PV patients should be treated with peg-IFN, outside of a
clinical trial, on account of its selective anti-clonal activity and its
anti-inflammatory properties.

Management of high-risk disease
There is currently broad consensus regarding the need for
cytoreductive therapy in high-risk patients with PV, in addition
to phlebotomy and aspirin therapy [116]. There is also general
agreement on which drugs should not be used in this regard (e.g.,
chlorambucil [71, 117], P32 [71], pipobroman [60, 118]) because of
their previously well-demonstrated leukemogenic and/or carcino-
genic potential. In contrast, a series of long-term prospective
studies in PV [38, 41, 119–124] and randomized studies in ET
[41, 125] have confirmed the favorable safety and efficacy record
of HU therapy in high-risk disease. The pioneering study in this
regard was a non-randomized PVSG trial that showed a lower
incidence of early thrombosis in HU-treated patients, compared to
a historical cohort treated with phlebotomy alone (6.6% vs 14% at
2 years) [38]. Similarly, the incidence of AML in the first 11 years of
treatment was lower with HU, compared to historical controls
treated with chlorambucil or P32 (5.9 % vs 10.6% vs 8.3%) [38].
Other studies have since confirmed the low incidence of AML in
HU-treated PV (1–5.6%) [121, 126, 127].
In a recent reappraisal of 1042 PV patients from the ECLAP

database, the authors reported an advantage for HU over
phlebotomy alone, in terms of protection from fatal/nonfatal
cardiovascular events and fibrotic transformation, whereas venous
thrombosis rates were similar between the two treatment cohorts;
leukemic transformation rate was very low (only three cases
including two in the phlebotomy alone treatment group) after a
median follow-up of approximately 3 years [124, 128]. A recent
meta-analysis of 3236 HU-treated patients with PV [129] high-
lighted follow-up duration as an important variable in determining
survival and fibrotic transformation and age in determining
thrombosis rates (the latter were 1.9%, 3.6%, and 6.8% persons/
year at median ages 60, 70, and 80 years, respectively). The
particular study [129] estimated fibrotic transformation rates of 5%
at 5 years and 34% at 10 years, while the respective mortality rates
were approximately 13% and 56%; overall leukemic transforma-
tion incidence was lower at 0.4% persons/year and remained
stable over time. In another ECLAP analysis of 1638 PV patients
[130], which included 342 patients treated with phlebotomy alone
and 700 treated in addition with HU, multivariable analysis did not
disclose a significant difference in the risk of secondary
malignancies other than AML, between the two treatment
cohorts.
Favorable information regarding the therapeutic role of peg-

IFN, in the setting of upfront therapy, is slowly accumulating and
has now reached the point where it can be considered as an
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alternative option in young patients, although superiority or non-
inferiority to HU is yet to be demonstrated in a controlled setting
[42, 108, 131]. In a recent randomized study that compared
pegylated INF (ropeginterferon alfa-2b; starting at 100mcg
subcutaneously every 2 weeks) with oral HU (starting at 500mg/
day), 257 PV patients with limited prior exposure to cytoreductive
therapy were randomly assigned to one of the two treatment
arms [42]; 217 patients completed the first part of the study and
171 patients were rolled over to the continuation part of the
study. Complete hematological response with normal spleen size
was achieved in 21% of patients receiving ropeginterferon vs 28%
for HU, thus not meeting the criteria for non-inferiority. Similarly,
hematologic response without meeting the spleen response
criterion was similar between the two arms (43% vs 46%,
respectively), at 12 months, as was the case with molecular
response. In the extension part of the study, response rates,
including molecular response, in patients receiving ropeginter-
feron gradually improved over time but with the difference not
reaching statistical significance; however, at 3 years of treatment,
significantly more patients receiving ropeginterferon maintained
their hematological response. Treatment with ropeginterferon was
associated with a spectrum of adverse events that required dose
reductions in 40% of patients, dose interruption in 23%, and drug
discontinuation because of drug-related toxicity in 8%. Common
side effects of treatment with ropeginterferon included fatigue,
liver function test abnormalities, thrombocytopenia, and leukope-
nia. Treatment-emergent serious adverse events were similar
between the two treatment arms and follow-up was too short to
evaluate differences in thrombosis or leukemic transformation
rates. In a recent systematic review and meta-analysis of IFN (both
peg and non-peg) treated patients with PV or ET [108], 44 studies
including 1359 patients were analyzed; complete hematologic
response rate in PV was reported at 49% with no difference
between peg- and non-peg-IFN preparations; annualized rates of
thrombotic complications and treatment discontinuation in
patients with PV were estimated at 0.5% and 6.5%, respectively
[108].
Taking the above-elaborated review and our own personal

experiences into consideration, HU (starting dose 500mg twice-
daily) remains our current first-line cytoreductive drug of choice in
older (age >60 years) patients with high-risk PV. We consider peg-
IFN (starting dose 45mcg weekly SC injection for pegasys or
100mcg for every 2 weeks for ropeginterferon) as a reasonable
alternative in younger patients and the preferred choice for young
women of reproductive age and where treatment indication
involves alleviation of symptoms (e.g., pruritus) or reducing the
frequency of phlebotomies. Additional drug treatment choices
(busulfan and ruxolitinib) are discussed below in the section of
“treatment for HU refractory/intolerant PV.” Of note, neither
prospective nor well-designed retrospective studies, in ET or PV,
implicate HU as amplifying the intrinsic vulnerability of PV or ET
patients for leukemic transformation [127, 132]. PV patients with
venous thrombosis require systemic anticoagulation, in addition
to cytoreductive drug therapy; we also consider adding low-dose
aspirin in some instances in order to subvert the additional risk of
arterial thrombosis, especially in the presence of JAK2 mutation or
cardiovascular risk factors, as well as lessen the risk of recurrence
of venous thrombosis [77]. The therapeutic role of direct oral
anticoagulants (DOACs) is currently being investigated and further
elaborated below in the section of “management of splanchnic
vein thrombosis.”

Treatment of hydroxyurea refractory/intolerant PV
There are currently three drugs that are considered for use in
patients who are intolerant or resistant to HU: pegylated IFN-α,
ruxolitinib, and busulfan. Our first drug of choice in such an
instance is peg-IFN. In a recent phase-2 clinical trial from the
Myeloproliferative Disorders Research Consortium [133], 50

patients with PV and 65 with ET, who were refractory or intolerant
to HU, received subcutaneous pegylated IFN-α (starting dose
45mcg weekly and titrated to a maximum of 180mcg) with 69%
overall response rate, including 60% (22% complete response) in
patients with PV. Statistically significant improvement in symptom
burden was also noted but countered by pegylated IFN-α
treatment-emergent adverse events, which were mostly tolerable;
treatment discontinuation because of adverse events was
relatively low at 14%. As expected, pegylated IFN-α therapy
induced partial suppression of JAK2V617F in some patients [133].
Ruxolitinib (a JAK1/2 inhibitor) has also been shown to be effective
in HU refractory/intolerant PV; in a phase-3 study (RESPONSE)
comparing ruxolitinib (n= 110) with best available therapy (BAT;
n= 112) [43], hematocrit/spleen control was achieved in 60%/40%
of patients receiving ruxolitinib vs 20%/0.9% for BAT; 80-week
follow-up [134] disclosed 83% of patients remaining on ruxolitinib
therapy treatment, while 88% of the patients on BAT crossed over
to ruxolitinib. Similar superiority in hematocrit control for
ruxolitinib vs BAT (62% vs 19%) was shown in a subsequent
randomized but not blinded study (RESPONSE-2) of PV patients
without splenomegaly who need second-line therapy.
The efficacy of oral busulfan (dosed at 2–4mg/day) in patients

with advanced PV or ET refractory or intolerant to HU was
assessed in two recent studies [135, 136]; in one study of 36
patients with treatment duration of 256 days, which included 15
patients with PV [135], complete hematological response was
reported in 83% of the patients, which was sustained in the
majority of the patients at 2 years. Busulfan was discontinued in 18
(67%) patients because of unmaintained remission, which is a
unique feature of busulfan treatment response in patients with
MPN; and 33% of informative cases demonstrated partial
molecular response. The particular study listed 22% hematologic
toxicity that was more likely to occur in patients receiving >14mg/
week [135]; with a follow-up of 117 person-years from initiation of
treatment with busulfan, six patients had died, corresponding to a
rate of 5.8 deaths × 100 person-years; causes of death were acute
leukemia (n= 3), infection (n= 2), and unknown (n= 1). In
addition, three cases of second neoplasms were reported,
including cancers of the skin, prostate, and liver. The second
study that included 51 informative patients with PV, a complete or
partial hematologic response rate was reported in 75% of patients
[136]; the study also reported a low (15%) rate of adverse drug
effects and corresponding treatment dropouts (6%). Earlier studies
of busulfan use in an upfront treatment setting, in both PV and ET,
have also reported favorable efficacy and safety profile [137, 138].
On the other hand, the evidence for busulfan leukemogenicity in
the context of treatment for PV or ET remains circumspective, and
not validated in larger patient cohorts that accounted for other
risk factors of leukemic transformation including older age,
leukocytosis, and disease duration [60, 127, 139]; regardless, we
are acutely aware and appreciative of opposing views on the
subject matter and the possibility of increased risk for leukemic
transformation, especially in patients receiving both busulfan and
HU. One important confounding factor in the particular issue
might involve busulfan dose and schedule; we recommend
starting at the lower dose of 2 mg/day with close monitoring
and consider periodic drug holidays, especially in the context of
having achieved treatment objectives in controlling Hct and
platelet count. Incidentally, drug-induced JAK2V617F allele burden
reduction has also been demonstrated with busulfan use in PV
[140].
Taking the above discussion into consideration, with emphasis

on long-term track record of safety [104, 135, 141] and activity
beyond symptom control (i.e., suppression of clonal myeloproli-
feration) [113, 114, 142], in patients who are either intolerant to or
show suboptimal response to HU, we prefer the use of peg-IFN for
patients younger than age 65 years and busulfan in the older age
group, although there is no controlled evidence to support or
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refute such a strategy. Busulfan is started at 2–4mg/day, withheld
in the presence of platelets <200 × 109/L or WBC < 3 × 109/L, and
the dose reduced to 2mg/day when treatment is resumed after
withholding. Ruxolitinib, on the other hand, is preferred in the
presence of symptoms reminiscent of post-PV myelofibrosis and
in patients suffering from drug-refractory pruritus or symptoma-
tically enlarged spleen [43]. Whether or not ruxolitinib, peg-IFN, or
busulfan provide protection from thrombosis, in addition to their
salutary effect on hematocrit and other disease features, in
resistant/intolerant PV, remains uncertain [143].

Management during pregnancy
Reports of pregnancies in women with MPN are less common in
PV than they are in ET, because, unlike the case with ET, PV has a
male preponderance with only 15% of patients diagnosed before
age 40 years [63]. Four relatively large studies reporting on
pregnancies in PV included 8–48 patients with 5–121 pregnancies;
live birth rates ranged from 61 to 88%, miscarriages from 13 to
29%, and maternal complications from 6 to 17% for thrombosis
and 2 to 25% for bleeding [144–147]. Management included
observation alone or treatment with aspirin, low molecular weight
heparin (LMWH) or IFNα, alone or in combination; considering the
retrospective nature of these studies, it is difficult to discern the
specific circumstances or treatments that might have influenced
outcome. Regardless, we highly recommend preconceptual
counseling regarding risk of fetal loss and other complications,
especially in patients with prior pregnancy loss or history of
thrombosis. Along with strict control of Hct < 45% (preferably
below 42%), treatment with low-dose aspirin is recommended in
all PV patients planning to be pregnant, based on favorable
observations extrapolated from the experience in ET, regarding
protection from first trimester fetal losses [148]. We recommend
cytoreductive therapy with peg-IFN in patients with prior vascular
events and consider adding LMWH, in case of venous thrombosis
history; we do not advise the use of HU or warfarin because of
their teratogenic potential. The value of LMWH during pregnancy
or post-partum, in the absence of venous thrombosis history, is
uncertain.

