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Here we critically evaluate the role of elevated hematocrit as the
principal determinant of thrombotic risk in polycythemia and ery-
throcytosis, defined by an expansion of red cell mass. Since red cell

volume determination is no longer readily available, in clinical practice,
polycythemia and erythrocytosis are defined by elevated hemoglobin and
hematocrit. Thrombosis is common in Chuvash erythrocytosis and poly-
cythemia vera. Although the increased thrombotic risk is assumed to be
due to the elevated hematocrit and an associated increase in blood viscos-
ity, thrombosis does not accompany most types of erythrocytosis. We
review studies indicating that the occurrence of thrombosis in Chuvash
erythrocytosis is independent of hematocrit, that the thrombotic risk is
paradoxically increased by phlebotomy in Chuvash erythrocytosis, and
that, when compared to chemotherapy, phlebotomy is associated with
increased thrombotic risk in polycythemia vera. Inherited and environ-
mental causes that lead to polycythemia and erythrocytosis are accompa-
nied by diverse cellular changes that could directly affect thrombotic risk,
irrespective of the elevated hematocrit. The pressing issue in these disor-
ders is to define factors other than elevated hematocrit that determine
thrombotic risk. Defining these predisposing factors in polycythemia and
erythrocytosis should then lead to rational therapies and facilitate devel-
opment of targeted interventions.

Introduction

Polycythemia and erythrocytosis 
There are several different parameters for diagnosis of polycythemia and erythro-

cytosis based on a blood count: the number of red blood cells, the hematocrit, and
the hemoglobin concentration. Elevations in these measures can occur on a primary
or secondary basis (Table 1).1 Primary polycythemia results from functional abnor-
malities intrinsic to erythroid progenitors, causing them to be hypersensitive to or
independent of erythropoietin. This category includes polycythemia vera (PV),
which is associated with acquired somatic mutations in the Janus kinase 2 gene
(JAK2), dominantly inherited primary familial and congenital polycythemia or ery-
throcytosis, caused by germline gain-of-function erythropoietin receptor (EPOR)
mutations,2 and erythrocytosis due to SH2B3 mutations.3,4 Primary familial and con-
genital polycythemia or erythrocytosis predisposes patients to cardiovascular disor-
ders, perhaps due to chronic augmented erythropoietin signaling in all tissues bearing
EPOR.2 In contrast, in secondary erythrocytosis, functionally normal erythroid pro-
genitors are exposed to increased levels of circulating erythropoiesis-stimulating fac-
tors. In most instances, the erythropoiesis-stimulating factor is erythropoietin, but
cobalt, insulin growth factor 1, increased angiotensin signaling and manganese may
also stimulate erythropoiesis.1,5,6

Acquired causes of secondary erythrocytosis include erythrocytosis of pulmonary
disease, high altitude erythrocytosis, Eisenmenger syndrome, smoking, carboxyhe-
moglobinemia, erythropoietin-producing tumors, doping with erythropoietin, post-
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renal transplant erythrocytosis, exogenous testosterone use,
and cobalt and manganese toxicities.1,5,6 Congenital second-
ary erythrocytosis can be caused by high oxygen affinity
hemoglobin variants, inherited low 2,3-diphosphoglycerate
leading to high hemoglobin oxygen affinity, congenital
methemoglobinemia, and a recently described gain-of-
function mutation of the gene encoding erythropoietin
(EPO).7 Other congenital conditions include rare germline
mutations in hypoxia sensing pathway genes, including loss
of function mutations of VHL encoding von Hippel Lindau
(VHL) protein and EGLN1 encoding prolyl hydroxylase 2
(PHD2), and gain-of-function mutations of EPAS1 encoding
hypoxia inducible factor (HIF)-2α.1

