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Idiopathic erythrocytosis: a disappearing entity
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Erythrocytosis results when there is an increased red cell mass and thus an increased hemoglobin. The
causes can be divided into primary intrinsic defects of the erythroid progenitor cell and secondary
defects, where factors external to the erythroid compartment are responsible. Both can then be further
divided into congenital and acquired categories. Congenital causes include mutations of the erythropoi-
etin receptor and defects of the oxygen-sensing pathway including VHL, PHD2 and HIF2A mutations.
When fully investigated there remain a number of patients in whom no cause can be elucidated who are
currently described as having idiopathic erythrocytosis. Investigation should start with a full history and
examination. Having eliminated the common entity polycythemia vera, further direction for investigation is
guided by the erythropoietin level. Clinical consequences of the various erythrocytoses are not clear, but
in some groups thromboembolic events have been described in young patients. Evidence is lacking to
define best management, but aspirin and venesection to a target hematocrit should be considered.

The average adult produces 2.3 × 106 red cells every
second.1 These red cells contain hemoglobin (Hb),
which is the means whereby oxygen is supplied to

the tissues. There are precise homeostatic mechanisms to
ensure sufficient, but not excess, red cell production. Any
imbalance in the homeostatic mechanisms can lead to
excess red cell production known as erythrocytosis.

The exact extent of an erythrocytosis is ascertained by
measuring the red cell mass. The red cell mass is defined as
increased if it is greater than 125% above that expected for
sex and body mass.2 If this occurs, then the subject has an
absolute erythrocytosis. The presence of an absolute
erythrocytosis is reflected in the fact that the Hb and
hematocrit (Hct) are also increased. The various parameters
do not completely reflect each other as other factors may
affect the measurements; however, an Hct of 0.60 or greater
is always associated with an increased red cell mass.3 An Hb
above 18.5 g/dL in a male or 16.5 g/dL in a female or an
Hct above 0.52 in a male or 0.48 in a female suggests that
there is an erythrocytosis. It may be necessary to carry out a
red cell mass to establish unequivocally that an absolute
erythrocytosis is present.

Classification of Erythrocytoses
An erythrocytosis can be classified depending on the
identified cause. The main division is on the basis of
primary causes, where an intrinsic defect in the erythroid
progenitor cell is associated with an enhanced response to
cytokines; or secondary, where the increased red cell
production is driven by factors external to the erythroid

compartment, such as increased erythropoietin (EPO)
production for any reason. Primary and secondary causes
can be classified further as either congenital or acquired
(Table 1).

Primary Erythrocytosis

Congenital Erythropoietin Receptor Mutations
The cytokine EPO binds to the EPO receptor on the surface
of the erythroid cell. When this occurs a phosphorylation
cascade is initiated. Janus Kinase2 (JAK2) is auto-
phosphorylated and then phosphorylates tyrosines in the
cytoplasmic region of the EPO receptor. These tyrosines
then act as a docking site for the signal transducer and
activator of transcription factor 5 (STAT5) protein, which
homodimerizes and translocates to the nucleus, where it
initiates gene transcription, proliferation of erythroid
precursors and ultimately the production of red cells. This
process is regulated by a mechanism to turn off red cell
production. About 30 minutes after EPO binds, the phos-
phatase SHP1 is recruited to the receptor and dephosphory-
lates the receptor and JAK2. The receptor then goes on to be
ubiquitinated and degraded in the proteasome.4

A number of mutations have been described in the EPO
receptor that results in a truncation of the protein so that the
JAK2-binding site is preserved but the SHP1-binding site is
lost. These mutations result in a receptor that is “switched
on” to stimulate red cell production but has no “switch off”
mechanism. Thus they result in continued red cell produc-
tion and erythrocytosis in the presence of low EPO levels,
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acquired abnormal clone, an erythrocytosis and frequently
an increased white cell and platelet count. There are now
well-accepted diagnostic criteria7,8 for polycythemia vera.
The majority of patients have a clone of cells with mutated
JAK2 where there is a gain-of-function mutation in exon 14,
Val617Phe, which leads to a constitutively activated JAK2.9

A small minority of patients, who are negative for the
JAK2V617F mutation but have a polycythemia vera–like
phenotype, have been found to have mutations in exon 12
of JAK2.10 Individuals with these mutations tend to have a
predominately erythroid phenotype. Many were described as
idiopathic erythrocytosis before the discovery of the clone.11

