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1Department of Hematology, 2Department of Endocrinology, 3Department of Laboratory Medicine, 4Department of Cardiology, and 5Department of Pathology and Medical
Biology, University Medical Center Groningen, University of Groningen, Groningen, The Netherlands

Key Points

• Erythrocytosis, only
when defined using
strict criteria, was as-
sociated with cardio-
vascular morbidity and
mortality and all-cause
mortality.

• Erythrocytosis was as-
sociated with high
prevalence of clonal
hematopoiesis (38%)
(including JAK2 V617F
[5.3%] and BCOR/
BCORL1 [16%]).

Erythrocytosis is a common reason for referral to hematology services and is usually

secondary in origin. The aim of this study was to assess clinical characteristics and clonal

hematopoiesis (CH) in individuals with erythrocytosis in the population-based Lifelines

cohort (n 5 147 167). Erythrocytosis was defined using strict (World Health Organization

[WHO] 2008/British Committee for Standards in Hematology) and wide (WHO 2016) criteria.

Individuals with erythrocytosis (strict criteria) and concurrent leukocytosis and/or

thrombocytosis were 1:2 matched with individuals with isolated erythrocytosis and

analyzed for somatic mutations indicative of CH ($5% variant allele frequency). One

hundred eighty five males (0.3%) and 223 females (0.3%) met the strict criteria, whereas

4868 males (7.6%) and 309 females (0.4%) met the wide criteria. Erythrocytosis, only when

defined using strict criteria, was associated with cardiovascular morbidity (odds ratio [OR],

1.8; 95% confidence interval [CI], 1.2-2.6), cardiovascular mortality (hazard ratio [HR],

2.2; 95% CI, 1.0-4.6), and all-cause mortality (HR, 1.7; 95% CI, 1.2-2.6), independent of

conventional risk factors. Mutations were detected in 51 of 133 (38%) evaluable individuals,

with comparable frequencies between individuals with and without concurrent cytosis. The

JAK2 V617F mutation was observed in 7 of 133 (5.3%) individuals, all having concurrent

cytosis. The prevalence of mutations in BCOR/BCORL1 (16%) was high, suggesting aberrant

epigenetic regulation. Erythrocytosis with CHwas associated with cardiovascular morbidity

(OR, 9.1; 95% CI, 1.2-68.4) in amultivariable model. Our data indicate that only when defined

using strict criteria erythrocytosis is associated with cardiovascular morbidity (especially in

the presence of CH), cardiovascular mortality, and all-cause mortality.

Introduction

Erythrocytosis is caused by either a decrease in plasma volume (relative erythrocytosis) or an increase in
red blood cell mass (absolute erythrocytosis). Absolute erythrocytosis can be primary or secondary in
origin. Primary erythrocytosis results from increased autonomous production of red blood cells, for
example, in the presence of myeloproliferative neoplasms (MPN) or rare inherited conditions. Secondary
erythrocytosis is used to categorize cases in whom erythropoietin drives the bone marrow to produce
more red cells (eg, in case of hypoxia or the presence of an erythropoietin-producing tumor). The most

Submitted 1 September 2020; accepted 12 November 2020; published online 21
December 2020. DOI 10.1182/bloodadvances.2020003323.
The manuscript is based on data from the Lifelines Cohort Study. Lifelines adheres to
standards for data availability. The data catalogue of Lifelines is publicly accessible at
www.lifelines.nl. All international researchers can obtain data at the Lifelines research
office (research@lifelines.nl), for which a fee is required. Data on incident hematologic
malignancies were obtained from PALGA, the nationwide network and registry of histo-
and cytopathology in the Netherlands (for more information: https://www.palga.nl/

gegevensaanvragen/gegevensaanvragen.html). Results from cause of death analyses
are based on calculations by the authors using nonpublic microdata from Statistics
Netherlands. Under certain conditions, these microdata are accessible for statistical
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common cause of acquired primary erythrocytosis is polycythemia
vera (PV).1 In the United States, PV has a prevalence of 44 to 57 per
100000.2

Multiple studies have assessed morbidity and mortality in individuals
with PV. Life expectancy of patients with PV (especially #50 years)
is reduced compared with the general population.3 Arterial and
venous thrombosis are important complications among patients
with PV and contribute to the increased mortality rate.4,5 Besides
conventional risk factors, the severity of erythrocytosis, leukocytosis,
and thrombocytosis increases the risk of thrombosis in PV.5-8

Although the prevalence of secondary erythrocytosis is believed to
be considerably higher than the prevalence of PV, no data on its
impact on outcome in the general population are available. For
secondary erythrocytosis, there is conflicting evidence regarding
the risk of thrombosis.9