Chuvash erythrocytosis (CE) is an autosomal recessive
condition, endemic to Chuvashia in Russia and Ischia in
Italy, which results from homozygosity for a C→T mis-
sense mutation of VHL (VHL c.598C>T or VHLR200W).8-10 The
mutated protein impairs interactions of VHL with the HIF-
α subunits, thereby reducing the rate of ubiquitin-mediated
HIF-α degradation by the proteasome. As a result, the levels
of HIF-1 and HIF-2 heterodimers increase, leading to
increased expression of their target genes, including EPO,
vascular endothelial growth factor (VEGF), glucose trans-
porter 1 (GLUT1), tissue factor (F3) and a plethora of other
genes.9,11,12 In endothelial cells, more than 3% of genes are
upregulated by HIF-1.13 CE erythroid progenitors are hyper-
sensitive to erythropoietin, a feature of primary poly-
cythemia, but affected subjects also have increased erythro-
poietin levels mediated by increased HIF-2, a feature of sec-
ondary erythrocytosis.9,14 Similar combined features of both
primary and secondary elevations in hematocrit are seen in
certain other germline mutations of VHL (loss-of-function
mutations) and EPAS1 (gain-of-function mutations).1

Viscosity, hematocrit and blood volume 
Both PV and erythrocytosis secondary to hypoxia or

upregulated hypoxia sensing are characterized by an
increased red cell mass and total blood volume, but the two
conditions may at times be divergent with regard to plasma
volume. The plasma volume is increased in PV, potentially
causing the hematocrit to underestimate the degree of ery-
throcytosis, whereas the plasma volume may not be
increased in all types of erythrocytosis secondary to hypox-
ia or to upregulated hypoxia sensing.15,16 Some clinical man-
ifestations of erythrocytosis, such as headaches and tinni-
tus, appear to be related to increased viscosity of blood
resulting from the expanded red cell mass and elevated
hematocrit. An increase in blood viscosity at higher hema-
tocrits with blood volume in the normal range impairs
blood flow and reduces the transport of oxygen.17 In vitro,
the viscosity of blood increases exponentially with an
increase in hematocrit. However, mitigating factors in
patients with erythrocytosis serve to improve oxygen trans-
port, a process that is dependent on both cardiac output and
hemoglobin concentration.18 Most importantly, the increase
in blood volume accompanying erythrocytosis enlarges the
vascular bed, decreases peripheral resistance and increases
cardiac output. In addition, the blood flow is axial, with a
central core of circulating red cells sliding over a peripheral
layer of lubricating plasma. Therefore, optimum oxygen
transport with increased blood volume occurs at a higher
hematocrit value than with normal blood volume,18,19 and a
moderate increase in hematocrit may be beneficial despite
the increased viscosity. This may not hold true when there
is a more pronounced increase in hematocrit, a circum-

stance in which high viscosity causes reduced blood flow19,20

that may be responsible for cerebral and cardiovascular
impairment in some high-altitude dwellers21 or in patients
with severely elevated hematocrit.22,23 In those instances,
hematocrit has been reported to reach extreme values,
sometimes exceeding 90%.24 In normovolemic individuals,
cerebral blood flow decreases at a certain point of hemat-
ocrit elevation.25 However, blood flow is also influenced by
the oxygen demand of tissues through incompletely under-
stood mechanisms26 and cerebral blood flow remains high
at high hematocrits when oxygen delivery is impaired. This
was elegantly illustrated in six patients with high hemoglo-
bin oxygen-affinity variants whose cerebral blood flow was
81% higher than that of 11 subjects of comparable age,
matched for hematocrit and viscosity, but without the
hemoglobin variant.27 Furthermore, cerebral blood flow
decreases at much higher levels of hematocrit with any
accompanying increased percentage of fetal hemoglobin,28

which also has high oxygen-affinity.29

Elevated hematocrit and thrombosis 
Thrombotic events are well documented in patients with

PV and CE, apparently less so in those with primary familial
and congenital polycythemia or erythrocytosis and HIF-2α
gain-of-function mutations, but not in patients with sec-
ondary erythrocytosis such as Eisenmenger syndrome,30,31

other cyanotic heart disorders,32,33 high altitude dwellers,
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Table 1. Classification of polycythemia and erythrocytosis.
Primary - functional abnormalities expressed in erythroid pro-
genitors
Acquired