Secondary Erythrocytoses

The Oxygen-sensing Pathway
The human has sensitive mechanisms for the maintenance
of erythropoiesis in response to hypoxia. This system
involves a number of proteins: the prolyl hydroxylases
(PHDs), which exist in the isoforms PHD1, PHD2 and PHD3;
hypoxia-inducible factor (HIF), which is composed of an
unstable alpha subunit and a stable beta subunit; and the
von-Hippel-Lindau tumor suppressor protein (VHL). HIF-α
has three isoforms: HIF-1α, HIF-2α and HIF-3α.

In normoxic conditions the PHDs hydroxylate the α-
subunits of HIF. This hydroxylation allows binding by
VHL, which is the substrate recognition unit of an E3
ubiquitin ligase complex. This then allows ubiquitination
and degradation of HIF in the proteasome and maintenance
of low HIF levels. In hypoxic conditions, PHD-catalyzed
hydroxylation is diminished, allowing HIF to escape VHL-
mediated proteasome degradation. HIF alpha levels then
rise, associate with the beta subunit, and bind to the
transcriptional enhancer element located 3′ of the EPO
gene. HIF then regulates EPO transcription and production.
It also regulates the production of a number of other
proteins including those involved in glucose uptake,
glycolysis, pH regulation and angiogenesis, such as VEGF
(Figure 1).

Congenital Defects of the Oxygen-sensing
Pathway

VHL-Chuvash Polycythemia
The first defect discovered in the oxygen-sensing pathway
was in the VHL gene. A large number of people in the
Chuvash area in the upper Volga region of Russia were
found to have erythrocytosis. Those with erythrocytosis
were discovered to be homozygous for a single mutation
C598T in the gene leading to a change in amino acid
Arg200Trp.12 Four families of Pakistani and Bangladeshi
origin were identified with the mutation,13 and a further

Table 1. Causes of an erythrocytosis.

Primary ErythrocytosisPrimary ErythrocytosisPrimary ErythrocytosisPrimary ErythrocytosisPrimary Erythrocytosis

Congenital
Erythropoietin (EPO) receptor mutations

Acquired
Polycythemia vera (including JAK2 exon 12 mutations)

Secondary erythrocytosisSecondary erythrocytosisSecondary erythrocytosisSecondary erythrocytosisSecondary erythrocytosis

Congenital
Defects of the oxygen sensing pathway

VHL gene mutation (Chuvash erythrocytosis)
PHD2 mutations
HIF-2α mutations

Other congenital defects
High oxygen-affinity hemoglobin
Bisphosphoglycerate mutase deficiency

Acquired

EPO-mediated
Central hypoxia

Chronic lung disease
Right-to-left cardiopulmonary vascular shunts
Carbon monoxide poisoning
Smoker’s erythrocytosis
Hypoventilation syndromes including obstructive sleep

apnea
High-altitude

Local hypoxia
Renal artery stenosis
End-stage renal disease
Hydronephrosis
Renal cysts (polycystic kidney disease)
Post-renal transplant erythrocytosis

Pathologic EPO production
Tumors

Cerebellar hemangioblastoma
Meningioma
Parathyroid carcinoma/adenomas
Hepatocellular carcinoma
Renal cell cancer
Pheochromocytoma
Uterine leiomyomas

Drug associated
Erythropoietin administration
Androgen administration

Idiopathic erythrocytosisIdiopathic erythrocytosisIdiopathic erythrocytosisIdiopathic erythrocytosisIdiopathic erythrocytosis

as the receptor only needs an initial signal to start red cell
production. The known mutations result in the loss of
between 57 and 127 amino acids from the receptor. At least
14 different mutations have been described in single
families, although several, including the original one
described,5 have arisen independently in different families
(reviewed in Percy6).

