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BACKGROUND: Erythrocytosis, most often measured
as an increase in hemoglobin and/or hematocrit, is a
common reason for referral to internal medicine and
hematology clinics and a rational approach is required
to effectively identify patients with polycythemia vera
while avoiding over-investigation.
AIM: We aimed to develop and validate a simple rule to
predict JAK2mutation positivity based on complete blood
count parameters to aid in the diagnostic approach to
patients referred for elevated hemoglobin.
SETTING: Internalmedicine and hematology clinics at an
academic tertiary referral center.
PARTICIPANTS: The JAK2 Prediction Cohort (JAKPOT), a
large retrospective cohort (n = 901) of patients evaluated
by internal medicine and hematology specialists for ele-
vated hemoglobin.
DESIGN: JAK2 mutation analysis was performed in all
patients and clinical and laboratory variableswere collect-
ed. Patients were randomly divided into derivation and
validation cohorts. A prediction rule was developed using
data from the derivation cohort and tested in the valida-
tion cohort.
KEY RESULTS: The JAKPOT prediction rule included
three variables: (i) red blood cell count >6.45×1012/L, (ii)
platelets >350×109/L, and (iii) neutrophils >6.2×109/L;
absence of all criteria was effective at ruling out JAK2-
positivitywith sensitivities 94.7%and 100%, andnegative
predictive values of 98.8% and 100% in the derivation and
validation cohorts, respectively, with an overall low false
negative rate of 0.4%. The rule was validated for three

different methods of JAK2 testing. Applying this rule to
our entire cohort would have resulted in over 50% fewer
tests.
CONCLUSION: In patients with elevated hemoglobin, the
use of a simple prediction rule helps to accurately identify
patients with a low likelihood of having a JAK2 mutation,
potentially limiting costly over-investigation in this com-
mon referral population.
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INTRODUCTION

Erythrocytosis is defined as an increase in concentration of red
blood cells (RBCs) above age- and sex-specific reference
ranges, most often measured as an increase in hemoglobin
and/or hematocrit, both common reasons for referral to inter-
nal medicine or hematology specialists for further investiga-
tions and management. The differential diagnosis of
erythrocytosis is broad and includes an apparent (or relative)
increase in RBCs due to decreased plasma volume or a true
increased red cell mass (polycythemia). Absolute
erythrocytosis or polycythemia can be secondary to underly-
ing conditions such as hypoxia, medications, and erythropoi-
etin secreting tumors or the result of primary bone marrow
disorders, namely myeloproliferative neoplasms such as poly-
cythemia vera (PV).
PV has an incidence of 2.7 per 100,000 and is associated

with high morbidity and mortality if untreated,1 making it
critical to differentiate PV from other causes of erythrocytosis.2

Concerns over underdiagnosis of early-stage PV3 motivated the
2016 revision of the World Health Organization (WHO) clas-
sification, which decreased the hemoglobin thresholds to 160
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g/L for females and 165 g/L for males.4 These revised thresh-
olds, however, overlap with the normal reference range for
healthy adults, raising opposite concerns of potential over-
investigation of patients with elevated hemoglobin.5 Indeed,
since 2016 our center has seen an increase in referrals for
patients with elevated hemoglobin, accompanied by a signifi-
cant rise in the volume of molecular testing for JAK2mutations
and associated decline in test positivity rate.6, 7 This trend may
reflect a combination of factors including adherence to the
revised WHO hemoglobin thresholds, improved access to mo-
lecular testing, and lack of discriminatory function of conven-
tional tests such as serum erythropoietin (EPO).8

JAK2V617F or exon 12 mutations are present in over 99%
of patients with PV.9 However, the frequency of JAK2 muta-
tions in patients with erythrocytosis undergoing molecular
testing ranges from 1 to 5% depending on the referral popula-
tion,10 indicating that the majority of patients investigated for
elevated hemoglobin do not have PV. There is currently a lack
of consensus on appropriate criteria for molecular testing,
which in practice often translates into over-investigation, cre-
ating the need for a rational approach to molecular testing.8

Attempts to develop prediction rules to guide JAK2 mutation
testing have largely focused on population-based cohorts and
have proposed over-inclusive testing criteria, limiting their
applicability in clinical practice.13, 14 In this article, we outline
a diagnostic approach to patients referred for elevated hemo-
globin that uses a simple prediction rule based on complete
blood count and white blood cell differential (CBC) parame-
ters to guide JAK2 mutation testing, which we developed and
validated in a large retrospective clinical cohort of patients
evaluated by internal medicine and hematology specialists (the
JAK2 Prediction Cohort).