Clonal hematopoiesis (CH), as defined by the presence of clonal
somatic mutations detectable in bone marrow or peripheral blood,
is a defining feature of hematologic malignancies.10 For PV, the
presence of a JAK2 V671F mutation or exon 12 mutations in JAK2
is 1 of the diagnostic criteria.1,11-13 CH is also found to be
a consequence of aging. Depending on the sensitivity of the
sequencing technique, CH may be detected in 5% to 45% of
community-dwelling individuals aged .70 years with normal blood
cell counts.10,14-19 In this context, the condition is referred to as
clonal hematopoiesis of indeterminate potential (CHIP) or age-
related clonal hematopoiesis. The most commonly mutated genes in
CHIP include DNMT3A, TET2, and ASXL1.10,14,15 CHIP confers
a 0.5% to 1% annual risk of developing a hematologic malignancy
and increases an individual’s risk of experiencing a cardiovascular
event.10,14,20 CHmay also be detected in the presence of 1 or more
unexplained cytopenias, a condition referred to as clonal cytopenia
of unknown significance. Although not (yet) meeting World Health
Organization (WHO) criteria for myelodysplastic syndromes, the
risk of developing a myeloid malignancy in patients with clonal
cytopenia of unknown significance is considerably high (hazard ratio
of 14).21 Recently, we reported the incidence, mutational spectrum,
and evolution of CH in older individuals with anemia.22 To the best
of our knowledge, no studies have performed comprehensive
mutational screening to detect CH (in genes other than JAK2) in
individuals with erythrocytosis.

We aimed to assess the mutational spectrum and outcomes
associated with erythrocytosis in community-dwelling individuals,
using data and biomaterial from the Lifelines cohort, which is an
extensive multidimensional population‐based cohort study.

Methods

Subjects

This cross-sectional study used data from 147167 adult subjects
participating in the Lifelines cohort study of whom hemoglobin (Hb)
and hematocrit (Hct) levels have been measured in a peripheral
blood sample at baseline. Lifelines is a multidisciplinary prospective
population-based cohort study examining, in a unique 3-generation
design, the health and health-related behaviors of 167 729
persons living in the north of The Netherlands. It uses a broad
range of investigative procedures in assessing the biomedical,
socio-demographic, behavioral, physical, and psychological
factors that contribute to the health and disease of the general
population, with a special focus on multimorbidity and complex

genetics. All participants provided written informed consent
before participating in the study. The study protocol was approved
by the medical ethical review committee of the University Medical
Center Groningen.23,24 Details regarding physical examination,
questionnaires, and biochemical measurements are provided in the
supplemental Methods.

Definition of erythrocytosis, thrombocytosis,

and leukocytosis

Erythrocytosis was defined in 2 ways. The first way was according
to the 2008 WHO classification of myeloid neoplasms and the
British Committee for Standards in Hematology as Hb concentra-
tion .18.5 g/dL or Hct $52% in males and Hb concentration
.16.5 g/dL or Hct $48% in females (referred to as strict
criteria).1,11,12 The second way was according to the 2016 WHO
classification as a Hb concentration .16.5 g/dL or Hct .49% in
males and Hb concentration .16.0 g/dL or Hct .48% in females
(referred to as wide criteria).13 Local laboratory reference intervals
were used to define leukocytosis ($10 3 109/L) and thrombocy-
tosis ($400 3 109/L).

Next-generation sequencing

We hypothesized that individuals meeting the strict criteria for
erythrocytosis and having concurrent thrombocytosis and/or
leukocytosis had the highest chance of primary erythrocytosis.
We performed a subanalysis in which all individuals with
erythrocytosis and concurrent leuko- and/or thrombocytosis were
matched 1:2 (for age, sex, body mass index [BMI], smoking status,
and number of medications used) with individuals having isolated
erythrocytosis. Targeted next-generation sequencing (NGS), using
the Illumina TruSight Myeloid Sequencing Panel with a filter on 25
genes, was performed in individuals with DNA samples available
(supplemental Figure 1). The minimum variant allele frequency
(VAF) for variant calling was set to 5.0%. Details of the gene panel,
sample processing, library preparation, clustering and sequencing,
data analysis, and variant classification are described in the
supplemental Methods.

Digital droplet polymerase chain reaction

For additional absolute quantification of the JAK2 V617F mutation
in the sequenced cohort, we used the JAK2 V617F digital droplet
polymerase chain reaction (ddPCR) Mutation Assay (catalog no.
10049550), the QX200 Droplet Digital PCR System, and the
QuantaSoft Version 1.7.4 analysis software from Bio-Rad (Bio‐Rad
Laboratories GmbH), according to manufacturer’s instructions. This
assay has a detection limit of 0.01%.