Acquired Polycythemia Vera JAK2 mutations
The classical acquired primary erythrocytosis is poly-
cythemia vera. Patients with polycythemia vera have an
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study suggested that all these cases might have arisen from
a single founder 14,000 to 62,000 years ago.14 Another
cohort with this mutation has been identified in the Italian
island of Ischia.15 A few individuals have been identified
who are compound heterozygotes for the C598T mutation
and another VHL mutation. There are also some individuals
who are heterozygotes only for C598T or another VHL
mutation with erythrocytosis in whom a defect on the other
allele has not yet been identified (reviewed in Percy6).
Homozygotes have been tested and shown to have abnor-
mal cardiopulmonary physiology characteristic of acclima-
tization to the hypoxia of high altitude.16 They have also
been shown to have elevated homocysteine, glutathione
and cysteinylglycine levels.17

PHD2
A family was identified with a mutation in the PHD2 gene,
a heterozygous C950G resulting in a proline-to-arginine
change at codon 317.18 Further PHD2 mutations have been
identified: G1112A resulting in an arginine-to-histidine
change at codon 371,19 and A1121G resulting in a histi-
dine-to-arginine change at position 374.20 All these
mutations have been shown to have abnormal activity in
vitro including decreased HIF binding, defective HIF
hydroxylase activity and decreased HIF inhibitory activity.
Three further mutations in PHD2 have been described, two
frameshift mutations and a premature stop codon, all
leading to truncation of the protein.21 Further elucidation of
the role of the PHDs in erythrocytosis comes from mouse

knock-outs. PHD1/3 double deficiency causes erythrocyto-
sis partly by activating the hepatic HIF-2α pathway. In
contrast PHD2 deficiency leads to erythrocytosis by
activation of the renal EPO pathway.22

HIF2A
The first described mutation in the HIF genes was a gain-of-
function mutation in the HIF2A gene present in three
generations of a family with erythrocytosis. The affected
individuals were heterozygous for G1609T, resulting in a
change of glycine to tryptophan at position 537. This
results in an altered protein which binds more weakly than
control to PHD2, is less hydroxylated, and binds VHL less
efficiently than wild-type protein. Induction of downstream
genes is significantly increased by the mutation.23 A
different amino acid change at 537, Gly537Arg,24 and two
mutations at 535, Met535Val25 and Met535Ile,26 and a
Pro534Leu mutation27 have been identified. The different
mutations exhibit distinct effects on PHD2 binding and
VHL interaction.27

Other Congenital Secondary Erythrocytoses
A high-affinity hemoglobin shifts the oxygen dissocia-
tion curve to the left. Oxygen is released less readily to
the tissues, resulting in tissue hypoxia and a secondary
erythrocytosis. Over 90 hemoglobin variants with
altered oxygen affinity have been identified, with
defects of both the α and β globin genes described. A
high-affinity hemoglobin should be ruled out in cases of
erythrocytosis.28

The conversion of 1,3 bisphosphoglycerate (BPG) to 2,3
BPG is catalyzed by the enzyme bisphosphoglycerate
mutase. Hemoglobin is converted to a low oxygen affinity
state by binding to 2,3 BPG and presence of 2,3 BPG shifts
the oxygen affinity curve to the right. Deficiency of 2,3
BPG would therefore shift the oxygen affinity curve to the
left, and lead to tissue hypoxia and a compensatory
erythrocytosis. Deficiency of bisphophoglycerate mutase
can produce a deficiency of 2,3 BPG, and such rare cases
have been described causing erythrocytosis.29

Acquired Secondary Erythrocytosis
Many clinical conditions can result in an acquired second-
ary erythrocytosis. Tissue hypoxia is detected and leads to
EPO production. This can be a central process, where there
is hypoxia due to pulmonary or cardiac disease, or a process
leading to decreased oxygen supply such as high altitude or
obstructive sleep apnea.30 EPO is produced by the kidney,
and any process that leads to hypoxia in the kidney, for
example, renal artery stenosis, can result in increased EPO
production and thus erythrocytosis.

Figure 1. Diagram of oxygen-sensing pathway.
In normoxic conditions PHD2 hydroxylates HIF-2α which binds
VHL. The proteins are then ubiquitinated and degraded in the
proteasome. In hypoxic conditions HIF-2α associates with HIF-
β, binds to the transcription enhancer element of the EPO gene,
which leads to gene transcription and protein production
including production of EPO, which drives red cell production.
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EPO can also be produced pathologically. A number of
EPO-secreting tumors have been described including
cerebellar hemangioblastomas, meningomas, parathyroid
adenomas and carcinomas, hepatocellular carcinomas, renal
cell carcinomas, pheochromocytomas and uterine
leiomyomas.31 For example, in a case of a patient with a
leiomyoma who had a raised serum EPO it was observed
that EPO levels fell rapidly to normal when the tumor was
removed. The tumor tissue had increased EPO mRNA
expression and EPO protein.32