Polycythemia vera (JAK2 mutations)
Familial

Primary familial & congenital polycythemia or erythrocytosis 
(EPOR mutations)

Erythrocytosis due to SH2B3 mutations
Secondary to increased erythropoietin
Acquired

Carboxyhemoglobinemia
Erythropoietin doping
Erythropoietin-secreting tumor
High altitude
Lung or heart disease
Smoking

Familial
Left-shifted oxygen dissociation curve

2,3-diphosphoglycerate deficiency 
High O2 affinity hemoglobins     

Methemoglobinemia
Mutations in hypoxia-sensing pathway genes

EGLN1 (PHD2) mutations
EPAS1 (HIF-2α) mutations 
VHL mutations (includes Chuvash erythrocytosis), typically homozygous

or compound heterozygous
Gain-of-function mutation of the EPO gene

Secondary to increased exposures other than erythropoietin
Acquired

Cobalt
Insulin growth factor 1
Manganese
Post-renal transplant (increased angiotensin signaling)
Testosterone



and subjects with high oxygen-affinity hemoglobins.
Several lines of evidence suggest that an isolated elevation
in hematocrit does not, per se, lead to thrombosis. For exam-
ple, cerebral infarction in young children with cyanotic
heart disease is attributed to iron deficiency and relative
anemia rather than to erythrocytosis.34,35 In the Framingham
study hematocrit was associated with risk of stroke but this
association disappeared in multivariate analysis when
smoking, a well-established risk factor for stroke,36 was
removed.37 In a UK study of 7,346 men, an increased risk of
stroke was not seen at higher hematocrit levels (≥51%) in
normotensive men but was apparent in hypertensive indi-
viduals.38 Coronary blood flow is decreased in secondary
erythrocytosis,22 but there is equivocal evidence as to
whether the risk of coronary thrombosis is increased in
patients with a high hematocrit.23,39,40 Secondary erythrocy-
tosis reportedly does not pose a thrombotic risk in surgical
patients.41

Studies of the influence of elevated hematocrit on the risk
of thrombosis in animal models of PV and erythrocytosis
secondary to elevated erythropoietin have failed to find a
consistent positive relationship.42-45 A study of a murine
model in which erythrocytosis was induced by transfusing
packed red blood cells, with evaluation of thrombotic risk
24 hours later, found that an elevated hematocrit promoted
arterial thrombus formation.46 However, acute erythrocyto-
sis induced by transfusion may not reflect the physiology of
the chronic elevation of hematocrit seen in PV and second-
ary erythrocytosis.47 Furthermore, it is not certain how well
the ferric chloride-induced thrombosis model in mice
reflects thrombosis formation in humans. Thus, in this
review, we focus on thrombosis in human conditions of
chronic elevation in hematocrit.

Chuvash erythrocytosis and polycythemia vera
share thrombosis as the principal cause of 
morbidity and mortality

Chuvash erythrocytosis
The propensity to thrombosis is even higher in CE than

in PV.48 Although endemic in Chuvashia and Ischia, CE is
distributed worldwide.8,9,49 This form of erythrocytosis is
characterized by a high risk of both arterial and venous
thrombosis in subjects living near sea level. It protects from
anemia in heterozygotes50 but causes augmented hypoxia
sensing with elevated hematocrit in homozygotes.12,51 The
VHLR200W variant is not associated with tumors characteristic
of the VHL tumor predisposition syndrome. Thrombosis
largely accounts for the morbidity and mortality of CE
although affected individuals have lower body mass index,
systolic blood pressure, glucose and HbA1c levels, and
white blood cell and platelet counts compared to con-
trols.48,52,53 The high rate of thrombosis in CE begins in child-
hood51 and increases with age.48 However, higher hemat-
ocrit is not an independent predictor of thrombotic risk in
either children or adults.48,51 Furthermore, a history of thera-
peutic phlebotomy in CE is associated with an increased
risk of thrombosis.48 Thus, the thrombotic risk in CE
appears to be independent of viscosity, but rather to be
related to changes in the upregulated hypoxic responses
associated with the homozygous VHL598C>T mutation. We
found many HIF-regulated transcripts to be differentially
upregulated in CE peripheral blood mononuclear cells,
including IL1B, encoding interleukin 1β (2.1-fold), TSP1,