Management of splanchnic vein thrombosis
Although it is well known that SVT frequents patients with MPN,
including MPN-U, its optimal management remains obscure. As a
background on SVT in general, in one population-based study of
1915 patients [149], the affected veins were portal in 78%, hepatic
in 11%, and mesenteric in 11%; risk was similar between the two
sexes and the respective incidence rates were 21, 3, and 3/100,000
persons per year. In the study [149], comorbidities included recent
surgery (40%), liver cirrhosis (11%), pancreatitis (11%), gastro-
intestinal cancer (9%), extraintestinal cancer (10%), and MPN
(1.2%). The incidence of MPN as a comorbid condition was higher
in another study (8%) [150]. In a recent retrospective study, 518
patients with MPN-SVT were compared to 1628 otherwise
unselected MPN cases [151]; the former were more likely to be
younger, females, and JAK2V617F mutated (90%). The study
included 192 (37%) patients with PV (median age 45 years; 53%
females) and 178 (34%) with ET (median age 39 years; 71%
females; 85% JAK2 mutated) and affected veins included portal
(67%), hepatic (25%), splenic (29%), and mesenteric (24%) [151]. A
concomitant hypercoagulable disorder was documented in 39%
of the cases. SVT recurrence rate was 1.6 per 100 patient-years and
significantly improved by treatment with vitamin K-antagonists
(VKA) but not cytoreductive therapy. Bleeding complications did
not appear to be influenced by VKA therapy but were more likely
to occur in patients with esophageal varices. Overall survival of PV
patients in the study [151] was not affected by SVT; furthermore,
there was little evidence of disease progression in patients with
MPN-U with SVT (n= 55). Other studies have confirmed lower
JAK2V617F allele burden, lower blood counts higher likelihood of

concomitant hypercoagulable state, higher risk of venous
thrombosis, and bleeding, in MPN-SVT, compared to their MPN
counterparts without SVT [152, 153]. A more recent, similarly
retrospective report looked into risk factors for adverse outcome
in 80 patients with MPN-SVT (mostly PV) [154]; at a median follow-
up of 11 years, 13% of the patients experienced an adverse
outcome and were enriched for cases with ≥50% JAK2V617F allele
burden, and additional mutations (spliceosome or TP53); MPN-SVT
patients with at least one of the latter two risk factors displayed
inferior event-free (81% vs 100%) and overall (89% vs 100%)
survival at 10 years.
Taking the above observations and those of other studies into

account [153, 155], it is reasonable to state that survival in MPN-
SVT is primarily influenced by that of the underlying MPN, rather
than the SVT event itself, which would be consistent with the
observation regarding shortened survival in patients with
abnormal karyotype [155] or certain high-risk mutations [154].
Currently, there are not reliable predictors of first-event or
recurrent SVT in MPN, including PV. The therapeutic value of
systemic anticoagulation (and the choice between VKA and
DOAC) [151] or cytoreduction (and the choice between HU and
IFN) [156, 157] requires further validation, in a controlled setting.
In a small study of ruxolitinib, therapy in patients with MPN-SVT
did not indicate salutary effect on esophageal varices or
mesenteric circulation [158], which is consistent with lack of
evidence for its value in reducing thrombosis risk [143]. In general,
in patients with PV/MPN-associated SVT, we recommend an
aggressive treatment approach that includes, at a minimum,
systemic anticoagulation [156, 157]; in the latter regard, we
consider patient preference and convenience regarding the
choice between VKA and DOACs, since we are not yet convinced
that one is better than the other; regardless, we prefer LMWH
therapy in the acute setting followed by VKA therapy, especially if
there is concern regarding intestinal edema or variceal bleeding
associated with portal hypertension; we believe DOAC therapy is a
reasonable alternative, otherwise.

Perioperative management
It is important to consider the possibility of increased risk of
thrombosis or hemorrhage in PV patients undergoing surgery, in
lieu of their underlying JAK2-mutated MPN as well as the generally
expected post-surgical risk of thrombosis and bleeding. There are
currently limited data for guidance regarding optimal pre- and
perioperative management of patients with PV or ET. In a 1963
report by Wasserman and Gilbert [159], 62 major surgical
operations in patients with PV were analyzed and revealed fatal
and nonfatal complication rates of 83% vs 21%, in hematologically
uncontrolled vs controlled disease, respectively. More recent
studies have suggested more favorable outcome. In one such
study [160], 255 patients with PV or ET were analyzed for a total of
311 surgical interventions, including 25 emergency procedures.
Antithrombotic prophylaxis included subcutaneous heparin in
54% and antiplatelet therapy in 15% of the patients. In addition,
74% of patients were on cytoreductive therapy before surgery.
Three-month post-operative course was uneventful in more than
80% of the cases, whereas arterial or venous events were
documented in 12 patients, each, with the former being more
frequent in ET and the latter in PV; major bleeding complications
occurred in 23 cases and deaths in 5; platelet count and
hematocrit level at time of surgery were not predictive of vascular
events and the value of pre-procedure prophylactic therapy was
not apparent. Regardless, our current practice is based more on
intuition rather than evidence and includes keeping hematocrit
level below 45% and platelet count below 450 × 109/L, before and
after surgery; platelet count control in low-risk patients might
require a short course of treatment with HU; in addition to
cytoreductive therapy, careful use of LMWH is advised in high-risk
patients.
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Management of pruritus
Pruritus is a particularly vexing symptom associated with PV and is
often exacerbated by contact with water [161–163]. In a large
cohort of 441 German patients with PV [163], patient-directed
questionnaire revealed that 68% of the patients were affected by
aquagenic pruritus, in the majority occurring before formal
diagnosis of PV; pruritus manifested in different forms including
itching, tickling, stinging, or burning sensations and its severity
was labeled unbearable in 15% of the cases. In a review of the
literature spanning the period 1965–2009 [162], application of a
variety of treatment modalities, including antihistamines, anti-
depressants, IFN-α, phlebotomy, phototherapy, iron supplements,
and myelosuppressive medications, was documented with mixed
efficacy results. In the low-risk disease setting, we first consider
non-drug measures, such as avoidance of precipitating conditions,
dry skin, and temperature control of one’s environment and water
used for bathing. In general, treatment responses to antihista-
mines have been both unpredictable and variable [161]. More
favorable responses have been reported with use of selective
serotonin reuptake inhibitors [164] and narrow-band ultraviolet B
phototherapy [165]. In high-risk disease setting, both JAK2

inhibitors [166, 167] and IFN-a [168] have shown therapeutic
activity, which is not shared by HU.

Management of post-PV myelofibrosis
In the absence of genetic information other than JAK2, it is current
practice to stratify patients with post-PV MF in a similar fashion to
those with PMF, based on a previously published demonstration
of similar applicability for risk models used for the latter, including
IPSS, DIPSS, and DIPSS-plus [169]. The suboptimal performance of
these clinical models has been addressed by more contemporary
mutation-enhanced prognostic models [170, 171]. For example,
MYSEC-PM (Myelofibrosis Secondary to PV and ET-Prognostic
Model) [171] considers constitutional symptoms, anemia, circulat-
ing blasts, thrombocytopenia, advanced age, circulating blasts,
and absence of CALR mutations as risk variables. One can also
consider other mutation-enhanced models derived in the setting
of PMF, including MIPSS70 [172] and MIPSSv2 [173, 174], which in
addition consider karyotype and high-risk mutations, including
ASXL1, SRSF2, EZH2, IDH1/IDH2, and U2AF1Q157 [171, 173–176].
From a practical standpoint, we believe that both MIPSS/MIPSSv2
and MYSEC adequately serve their main purpose in identifying
high-risk patients with post-PV MF who should be referred for
allogeneic hematopoietic stem cell transplant sooner rather than
later. Non-transplant therapies for post-PV MF are like those for
PMF and mostly palliative [177].

NEW DRUGS IN THE HORIZON
PTG-300 (hepcidin mimetic)
PTG-300 (Rusfertide) is a hepcidin mimetic whose mechanism of
action includes restriction of iron availability (i.e., negative iron
regulation) for red blood cell production. In other words, it
recapitulates iron deficiency at the cellular level, without depleting
iron stores. The drug is administered by weekly subcutaneous
injection at escalating doses of 10, 20, 40, 60, and 80mg, adjusted
to maintain hematocrit <45%. The most recent (2020) EHA
presentation abstract included 35 patients including 16 with
low-risk disease [178]. PTG-300 therapy resulted in significant
reduction of phlebotomy need; among 13 patients treated for at
least 28 weeks, 10 remained phlebotomy free and concomitant
iron deficiency was reversed in most instances, associated with
improvement in symptoms. Reported side effects of PTG-300
included transient low-grade injection site reactions. Of note, PTG-
300 did not appear to affect leukocyte or platelet count [178]. We
are not certain about the prospect of PTG-300 within the
therapeutic program for PV for a number of reasons; first, high-
risk patients require broader myelosuppression to prevent

thrombotic complications and such treatment is often more than
adequate to control the hematocrit as well; second, in low-risk
patients, hematocrit control is easily achieved with drug-free
phlebotomy and if an alternative to phlebotomy is needed, for
one reason or another, peg-IFN offers a more attractive option
since it also controls thrombocytosis, leukocytosis, splenomegaly,
and certain symptoms such as aquagenic pruritus. Also, peg-IFN
has a much longer track record of safety.

Idasanutlin (MDM2 antagonist)
Idasanutlin is an orally administered (150 mg once-daily × 5
repeated every month) Mouse Double Minute 2 (MDM2)
antagonist whose mechanism of action includes stabilization of
TP53 activity by blocking its binding to MDM2. In a phase-2 trial of
27 phlebotomy-dependent patients with PV who were resistant or
intolerant to HU therapy, patients were treated for a median of
257 days; hematocrit control was achieved in 9 (56%) patients,
complete hematologic response in 8 (50%), spleen volume
response in 7 (33%), and symptoms response in 6 (43%) [179].
In addition, 76% of patients who were evaluable at week 32 of
treatment experienced reduction in JAK2 mutant allele burden.
Unfortunately, most patients experienced significant gastrointest-
inal toxicity including nausea, vomiting, and diarrhea, which
contributed to the need for dose modifications, documented in
63% of patients. These concerns are further compounded by the
possibility of treatment-emergent expansion of mutant TP53

clones [180], making it unlikely for the drug to garner continued
interest in the treatment of PV.