Definition of cardiovascular disease

By questionnaire, participants were asked to report their medical
history regarding cardiovascular disease (CVD).25,26 Thrombosis
was defined as self-reported thrombosis or pulmonary embolism.
Stroke was defined as self-reported stroke and use of vitamin K
antagonists (Anatomical Therapeutic Chemical [ATC] code
B01AA) or platelet aggregation inhibitors (ATC code B01AC)
or direct thrombin inhibitors (ATC code B01AE). A history of
myocardial infarction was defined based on electrocardiogram
findings in combination with self-reported medical history of
infarction and/or use of antithrombotic medication, as de-
scribed previously.27
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Overall and cause-specific survival

Nearly all participants (n 5 147076) were followed from the
moment of their inclusion in the Lifelines cohort until death or up to
June 2019 (median follow-up, 100 months; maximum, 163 months).
Survival data were obtained from the Municipal Personal Records
Database. The primary cause of death was ascertained by linkage to
the national death statistics registry (Statistics Netherlands). Based
on data availability, cause of death analyses were censored to 31
December 2019. Cause of death was coded according to the
International Classification of Diseases, 10th revision (ICD-10). We
used ICD-10 codes I00-I99 to classify death from CVD and ICD-10
codes C81-C96 and D45-D47 to classify death from hematologic
malignancy.

Diagnosis of hematologic malignancies

Lifelines data were linked to pathology report data from the
nationwide network and registry of histo- and cytopathology in the
Netherlands Pathologisch Anatomisch Landelijk Geautomatiseerd
Archief (PALGA). This databank includes reports from all pathology
laboratories in the Netherlands and has nationwide coverage since
1991.28 All Lifelines participants were linked at high certainly level
by using pseudonyms based on the first 8 characters of their last
name, date of birth, sex, and initials (missing values allowed), and
the 4 digits of the postal code. Reports were collected until October
2019. We manually screened all histopathology report conclusions
from bone marrow biopsies and reports coded as hematologic
malignancy to identify histology reports with diagnosis of hemato-
logic malignant disease including MPN.

Data description and statistical analysis

All statistical analyses were performed using IBM SPSS software,
version 23.0 (SPSS Inc., Chicago, IL) and R3.5.2 statistical
computing software (supplemental Methods). Between-group
differences were evaluated using analysis of variance or, for non-
normally distributed variables, using the Kruskal-Wallis test. The x2

test was used for statistical comparison of categorical variables.
Univariable and multivariable logistical regression analyses were
used to study the association between erythrocytosis and
cardiovascular events. The composite variable for cardiovascular
events was defined as a history of thrombosis and/or stroke and/or
myocardial infarction. Survival curves were generated using the
Kaplan-Meier method. Univariable and multivariable Cox regression
analyses were used to analyze the effect of erythrocytosis on overall
survival. For cause-specific survival, competing risk regression
according to the method of Fine and Gray was used, with death
from other causes considered competing risk. All multivariable
analyses concerning cardiovascular events and mortality were
performed with adjustment for potential confounders including age,
sex, BMI, systolic and diastolic blood pressure, smoking status
(nonsmoker, former smoker, and current smoker), medical history of
diabetes (based on self-report, elevated fasting glucose [$7.0
mmol/L] or antidiabetic drug use), number of medications used (as
a proxy for comorbidity), use of antihypertensive drugs (ATC code
C02-4 and C07-9), use of drugs for obstructive airway diseases
(ATC code R03), use of androgens (ATC code G03B), family
history of CVD (parent, sibling, or child with CVD before age
60 years),29 and low-density lipoprotein (LDL) cholesterol levels. A
reduction in plasma volume, which can cause relative erythrocy-
tosis, may be present in individuals with hypovolemia (eg, induced

by the use of diuretics) or in individuals with Gäisbock’s syndrome,
which is classically described as erythrocytosis in tense/anxious
individuals with hypertension and obesity as risk factors.30,31

Therefore, as sensitivity analysis, we repeated the analyses in
individuals without use of diuretics (ATC code C03) and without
metabolic syndrome (defined according to the revised criteria of the
National Cholesterol Education Program’s Adult Treatment Panel
III.32,33 Odds ratios (ORs) and hazard ratios (HRs) are reported with
95% confidence interval (CI). All statistical tests were performed 2-
sided, and P , .05 was considered significant.