METHODS

The JAK2 Prediction Cohort (JAKPOT) study was conducted
at London Health Sciences Centre, a tertiary referral center
which serves a population of approximately 2 million in
Southwestern Ontario, Canada. All adult patients referred for
elevated hemoglobin (≥160 g/L for females, or ≥165 g/L for
males) between January 1, 2015, and May 12, 2021, who
underwent JAK2 mutation testing were included. This referral
population included patients evaluated by internal medicine
and hematology specialists who also performed investigations
for possible secondary causes of erythrocytosis. Molecular
testing was performed by quantitative polymerase chain reac-
tion (qPCR) using the Roche 480 LightCycler (La Roche AG,
Switzerland), single nucleotide polymorphism (SNP)
allelotyping using the Agena MassARRAY system (Agena
Biosciences, CA, USA), or next-generation sequencing (NGS)
using the Oncomine Myeloid Research Assay (ThermoFisher
Scientific, MA, USA). qPCR and SNP allelotyping assays
tested for JAK2V617F mutations; the NGS assay tested for
both JAK2V617Fmutations and exon 12 mutations. Age, sex,

and CBC parameters at the time of JAK2 mutation testing,
including hemoglobin, hematocrit, erythrocytes, leukocytes,
neutrophils, platelets, and mean corpuscular volume values
were extracted. CBCs were performed on a Sysmex XN
Analyzer (Sysmex Corporation, Japan). The JAKPOT study
was approved by the Research Ethics Boards at Western
University (118139).
Patients were randomly divided into derivation and valida-

tion cohorts including all methods of JAK2 mutation testing.
JAK2-positive and -negative groups were compared using
Student’s t-tests or χ2 tests, as appropriate. Continuous vari-
ables were dichotomized at optimal cut-off points using re-
ceiver operating characteristic curves. Variables tested includ-
ed age, sex, hematocrit, and RBC, leukocyte, neutrophil, and
platelet counts. Potentially significant predictors were evalu-
ated using multiple variable stepwise logistic regression ana-
lysis with JAK2 positivity as the dependent variable with
probability for inclusion and removal from the model at 0.05
and 0.10, respectively. The models were evaluated using
Hosmer–Lemeshow tests and pseudo-R2 measures. A dichot-
omous score was derived based on the presence or absence of
significant variables and subsequently evaluated and internally
validated using logistic regression and χ2 tests using non-
parametric bootstrapping with 1000 samples. The final model
was tested in the validation cohort and sub-analyses for each
method were conducted in a similar fashion. Test accuracy for
the criteria was evaluated in both cohorts and all subgroups.
Analyses were performed using SPSS Statistics 22 (IBM
Corporation, Armonk, NY, USA) and MedCalc® Statistical
Software version 20.026 (MedCalc Software Limited, Ostend,
Belgium). Further details on analysis are available from the
authors upon request.

Table 1 Characteristics of the Derivation and Validation Cohorts

Cohort characteristics Derivation
cohort
(n = 616)

Validation
cohort
(n = 285)

Age, mean (SD) (years) 58 (15) 58 (15)
Male sex, number (%) 449 (72.9) 205 (71.9)
Hemoglobin, mean (SD) (g/L) 177 (11) 177 (11)
Hematocrit, mean (SD) (L/L) 0.53 (0.04) 0.53 (0.04)
RBCs, mean (SD) (× 1012/L) 6.11 (0.597) 5.90 (0.607)
Platelets, mean (SD) (× 109/L) 266 (162) 281 (187)
Leukocytes, mean (SD)
(× 109/L)

9.2 (4.0) 9.1 (3.3)

Neutrophils, mean (SD)
(× 109/L)

6.0 (3.7) 5.7 (2.5)

JAK2 mutation positive,
number (%)

75 (12.2) 31 (10.9)

Testing method, number (%)
Next-generation sequencing 358 (58.1) 173 (60.7)
Polymerase chain reaction 155 (25.2) 70 (24.6)
SNP allelotyping 103 (16.7) 42 (14.7)

Abbreviations: SD, standard deviation; RBCs, red blood cells; JAK2,
Janus Kinase 2; SNP, single nucleotide polymorphism. P-values for all
variables were >0.05
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RESULTS

The total study cohort included 901 patients (derivation n = 616,
validation n = 285). Population characteristics (Table 1) were
similar between derivation and validation cohorts. A positive
JAK2 mutation was found in 11.8%, 12.2%, and 10.9% of the
total, derivation, and validation cohorts, respectively. Of the var-
iables tested, the final model included the following: RBC count
>6.45×1012/L, platelets >350×109/L, and neutrophils >6.2×109/L.
Patients with none of these criteria were considered low-risk;
patients with any of these criteria were considered high-risk. In
the derivation cohort, the percentages of JAK2-positive results in
low- and high-risk patients were 1.2% and 24.9%, respectively.
The model had a sensitivity of 94.7% and a negative predictive
value of 98.8%. Results were consistent in the validation cohort,
where themodel had a sensitivity of 100%and negative predictive
value of 100%. Table 2 shows contingency tables for each cohort.
Overall, the false negative rate in our study was 0.4%. Results
were also consistent across each testing method (Supplemental
Table 1). Based on this analysis, we developed a testing algorithm
to guide JAK2 mutation testing using our model (Fig. 1). Apply-
ing this rule to our entire cohort of patients would have resulted in
over 50% fewer tests.

DISCUSSION

PV is a myeloproliferative neoplasm associated with high morbid-
ity andmortality if untreated. PV has a range of presentations, with
classic clinical features including aquagenic pruritus, splenomega-
ly, and unexplained thrombosis; however, initial referral to internal
medicine or hematology is most commonly triggered by an ele-
vated RBC count, elevated hemoglobin and/or elevated hemato-
crit. Comprehensive evaluation of patients with erythrocytosis can
include extensive investigations for secondary causes (Fig. 2) in
addition to more costly, specialized testing such as JAK2mutation
analysis. The high sensitivity and specificity of JAK2 mutation
analysis makes it the preferred test in patients with suspected PV
resulting in this test being performed up front in many settings.9

However, there remains a need for tools to more effectively utilize

JAK2 testing in patients referred for erythrocytosis in order to
reduce indiscriminate use of costly molecular testing.8

The initial diagnostic approach should include evaluation
for absolute versus relative erythrocytosis and clinical assess-
ment for common secondary causes such as smoking, hypoxic
lung disease, and medications (Fig. 2). If identified, manage-
ment should be directed at the secondary cause with monitor-
ing for resolution of erythrocytosis. In patients where no clear
secondary cause is identified, the next step is to determine the
likelihood of PV and whether JAK2 molecular testing may be
necessary. Traditionally, serum EPO has been used to assist in
decision-making, with low EPO being associated with PV
versus high EPO in secondary erythrocytosis; however, recent
evidence suggests serum EPOmeasurement is often unreliable
and can be normal in over a third of patient with PV.8 More-
over, EPO levels are rarely available to guide decision-making
at the time of initial consultation and measurement can further
contribute to diagnostic delays.
To assist in the decision to order JAK2mutation testing, we

propose a simple prediction rule, the JAKPOT rule, which
uses CBC parameters to predict the likelihood of JAK2 muta-
tion positivity in patients presenting with elevated hemoglo-
bin. We developed and validated this prediction rule in a large
cohort of patients referred to internal medicine and hematolo-
gy specialists for erythrocytosis where it demonstrated a high
negative predictive value (>98.8%). The proposed rule dem-
onstrates improved sensitivity and negative predictive value
compared to low serum EPO in ruling out a diagnosis of PV in
a similar patient population.8 This rule could help limit indis-
criminate over-investigation of patients referred for
erythrocytosis and help optimize the diagnostic yield of mo-
lecular testing. In our cohort, implementation of this rule could
have significantly reduced the number of tests for JAK2 mu-
tations with minimal risk of missing diagnoses of JAK2-pos-
itive PV.
The three parameters included in the JAKPOT rule are RBC

count, platelet count, and neutrophil count, which have well-
established pathophysiologic rationale given that elevations in
all of these values (i.e., panmyelosis) are a recognized biolog-
ical hallmark of PV.11 If either the RBC count, platelet count,
or neutrophil count meet their respective thresholds as outlined
in the JAKPOT rule, then molecular diagnostic testing for
JAK2 mutations is recommended. Whereas hemoglobin and
hematocrit are independently affected by cell size, plasma
volume, and iron stores, RBC count provides a more accurate
indicator of erythropoiesis and red cell mass.12 Despite this,
RBC count has not been incorporated in other prediction rules
or diagnostic criteria for PV. It is also known that patients with
so-called masked PV—“masked” due to concurrent iron
deficiency—can initially present with thrombocytosis.3 Plate-
let count has been used in other algorithms;13 however, our
model uses a higher threshold of 350×109/L than other algo-
rithms, increasing the discriminatory power.
Our approach has several strengths. First, it uses readily

available CBC parameters making it easy to apply at initial

Table 2 Contingency Tables for the Derivation and Validation
Cohorts

Cohort JAKPOT
criteria

JAK2 mutation

Positive Negative

Derivation (n =
616)

0 4 (0.6%) 326
(52.9%)

≥1 71 (11.5%) 215
(34.9%)

Validation (n =
285)

0 0 (0%) 153
(53.7%)

≥1 31 (10.9%) 101
(35.4%)

Total (n = 901) 0 4 (0.4%) 479
(53.2%)

≥1 102
(11.3%)

316
(35.1%)
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clinic visits without introducing delays required for other
assays such as serum EPO. Importantly, these parameters are
objective and not subject to interpretation with its inherent
bias. Additionally, this prediction rule was derived from a real-
world cohort of patients referred for elevated hemoglobin as
opposed to a population-based cohort,14 and validated across
three different assays for JAK2 mutation testing, including
qPCR, SNP allelotyping, and NGS platforms. Most impor-
tantly, our approach uses a Bayesian decision framework that
increases the diagnostic accuracy and safety by applying this
rule only to patients with a higher pre-test probability of
having PV as defined by the hemoglobin threshold accepted
by the WHO 2016 diagnostic criteria. The use of the rule
allows to identify those patients with a very low posterior
probability of having a positive JAK2 mutation with a very
high level of accuracy. This strategy has proven to be highly
successful in other areas of medicine. The best example is the
use of the Wells’ clinical prediction rules for deep vein throm-
bosis and pulmonary embolism that, in conjunction with the
results of a D-dimer, allow clinicians to safely rule out these
potentially serious diagnoses with a very high level of accu-
racy.15, 16

Our prediction rule offers several advantages over others
in the literature.13, 14 Piris-Villaespesa et al.13 recently
proposed an algorithm for PV screening using platelet and
neutrophil counts but lacked JAK2 status for all patients in
the validation cohort. Mahe et al.14 developed a decision
tree using CBC parameters to guide JAK2 mutation testing
based on data from the Copenhagen General Population
Study. While this algorithm had a high negative predictive
value of 92% and a false-negative rate of only 1.2%, it
recommended JAK2 mutation testing in any patient with a
hemoglobin >160 g/L (>165 g/L in men), a platelet count
>350×109/L, or white blood cell count >7×109/L and thus
has limited ability to reduce molecular testing in patients
with abnormal CBC parameters. Given that this rule recom-
mends testing in all patients with elevated hemoglobin level
(>160 g/L in women and >165 g/L in men), nearly all

patients in our cohort would have been eligible for testing,
limiting its applicability in clinical practice.
There are several limitations to our study. Our prediction

rule was derived and validated retrospectively using data from
a single referral center, which may limit its generalizability to
other centers and populations. Further studies to prospectively
validate this prediction rule in different populations at other
centers are planned. While our cohort included all patients
with elevated hemoglobin who underwent JAK2 mutation
analysis, it did not capture patients who did not have JAK2
testing performed. Nonetheless, during the study period it was
standard practice at our center to perform JAK2 mutation
testing in patients referred for elevated hemoglobin, and,
moreover, this cohort better reflects the more clinically rele-
vant, potentially higher risk population to whom our predic-
tion rule is most applicable. The different methods for JAK2
mutation testing used in our study had varying sensitivities,
with qPCR, SNP allelotyping, and NGS detecting allele fre-
quencies as low as 0.01%, 5%, and 5% respectively and
detection of JAK2 exon 12 mutations was limited to the
NGS assay. Despite these differences, the model showed
consistent performance across all methods of JAK2 testing
suggesting it may be generalizable to centers using different
testing platforms, although this remains to be demonstrated.
Additional clinical variables, such as medications, history of
arterial or venous thrombosis, and splenomegaly, were not
considered in our model but could potentially further improve
to predictive value of this rule. Given this study’s retrospective
nature, we were unable to evaluate follow-up CBCs and their
impact on the likelihood of JAK2 positivity; however, such
variables might also be used in future prediction rules to
further improve sensitivity.
In conclusion, the differential diagnosis for patients present-

ing with erythrocytosis is broad; PV, albeit rare, must be
considered due to its high morbidity and mortality. We
outlined a rational diagnostic approach to erythrocytosis
(Fig. 2), which includes a simple prediction rule to guide
JAK2mutation testing using readily available CBC parameters

Figure 1 Flowchart illustrating the JAKPOT rule to guide JAK2 mutation testing using CBC parameters. Abbreviations: JAKPOT, JAK2
Prediction Cohort; CBC, complete blood count; F, female; M, male; RBC, red blood cell; JAK2, Janus Kinase 2.
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(Fig. 1). As with all clinical prediction rules, this rule is not
meant to replace clinical judgment but could be used as a
guide to help limit over-investigation in a common referral
population. Such a rule could help improve resource steward-
ship by avoiding unnecessary and costly testing, in line with
other Choosing Wisely initiatives.13
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London, Ontario, Canada (e-mail: alejandro.lazolangner@lhsc.on.ca).
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Confirm erythrocytosis
Males (hemoglobin 165g/L or
hematocrit 0.49)
Females (hemoglobin 160g/L or
hematocrit 0.48)

JAKPOT negative (0 criteria), consider
additional investigations§ for secondary
causes:

Hypoxia (eg. smoking, hypoxic lung
disease, obstructive sleep apnea, high
altitude)
Medications (eg. EPO, testosterone,
SGLT2 inhibitors)
EPO secreting tumors (eg. renal cell
carcinoma, hepatocellular carcinoma)
Renal artery stenosis
Post-kidney transplant erythrocytosis
High-affinity hemoglobinopathy
EPO-receptor mutations

Apparent erythrocytosis or secondary
cause identified, consider:

Management directed at secondary
cause, monitoring for resolution of
erythrocytosis
No further investigations required

Perform clinical history and physical
examination

Evaluate for absolute vs. relative
erythrocytosis† (eg. dehydration,
diuretics, burns/thermal injuries,
Gaisbock syndrome)
Assess for common secondary causes
(eg., smoking, hypoxic lung disease,
medications)

Absolute erythrocytosis, consider:
JAKPOT rule (see Figure 1)

JAKPOT positive ( 1 criteria), consider:
Upfront JAK2 mutation testing

Secondary cause identified, consider:
Management directed at secondary
cause, monitoring for resolution of
erythrocytosis
No further investigations required

Persistent erythrocytosis with no
secondary cause identified, consider:

JAK2 mutation testing

JAK2 negative, additional tests to consider:
Serum EPO testing
Bone marrow aspirate and biopsy

•

•

•

•

•

•

•

•

•
•
•
•

•

•

•

•

•

•

•
•

Figure 2 Proposed rational diagnostic approach to the investigation of patients referred for erythrocytosis. Note: this is a proposed approach to
the investigation of erythrocytosis demonstrating how the JAKPOT rule might be used to identify low-risk patients; this approach is

provisional and requires prospective validation before implementation in routine clinical practice. †Some advocate red cell mass studies to
establish absolute vs. relative erythrocytosis, although this test is not widely available and not routinely performed. ‡JAK2 mutation testing can
be performed polymerase chain reaction (qPCR), single nucleotide polymorphism (SNP) allelotyping, or next-generation sequencing (NGS).
§Serum EPO measurement can be considered an ancillary test to evaluate for primary vs. secondary causes of erythrocytosis, although results
are often unavailable at time of initial consultation and can be normal in patients with PV; EPO likely has limited added diagnostic value in

settings where JAK2 mutation testing is available. ¶Note: bone marrow biopsy demonstrating “panmyelosis” is a major criterion and
“subnormal” serum EPO level a minor criterion in the World Health Organization 2016 diagnostic criteria for polycythemia vera.

Abbreviations: EPO, erythropoietin; SGLT2, sodium-glucose cotransporter-2; JAK2, Janus Kinase 2; JAKPOT, JAK2 Prediction Cohort.
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