Givinostat (HDAC inhibitor)
Givinostat is a histone-deacetylase (HDAC) inhibitor that selec-
tively targets JAK2-mutated clones. In a series of early phase
studies, givinostat was administered orally (50–100mg BID) in 50
patients with PV, either alone or in combination with HU (n= 15)
[181]. At the time of the most recent analysis on long-term
outcome, median drug exposure was 2.8 years and 62% of the
patients remained on active therapy. Treatment-emergent adverse
effects (26% considered serious) of givinostat included QTc
prolongation, thrombocytopenia, diarrhea, dysgeusia, and head-
ache. Givinostat-treated PV patients benefitted the most in terms
of alleviation of pruritus and control of blood counts, including
hematocrit, while the drug had limited activity in reducing spleen
size; in some instances, clinical response was accompanied by
reduction in JAK2 mutant allele burden [181]. Results from a
planned phase-3 trial are awaited, in order to position givinostat in
either upfront or second-line therapy in PV.

CONCLUDING REMARKS
Although we are comforted with the relatively indolent clinical
course of patients with PV [63, 70], we are acutely aware of
outstanding issues including residual risk of thrombosis despite
“optimal” current therapy, impaired quality of life from frequent
phlebotomy needs or non-thrombotic symptoms in some
patients, and the apparently inevitable risk of premature death
and/or disease transformation into AML or post-PV MF. Regarding
the latter, currently available therapy has not been shown to
modify the natural history of the disease and clinical trials
addressing the issue are challenged by the need for a controlled
setting and long-term follow-up. We acknowledge the possibility
of drug-induced suppression of JAK2V617F allele burden, seen in
some patients treated with peg-IFN [103] or busulfan [140], but
question its translation into longer survival or decreased risk of
disease transformation; furthermore, there appears to be limited
correlation between molecular and hematologic response [142].
On the other hand, we believe that there is feasibility for
productive clinical trials directed at maximizing thrombosis
protection and improving quality of life, as long as such studies
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incorporate careful monitoring for long-term assessment of
untoward drug effects. In this regard, the currently most attractive
candidate drug is peg-IFN, whose therapeutic value and safety
profile has been studied in a controlled setting, in both low [115]
and high [42] risk PV, although follow-up time was too short to
allow making definitive conclusions. We believe that larger scale
studies involving peg-IFN are warranted to clarify value in low-risk
patients with intent to curb phlebotomy requirements and
alleviate non-thrombotic symptoms [115]. Finally, the possibility
of maximizing thrombosis protection with twice- vs once-daily
aspirin therapy or use of DOACs should be pursued in future
clinical trials; the added value of the former has been suggested
by its greater antiplatelet effect [95–97] and the latter in recent
descriptive studies [182–185]. Of note, the concomitant use of
aspirin and DOAC was recently associated with excessive bleeding
without additional value in thrombosis prevention, in patients
with atrial fibrillation or venous thromboembolic disease [186];
whether or not this holds true in the context of PV remains to be
studied.

REFERENCES

1. Vaquez H. Sur une forme speciale de cyanose s’accompanant d’hyperglobulie

excessive et peristente (On a special form of cyanosis accompanied by excessive

and persistent erythrocytosis). Compt rend Soc de biol suppl note, Bull et mem

Soc med d’hop de Paris, 3 ser, 1895;12:60. 1892;4:384–8.

2. Osler W. Chronic cyanosis, with polycythemia and enlarged spleen: a new

clinical entity. Am J Med Sci. 1903;126:187–201.

3. Dameshek W. Some speculations on the myeloproliferative syndromes. Blood.

1951;6:372–5.

4. Levine RL, Wadleigh M, Cools J, Ebert BL, Wernig G, Huntly BJ, et al. Activating

mutation in the tyrosine kinase JAK2 in polycythemia vera, essential thrombo-

cythemia, and myeloid metaplasia with myelofibrosis. Cancer Cell.

2005;7:387–97.

5. James C, Ugo V, Le Couedic JP, Staerk J, Delhommeau F, Lacout C, et al. A

unique clonal JAK2 mutation leading to constitutive signalling causes poly-

cythaemia vera. Nature. 2005;434:1144–8. https://doi.org/10.1038/nature03546.

6. Kralovics R, Passamonti F, Buser AS, Teo SS, Tiedt R, Passweg JR, et al. A gain-of-

function mutation of JAK2 in myeloproliferative disorders. N Engl J Med.

2005;352:1779–90.

7. Baxter EJ, Scott LM, Campbell PJ, East C, Fourouclas N, Swanton S, et al. Acquired

mutation of the tyrosine kinase JAK2 in human myeloproliferative disorders.

Lancet. 2005;365:1054–61.

8. Scott LM, Tong W, Levine RL, Scott MA, Beer PA, Stratton MR, et al. JAK2 exon 12

mutations in polycythemia vera and idiopathic erythrocytosis. N Engl J Med.

2007;356:459–68.

9. Tondeur S, Paul F, Riou J, Mansier O, Ranta D, Le Clech L, et al. Long-term follow-

up of JAK2 exon 12 polycythemia vera: a French Intergroup of Myeloprolifera-

tive Neoplasms (FIM) study. Leukemia. 2021;35:871–5. https://doi.org/10.1038/

s41375-020-0991-x.

10. Tefferi A, Lavu S, Mudireddy M, Lasho TL, Finke CM, Gangat N, et al. JAK2 exon

12 mutated polycythemia vera: Mayo-Careggi MPN Alliance study of 33 con-

secutive cases and comparison with JAK2V617F mutated disease. Am J Hematol.

2018;93:E93–E96. https://doi.org/10.1002/ajh.25017.

11. Passamonti F, Elena C, Schnittger S, Skoda RC, Green AR, Girodon F, et al.

Molecular and clinical features of the myeloproliferative neoplasm associated

with JAK2 exon 12 mutations. Blood. 2011;117:2813–6. https://doi.org/10.1182/

blood-2010-11-316810.

12. Vainchenker W, Kralovics R. Genetic basis and molecular pathophysiology of

classical myeloproliferative neoplasms. Blood. 2017;129:667–79. https://doi.org/

10.1182/blood-2016-10-695940.

13. Li J, Kent DG, Chen E, Green AR. Mouse models of myeloproliferative neoplasms:

JAK of all grades. Dis Model Mech. 2011;4:311–7. https://doi.org/10.1242/

dmm.006817.

14. Wasserman LR. Polycythemia Vera Study Group: a historical perspective. Semin

Hematol. 1986;23:183–7.

15. Dameshek W. The case for phlebotomy in polycythemia vera. Blood.

1968;32:488–91.

16. Osler W. Chronic cyanotic polycythemia with enlarged spleen. Br Med J.

1904;1:121–2.

17. Ludin M. Ein betrag zur kentniss der symptmologie und therapie der primaren

polycythemie. Z Klin Med. 1917;84:460–76.

18. Eppinger H, Kloss K. Zur Therapie der Polyzythaemie. Therapeutis du Monat-

shefte. 1918;32:322–6.

19. Forkner CE, Scott TFM, Wu SC. Treatment of polycythemia vera (erythremia) with

a solution of potassium arsenite. Arch Intern Med. 1933;51:616–29.

20. Lawrence JH. Nuclear physics and therapy: preliminary report on a new method

for the treatment of leukemia and polycythemia vera. Radiology. 1940;35:51–60.

21. Falconer EH. The treatment of polycythemia vera with lead compunds. Am J

Med. 1942;203:856–7.

22. Shullenberger CC, Watkins CH. Effects of nitrogen mustard on the bone marrow

in polycythemia vera. Ann Intern Med. 1950;33:841–53.

23. Rosenthal N, Rosenthal RL. Treatment of polycythemia vera with triethylene

melamine: summary of thirtty cases. Arch Intern Med. 1952;90:379.

24. Isaacs R. Treatment of polycythemia vera with daraprim. J Am Med Assoc.

1954;156:1491–3.

25. Wald N, Hoshino T, Sears ME. Therapy of polycythemia vera with myleran. Blood.

1958;13:757–62.

26. Shullenberger CC. Long-range treatment of polycythemia vera with

6-mercaptopurine. Cancer Chemother Rep. 1962;16:251–2.

27. Bond WH. Evaluation of compund 8103 Abbott (N, N’ bis (bromopropionyl)

piperazine) in the treatment of polycythemia rubra vera. Proc Am Assoc Cancer

Res. 1962;3:306.

28. Perkins J, Israuels MC, Wilkinson JF. Polycythaemia vera: clinical studies on a

series of 127 patients managed without radiation therapy. Q J Med.

1964;33:499–518.

29. Varela JE, Kremenchuzky S, Fraga A, Etcheverry MA, Figueiras H. Evaluation of

haemopoiesis and comparative study of 32P and chlorambucil therapy by

means of radiotracers in polycythemia vera. Minerva Nucl. 1965;9:275–80.

30. Pengelly CD. Reduction of haematocrit and red-blood-cell volume in patients

with polycythaemia secondary to hypoxic lung disease by dapsone and pyr-

imethamine. Lancet. 1966;2:1381–6.

31. West WO, Ruff JD, Yarboro JW. Response of polycythemia to treatment with a

new agent: hydroxyurea (abstract). Ann Intern Med. 1970;72:795.

32. Logue GL, Gutterman JU, McGinn TG, Laszlo J, Rundles RW. Melphalan therapy

of polycythemia vera. Blood. 1970;36:70–86.

33. Chievitz E, Thiede T. Complications and causes of death in polycythemia vera.

Acta Med Scand. 1962;172:513–23.

34. Tinney WS, Hall BE, Giffen HZ. Hematologic complications of P. vera. Proc Staff

Meet Mayo Clin. 1943;18:227–30.

35. Hall BE. Therapeutic Use of Radiophosphorus in Polycythemia Vera, Leukemia,

and Allied Diseases, in a Symposium on the Use of Isotopes in Biology and

Medicine, Madison, Wis., University of Wisconsin Press, 1948. Radiophosphorus

Therapy, Cancer Research 1948;8:353–376.

36. Berlin NI. Prologue – polycythemia vera – the closing of the Wasserman-

Polycythemia Vera Study Group Era. Semin Hematol. 1997;34:1–5.

37. Berk PD, Wasserman LR, Fruchtman SM, Goldberg JD. Treatment of poly-

cythemia vera: a summary of clinical trials conducted by the Polycythemia Vera

Study Group. In: Wasserman LR, Berk PD, Berlin NI, editors. Polycythemia vera

and the myeloproliferative disorders. Philadelphia: W.B. Saunders; 1995. p.

166–94.

38. Fruchtman SM, Mack K, Kaplan ME, Peterson P, Berk PD, Wasserman LR. From

efficacy to safety – a Polycythemia Vera Study Group report on hydroxyurea in

patients with polycythemia vera. Semin Hematol. 1997;34:17–23.

39. Marchioli R, Finazzi G, Specchia G, Cacciola R, Cavazzina R, Cilloni D, et al. Car-

diovascular events and intensity of treatment in polycythemia vera. N Engl J

Med. 2013;368:22–33. https://doi.org/10.1056/NEJMoa1208500.

40. Landolfi R, Marchioli R, Kutti J, Gisslinger H, Tognoni G, Patrono C, et al. Efficacy

and safety of low-dose aspirin in polycythemia vera. N Engl J Med.

2004;350:114–24. https://doi.org/10.1056/NEJMoa035572.