Results

Prevalence and characteristics of erythrocytosis in

a population-based cohort

A total of 408 individuals (0.3%), 185 (0.3%) males and 223 (0.3%)
females, met the strict criteria for erythrocytosis. The prevalence of
erythrocytosis in females gradually increased with age to approx-
imately 1% in the population .70 years. In males, the prevalence
was relatively stable across age categories (around 0.3%), with an
increase to 0.5% for males.70 years (Figure 1A). When using the
wide criteria, 4995 (3.4%) individuals, 4686 (7.6%) males and 309
(0.4%) females, had erythrocytosis. In females, the prevalence of
erythrocytosis increased with age, whereas in males, the prevalence
decreased (supplemental Figure 2A). Relevant baseline character-
istics for individuals with (n 5 408) and without (n 5 146 759)
erythrocytosis are shown in Table 1. Individuals with erythrocytosis
were older, had a higher BMI, used more medications, including
antihypertensive drugs and androgens, were more frequently
current smokers, and had higher blood pressure. Total cholesterol,
LDL cholesterol, and triglycerides were significantly higher in
individuals with erythrocytosis. Furthermore, erythrocytosis was
associated with higher mean corpuscular volume (MCV) levels and
higher rates of leukocytosis and thrombocytosis. Baseline charac-
teristics for individuals with and without erythrocytosis defined with
the wide criteria are shown in supplemental Table 1; in general, they
had the same but less pronounced results.

Association between erythrocytosis and

cardiovascular events and mortality

Next, we evaluated the association of erythrocytosis with cardio-
vascular outcomes. In multivariable logistic regression analysis, the
presence of erythrocytosis (strict criteria) was associated with
myocardial infarction, use of antithrombotic agents, and composite
cardiovascular events (Figure 1B; Table 2). During a median follow-
up of 100 months, 26 (6.4%) individuals with erythrocytosis and
2826 (1.9%) individuals without erythrocytosis died (P , .001).
Cause of death could be evaluated in 25 individuals with
erythrocytosis. Increased all-cause (HR, 1.7; 95% CI, 1.2-2.6;
P 5 .003) and cardiovascular mortality (HR, 2.2; 95% CI, 1.0-
4.6; P 5 .042) was observed for individuals with erythrocytosis,
using a multivariable model (Figure 1B-C; Table 2; Supplemental
Figure 3; Supplemental Table 2). None of the individuals died of
hematologic malignancies. Because of low numbers, no cause-
specific survival analyses could be performed comparing individuals
with erythrocytosis with or without concurrent leuko- and/or thrombo-
cytosis. However, the proportion of individuals with cardiovascular
morbidity (12.8% vs 6.4%, P 5 .20) and all-cause mortality
(8.5% vs 4.3%, P 5 .30) was twice as high in individuals with
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a concurrent leuko- and/or thrombocytosis compared with their
matched controls with isolated erythrocytosis, although this was not
statistically significant (supplemental Table 3). We additionally

compared individuals with erythrocytosis with and without concur-
rent cytosis with individuals without erythrocytosis. As shown in
supplemental Figure 4, the association between erythrocytosis and
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cardiovascular outcomes was stronger in those with concurrent
cytosis than in those with isolated erythrocytosis. However, isolated
erythrocytosis was still significantly associated with composite

cardiovascular events (OR, 1.6; 95% CI, 1.1-2.4; P5 .027) and all-
cause mortality (HR, 1.7; 95% CI; 1.1-2.6; P5 .016). The analyses
were repeated for individuals who met the wide criteria for

Table 1. Baseline characteristics, CVD history, and all-cause mortality of the study cohort

General Lifelines population (n 5 146759) Individuals with erythrocytosis (strict criteria) (n 5 408) P