Finally, EPO can be administered deliberately to produce an
erythrocytosis and enhance performance. Administration of
exogenous androgens can have the same effect.33

Idiopathic Erythrocytosis
There remain a group of patients with erythrocytosis in
whom no cause has been identified. This group is labelled
idiopathic erythrocytosis. One third have EPO levels below
the normal range. The other two thirds have normal or
elevated EPO levels, and so have a secondary erythrocyto-
sis of unknown cause. Defects have been identified in some
patients in these groups; however, no mechanism for the
erythrocytosis has been identified in the majority of
patients.

Investigation of an Erythrocytosis
Once an erythrocytosis has been established identification
of the cause is the next focus. This should start with a
comprehensive history and examination with exploration
for secondary causes such as chronic respiratory disease.
Laboratory investigation can then start with simple tests
such as a repeat full blood count. The extent and direction
of further investigation should be driven by the clinical
scenario and initial results. A possibility of polycythemia
vera can be confirmed by JAK2 mutation testing.

In the patient who has an erythrocytosis and does not have
polycythemia vera or other obvious cause, checking EPO
levels is an initial way to guide further investigation. Those
with an EPO level below the normal range are likely to have
an abnormality of the EPO-signalling pathway, and this
pathway should be investigated first. Those with an
inappropriately normal (as if the Hb is elevated the normal
physiological response is a decreased EPO level) or
elevated EPO are likely to have an abnormality of the
oxygen sensing pathway; therefore, it is logical to look for
defects in these pathways.

There remain a group of patients in whom no cause has yet
been identified for the erythrocytosis therefore with
idiopathic erythrocytosis.

Clinical Consequences
A raised red cell count will increase the viscosity and thus
may have clinical consequences. The clinical groups,
however, are very disparate and therefore it is difficult to
ascertain a consistent clinical picture. The largest single
group of patients with erythrocytosis are those in
Chuvashia with autosomal recessive disease homozygous
for a single mutation C598T, the VHL mutation. The
clinical characteristics of 99 members of this group have
been studied retrospectively compared with a group of 64
spouses and 94 age- and sex-matched community controls.
Homozygotes had a lower median survival than controls
and had an increased mortality risk from cerebro-vascular
events and mesenteric thrombosis. They also had a history
of more frequent thromboses, lower systolic and diastolic
blood pressures and more frequent venous varicosities. As
anticipated, the Hb and EPO levels in this group were
higher than in controls. Ophthalmologic and imaging
studies were carried out in a subgroup of 33 homozygotes
and compared with a control group. More old cerebral
ischemic lesions and vertebral body hemangiomas were
seen in those with Chuvash polycythemia. There were no
reports of the tumors found in classical VHL syndrome and
no increased mortality from cancer.34 In the other extensive
group reported with the C598T mutation, over 50% were
affected by hypotension and varicose veins. No cancer or
other signs were reported.15

The other erythrocytoses associated with defects of the
oxygen-sensing pathway involve reports of isolated
families. The index case of a mutation in the PHD2 gene
had superficial thrombophlebitis four years after presenta-
tion and an affected sibling had paresthesia.18 A further
PHD2 patient at presentation had a sagittal sinus thrombo-
sis.19 Other cases presented with inflammatory
arthromyalgia, visual symptoms and hypertension (which
improved on treatment) and tinnitus.21 One patient with a
PHD2 mutation has been reported with a clearly docu-
mented recurrent paraganglioma presenting 13 years after
the erythrocytosis was first documented. Loss of heterozy-
gosity of the wild-type PHD2 was documented in the tumor,
suggesting that PHD2 can act as a tumor-suppressor gene.20

The propositus in the initial family with a HIF2A gene
mutation had a deep venous thrombosis at the age of 42
years, 19 years after initial presentation. His affected mother
had a myocardial infarction at the age of 63 years and his
maternal grandmother was reported alive and well at 89
years of age with the only a history of note being hyperten-
sion.23 In a further series of HIF2A mutations, a girl who
presented at 16 years had a mesenteric infarct at the age of
21 years, and her father who was known to have erythrocy-
tosis, died of a mesenteric thrombosis aged 41.25 In another
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case, the 56-year-old parent with erythrocytosis died of a
pulmonary embolus.26 Two affected members of another
kindred developed pulmonary hypertension in their sixth
decade.35 Thus there is clinical evidence from these cases
that HIF2A mutations may be associated with recurrent
thromboembolic events.