41. Cortelazzo S, Finazzi G, Ruggeri M, Vestri O, Galli M, Rodeghiero F, et al.

Hydroxyurea for patients with essential thrombocythemia and a high risk of

thrombosis. N Engl J Med. 1995;332:1132–6. https://doi.org/10.1056/

NEJM199504273321704

42. Gisslinger H, Klade C, Georgiev P, Krochmalczyk D, Gercheva-Kyuchukova L,

Egyed M, et al. Ropeginterferon alfa-2b versus standard therapy for poly-

cythaemia vera (PROUD-PV and CONTINUATION-PV): a randomised, non-infer-

iority, phase 3 trial and its extension study. Lancet Haematol. 2020;7:e196–e208.

https://doi.org/10.1016/S2352-3026(19)30236-4.

43. Vannucchi AM, Kiladjian JJ, Griesshammer M, Masszi T, Durrant S, Passamonti F,

et al. Ruxolitinib versus standard therapy for the treatment of polycythemia

vera. N Engl J Med. 2015;372:426–35. https://doi.org/10.1056/NEJMoa1409002

44. Vardiman JW, Thiele J, Arber DA, Brunning RD, Borowitz MJ, Porwit A, et al. The

2008 revision of the World Health Organization (WHO) classification of myeloid

neoplasms and acute leukemia: rationale and important changes. Blood.

2009;114:937–51. https://doi.org/10.1182/blood-2009-03-209262.

A. Tefferi et al.

3347

Leukemia (2021) 35:3339 – 3351

https://doi.org/10.1038/nature03546
https://doi.org/10.1038/s41375-020-0991-x
https://doi.org/10.1038/s41375-020-0991-x
https://doi.org/10.1002/ajh.25017
https://doi.org/10.1182/blood-2010-11-316810
https://doi.org/10.1182/blood-2010-11-316810
https://doi.org/10.1182/blood-2016-10-695940
https://doi.org/10.1182/blood-2016-10-695940
https://doi.org/10.1242/dmm.006817
https://doi.org/10.1242/dmm.006817
https://doi.org/10.1056/NEJMoa1208500
https://doi.org/10.1056/NEJMoa035572
https://doi.org/10.1056/NEJM199504273321704
https://doi.org/10.1056/NEJM199504273321704
https://doi.org/10.1016/S2352-3026(19)30236-4
https://doi.org/10.1056/NEJMoa1409002
https://doi.org/10.1182/blood-2009-03-209262


45. Arber DA, Orazi A, Hasserjian R, Thiele J, Borowitz MJ, Le Beau MM, et al. The

2016 revision to the World Health Organization classification of myeloid neo-

plasms and acute leukemia. Blood. 2016;127:2391–405. https://doi.org/10.1182/

blood-2016-03-643544.

46. Tefferi A, Barbui T. Polycythemia vera and essential thrombocythemia: 2021

update on diagnosis, risk-stratification and management. Am J Hematol.

2020;95:1599–613. https://doi.org/10.1002/ajh.26008.

47. Barbui T, Tefferi A, Vannucchi AM, Passamonti F, Silver RT, Hoffman R, et al.

Philadelphia chromosome-negative classical myeloproliferative neoplasms:

revised management recommendations from European LeukemiaNet. Leuke-

mia. 2018;32:1057–69. https://doi.org/10.1038/s41375-018-0077-1.

48. Tefferi A, Vannucchi AM, Barbui T. Polycythemia vera treatment algorithm 2018.

Blood Cancer J. 2018;8:3 https://doi.org/10.1038/s41408-017-0042-7.

49. Tefferi A, Vannucchi AM. Genetic risk assessment in myeloproliferative neoplasms.

Mayo Clin Proc. 2017;92:1283–90. https://doi.org/10.1016/j.mayocp.2017.06.002.

50. Swerdlow HS, Campo E, Haris NL, Jaffe ES, Pileri SA, Stein H, et al. WHO classi-

fication of tumours of haematopoietic and lymphoid tissues. IARC: Lyon, France;

2017.

51. Pardanani A, Lasho TL, Finke C, Hanson CA, Tefferi A. Prevalence and clin-

icopathologic correlates of JAK2 exon 12 mutations in JAK2V617F-negative

polycythemia vera. Leukemia. 2007;21:1960–3. https://doi.org/10.1038/sj.

leu.2404810.

52. Takahashi K, Patel KP, Kantarjian H, Luthra R, Pierce S, Cortes J, et al. JAK2 p.

V617F detection and allele burden measurement in peripheral blood and bone

marrow aspirates in patients with myeloproliferative neoplasms. Blood.

2013;122:3784–6. https://doi.org/10.1182/blood-2013-07-515676.

53. Mossuz P, Girodon F, Donnard M, Latger-Cannard V, Dobo I, Boiret N, et al.

Diagnostic value of serum erythropoietin level in patients with absolute ery-

throcytosis. Haematologica. 2004;89:1194–8.

54. Kiladjian JJ, Cervantes F, Leebeek FW, Marzac C, Cassinat B, Chevret S, et al. The

impact of JAK2 and MPL mutations on diagnosis and prognosis of splanchnic

vein thrombosis: a report on 241 cases. Blood. 2008;111:4922–9. https://doi.org/

10.1182/blood-2007-11-125328.

55. Szuber N, Lavu S, Mudireddy M, Nicolosi M, Penna D, Vallapureddy RR, et al.

Serum erythropoietin levels in essential thrombocythemia: phenotypic and

prognostic correlates. Blood Cancer J. 2018;8:118. https://doi.org/10.1038/

s41408-018-0157-5.

56. Barraco D, Cerquozzi S, Hanson CA, Ketterling RP, Pardanani A, Gangat N, et al.

Prognostic impact of bone marrow fibrosis in polycythemia vera: validation of

the IWG-MRT study and additional observations. Blood Cancer J. 2017;7:e538

https://doi.org/10.1038/bcj.2017.17.

57. Barbui T, Thiele J, Passamonti F, Rumi E, Boveri E, Randi ML, et al. Initial bone

marrow reticulin fibrosis in polycythemia vera exerts an impact on clinical

outcome. Blood. 2012;119:2239–41. https://doi.org/10.1182/blood-2011-11-

393819.

58. Tang G, Hidalgo Lopez JE, Wang SA, Hu S, Ma J, Pierce S, et al. Characteristics and

clinical significance of cytogenetic abnormalities in polycythemia vera. Haema-

tologica. 2017;102:1511–8. https://doi.org/10.3324/haematol.2017.165795.

59. Barraco D, Cerquozzi S, Hanson CA, Ketterling RP, Pardanani AD, Gangat N, et al.

Cytogenetic findings in WHO-defined polycythaemia vera and their prognostic

relevance. Br J Haematol. 2018;182:437–40. https://doi.org/10.1111/bjh.14798.

60. Tefferi A, Rumi E, Finazzi G, Gisslinger H, Vannucchi AM, Rodeghiero F, et al.

Survival and prognosis among 1545 patients with contemporary polycythemia

vera: an international study. Leukemia. 2013;27:1874–81. https://doi.org/

10.1038/leu.2013.163

61. Barosi G, Mesa RA, Thiele J, Cervantes F, Campbell PJ, Verstovsek S, et al. Pro-

posed criteria for the diagnosis of post-polycythemia vera and post-essential

thrombocythemia myelofibrosis: a consensus statement from the International

Working Group for Myelofibrosis Research and Treatment. Leukemia.

2008;22:437–8. https://doi.org/10.1038/sj.leu.2404914.

62. Hultcrantz M, Wilkes SR, Kristinsson SY, Andersson TM, Derolf AR, Eloranta S,

et al. Risk and cause of death in patients diagnosed with myeloproliferative

neoplasms in Sweden between 1973 and 2005: a population-based study. J Clin

Oncol. 2015;33:2288–95. https://doi.org/10.1200/JCO.2014.57.6652.

63. Szuber N, Vallapureddy RR, Penna D, Lasho TL, Finke C, Hanson CA, et al.

Myeloproliferative neoplasms in the young: Mayo Clinic experience with 361

patients age 40 years or younger. Am J Hematol. 2018;93:1474–84. https://doi.

org/10.1002/ajh.25270.

64. Ronner L, Podoltsev N, Gotlib J, Heaney ML, Kuykendall AT, O’Connell C, et al.

Persistent leukocytosis in polycythemia vera is associated with disease evolution

but not thrombosis. Blood. 2020;135:1696–703. https://doi.org/10.1182/

blood.2019003347.

65. Passamonti F, Rumi E, Pietra D, Elena C, Boveri E, Arcaini L, et al. A prospective

study of 338 patients with polycythemia vera: the impact of JAK2 (V617F) allele

burden and leukocytosis on fibrotic or leukemic disease transformation and

vascular complications. Leukemia. 2010;24:1574–9. https://doi.org/10.1038/

leu.2010.148.

66. Tefferi A, Betti S, Barraco D, Mudireddy M, Shah S, Hanson CA, et al. Gender and

survival in essential thrombocythemia: a two-center study of 1,494 patients. Am

J Hematol. 2017;92:1193–7. https://doi.org/10.1002/ajh.24882

67. Tefferi A, Guglielmelli P, Lasho TL, Coltro G, Finke CM, Loscocco GG, et al.

Mutation-enhanced international prognostic systems for essential thrombo-

cythaemia and polycythaemia vera. Br J Haematol. 2020;189:291–302. https://

doi.org/10.1111/bjh.16380.

68. Tefferi A, Lasho TL, Guglielmelli P, Finke CM, Rotunno G, Elala Y, et al. Targeted

deep sequencing in polycythemia vera and essential thrombocythemia. Blood

Adv. 2016;1:21–30. https://doi.org/10.1182/bloodadvances.2016000216

69. Hultcrantz M, Bjorkholm M, Dickman PW, Landgren O, Derolf AR, Kristinsson SY,

et al. Risk for arterial and venous thrombosis in patients with myeloproliferative

neoplasms: a population-based cohort study. Ann Intern Med. 2018;168:317–25.

https://doi.org/10.7326/M17-0028.

70. Szuber N, Mudireddy M, Nicolosi M, Penna D, Vallapureddy RR, Lasho TL, et al.

3023 Mayo Clinic patients with myeloproliferative neoplasms: risk-stratified

comparison of survival and outcomes data among disease subgroups. Mayo

Clin Proc. 2019;94:599–610. https://doi.org/10.1016/j.mayocp.2018.08.022.

71. Berk PD, Goldberg JD, Donovan PB, Fruchtman SM, Berlin NI, Wasserman LR.

Therapeutic recommendations in polycythemia vera based on Polycythemia

Vera Study Group protocols. Semin Hematol. 1986;23:132–43.

72. Marchioli R, Finazzi G, Landolfi R, Kutti J, Gisslinger H, Patrono C, et al. Vascular

and neoplastic risk in a large cohort of patients with polycythemia vera. J Clin

Oncol. 2005;23:2224–32. https://doi.org/10.1200/JCO.2005.07.062.

73. Barbui T, Carobbio A, Rumi E, Finazzi G, Gisslinger H, Rodeghiero F, et al. In

contemporary patients with polycythemia vera, rates of thrombosis and risk

factors delineate a new clinical epidemiology. Blood. 2014;124:3021–3. https://

doi.org/10.1182/blood-2014-07-591610.

74. Cerquozzi S, Barraco D, Lasho T, Finke C, Hanson CA, Ketterling RP, et al. Risk

factors for arterial versus venous thrombosis in polycythemia vera: a single

center experience in 587 patients. Blood Cancer J. 2017;7:662. https://doi.org/

10.1038/s41408-017-0035-6.