Male/female, % 41.6/58.4 45.4/54.7 .13

Age, y 44.8 6 13.1 51.5 6 13.1 ,.001

BMI, kg/m2 26.1 6 4.3 27.9 6 4.9 ,.001

Systolic BP, mm Hg 125 6 15 135 6 17 ,.001

Diastolic BP, mm Hg 74 6 9 78 6 10 ,.001

Creatinine, mmol/L 73.5 6 13.7 77.7 6 15.6 ,.001

Number of medications used 1 (0-2) 1 (0-3) ,.001

Use of antihypertensive drugs, % 12.5 24.0 ,.001

Use of drugs for obstructive airway diseases, % 7.0 11.0 .001

Use of androgens, % 0.1 0.5 .004

Current smokers, % 20.7 38.2 ,.001

Diabetes, % 3.4 7.8 ,.001

Metabolic syndrome, % 17.3 35.7 ,.001

Family history of CVD, % 8.9 18.2 ,.001

Hb, g/dL

Male 15.1 6 0.9 17.9 6 0.6 ,.001

Female 13.4 6 0.9 16.2 6 0.7 ,.001

Hct, %

Male 44.7 6 2.5 52.9 6 1.4 ,.001

Female 40.5 6 2.5 49.0 6 1.8 ,.001

MCV, fL 89.9 6 4.2 92.2 6 4.3 ,.001

Leukocytes, 3109/L 6.1 6 1.8 7.4 6 2.1 ,.001

Leukocytosis, % 3.0 10.0 ,.001

Platelets, 3109/L 250 6 57 245 6 74 .096

Thrombocytosis, % 1.2 2.2 ,.001

Fasting glucose, mmol/L 5.0 6 0.8 5.2 6 1.0 ,.001

HbA1c, % 5.5 6 0.5 5.6 6 0.5 ,.001

Total cholesterol, mmol/L 5.1 6 1.0 5.6 6 1.2 ,.001

LDL cholesterol, mmol/L 3.2 6 0.9 3.7 6 1.1 ,.001

HDL cholesterol, mmol/L

Male 1.3 6 0.3 1.3 6 0.3 .016

Female 1.6 6 0.4 1.5 6 0.4 .001

Triglycerides, mmol/L 1.2 6 0.8 1.5 6 0.9 ,.001

Thrombosis, % 1.7 4.2 ,.001

Stroke, % 0.6 0.5 .24

Myocardial infarction, % 1.2 3.4 ,.001

Composite cardiovascular events, % 3.3 8.6 ,.001

Antithrombotic agent use, %

Vitamin K antagonists 0.9 3.4 ,.001

Platelet aggregation inhibitors 3.2 8.6 ,.001

Direct factor Xa inhibitors 0.0 0.0 .83

All-cause mortality, % 1.9 6.4 ,.001

Data are given as mean 6 standard deviation, median (interquartile range) when not normally distributed, or percentage. Leukocytosis was defined as leukocytes $10 3 109/L.
Thrombocytosis was defined as a platelet count $400 3 109/L.
BP, blood pressure; HDL, high-density lipoprotein; HbA1c, glycated hemoglobin.
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erythrocytosis, without significant associations between composite
cardiovascular events and survival (supplemental Figures 2B-C and
3; supplemental Tables 4 and 5). Sensitivity analyses in individuals
without use of diuretics and without metabolic syndrome did not
materially alter the associations (supplemental Table 6).

Spectrum of clonal hematopoiesis for individuals

with erythrocytosis

A total of 47 individuals with erythrocytosis and leuko- or thrombocy-
tosis were matched with 94 individuals with isolated erythrocytosis
(strict criteria) (supplemental Figure 1). From this cohort, available
DNA samples from 133 individuals were further characterized with
NGS to determine the presence and spectrum of CH. We
identified 94 clonal somatic mutations in 51 individuals (38%;
Figure 2A). The prevalence of CH was comparable for individuals
with (18 of 45, 40%) and without (33 of 88, 37.5%) concurrent
leuko- and/or thrombocytosis (P 5 .78). Of 51 individuals with
CH, 28 (55%) individuals had more than 1 mutation; 18 of 28 had
2 mutations, and 10 of 28 had $3 mutations (Figure 2B). The
maximum detected VAF per individual varied between 5% and
78% (median, 12%).

Our data revealed 3 different mutational spectra (genotypes)
associated with erythrocytosis. First, the JAK2 V617F mutation with

a VAF $ 5%, which in combination with erythrocytosis is
considered as undiagnosed PV, was observed in 7 of 133 (5.3%)
individuals. Comutation patterns involving JAK2 V617F mutation
were detected in 2 individuals with both concurrent TP53 mutations.
Second, as expected from previous population-based studies, we
identified a high number of individuals with mutations in genes
implicated in CHIP (24 of 133, 18%), including DNMT3A (19 of
133; 14%), TET2 (8 of 133; 6%), or ASXL1 (6 of 133; 5%). Third,
20 of 133 (15%) individuals revealed either a mutation in BCOR
(13 of 133; 10%) or BCORL1 (8 of 133; 6%; Figure 2A,D). Of
note, in 10 of 20 (50%) cases, the mutation in BCOR/BCORL1
was truncating (supplemental Figure 5).

All individuals with a JAK2 V617F mutation had concurrent leuko-
and/or thrombocytosis (7 of 45; 15.6%; Figure 2C-D). In addition,
individuals with a JAK2 V617F mutation were older, had a lower
MCV, and more frequently had a history of cardiovascular events
compared with individuals without mutations (Table 3). The
maximum VAF per individual was significantly higher in JAK2
mutant individuals compared with the other 2 genotypes (median
for JAK2 V617F, 31% [range, 14%-78%]; for mutations in genes
implicated in CHIP, 9% [range, 5%-51%]; and for mutated BCOR/
BCORL1, 13% [range, 5%-45%]; P 5 .005).

Next, we evaluated all 133 individuals for the presence of smaller
JAK2 V617F clones using ddPCR, revealing the presence of JAK
V617F mutations with VAF, 5% in another 7 individuals. However,
the clinical characteristics of these individuals were not comparable
to individuals with a JAK2 V617F mutation with VAF $ 5%
(supplemental Table 7). There were no differences in baseline
characteristics for individuals with the other 2 genotypes (ie, genes
implicated in CHIP and BCOR/BCORL1) compared with those
without mutations (Table 3; supplemental Table 8).

Diagnosed hematologic malignancy for individuals

with erythrocytosis

Of the 408 individuals with erythrocytosis (strict criteria), 9 (2.2%)
were diagnosed with any hematologic malignancy during follow-up
compared with 453 (0.3%) of individuals without erythrocytosis.
Most malignancies were of myeloid origin (6 of 9). NGS data were
available for 5 of 9 individuals. In these, MPNs were exclusively
diagnosed in individuals with JAK2 V617F mutation at VAF $ 5%
(n5 4). Using the wide criteria for erythrocytosis, a total of 26 (0.5%)
individuals with erythrocytosis were diagnosed with any hematologic
malignancy during follow-up compared with 436 (0.3%) without
erythrocytosis. A total of 11 of 26 were of myeloid origin, and all
myeloid malignancies were MPNs (supplemental Table 9).

Association between CH and cardiovascular events

and mortality for individuals with erythrocytosis

In line with previously observed associations between CH and CVD
in the general population,15 we questioned whether the presence
of CH is associated with an additional risk of CVD in individuals
with erythrocytosis. Adjusted for potential confounders, individuals
with erythrocytosis and CH were at higher risk for composite
cardiovascular events (OR, 9.1; 95% CI, 1.2-68.4; P 5 .031)
compared with individuals without CH. In contrast, no difference for
all-cause mortality (HR, 1.1; 95% CI, 0.1-8.5; P 5 .92) could be
observed between individuals with and without CH (Table 2).
Hampered by low numbers, we were unable to relate differences in

Table 2. Results of multivariable regression analysis showing the

associations between erythrocytosis (strict criteria) and CVD

history and mortality, stratified according to the presence of

concurrent leuko- and/or thrombocytosis or clonal hematopoiesis

Unadjusted OR/HR

(95% CI)

Adjusted OR/HR

(95% CI)

Erythrocytosis*

Thrombosis 2.6 (1.6-4.3)† 1.6 (1.0-2.7)

Stroke 1.8 (0.7-4.9) 0.9 (0.3-2.5)

Myocardial infarction 2.9 (1.7-5.0)† 1.9 (1.1-3.5)†

Composite cardiovascular events 2.8 (2.0-4.0)† 1.8 (1.2-2.6)†

Antithrombotic agents 3.0 (2.2-4.1)† 2.2 (1.5-3.4)†

All-cause mortality 3.6 (2.4-5.4)† 1.7 (1.2-2.6)†

Cardiovascular mortality‡ 6.3 (3.1-12.6)† 2.2 (1.0-4.6)†

Erythrocytosis with concurrent

leuko- and/or thrombocytosis§

Composite cardiovascular events 1.8 (0.7-4.5) 2.2 (0.8-6.1)

All-cause mortality 1.2 (0.3-3.9) 0.9 (0.2-3.7)

Erythrocytosis with clonal

hematopoiesis||

Composite cardiovascular events 3.4 (1.0-11.9) 9.1 (1.2-68.4)†

All-cause mortality 2.1 (0.5-9.3) 1.1 (0.1-8.5)

Adjusted regression models include sex, age, BMI, systolic and diastolic blood pressure,
smoking status, medical history of diabetes, number of medications used, androgen drug
use, drugs for obstructive airway disease, antihypertensive drug use, family history of
cardiovascular disease and low-density lipoprotein cholesterol as covariates. Data are
shown as OR/HR and 95% CI.
*The absence of erythrocytosis was used as reference.
†P , .05.
‡Results are based on calculations by the authors using nonpublic microdata from

Statistics Netherlands. Under certain conditions, these microdata are accessible for
statistical and scientific research. For further information: microdata@cbs.nl.
§Isolated erythrocytosis was used as reference.
||The absence of clonal hematopoiesis in individuals with erythrocytosis was used as

reference.
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Figure 2. Spectrum of clonal hematopoiesis for individuals with erythrocytosis with and without concurrent leuko- and/or thrombocytosis. (A) Mutational

landscape for all somatic mutations detected in sequenced individuals with erythrocytosis (n 5 133). (B) Proportion of individuals with 1 or more mutations according to the

presence of concurrent leuko- and/or thrombocytosis. (C) Proportion of individuals with mutated JAK2, BCOR/BCORL1, or other mutations (including CHIP genes) according

to the presence of concurrent leuko- and/or thrombocytosis. (D) Contribution of individual mutated genes to the spectrum of clonal hematopoiesis detected in individuals with

isolated erythrocytosis (red) and individuals with erythrocytosis with concurrent leuko- and/or thrombocytosis (blue). Bars indicate the proportion of individuals with a gene

mutation.
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cardiovascular morbidity and mortality to the mutational spectrum of
individuals with erythrocytosis.

Discussion

In this comprehensive population-based study, we explored the
spectrum of clonal hematopoiesis and cardiovascular outcomes in
individuals with erythrocytosis. We demonstrated that erythrocy-
tosis in community-dwelling individuals was associated with
cardiovascular morbidity, cardiovascular mortality, and all-
cause mortality using strict criteria, but not when using wide
criteria, for erythrocytosis. Additionally, the presence of CH in
individuals with erythrocytosis was strongly associated with
cardiovascular morbidity.

In comparison with the 2008 WHO classification of myeloprolifer-
ative neoplasms, in the revision of 2016, the Hb threshold levels
were lowered and Hct thresholds were introduced.13 The reason for
this change was the assumption of underdiagnosis of PV using the
2008 criteria, because it was demonstrated that a considerable
proportion of patients with PV had lower Hb/Hct values (masked
PV) and were even characterized by inferior overall survival and
higher risk of thrombosis compared with overt PV.34 In our study, 5
individuals were diagnosed with a MPN during follow-up who met
the wide criteria but not the strict criteria for erythrocytosis.
However, the lower thresholds have overlap with the normal values
of Hb and Hct, especially in males. Reflecting this, the prevalence of
erythrocytosis observed in our study was comparable with previous
population-based studies using different criteria.35-37 The lowered
thresholds have been subject of debate, because it may lead to
a large increase of cases suspected of PV and subsequently an
increase in investigations. Although for the diagnosis of PV, Hb/
Hct is not the only criterium, the lower thresholds are integrated
in clinical guidelines for the investigation of erythrocytosis in
general.37,38 In our study, only erythrocytosis defined using the
strict criteria was significantly associated with cardiovascular

morbidity, cardiovascular mortality, and all-cause mortality, after
adjustments for conventional cardiovascular risk factors. Our
data are in accordance with previous studies, reporting a U-shaped
association between Hb and Hct concentrations and mortality.39,40

Taken together, these data suggest that the lower Hb and Hct
thresholds in the revised WHO classification might be useful to
diagnose masked PV but might be too low as screening tool for
secondary erythrocytosis given the absence of associations with
negative health outcomes. Given the association between eryth-
rocytosis with and without CH and CVD, it could be wondered if
these individuals should be considered for preventive intervention
(eg, aspirin) of their cardiovascular risk.

Several studies have been performed to assess the prevalence of
JAK2 V617F mutations in the general population and in populations
with abnormal hematologic parameters (supplemental Table 10).
Prevalence of JAK2 V617 mutations was 0.1% in a Danish
population-based screening (n 5 49488),41 0.19% in a cohort of
individuals with bipolar disorder or schizophrenia and controls (n 5
12380),10 and 0.18% in a cohort of mainly patients with diabetes
and controls (n 5 17182).14 A recent Danish population-based
cohort (n 5 19958) using ddPCR with an increased sensitivity of
0.009% reported JAK2 V617F mutations in 3.1% of individuals.42

In individuals with abnormal hematologic parameters, the preva-
lence of JAK2 V617F ranged from 0% to 4.8% (publications on this
topic are summarized in supplemental Table 10). Our data revealed
a comparably high prevalence of JAK2 V617F mutations (VAF
$5%) of 5.3% in individuals with erythrocytosis and 15.6% in
individuals having erythrocytosis with concurrent leuko- and/or
thrombocytosis. Subsequently, 4 of 7 JAK2 V617 mutant individuals
have been diagnosed with MPN during follow-up. It should be noted
that abnormal Hb concentrations at inclusion were communicated
with the participant and their general practitioner.

Unexpectedly, we detected a high prevalence of CH (38%) in this
relatively young cohort and a remarkably high number of mutations

Table 3. Baseline characteristics, cardiovascular disease, and all-cause mortality according to genotype

Without mutations (n 5 82) JAK2 V617F (n 5 7) P BCOR/BCORL1 (n 5 20) P Other mutations (n 5 24) P