encoding thrombospondin-1 (1.5-fold), NLRP3, encoding
NLR family pyrin domain containing 3 (1.4-fold), SER-
PINE1, encoding plasminogen activator inhibitor-1 (PAI-1)
(1.2-fold), and F3 encoding tissue factor (1.1-fold).11 We also
found differential gene expression in granulocytes and retic-
ulocytes, and increased TSP-1 concentrations in plasma.48

Thus, increased HIF may cause a pro-thrombotic milieu in
CE.54-56 The positive association of phlebotomy with throm-
bosis in CE parallels observations in the Polycythemia Vera
Study Group (PVSG) 01 and 05 studies.57 We postulate that
the heightened thrombotic risk is likely due to upregulation
of HIF-controlled prothrombotic genes such as tissue fac-
tor54-56,58 and thrombospondin.48 It is likely that other HIF-
regulated plasma or vascular factors also play contributory
roles.59 In aggregate, these data demonstrate that the throm-
botic risk in CE is independent of hematocrit.

Polycythemia vera 
Thrombosis is the most common complication of PV.60-62

One-half to three-quarters of these events are arterial.63

Ischemic strokes and transient ischemic attacks account for
the majority of thrombotic complications, followed in fre-
quency by myocardial infarction, deep vein thrombosis,
and pulmonary embolism. Cerebral venous thrombosis and
splanchnic thrombosis, including Budd-Chiari syndrome,
occur with increased frequency in PV. While it is not unusu-
al for Budd-Chiari syndrome to present as the first indicator
of PV, we have been unable to find the exact prevalence of
this complication in any large published study of PV.
Endogenous erythroid colony formation and the JAK2V617F

mutation may be found in patients with splanchnic throm-
bosis years before an increase in hematocrit.64,65 In fact, the
majority of “idiopathic” Budd-Chiari syndrome patients
have the JAK2V617F mutation despite a normal hematocrit.64

The association of Budd-Chiari syndrome and PV is so
strong that many experts advocate screening for PV with
JAK2V617F mutation analysis in all patients who present with
hepatic vein or portal/mesenteric thrombosis, regardless of
hematocrit.66,67 It should be noted that in PV the hematocrit
may be normal despite a marked elevation in red cell mass
and total blood volume and that the hematocrit in the
splanchnic veins may not be the same as that in the periph-
eral veins from where the blood sample is drawn.
Furthermore, the peripheral hematocrit may be deceptively
normal due to an increase in plasma volume in the presence
of splenomegaly.15,68

The rationale for phlebotomy in PV was provided by a
retrospective analysis of 69 patients in whom elevated
hematocrit was controlled by phlebotomy and thrombocy-
tosis by busulfan or other forms of chemotherapy.69 Over 15
years of observation, the incidence of thrombosis was pro-
portional to the elevation in hematocrit,69 but it is not clear
how much of the control of the hematocrit was related to
phlebotomy versus chemotherapy-related suppression of
hematopoiesis. 

The prospective, randomized PVSG 01 and 05 studies
demonstrated that phlebotomy to control hematocrit was
associated with a higher thrombotic risk compared to
chemotherapy.57 The PVSG 01 study was the first random-
ized trial of PV patients.57 Enrollment in the study occurred
between 1967 and 1974. All patients (n = 431) were initially
treated with phlebotomy to reduce the hematocrit to <45%
and then randomized to treatment with phlebotomy alone
(n = 134), chlorambucil (n = 141) or 32P (n = 156) to maintain
the hematocrit <45%. Phlebotomy was administered in the
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chlorambucil and 32P arms if the hematocrit was >45%
despite the chemotherapy regimen. In 1987, with a maxi-
mal follow-up of 19 years, 37.8% of the patients had expe-
rienced thrombosis as a major study outcome and 14.8%
had died from thrombosis. Overall, therapeutic phleboto-
my was independently and significantly associated with an
increased risk of thrombosis compared to chemotherapy,
but hematocrit level was not independently associated with
thrombotic risk. The increased risk of thrombosis in
patients undergoing phlebotomy compared to that in
patients treated with myelosuppressive therapy seemed to
be limited to the first 3 years of therapy.57 The increased
thrombotic risk did not seem to be related to poorer disease
control as reflected by hematocrit and platelet count: in a
retrospective analysis that paired patients with thrombosis
to those without thrombosis within the same treatment
group, neither hematocrit nor platelet count was associated
with thrombosis.70 As of 1987, 10.2% of the patients in the
PVSG 01 study had developed acute leukemia and 11.8%
had died from a hematologic malignancy. Acute leukemia
was much more common in the 32P arm (9.6%) and the
chlorambucil arm (13.5%) than in the phlebotomy alone
arm (1.5%), and this contributed to the finding that the
overall survival of patients treated with phlebotomy was
comparable to that of patients treated with 32P and slightly
better than that of patients treated with chlorambucil.70,71

The increased risk of thrombosis with phlebotomy com-
pared to chemotherapy observed in the PVSG 01 study was
followed up in the PVSG 05 study. Patients were initially
phlebotomized to achieve a hematocrit ≤40% and then ran-
domized to treatment with phlebotomy and the combina-
tion of aspirin (300 mg) and dipyridamole (75 mg) three
times daily (n = 88) versus 32P (n = 90) to maintain the hema-
tocrit <45%.57 The study was stopped at a median follow-
up of <2 years when seven (8.0%) patients in the phleboto-
my, aspirin and dipyridamole group had experienced a
major thrombosis versus two (2.2%) in the 32P group, provid-
ing further evidence of a higher rate of thrombosis with
therapeutic phlebotomy versus chemotherapy for PV. 

The European Collaboration on Low-Dose Aspirin in the
Polycythemia Vera study (ECLAP), which included 1,638
patients from 12 countries and 94 centers, found no differ-
ence in thrombotic complications for patients with hemat-
ocrits within the range of 40-55%; however, there were not
enough subjects with hematocrits >55% for evaluation.72

Evaluation of a cohort of 1,042 patients with PV in the
ECLAP trial demonstrated an advantage of hydroxyurea
therapy over phlebotomy with respect to the proportion of
fatal/nonfatal cardiovascular events: 13.2% in the phleboto-
my group versus 7.9% in the hydroxyurea group (P=0.006).73

An important attempt to clarify this issue was a prospective
study by the Cytoreductive Therapy in Polycythemia Vera
(CYTO-PV) Collaborative Group of the effect of hematocrit
on thrombosis in PV patients. This study showed that
patients treated with phlebotomy and hydroxyurea to a
hematocrit <45% (n = 182) had a lower rate of thrombosis
compared to that of patients treated to a target hematocrit
of 45-50% (n = 183).74 Hydroxyurea is the most common
myelosuppressive agent used in the treatment of PV;75,76 it is
effective at controlling erythrocyte, leukocyte, and platelet
counts without inducing acute leukemia, and it decreased
the risk of thrombosis during the first few years of therapy
compared to that in a historical cohort treated with phle-
botomy alone.57 By 6 months into the CYTO-PV study,74