75. Barbui T, Vannucchi AM, Carobbio A, Rumi E, Finazzi G, Gisslinger H, et al. The

effect of arterial hypertension on thrombosis in low-risk polycythemia vera. Am

J Hematol. 2017;92:E5–E6. https://doi.org/10.1002/ajh.24583.

76. De Stefano V, Za T, Rossi E, Vannucchi AM, Ruggeri M, Elli E, et al. Leukocytosis is

a risk factor for recurrent arterial thrombosis in young patients with poly-

cythemia vera and essential thrombocythemia. Am J Hematol. 2010;85:97–100.

https://doi.org/10.1002/ajh.21593.

77. De Stefano V, Za T, Rossi E, Vannucchi AM, Ruggeri M, Elli E, et al. Recurrent

thrombosis in patients with polycythemia vera and essential thrombocythemia:

incidence, risk factors, and effect of treatments. Haematologica. 2008;93:372–80.

https://doi.org/10.3324/haematol.12053.

78. Landolfi R, Di Gennaro L, Barbui T, De Stefano V, Finazzi G, Marfisi R, et al.

Leukocytosis as a major thrombotic risk factor in patients with polycythemia

vera. Blood. 2007;109:2446–52. https://doi.org/10.1182/blood-2006-08-042515.

79. Barbui T, Masciulli A, Marfisi MR, Tognoni G, Finazzi G, Rambaldi A, et al. White

blood cell counts and thrombosis in polycythemia vera: a subanalysis of the

CYTO-PV study. Blood. 2015;126:560–1. https://doi.org/10.1182/blood-2015-04-

638593.

80. Carobbio A, Ferrari A, Masciulli A, Ghirardi A, Barosi G, Barbui T. Leukocytosis and

thrombosis in essential thrombocythemia and polycythemia vera: a systematic

review and meta-analysis. Blood Adv. 2019;3:1729–37. https://doi.org/10.1182/

bloodadvances.2019000211.

81. Barbui T, Carobbio A, Ferrari A. Leukocytosis and thrombosis in polycythemia

vera: can clinical trials settle the debate? Blood Adv. 2019;3:3951–2. https://doi.

org/10.1182/bloodadvances.2019001159.

82. Vannucchi AM, Antonioli E, Guglielmelli P, Longo G, Pancrazzi A, Ponziani V,

et al. Prospective identification of high-risk polycythemia vera patients based on

JAK2(V617F) allele burden. Leukemia. 2007;21:1952–9. https://doi.org/10.1038/

sj.leu.2404854.

83. Barbui T, Carobbio A, Ghirardi A, Masciulli A, Rambaldi A, Vannucchi AM. No cor-

relation of intensity of phlebotomy regimen with risk of thrombosis in polycythemia

vera: evidence from European Collaboration on Low-Dose Aspirin in Polycythemia

Vera and Cytoreductive Therapy in Polycythemia Vera clinical trials. Haematologica.

2017;102:e219–e221. https://doi.org/10.3324/haematol.2017.165126.

84. Alvarez-Larran A, Perez-Encinas M, Ferrer-Marin F, Hernandez-Boluda JC,

Ramirez MJ, Martinez-Lopez J, et al. Risk of thrombosis according to need of

phlebotomies in patients with polycythemia vera treated with hydroxyurea.

Haematologica. 2017;102:103–9. https://doi.org/10.3324/haematol.2016.152769.

85. Ronner L, Mascarenhas J, Moshier EL. Response to meta-analysis of leukocytosis

and thrombosis in essential thrombocythemia and polycythemia vera. Blood

Adv. 2019;3:3010–2. https://doi.org/10.1182/bloodadvances.2019000822.

A. Tefferi et al.

3348

Leukemia (2021) 35:3339 – 3351

https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1182/blood-2016-03-643544
https://doi.org/10.1002/ajh.26008
https://doi.org/10.1038/s41375-018-0077-1
https://doi.org/10.1038/s41408-017-0042-7
https://doi.org/10.1016/j.mayocp.2017.06.002
https://doi.org/10.1038/sj.leu.2404810
https://doi.org/10.1038/sj.leu.2404810
https://doi.org/10.1182/blood-2013-07-515676
https://doi.org/10.1182/blood-2007-11-125328
https://doi.org/10.1182/blood-2007-11-125328
https://doi.org/10.1038/s41408-018-0157-5
https://doi.org/10.1038/s41408-018-0157-5
https://doi.org/10.1038/bcj.2017.17
https://doi.org/10.1182/blood-2011-11-393819
https://doi.org/10.1182/blood-2011-11-393819
https://doi.org/10.3324/haematol.2017.165795
https://doi.org/10.1111/bjh.14798
https://doi.org/10.1038/leu.2013.163
https://doi.org/10.1038/leu.2013.163
https://doi.org/10.1038/sj.leu.2404914
https://doi.org/10.1200/JCO.2014.57.6652
https://doi.org/10.1002/ajh.25270
https://doi.org/10.1002/ajh.25270
https://doi.org/10.1182/blood.2019003347
https://doi.org/10.1182/blood.2019003347
https://doi.org/10.1038/leu.2010.148
https://doi.org/10.1038/leu.2010.148
https://doi.org/10.1002/ajh.24882
https://doi.org/10.1111/bjh.16380
https://doi.org/10.1111/bjh.16380
https://doi.org/10.1182/bloodadvances.2016000216
https://doi.org/10.7326/M17-0028
https://doi.org/10.1016/j.mayocp.2018.08.022
https://doi.org/10.1200/JCO.2005.07.062
https://doi.org/10.1182/blood-2014-07-591610
https://doi.org/10.1182/blood-2014-07-591610
https://doi.org/10.1038/s41408-017-0035-6
https://doi.org/10.1038/s41408-017-0035-6
https://doi.org/10.1002/ajh.24583
https://doi.org/10.1002/ajh.21593
https://doi.org/10.3324/haematol.12053
https://doi.org/10.1182/blood-2006-08-042515
https://doi.org/10.1182/blood-2015-04-638593
https://doi.org/10.1182/blood-2015-04-638593
https://doi.org/10.1182/bloodadvances.2019000211
https://doi.org/10.1182/bloodadvances.2019000211
https://doi.org/10.1182/bloodadvances.2019001159
https://doi.org/10.1182/bloodadvances.2019001159
https://doi.org/10.1038/sj.leu.2404854
https://doi.org/10.1038/sj.leu.2404854
https://doi.org/10.3324/haematol.2017.165126
https://doi.org/10.3324/haematol.2016.152769
https://doi.org/10.1182/bloodadvances.2019000822


86. Gangat N, Wolanskyj AP, Schwager SM, Hanson CA, Tefferi A. Leukocytosis at

diagnosis and the risk of subsequent thrombosis in patients with low-risk

essential thrombocythemia and polycythemia vera. Cancer. 2009;115:5740–5.

https://doi.org/10.1002/cncr.24664.

87. Wasserman LR, Balcerzak SP, Berk PD, Berlin NI, Donovan PB, Dresch C, et al.

Influence of therapy on causes of death in polycythemia vera. Trans Assoc Am

Physicians. 1981;94:30–38.

88. Podoltsev NA, Zhu M, Zeidan AM, Wang R, Wang X, Davidoff AJ, et al. The

impact of phlebotomy and hydroxyurea on survival and risk of thrombosis

among older patients with polycythemia vera. Blood Adv. 2018;2:2681–90.

https://doi.org/10.1182/bloodadvances.2018021436.

89. Barbui T, Passamonti F, Accorsi P, Pane F, Vannucchi AM, Velati C, et al. Evi-

dence- and consensus-based recommendations for phlebotomy in poly-

cythemia vera. Leukemia. 2018;32:2077–81. https://doi.org/10.1038/s41375-018-

0199-5.

90. Berlin NI, Wasserman LR. Polycythemia vera: a retrospective and reprise. J Lab

Clin Med. 1997;130:365–73. https://doi.org/10.1016/s0022-2143(97)90035-4.

91. Tartaglia AP, Goldberg JD, Berk PD, Wasserman LR. Adverse effects of anti-

aggregating platelet therapy in the treatment of polycythemia vera. Semin

Hematol. 1986;23:172–6.

92. Finazzi G. A prospective analysis of thrombotic events in the European colla-

boration study on low-dose aspirin in polycythemia (ECLAP). Pathol Biol (Paris).

2004;52:285–8.

93. Alvarez-Larran A, Cervantes F, Pereira A, Arellano-Rodrigo E, Perez-Andreu V,

Hernandez-Boluda JC, et al. Observation versus antiplatelet therapy as primary

prophylaxis for thrombosis in low-risk essential thrombocythemia. Blood.

2010;116:1205–10. quiz 1387

94. Michiels JJ, Berneman Z, Schroyens W, Koudstaal PJ, Lindemans J, Neumann HA,

et al. Platelet-mediated erythromelalgic, cerebral, ocular and coronary micro-

vascular ischemic and thrombotic manifestations in patients with essential

thrombocythemia and polycythemia vera: a distinct aspirin-responsive and

coumadin-resistant arterial thrombophilia. Platelets. 2006;17:528–44.

95. Mainoli B, Duarte GS, Costa J, Ferreira J, Caldeira D. Once- versus twice-daily

aspirin in patients at high risk of thrombotic events: systematic review and

meta-analysis. Am J Cardiovasc Drugs. 2021;21:63–71. https://doi.org/10.1007/

s40256-020-00409-x.

96. Larsen ML, Pedersen OH, Hvas AM, Niekerk P, Bonlokke S, Kristensen SD, et al.

Once- versus twice-daily aspirin treatment in patients with essential thrombocy-

tosis. Platelets. 2019;30:322–8. https://doi.org/10.1080/09537104.2018.1430356.

97. Rocca B, Tosetto A, Betti S, Soldati D, Petrucci G, Rossi E, et al. A randomized

double-blind trial of 3 aspirin regimens to optimize antiplatelet therapy in

essential thrombocythemia. Blood. 2020;136:171–82. https://doi.org/10.1182/

blood.2019004596.

98. De Stefano V, Rocca B, Tosetto A, Soldati D, Petrucci G, Beggiato E, et al. The

Aspirin Regimens in Essential Thrombocythemia (ARES) phase II randomized

trial design: Implementation of the serum thromboxane B2 assay as an eva-

luation tool of different aspirin dosing regimens in the clinical setting. Blood

Cancer J. 2018;8:49 https://doi.org/10.1038/s41408-018-0078-3.

99. Tefferi A, Pardanani A. Essential thrombocythemia. N Engl J Med.

2019;381:2135–44. https://doi.org/10.1056/NEJMcp1816082

100. Godfrey AL, Campbell PJ, MacLean C, Buck G, Cook J, Temple J, et al. Hydro-

xycarbamide plus aspirin versus aspirin alone in patients with essential

thrombocythemia age 40 to 59 years without high-risk features. J Clin Oncol.

2018;36:3361–9. https://doi.org/10.1200/JCO.2018.78.8414.

101. Heidel FH, Al-Ali HK, Hirt C, Kampfe D, Jentsch-Ullrich K, Junghanss C, et al.

Questions arising on phlebotomy in polycythemia vera: prophylactic measures

to reduce thromboembolic events require patient-focused decisions. Leukemia.

2018;32:2085–7. https://doi.org/10.1038/s41375-018-0214-x.