Male/female, % 30.5/69.5 42.9/57.1 .50 30.0/70.0 .97 16.7/83.3 .18

Age, y 48.4 6 10.3 61.3 6 10.4 .002 53.4 6 12.4 .066 53.3 6 8.2 .033

Hb, g/dL

Male 18.5 6 2.3 17.8 6 0.7 .18 17.8 6 0.6 .88 18.4 6 0.9 .12

Female 16.2 6 0.4 16.2 6 0.4 .86 16.3 6 0.8 .57 16.1 6 0.5 .35

Hct, %

Male 52.8 6 0.7 57.5 6 9.0 .007 52.8 6 0.7 .85 53.3 6 0.1 .20

Female 49.1 6 2.1 49.6 6 1.4 .64 48.8 6 0.7 .62 48.9 6 1.1 .81

MCV, fL 93.5 6 4.3 89.3 6 4.7 .016 93.2 6 4.0 .79 92.7 6 4.1 .42

Leukocytes, 3109/L 8.6 6 2.7 9.8 6 3.0 .28 7.9 6 2.4 .29 8.3 6 2.7 .54

% Leukocytosis 29.3 4/7 (57.1%) .31 25.0 .81 25.0 .61

Platelets, 3109/L 270 6 62 524 6 180 ,.001 242 6 60 .07 254 6 54 .25

% Thrombocytosis 4.9 5/7 (71.4%) ,.001 0.0 .34 0.0 .46

Composite cardiovascular events, % 4.9 2/7 (28.6%) .016 15.0 .11 12.5 .19

All-cause mortality, % 4.9 1/7 (14.3%) .30 10.0 .38 4.2 .89

Data are given as mean 6 standard deviation, median (interquartile range) when not normally distributed, or percentage. P values were calculated between individuals without mutations
and the 3 genotypes. Leukocytosis was defined as leukocytes $10 3 109/L. Thrombocytosis was defined as a platelet count $400 3 109/L. The category of other mutations includes
mutations in ASXL1, CALR, CSF3R, DNMT3A, EZH2, NRAS, RUNX1, SF3B1, TET2, and TP53.
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in BCOR/BCORL1. This is in contrast with the spectrum of CH
found in previous population-based cohorts, which is mainly
characterized by mutations in DNMT3A, ASXL1, and TET2.10,14,15

These studies, however, were performed in large cohorts
unselected for a hematologic phenotype. To the best of our
knowledge, no studies have performed comprehensive muta-
tional profiling (other than JAK2 V617F) in community-dwelling
individuals with erythrocytosis. The high prevalence of BCOR/
BCORL1 mutations seems more comparable to the mutational
spectrum of patients with aplastic anemia, with a prevalence of
BCOR/BCORL1 mutations around 10%.43 In aplastic anemia,
the presence of BCOR/BCORL1 mutations was associated
with favorable outcome and low rates of progression to clonal
myeloid disease.44

BCOR/BCORL1 mutations are detected less frequently in other
myeloid neoplasms, including MPN.45 Moreover, none of the
BCOR/BCORL1 mutant individuals in this cohort developed
myeloid neoplasms during follow-up, suggesting that BCOR/
BCORL1 mutations are associated with a low risk of malignant
clonal progression also in the context of erythrocytosis. Although
data about the role of BCOR/BCORL1 in hematopoiesis are
scarce, it has been shown that functional inactivation of BCOR
modifies erythroid differentiation,46,47 which may possibly be
implicated in the context of aplastic anemia (survival advantage)
and erythrocytosis (growth advantage). Moreover, (currently
unknown) environmental pressures may contribute to selective
outgrowth of BCOR/BCORL1 mutant hematopoietic clones in
both conditions.

This study has some strengths and limitations. First, we were able to
use information from a large number of participants with a wide
range in age, socio-economic status, and comorbidities. All
subjects were uniformly characterized. Mutational screening was
performed thoroughly and concise; mutations were only reported
when validated on 2 bioinformatic platforms, and JAK2 V617F
mutations were confirmed using ddPCR. Additionally, we were able
to extend our dataset by linkage to national registries for data on
cause of death and diagnosed hematologic malignancies. Several
potential limitations should also be acknowledged. Because this is
a cross-sectional study, the analyses do not provide information
about causality. Additionally, because of the observational nature
of the study, it was not possible to exclude the role of unknown or
unmeasured confounding variables. Although the agreement
between self-report questionnaires and medical record data
about cardiovascular disease is substantial,25,26 the use of self-
reported data may cause both over- and underestimation of the
real prevalence. Hb/Hct levels were only measured once, so the
erythrocytosis might be transient. Furthermore, no individual
examination was performed to exclude the presence of relative
erythrocytosis; however, the sensitivity analyses did not materi-
ally alter the associations.

In conclusion, erythrocytosis had a prevalence of 0.3% and was
associated with cardiovascular morbidity, cardiovascular mortality,
and all-cause mortality when defined using strict criteria in this large
population-based cross-sectional study. In contrast, no significant
associations were present when defining erythrocytosis according
to the wide criteria. These data suggest that, although the lower Hb
and Hct thresholds in the revised WHO 2016 classification might
be useful to diagnose masked PV, they might be too low as
a screening tool for secondary erythrocytosis given the absence
of associations with cardiovascular morbidity and mortality. The
prevalence of CH was relatively high (38%) in this predominantly
young cohort of subjects with erythrocytosis and was strongly
associated with cardiovascular morbidity. The JAK2 V617F
mutation was exclusively found in individuals with erythrocytosis
and concurrent leuko- and/or thrombocytosis, emphasizing the
value of these measures in the diagnostic workup. There was an
unexpected high prevalence of mutations in BCOR/BCORL1,
while its role in erythropoiesis and development of MPN is
currently unknown.
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