fewer patients in the high-hematocrit group were receiving

hydroxyurea (47% versus 59%) and among those receiving
hydroxyurea the mean daily dose was 12% lower in the
high-hematocrit group. This eventuated in a higher white
blood cell count in the high-hematocrit group throughout
the study (P<0.001). Although absence of hydroxyurea
therapy77 and high leukocyte counts78 are independent cor-
relates of thrombotic risk in PV, the rate of thrombosis was
greater in the higher hematocrit group whether or not the
patient was treated with chemotherapy and whether or not
the white blood cell count was elevated.74 Thus, we cannot
rule out the possibility that hematocrit may contribute to
increased risk of thrombosis in PV along with other PV-
associated prothrombotic factors. However, some of the
authors of the CYTO-PV and ECLAP studies re-analyzed
the study population73 and concluded that there is a “greater
antithrombotic protection of hydroxyurea over phlebotomy against
arterial thrombosis while the two treatments produce similar results
in the protection from venous thrombosis.”79

In the PVSG 01 study, a history of previous thrombosis
and older age were independent risk factors for thrombosis
after controlling for therapeutic phlebotomy versus
chemotherapy.57,70 Currently, the age of the patient (>60
years) and previous thrombotic events are universally
acknowledged risk factors for major vascular complications
in PV.60 The proportion of activated neutrophils is increased
in PV,80 and it is possible that neutrophils may be an impor-
tant factor in PV-associated thrombosis.81 In a multivariate
analysis of the relationship of peripheral blood cell counts
with thrombosis in PV subjects, an increased number of
leukocytes was the most significant correlate of increased
thrombotic risk.78 A study of 1,545 patients by the
International Working Group - Myeloproliferative
Neoplasms Research and Treatment (IWG-MRT) found
that survival of PV patients correlated negatively with
leukocytosis, older age, venous thrombosis, and atypical
karyotype.82 It was also reported that PV may be associated
with tissue factor expression in polymorphonuclear leuko-
cytes in the absence of any in vitro challenge, and that
expression is decreased after treatment with hydroxyurea.83

An additional risk for thrombotic events in PV may be envi-
ronmental hypoxia. We found that PV patients residing in
Salt Lake City at approximately 1,400 meters have a higher
rate of arterial and venous thromboses than that of patients
residing at sea level in Baltimore,84 even though they are
only exposed to modest hypoxia.85 In a multivariate analy-
sis, living in Salt Lake City was an independent thrombotic
risk factor in PV.84 This may be explained by the recent
observation that hypoxia decreases protein S levels in nor-
mal subjects by an HIF-1-mediated mechanism.86

Conclusion

Certain disorders with elevated hematocrit, such as PV,
CE, primary familial and congenital polycythemia or ery-
throcytosis (EPOR mutation), and EPAS1 gain-of-func-
tion mutations, are associated with thrombotic compli-
cations. These conditions are characterized by diverse
cellular and metabolic changes that could be directly
associated with thrombotic risk, irrespective of hemat-
ocrit level. The challenge in these conditions is to eluci-
date factors for the thrombotic risk other than the elevat-
ed hematocrit, and to define what, if any, role that vis-
cosity plays in thrombotic risk. Defining these thrombo-
sis-predisposing factors would provide the basis for iden-
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tifying and developing novel targeted therapies for these
disorders. The evidence we have presented here points
to favoring the use of myelosuppressive therapy for
intermediate- and high-risk PV, as this approach has been
proven to decrease the risk of thrombosis in PV.
Furthermore, we trust that the urge to correct any abnor-
mal laboratory data by a therapeutic intervention should
be tempered by consideration of the risk-benefit ratio of
any such intervention. The routine practice of phleboto-
my for elevated hematocrit, with its inevitable iron defi-
ciency (which leads to inhibition of PHD2, increased HIF,
and increased erythropoietin) and potential detrimental
thrombotic effects, should be re-evaluated. We hope that
this review will encourage more studies to pursue the

challenge of defining the specific molecular basis of
thrombosis in diverse types of polycythemia and ery-
throcytosis. Improved knowledge of the pathophysiolo-
gy of these entities should be extended to the develop-
ment of targeted approaches for the prevention and ther-
apy of thrombotic complications. A review of potential
molecular mechanisms contributing to thrombosis in
myeloproliferative neoplasms was published at the time
of the submission of this manuscript.87
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