102. Barosi G, Passamonti F, Accorsi P, Pane F, Vannucchi AM, Velati C, et al. Response

to “Questions arising on phlebotomy in polycythemia vera: prophylactic mea-

sures to reduce thromboembolic events require patient-focused decisions” by

Heidel et al. Leukemia. 2018;32:2727–8. https://doi.org/10.1038/s41375-018-

0259-x.

103. Kiladjian JJ, Cassinat B, Chevret S, Turlure P, Cambier N, Roussel M, et al.

Pegylated interferon-alfa-2a induces complete hematologic and molecular

responses with low toxicity in polycythemia vera. Blood. 2008;112:3065–72.

https://doi.org/10.1182/blood-2008-03-143537.

104. Silver RT. Interferon alfa: effects of long-term treatment for polycythemia vera.

Semin Hematol. 1997;34:40–50.

105. Samuelsson J, Hasselbalch H, Bruserud O, Temerinac S, Brandberg Y, Merup M,

et al. A phase II trial of pegylated interferon alpha-2b therapy for polycythemia

vera and essential thrombocythemia: feasibility, clinical and biologic effects, and

impact on quality of life. Cancer. 2006;106:2397–405. https://doi.org/10.1002/

cncr.21900.

106. Silver RT. Long-term effects of the treatment of polycythemia vera with

recombinant interferon-alpha. Cancer. 2006;107:451–8. https://doi.org/10.1002/

cncr.22026.

107. Quintas-Cardama A, Kantarjian H, Manshouri T, Luthra R, Estrov Z, Pierce S, et al.

Pegylated interferon alfa-2a yields high rates of hematologic and molecular

response in patients with advanced essential thrombocythemia and poly-

cythemia vera. J Clin Oncol. 2009;27:5418–24. https://doi.org/10.1200/

JCO.2009.23.6075.

108. Bewersdorf JP, Giri S, Wang R, Podoltsev N, Williams RT, Tallman MS, et al.

Interferon alpha therapy in essential thrombocythemia and polycythemia vera-a

systematic review and meta-analysis. Leukemia. 2021;35:1643–60. https://doi.

org/10.1038/s41375-020-01020-4.

109. Finelli C, Gugliotta L, Gamberi B, Vianelli N, Visani G, Tura S. Relief of intractable

pruritus in polycythemia vera with recombinant interferon alfa. Am J Hematol.

1993;43:316–8. https://doi.org/10.1002/ajh.2830430419.

110. Jones AV, Silver RT, Waghorn K, Curtis C, Kreil S, Zoi K, et al. Minimal molecular

response in polycythemia vera patients treated with imatinib or interferon

alpha. Blood. 2006;107:3339–41. https://doi.org/10.1182/blood-2005-09-3917.

111. Quintas-Cardama A, Abdel-Wahab O, Manshouri T, Kilpivaara O, Cortes J, Roupie

AL, et al. Molecular analysis of patients with polycythemia vera or essential

thrombocythemia receiving pegylated interferon alpha-2a. Blood.

2013;122:893–901. https://doi.org/10.1182/blood-2012-07-442012.

112. Massaro P, Foa P, Pomati M, LaTargia ML, Iurlo A, Clerici C, et al. Polycythemia

vera treated with recombinant interferon-alpha 2a: evidence of a selective effect

on the malignant clone. Am J Hematol. 1997;56:126–8.

113. Kiladjian JJ, Cassinat B, Turlure P, Cambier N, Roussel M, Bellucci S, et al. High

molecular response rate of polycythemia vera patients treated with pegylated

interferon alpha-2a. Blood. 2006;108:2037–40. https://doi.org/10.1182/blood-

2006-03-009860.

114. Verger E, Soret-Dulphy J, Maslah N, Roy L, Rey J, Ghrieb Z, et al. Ropeginterferon

alpha-2b targets JAK2V617F-positive polycythemia vera cells in vitro and in vivo.

Blood Cancer J. 2018;8:94. https://doi.org/10.1038/s41408-018-0133-0.

115. Barbui T, Vannucchi AM, De Stefano V, Masciulli A, Carobbio A, Ferrari A, et al.

Ropeginterferon alfa-2b versus phlebotomy in low-risk patients with poly-

cythaemia vera (Low-PV study): a multicentre, randomised phase 2 trial. Lancet

Haematol. 2021;8:e175–e184. https://doi.org/10.1016/S2352-3026(20)30373-2.

116. Barosi G, Tefferi A, Besses C, Birgegard G, Cervantes F, Finazzi G, et al. Clinical

end points for drug treatment trials in BCR-ABL1-negative classic myeloproli-

ferative neoplasms: consensus statements from European LeukemiaNET (ELN)

and Internation Working Group-Myeloproliferative Neoplasms Research and

Treatment (IWG-MRT). Leukemia. 2015;29:20–26. https://doi.org/10.1038/

leu.2014.250.

117. Berk PD, Goldberg JD, Silverstein MN, Weinfeld A, Donovan PB, Ellis JT, et al.

Increased incidence of acute leukemia in polycythemia vera associated with

chlorambucil therapy. N Engl J Med. 1981;304:441–7. https://doi.org/10.1056/

NEJM198102193040801.

118. Kiladjian JJ, Chevret S, Dosquet C, Chomienne C, Rain JD. Treatment of poly-

cythemia vera with hydroxyurea and pipobroman: final results of a randomized

trial initiated in 1980. J Clin Oncol. 2011;29:3907–13. https://doi.org/10.1200/

JCO.2011.36.0792.

119. Donovan PB, Kaplan ME, Goldberg JD, Tatarsky I, Najean Y, Silberstein EB, et al.

Treatment of polycythemia vera with hydroxyurea. Am J Hematol.

1984;17:329–34. https://doi.org/10.1002/ajh.2830170402.

120. Kaplan ME, Mack K, Goldberg JD, Donovan PB, Berk PD, Wasserman LR. Long-

term management of polycythemia vera with hydroxyurea: a progress report.

Semin Hematol. 1986;23:167–71.

121. West WO. Hydroxyurea in the treatment of polycythemia vera: a prospective

study of 100 patients over a 20-year period. South Med J. 1987;80:323–7. https://

doi.org/10.1097/00007611-198703000-00012.

122. Carobbio A, Finazzi G, Antonioli E, Vannucchi AM, Barosi G, Ruggeri M, et al.

Hydroxyurea in essential thrombocythemia: rate and clinical relevance of

responses by European LeukemiaNet criteria. Blood. 2010;116:1051–5. https://

doi.org/10.1182/blood-2010-03-272179

123. Finazzi G, Ruggeri M, Rodeghiero F, Barbui T. Efficacy and safety of long-term

use of hydroxyurea in young patients with essential thrombocythemia and a

high risk of thrombosis. Blood. 2003;101:3749. https://doi.org/10.1182/blood-

2003-01-0135

124. Barbui T, Vannucchi AM, Finazzi G, Finazzi MC, Masciulli A, Carobbio A, et al. A

reappraisal of the benefit-risk profile of hydroxyurea in polycythemia vera: a

propensity-matched study. Am J Hematol. 2017;92:1131–6. https://doi.org/

10.1002/ajh.24851.

125. Harrison CN, Campbell PJ, Buck G, Wheatley K, East CL, Bareford D, et al.

Hydroxyurea compared with anagrelide in high-risk essential thrombocythemia.

N Engl J Med. 2005;353:33–45.

A. Tefferi et al.

3349

Leukemia (2021) 35:3339 – 3351

https://doi.org/10.1002/cncr.24664
https://doi.org/10.1182/bloodadvances.2018021436
https://doi.org/10.1038/s41375-018-0199-5
https://doi.org/10.1038/s41375-018-0199-5
https://doi.org/10.1016/s0022-2143(97)90035-4
https://doi.org/10.1007/s40256-020-00409-x
https://doi.org/10.1007/s40256-020-00409-x
https://doi.org/10.1080/09537104.2018.1430356
https://doi.org/10.1182/blood.2019004596
https://doi.org/10.1182/blood.2019004596
https://doi.org/10.1038/s41408-018-0078-3
https://doi.org/10.1056/NEJMcp1816082
https://doi.org/10.1200/JCO.2018.78.8414
https://doi.org/10.1038/s41375-018-0214-x
https://doi.org/10.1038/s41375-018-0259-x
https://doi.org/10.1038/s41375-018-0259-x
https://doi.org/10.1182/blood-2008-03-143537
https://doi.org/10.1002/cncr.21900
https://doi.org/10.1002/cncr.21900
https://doi.org/10.1002/cncr.22026
https://doi.org/10.1002/cncr.22026
https://doi.org/10.1200/JCO.2009.23.6075
https://doi.org/10.1200/JCO.2009.23.6075
https://doi.org/10.1038/s41375-020-01020-4
https://doi.org/10.1038/s41375-020-01020-4
https://doi.org/10.1002/ajh.2830430419
https://doi.org/10.1182/blood-2005-09-3917
https://doi.org/10.1182/blood-2012-07-442012
https://doi.org/10.1182/blood-2006-03-009860
https://doi.org/10.1182/blood-2006-03-009860
https://doi.org/10.1038/s41408-018-0133-0
https://doi.org/10.1016/S2352-3026(20)30373-2
https://doi.org/10.1038/leu.2014.250
https://doi.org/10.1038/leu.2014.250
https://doi.org/10.1056/NEJM198102193040801
https://doi.org/10.1056/NEJM198102193040801
https://doi.org/10.1200/JCO.2011.36.0792
https://doi.org/10.1200/JCO.2011.36.0792
https://doi.org/10.1002/ajh.2830170402
https://doi.org/10.1097/00007611-198703000-00012
https://doi.org/10.1097/00007611-198703000-00012
https://doi.org/10.1182/blood-2010-03-272179
https://doi.org/10.1182/blood-2010-03-272179
https://doi.org/10.1182/blood-2003-01-0135
https://doi.org/10.1182/blood-2003-01-0135
https://doi.org/10.1002/ajh.24851
https://doi.org/10.1002/ajh.24851


126. Tatarsky I, Sharon R. Management of polycythemia vera with hydroxyurea.

Semin Hematol. 1997;34:24–28.

127. Finazzi G, Caruso V, Marchioli R, Capnist G, Chisesi T, Finelli C, et al. Acute

leukemia in polycythemia vera: an analysis of 1638 patients enrolled in a pro-

spective observational study. Blood. 2005;105:2664–70.

128. Barbui T, De Stefano V, Ghirardi A, Masciulli A, Finazzi G, Vannucchi AM. Dif-

ferent effect of hydroxyurea and phlebotomy on prevention of arterial and

venous thrombosis in polycythemia vera. Blood Cancer J. 2018;8:124. https://doi.

org/10.1038/s41408-018-0161-9.

129. Ferrari A, Carobbio A, Masciulli A, Ghirardi A, Finazzi G, De Stefano V, et al.

Clinical outcomes under hydroxyurea treatment in polycythemia vera: a sys-

tematic review and meta-analysis. Haematologica. 2019;104:2391–9. https://doi.

org/10.3324/haematol.2019.221234.

130. Ghirardi A, Carobbio A, Masciulli A, Barbui T. Incidence of solid tumors in

polycythemia vera treated with phlebotomy with or without hydroxyurea:

ECLAP follow-up data. Blood Cancer J. 2018;8:5. https://doi.org/10.1038/s41408-

017-0038-3.

131. Abu-Zeinah G, Krichevsky S, Cruz T, Hoberman G, Jaber D, Savage N, et al.

Interferon-alpha for treating polycythemia vera yields improved myelofibrosis-free

and overall survival. Leukemia. 2021. https://doi.org/10.1038/s41375-021-01183-8.