There is little information about the clinical consequences
of the other congenital and acquired erythrocytoses as they
have mostly been reported as isolated cases. There is a need
for an extensive audit of the clinical manifestations of
erythrocytosis.

Management of an Erythrocytosis
Management of polycythemia vera has been discussed by
many groups. There is little evidence to guide management
of erythrocytosis due to congenital defects or in those with
idiopathic erythrocytosis. Reducing the Hct by phle-
botomy/venesection reduces the blood viscosity and may
be of benefit. The facts that support this are scarce. In the
Framingham study, higher antecedent Hbs within the
normal range were associated with an increased incidence
of cerebro-vascular events in both sexes. However, when
this was correlated with other factors such as blood pressure
and smoking, the Hb was no longer a statistically signifi-
cant factor.36 This does not provide any guidance in the
pathological situation of a markedly raised Hb. Some of the
cohort of patients in Chuvashia were venesected, and those
who averaged two or more venesections per year were
analyzed in relation to the chance of thrombosis. The odds
of thrombosis in those venesected was reduced 5.6-fold, but
this was not statistically significant.34 This retrospective
study does not inform us about the actual Hcts achieved or
the relationship of events to actual Hct. A study in poly-
cythemia vera, the European Collaboration on Low-dose
Aspirin in Polycythemia Vera (ECLAP) study, showed that
the Hct was not associated with occurrence of thrombotic
events or mortality, but in this study Hcts were tightly
controlled at a reduced level,37 again not really helpful in
those with markedly raised Hcts due to erythrocytosis

The evidence for reduction of the Hct to a particular level
comes from a small retrospective study in polycythemia
vera where the incidence of vascular occlusive episodes is
increased in men and women when the Hct is 0.45 or above.
This study is the basis for the guidance in erythrocytosis to
reduce the Hct to below 0.45 in both sexes.38

Due to the lack of evidence each patient with erythrocytosis
should be individually assessed. If venesection is judged
appropriate, the sparse evidence would suggest reduction of
the Hct by venesection if the Hct is greater than 0.54. The
target for the Hct with venesection from the retrospective

evidence would be 0.45. This may be difficult to achieve
and may not make the patient with a high Hb feel better.
Thus a target of 0.50 may be a more practical. In those with
an increased risk of thrombosis, previous thrombosis,
peripheral vascular disease, diabetes or hypertension,
venesection should be considered at Hcts less than 0.54.39

Cytoreductive therapy is not appropriate for the treatment
of patients with erythrocytosis in whom there is no evi-
dence of a malignant clone

Aspirin at low doses is widely used as prophylaxis against
thrombotic events where this is considered a risk. Perhaps
surprisingly, in the Chuvash cohort the use of aspirin was
associated with a 2.4-fold increase of thrombosis, but this
was not statistically significant. Information on dose of
aspirin was not included.34 Therefore, this does not really
provide any guidance on the benefit of aspirin therapy in
erythrocytosis. In the ECLAP study, the benefit of low-dose
aspirin in the prevention of thrombosis was clearly demon-
strated in a prospective randomized trial.40 In those with no
specific contraindication, low-dose aspirin is relatively safe
and may be a benefit and therefore should be given to
patients with an erythrocytosis.

Conclusions
Some patients with erythrocytosis should be considered for
judicious venesection to a designated target Hct depending
on the clinical scenario and events. Low-dose aspirin can be
considered in any patient who does not have a specific
contra-indication. There is a need for long-term follow-up
and audit of treatment, events and outcomes in these rare
patients.

Disclosures
Conflict-of-interest disclosure: The author receives hono-
raria from Shire Pharmaceuticals, Bristol-Myers Squibb and
Novartis.
Off-label drug use: None disclosed.

Correspondence
Mary Frances McMullin, MD, MRCPath, Haematology,
Centre for Cancer Research and Cell Biology, The Queen’s
University Belfast, 97 Lisburn Road, Belfast, BT9 7BL,
United Kingdom; Phone: 44 (2890) 329241 Ext.2242; e-
mail: m.mcmullin@qub.ac.uk

References
1. Finch CA, Harker LA, Cook JA. Kinetics of the formed

elements of human blood. Blood. 1977;50:699-707.
2. Pearson TC, Guthrie DL, Simpson J, et al. Interpretation

of measured red cell mass and plasma volume in adults:
Expert Panel on Radionuclides of the International
Council for Standardization in Haematology. Br J



634 American Society of Hematology

Haematol. 1995;89:748-756,
3. Johansson PL. Soodabeh S-K, Kutti J. An elevated

venous haemoglobin concentration cannot be used as a
surrogate marker for absolute erythrocytosis: a study of
patients with polycythaemia vera and apparent
polycythaemia. Br J Haematol. 2005;129:701-705.

4. Walrafen P, Verdier F, Kadri Z, et al. Both proteasomes
and lysosomes degrade the activated erythropoietin
receptor. Blood. 2005;105:600-608.

5. Percy MJ, McMullin MF, Roques AW, et al. Erythrocy-
tosis due to a mutation in the erythropoietin receptor
gene. Br J Haematol. 1998;100:407- 410.

6. Percy MJ. Genetically heterogeneous origins of
idiopathic erythrocytosis. Hematology. 2007;12:131-
139.

7. McMullin MF, Reilly JT, Campbell P, et al. Amend-
ment to the guideline for the diagnosis and investiga-
tion of polycythaemia/erythrocytosis. Br J Haematol.
2007;138:821-822.

8. Thiele J, Kvasnicka HM, Orazi A, et al. Polycythaemia
vera. In: Swerdlow SH, Campo E, Harris NL, et al, eds.
WHO Classification of Tumours of Haematopoietic and
Lymphoid Tissues. Lyon: IARC Press; 2008:40-43.

9. James C, Ugo V, Le Couedic J-P, et al. A unique clonal
JAK2 mutation leading to constitutive signalling
causes polycythaemia vera. Nature. 2005:434:1144-
1148.

10. Scott LM, Tong W, Levine RL, et al. JAK2 exon 12
mutations in polycythemia vera and idiopathic
erythrocytosis. N Engl J Med. 2007;356:459-468.

11. Percy MJ, Scott LM, Erber WN, et al. The frequency of
JAK2 exon 12 mutations in idiopathic erythrocytosis
patients with low serum erythropoietin.
Haematologica. 2007;92:1607-1614.

12. Ang SO, Chen H, Gordeuk VR, et al. Endemic
polycythaemia in Russia: mutation in the VHL gene.
Blood Cells Molecular Dis. 2002;28:57-62.

13. Percy MJ, McMullin MF, Jowitt SN, et al. Chuvash-
type congenital polycythemia in 4 families of Asian
and Western European ancestry. Blood.
2003;102:1097-1099.

14. Liu E, Percy MJ, Amos CI, et al. The worldwide
distribution of VHL 598C>T mutation indicated a
single founding event. Blood. 2004;103:1937-1940.

15. Perrota S, Novili B, Ferraro M, et al. Von Hippel-
Lindau-dependent polycythemia is endemic on the
island of Ischia: identification of a novel cluster.
Blood. 2006;107:514-519.

16. Smith TG, Brooks JT, Balanos GM, et al. Mutation of
von Hippel-Lindau tumour suppressor and human
cardiopulmonary physiology. PloS. 2006;3:1178-1186.

17. Sergueeva AI, Miasnikova GY, Okhotin DJ, et al.
Elevated homocysteine, glutathione and

cysteinylglycine concentrations in patients homozy-
gous for the Chuvash polycythaemia VHL mutation.
Haematologica. 2008;93:279-282.

18. Percy MJ, Zhao Q, Flores A, et al. A family with
erythrocytosis establishes a role for prolyl hydroxylase
domain protein 2 in oxygen homeostasis. Proc Natl
Acad Sci U S A. 2006;103:654-659.

19. Percy MJ, Furlow PW. Beer PA, et al. A novel erythro-
cytosis-associated PHD2 mutation suggests the
location of a HIF binding groove. Blood.
2007;110:2193-2196.

20. Ladroue C, Carcenac R, Leporrier M, et al. PHD2
mutation and congenital erythrocytosis and paragan-
glioma. N Engl J Med. 2008;359:2685-2692.

21. Al-Sheikh M, Moradkhani K, Lopez M, et al. Distur-
bance in the HIF-1α pathway associated with erythro-
cytosis: further evidences brought by frameshift and
nonsense mutation in the prolyl hydroxylase domain
protein 2 (PHD2) gene. Blood Cells Mol Dis.
2008;40:160-165.

22. Takeda K, Aguila HL, Parikh NS, et al. Regulation of
adult erythropoiesis by prolyl hydroxylase domain
proteins Blood. 2008;11 :3229-3225.

23. Percy MJ, Furlow PW, Lucas GS, et al. A gain-of-
function mutation in the HIF2A gene in familial
erythrocytosis. N Engl J Med. 2008;335:52-58.

24. Perrotta S, Della Ragione F. The HIF2A gene in familial
erythrocytosis. N Engl J Med. 2008;338:1966.

25. Percy MJ, Beer PA, Campbell G, et al. Novel exon 12
mutations in the HIF2α gene associated with erythro-
cytosis. Blood. 2008;111:5400-5402.

26. Martini M, Teofili L, Cenci T, et al. A novel heterozy-
gous HIF2AM535I mutation reinforces the role of oxygen
sensing pathway disturbances in the pathogenesis of
familial erythrocytosis. Haematologica. 2008;93:1068-
1071.

27. Furlow PW, Percy MJ, Sutherland S, et al. Erythrocyto-
sis-associated HIF-2α mutations demonstrate a critical
role for residues C-terminal to the hydroxylacceptor
praline. J Biol Chem. 2009;284:9050-9058.

28. Percy MJ, Butt NN, Crotty GM, et al. Identification of
high affinity haemoglobin variants in the investigation
of patients with erythrocytosis. Haematologica.
2009;94:1321-1322.

29. Rosa R, Prehu MO, Beuzard Y, Rosa J. The first case of
a complete deficiency of diphosphoglycerate mutase in
human erythrocytes. J Clin Invest. 1978;62:907-915.

30. West SD, McBeath HA, Stradling JR. Obstructive sleep
apnoea in adults. BMJ. 2009;338:946-948.

31. McMullin MF. The classification and diagnosis of
erythrocytosis. Int J Lab Hem. 2008;30: 447-459.

32. Suzuki M, Takamizawa S, Nomaguchi K, et al. Erythro-
poietin synthesis by tumour tissues in a patient with



Hematology 2009 635

uterine myoma and erythrocytosis. Br J Haematol.
2001;113:49-51.

33. Dickerman RD, Pertusi R, Miller J, Zachariah NH.
Androgen-induced erythrocytosis: is it erythropoietin?
Am J Hematol. 1999;61:153-158.

34. Gordeuk VR, Sergueeva AI, Miasnikova GY, et al.
Congenital disorder of oxygen sensing: association of
the homozygous Chuvash polycythaemia VHL
mutation with thrombosis and vascular abnormalities
but not tumors. Blood. 2004;103:3924-3929.

35. Gale DP, Harten SK, Reid CD, et al. Autosomal domi-
nant erythrocytosis and pulmonary arterial hyperten-
sion associated with HIF2α mutation. Blood.
2008;112:919-921.

36. Kannel WB, Gordon T, Wolf PA, McNamara P. Hemo-

globin and the risk of cerebral infarction: the
Framingham study. Stroke. 1972;4:409-420.

37. Di Nisio M, Barbui T, Di Gennaro L, et al. The
haematocrit and platelet target in polycythaemia vera.
Br J Haematol. 2006;136:249-259.

38. Pearson TC, Wetherley-Main G. Vascular occlusive
episodes and venous haematocrit in primary prolifera-
tive polycythaemia. Lancet. 1978;2:1219-1222.

39. McMullin MF, Bareford D, Campbell P, et al. Guide-
lines for the diagnosis, investigation and management
of polycythaemia/erythrocytosis. Br J Haematol.
2005;130:174-195.

40. Landolfi R, Marchioli R, Kutti J, et al. Efficacy and
safety of low-dose aspirin in polycythemia vera. N
Engl J Med. 2004;350:114-124.