132. Gangat N, Wolanskyj AP, McClure RF, Li CY, Schwager S, Wu W, et al. Risk

stratification for survival and leukemic transformation in essential thrombo-

cythemia: a single institutional study of 605 patients. Leukemia. 2007;21:270–6.

133. Yacoub A, Mascarenhas J, Kosiorek H, Prchal JT, Berenzon D, Baer MR, et al.

Pegylated interferon alfa-2a for polycythemia vera or essential thrombocythe-

mia resistant or intolerant to hydroxyurea. Blood. 2019;134:1498–509. https://

doi.org/10.1182/blood.2019000428.

134. Verstovsek S, Vannucchi AM, Griesshammer M, Masszi T, Durrant S, Passamonti

F, et al. Ruxolitinib versus best available therapy in patients with polycythemia

vera: 80-week follow-up from the RESPONSE trial. Haematologica.

2016;101:821–9. https://doi.org/10.3324/haematol.2016.143644.

135. Alvarez-Larran A, Martinez-Aviles L, Hernandez-Boluda JC, Ferrer-Marin F, Antelo

ML, Burgaleta C, et al. Busulfan in patients with polycythemia vera or essential

thrombocythemia refractory or intolerant to hydroxyurea. Ann Hematol.

2014;93:2037–43. https://doi.org/10.1007/s00277-014-2152-7.

136. Douglas G, Harrison C, Forsyth C, Bennett M, Stevenson W, Hounsell J, et al.

Busulfan is effective second-line therapy for older patients with Philadelphia-

negative myeloproliferative neoplasms intolerant of or unresponsive to hydro-

xyurea. Leuk Lymphoma. 2017;58:89–95. https://doi.org/10.1080/

10428194.2016.1187269.

137. Treatment by radiophosphorus versus busulfan in polycythemia vera: a ran-

domized trial (E.O.R.T.C.‘s) “leukemias and hematosarcomas” group. Recent

Results Cancer Res. 1977:104–9.

138. Renso R, Aroldi A, Pioltelli P, Gambacorti-Passerini C, Elli EM. Long-term and low-

dose of busulfan is a safe and effective second-line treatment in elderly patients

with essential thrombocythemia resistant or intolerant to hydroxyurea. Blood

Cancer J. 2018;8:56. https://doi.org/10.1038/s41408-018-0091-6.

139. Barbui T, Thiele J, Passamonti F, Rumi E, Boveri E, Ruggeri M, et al. Survival and

disease progression in essential thrombocythemia are significantly influenced

by accurate morphologic diagnosis: an international study. J Clin Oncol.

2011;29:3179–84. https://doi.org/10.1200/JCO.2010.34.5298

140. Kuriakose ET, Gjoni S, Wang YL, Baumann R, Jones AV, Cross NC, et al.

JAK2V617F allele burden is reduced by busulfan therapy: a new observation

using an old drug. Haematologica. 2013;98:e135–137. https://doi.org/10.3324/

haematol.2013.087742.

141. Brodsky I. Busulfan versus hydroxyurea in the treatment of polycythemia vera

(PV) and essential thrombocythemia (ET). Am J Clin Oncol. 1998;21:105–6.

https://doi.org/10.1097/00000421-199802000-00024.

142. Kuriakose E, Vandris K, Wang YL, Chow W, Jones AV, Christos P, et al. Decrease in

JAK2 V617F allele burden is not a prerequisite to clinical response in patients

with polycythemia vera. Haematologica. 2012;97:538–42. https://doi.org/

10.3324/haematol.2011.053348.

143. Masciulli A, Ferrari A, Carobbio A, Ghirardi A, Barbui T. Ruxolitinib for the pre-

vention of thrombosis in polycythemia vera: a systematic review and meta-

analysis. Blood Adv. 2020;4:380–6. https://doi.org/10.1182/bloodadvances.201

9001158.

144. Griesshammer M, Andreoli A, Schauer S, Gotic M, Barbui T, Dohner K, et al.

Outcomes of 121 pregnancies in patients with polycythemia vera (Pv). Hae-

matologica. 2016;101:6–6.

145. Robinson S, Bewley S, Hunt BJ, Radia DH, Harrison CN. The management and

outcome of 18 pregnancies in women with polycythemia vera. Haematologica.

2005;90:1477–83.

146. Bertozzi I, Rumi E, Cavalloni C, Cazzola M, Fabris F, Randi ML. Pregnancy out-

come and management of 25 pregnancies in women with polycythemia vera.

Am J Hematol. 2018;93:E234–E235. https://doi.org/10.1002/ajh.25210.

147. Lapoirie J, Contis A, Guy A, Lifermann F, Viallard JF, Sentilhes L, et al. Man-

agement and outcomes of 27 pregnancies in women with myeloproliferative

neoplasms. J Matern Fetal Neonatal Med. 2020;33:49–56. https://doi.org/

10.1080/14767058.2018.1484097.

148. Gangat N, Tefferi A. Myeloproliferative neoplasms and pregnancy: overview and

practice recommendations. Am J Hematol. 2021;96:354–66. https://doi.org/

10.1002/ajh.26067.

149. Sogaard KK, Darvalics B, Horvath-Puho E, Sorensen HT. Survival after splanchnic

vein thrombosis: a 20-year nationwide cohort study. Thromb Res. 2016;141:1–7.

https://doi.org/10.1016/j.thromres.2016.02.024.

150. Ageno W, Riva N, Schulman S, Beyer-Westendorf J, Bang SM, Senzolo M, et al.

Long-term clinical outcomes of splanchnic vein thrombosis: results of an

international registry. JAMA Intern Med. 2015;175:1474–80. https://doi.org/

10.1001/jamainternmed.2015.3184.

151. Sant’Antonio E, Guglielmelli P, Pieri L, Primignani M, Randi ML, Santarossa C,

et al. Splanchnic vein thromboses associated with myeloproliferative neo-

plasms: an international, retrospective study on 518 cases. Am J Hematol.

2020;95:156–66. https://doi.org/10.1002/ajh.25677.

152. How J, Trinkaus KM, Oh ST. Distinct clinical, laboratory and molecular features of

myeloproliferative neoplasm patients with splanchnic vein thrombosis. Br J

Haematol. 2018;183:310–3. https://doi.org/10.1111/bjh.14958.

153. Alvarez-Larran A, Pereira A, Magaz M, Hernandez-Boluda JC, Garrote M, Cuevas

B, et al. Natural history of polycythemia vera and essential thrombocythemia

presenting with splanchnic vein thrombosis. Ann Hematol. 2020;99:791–8.

https://doi.org/10.1007/s00277-020-03965-z.

154. Debureaux PE, Cassinat B, Soret-Dulphy J, Mora B, Verger E, Maslah N, et al.

Molecular profiling and risk classification of patients with myeloproliferative

neoplasms and splanchnic vein thromboses. Blood Adv. 2020;4:3708–15.

https://doi.org/10.1182/bloodadvances.2020002414.

155. Lavu S, Szuber N, Mudireddy M, Yogarajah M, Gangat N, Pardanani A, et al.

Splanchnic vein thrombosis in patients with myeloproliferative neoplasms: the

Mayo Clinic experience with 84 consecutive cases. Am J Hematol. 2018;93:

E61–E64. https://doi.org/10.1002/ajh.24993.

156. Mascarenhas J, Kosiorek H, Prchal J, Yacoub A, Berenzon D, Baer MR, et al. A

prospective evaluation of pegylated interferon alfa-2a therapy in patients with

polycythemia vera and essential thrombocythemia with a prior splanchnic vein

thrombosis. Leukemia. 2019;33:2974–8. https://doi.org/10.1038/s41375-019-

0524-7.

157. De Stefano V, Rossi E, Carobbio A, Ghirardi A, Betti S, Finazzi G, et al. Hydro-

xyurea prevents arterial and late venous thrombotic recurrences in patients with

myeloproliferative neoplasms but fails in the splanchnic venous district. Pooled

analysis of 1500 cases. Blood Cancer J. 2018;8:112. https://doi.org/10.1038/

s41408-018-0151-y.

158. Pieri L, Paoli C, Arena U, Marra F, Mori F, Zucchini M, et al. Safety and efficacy of

ruxolitinib in splanchnic vein thrombosis associated with myeloproliferative

neoplasms. Am J Hematol. 2017;92:187–95. https://doi.org/10.1002/ajh.24614.

159. Wasserman LR, Gilbert HS. Surgery in polycythemia vera. N Engl J Med.

1963;269:1226–30. https://doi.org/10.1056/NEJM196312052692302.

160. Ruggeri M, Rodeghiero F, Tosetto A, Castaman G, Scognamiglio F, Finazzi G,

et al. Postsurgery outcomes in patients with polycythemia vera and essential

thrombocythemia: a retrospective survey. Blood. 2008;111:666–71. https://doi.

org/10.1182/blood-2007-07-102665.

161. Diehn F, Tefferi A. Pruritus in polycythaemia vera: prevalence, laboratory cor-

relates and management. Br J Haematol. 2001;115:619–21.

162. Saini KS, Patnaik MM, Tefferi A. Polycythemia vera-associated pruritus and its

management. Eur J Clin Invest. 2010;40:828–34. https://doi.org/10.1111/j.1365-

2362.2010.02334.x.

163. Siegel FP, Tauscher J, Petrides PE. Aquagenic pruritus in polycythemia vera:

characteristics and influence on quality of life in 441 patients. Am J Hematol.

2013;88:665–9. https://doi.org/10.1002/ajh.23474.

164. Tefferi A, Fonseca R. Selective serotonin reuptake inhibitors are effective in the

treatment of polycythemia vera-associated pruritus. Blood. 2002;99:2627.

https://doi.org/10.1182/blood.v99.7.2627.

165. Baldo A, Sammarco E, Plaitano R, Martinelli V, Monfrecola. Narrowband (TL-01)

ultraviolet B phototherapy for pruritus in polycythaemia vera. Br J Dermatol.

2002;147:979–81.

166. Pardanani A, Vannucchi AM, Passamonti F, Cervantes F, Barbui T, Tefferi A. JAK

inhibitor therapy for myelofibrosis: critical assessment of value and limitations.

Leukemia. 2011;25:218–25. https://doi.org/10.1038/leu.2010.269.

167. Vaa BE, Tefferi A, Gangat N, Pardanani A, Lasho TL, Finke CM, et al. Pruritus in

primary myelofibrosis: management options in the era of JAK inhibitors. Ann

Hematol. 2016;95:1185–9. https://doi.org/10.1007/s00277-016-2674-2.

168. Muller EW, de Wolf JT, Egger R, Wijermans PW, Huijgens PC, Halie MR, et al.

Long-term treatment with interferon-alpha 2b for severe pruritus in patients

with polycythaemia vera. Brit J Haematol. 1995;89:313–8.

A. Tefferi et al.

3350

Leukemia (2021) 35:3339 – 3351

https://doi.org/10.1038/s41408-018-0161-9
https://doi.org/10.1038/s41408-018-0161-9
https://doi.org/10.3324/haematol.2019.221234
https://doi.org/10.3324/haematol.2019.221234
https://doi.org/10.1038/s41408-017-0038-3
https://doi.org/10.1038/s41408-017-0038-3
https://doi.org/10.1038/s41375-021-01183-8
https://doi.org/10.1182/blood.2019000428
https://doi.org/10.1182/blood.2019000428
https://doi.org/10.3324/haematol.2016.143644
https://doi.org/10.1007/s00277-014-2152-7
https://doi.org/10.1080/10428194.2016.1187269
https://doi.org/10.1080/10428194.2016.1187269
https://doi.org/10.1038/s41408-018-0091-6
https://doi.org/10.1200/JCO.2010.34.5298
https://doi.org/10.3324/haematol.2013.087742
https://doi.org/10.3324/haematol.2013.087742
https://doi.org/10.1097/00000421-199802000-00024
https://doi.org/10.3324/haematol.2011.053348
https://doi.org/10.3324/haematol.2011.053348
https://doi.org/10.1182/bloodadvances.2019001158
https://doi.org/10.1182/bloodadvances.2019001158
https://doi.org/10.1002/ajh.25210
https://doi.org/10.1080/14767058.2018.1484097
https://doi.org/10.1080/14767058.2018.1484097
https://doi.org/10.1002/ajh.26067
https://doi.org/10.1002/ajh.26067
https://doi.org/10.1016/j.thromres.2016.02.024
https://doi.org/10.1001/jamainternmed.2015.3184
https://doi.org/10.1001/jamainternmed.2015.3184
https://doi.org/10.1002/ajh.25677
https://doi.org/10.1111/bjh.14958
https://doi.org/10.1007/s00277-020-03965-z
https://doi.org/10.1182/bloodadvances.2020002414
https://doi.org/10.1002/ajh.24993
https://doi.org/10.1038/s41375-019-0524-7
https://doi.org/10.1038/s41375-019-0524-7
https://doi.org/10.1038/s41408-018-0151-y
https://doi.org/10.1038/s41408-018-0151-y
https://doi.org/10.1002/ajh.24614
https://doi.org/10.1056/NEJM196312052692302
https://doi.org/10.1182/blood-2007-07-102665
https://doi.org/10.1182/blood-2007-07-102665
https://doi.org/10.1111/j.1365-2362.2010.02334.x
https://doi.org/10.1111/j.1365-2362.2010.02334.x
https://doi.org/10.1002/ajh.23474
https://doi.org/10.1182/blood.v99.7.2627
https://doi.org/10.1038/leu.2010.269
https://doi.org/10.1007/s00277-016-2674-2


169. Tefferi A, Saeed L, Hanson CA, Ketterling RP, Pardanani A, Gangat N. Application

of current prognostic models for primary myelofibrosis in the setting of post-

polycythemia vera or post-essential thrombocythemia myelofibrosis. Leukemia.

2017;31:2851–2. https://doi.org/10.1038/leu.2017.268.

170. Rotunno G, Pacilli A, Artusi V, Rumi E, Maffioli M, Delaini F, et al. Epidemiology

and clinical relevance of mutations in postpolycythemia vera and postessential

thrombocythemia myelofibrosis: a study on 359 patients of the AGIMM group.

Am J Hematol. 2016;91:681–6. https://doi.org/10.1002/ajh.24377.

171. Passamonti F, Giorgino T, Mora B, Guglielmelli P, Rumi E, Maffioli M, et al. A

clinical-molecular prognostic model to predict survival in patients with post

polycythemia vera and post essential thrombocythemia myelofibrosis. Leuke-

mia. 2017;31:2726–31. https://doi.org/10.1038/leu.2017.169.

172. Guglielmelli P, Lasho TL, Rotunno G, Mudireddy M, Mannarelli C, Nicolosi M,

et al. MIPSS70: Mutation-Enhanced International Prognostic Score System for

transplantation-age patients with primary myelofibrosis. J Clin Oncol.

2018;36:310–8. https://doi.org/10.1200/JCO.2017.76.4886.

173. Tefferi A, Guglielmelli P, Lasho TL, Gangat N, Ketterling RP, Pardanani A, et al.

MIPSS70+ version 2.0: Mutation and Karyotype-Enhanced International Prog-

nostic Scoring System for primary myelofibrosis. J Clin Oncol. 2018;36:1769–70.

https://doi.org/10.1200/JCO.2018.78.9867.

174. Tefferi A, Nicolosi M, Mudireddy M, Lasho TL, Gangat N, Begna KH, et al. Revised

cytogenetic risk stratification in primary myelofibrosis: analysis based on 1002

informative patients. Leukemia. 2018;32:1189–99. https://doi.org/10.1038/

s41375-018-0018-z

175. Tefferi A, Finke CM, Lasho TL, Hanson CA, Ketterling RP, Gangat N, et al. U2AF1

mutation types in primary myelofibrosis: phenotypic and prognostic distinc-

tions. Leukemia. 2018;32:2274–8.

176. Nicolosi M, Mudireddy M, Lasho TL, Hanson CA, Ketterling RP, Gangat N, et al.

Sex and degree of severity influence the prognostic impact of anemia in pri-

mary myelofibrosis: analysis based on 1109 consecutive patients. Leukemia.

2018;32:1254–8. https://doi.org/10.1038/s41375-018-0028-x

177. Tefferi A. Primary myelofibrosis: 2021 update on diagnosis, risk-stratification and

management. Am J Hematol. 2021;96:145–62. https://doi.org/10.1002/

ajh.26050.

178. Kremyanskaya M, Ginzburg Y, Kuykendall AT, Yacoub A, Yang J, Gupta SK, et al.

PTG-300 eliminates the need for therapeutic phlebotomy in both low and high-

risk polycythemia vera patients. Blood. 2020;136. https://doi.org/10.1182/blood-

2020-137285.

179. Mascarenhas J, Higgins B, Anders D, Burbury K, El-Galaly TC, Gerds AT, et al.

Safety and efficacy of idasanutlin in patients (pts) with hydroxyurea (HU)-

resistant/intolerant polycythemia vera (PV): results of an international phase II

study. Blood. 2020;136. https://doi.org/10.1182/blood-2020-135868.

180. Marcellino BK, Farnoud N, Cassinat B, Lu M, Verger E, McGovern E, et al. Tran-

sient expansion of TP53 mutated clones in polycythemia vera patients treated

with idasanutlin. Blood Adv. 2020;4:5735–44. https://doi.org/10.1182/

bloodadvances.2020002379.

181. Rambaldi A, Iurlo A, Vannucchi AM, Martino B, Guarini A, Ruggeri M, et al. Long-

term safety and efficacy of givinostat in polycythemia vera: 4-year mean follow

up of three phase 1/2 studies and a compassionate use program. Blood Cancer

J. 2021;11:53. https://doi.org/10.1038/s41408-021-00445-z.

182. Huenerbein K, Sadjadian P, Becker T, Kolatzki V, Deventer E, Engelhardt C, et al.

Direct oral anticoagulants (DOAC) for prevention of recurrent arterial or venous

thromboembolic events (ATE/VTE) in myeloproliferative neoplasms. Ann

Hematol. 2021;100:2015–22. https://doi.org/10.1007/s00277-020-04350-6.

183. Serrao A, Breccia M, Napolitano M, Fiori L, Santoro M, Scalzulli E, et al. A mul-

ticenter real-life study on anticoagulant treatment with direct oral antic-

oagulants in patients with Ph-negative myeloproliferative neoplasms. Am J

Hematol. 2020;95:E329–E332. https://doi.org/10.1002/ajh.25990.

184. Curto-Garcia N, Doyle AJ, Breen KA, McLornan DP, Radia DH, Hunt BJ, et al.

Outcomes of patients receiving direct oral anticoagulants for myeloproliferative

neoplasm-associated venous thromboembolism in a large tertiary centre in the

UK. Br J Haematol. 2020;189:e79–e81. https://doi.org/10.1111/bjh.16485.

185. Barbui T, De Stefano V, Carobbio A, Iurlo A, Alvarez-Larran A, Cuevas B, et al.

Direct oral anticoagulants for myeloproliferative neoplasms: results from an

international study on 442 patients. Leukemia. 2021. https://doi.org/10.1038/

s41375-021-01279-1.

186. Schaefer JK, Errickson J, Li Y, Kong X, Alexandris-Souphis T, Ali MA, et al. Adverse

events associated with the addition of aspirin to direct oral anticoagulant

therapy without a clear indication. JAMA Intern Med. 2021;181:817–24. https://

doi.org/10.1001/jamainternmed.2021.1197.

AUTHOR CONTRIBUTIONS
All authors participated in the conceptual design of the review and critical

discussions and input. AT wrote the paper. All authors have reviewed the manuscript

and approved its content.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Ayalew Tefferi.

Reprints and permission information is available at http://www.nature.com/

reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims

in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give

appropriate credit to the original author(s) and the source, provide a link to the Creative

Commons license, and indicate if changes were made. The images or other third party

material in this article are included in the article’s Creative Commons license, unless

indicated otherwise in a credit line to the material. If material is not included in the

article’s Creative Commons license and your intended use is not permitted by statutory

regulation or exceeds the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this license, visit http://creativecommons.

org/licenses/by/4.0/.

© The Author(s) 2021

A. Tefferi et al.

3351

Leukemia (2021) 35:3339 – 3351

https://doi.org/10.1038/leu.2017.268
https://doi.org/10.1002/ajh.24377
https://doi.org/10.1038/leu.2017.169
https://doi.org/10.1200/JCO.2017.76.4886
https://doi.org/10.1200/JCO.2018.78.9867
https://doi.org/10.1038/s41375-018-0018-z
https://doi.org/10.1038/s41375-018-0018-z
https://doi.org/10.1038/s41375-018-0028-x
https://doi.org/10.1002/ajh.26050
https://doi.org/10.1002/ajh.26050
https://doi.org/10.1182/blood-2020-137285
https://doi.org/10.1182/blood-2020-137285
https://doi.org/10.1182/blood-2020-135868
https://doi.org/10.1182/bloodadvances.2020002379
https://doi.org/10.1182/bloodadvances.2020002379
https://doi.org/10.1038/s41408-021-00445-z
https://doi.org/10.1007/s00277-020-04350-6
https://doi.org/10.1002/ajh.25990
https://doi.org/10.1111/bjh.16485
https://doi.org/10.1038/s41375-021-01279-1
https://doi.org/10.1038/s41375-021-01279-1
https://doi.org/10.1001/jamainternmed.2021.1197
https://doi.org/10.1001/jamainternmed.2021.1197
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Polycythemia vera: historical oversights, diagnostic details, and therapeutic views
	Historical prelude
	Our current diagnostic approach in polycythemia vera
	JAK2 mutation screening
	Is bone marrow examination mandatory for the diagnosis of PV
	The concept of masked polycythemia vera and MPN-unclassifiable
	The relevance of bone marrow fibrosis in the context of PV

	Prognostication
	Predicting overall, leukemia-free, and myelofibrosis-free survival
	Thrombosis risk stratification

	How we treat
	Treatment backbone for all patients, regardless of risk category
	Indications and choice of cytoreductive drugs in low-risk PV
	Management of high-risk disease
	Treatment of hydroxyurea refractory/intolerant PV
	Management during pregnancy
	Management of splanchnic vein thrombosis
	Perioperative management
	Management of pruritus
	Management of post-PV myelofibrosis

	New drugs in the horizon
	PTG-300 (hepcidin mimetic)
	Idasanutlin (MDM2 antagonist)
	Givinostat (HDAC inhibitor)

	Concluding remarks
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION


