
Received: 6 September 2022 - Revised: 28 February 2023 - Accepted: 14 March 2023

https://doi.org/10.1016/j.rpth.2023.100132
OR I G I NA L A R T I C L E
Prediction of thrombosis in polycythemia vera: Development

and validation of a multiple factor-based prognostic

score system
Wenjing Gu MD1,2 | Yuhui Zhang MD3 | Ting Sun MD1,2 | Mankai Ju MD1,2 |

Xiaofan Liu MD1,2 | Feng Xue MD1,2 | Yunfei Chen MD1,2 | Wei Liu MD1,2 |

Huiyuan Li PhD1,2 | Wentian Wang PhD1,2 | Ying Chi PhD1,2 | Renchi Yang MD1,2 |

Rongfeng Fu MD1,2 | Jie Bai MD3 | Lei Zhang MD1,2
1State Key Laboratory of Experimental

Hematology, National Clinical Research

Center for Blood Diseases, Haihe

Laboratory of Cell Ecosystem, Institute of

Hematology & Blood Diseases Hospital,

Chinese Academy of Medical Sciences &

Peking Union Medical College, Tianjin Key

Laboratory of Gene Therapy for Blood

Diseases, CAMS Key Laboratory of Gene

Therapy for Blood Diseases, Tianjin, China

2Tianjin Institutes of Health Science, Tianjin,

China

3Department of Hematology, The Second

Hospital of Tianjin Medical University,

Tianjin, China

Correspondence

Lei Zhang and Rongfeng Fu, State Key

Laboratory of Experimental Hematology,

National Clinical Research Center for Blood

Diseases, Haihe Laboratory of Cell

Ecosystem, Institute of Hematology & Blood

Diseases Hospital, Chinese Academy of

Medical Sciences & Peking Union Medical

College, Tianjin, 300020, China.

Email: furongfeng@ihcams.ac.cn and

zhanglei1@ihcams.ac.cn

Jie Bai, Department of Hematology, The

Second Hospital of Tianjin Medical

University, Tianjin, 300211, China.

Email: janebai86@hotmail.com

Handling Editor: Dr Vania Morelli
© 2023 The Author(s). Published by Elsevier Inc. on

NC-ND license (http://creativecommons.org/licens

Res Pract Thromb Haemost. 2023;7:e100132

https://doi.org/10.1016/j.rpth.2023.100132
Abstract

Background: Thrombosis is an important cause of death in patients with polycythemia

vera (PV). The conventional stratification of thrombosis may ignore some potential risk

factors.

Objectives: This study aimed to develop and validate a multiple factor-based prediction

model of thrombosis for the 2016 World Health Organization-dened PV.

Methods: Clinical and next-generation sequencing data from 2 cohorts of patients with

PV were analyzed. Multivariable Cox regression analyses were conducted for the

identification of thrombotic risk factors and model development.

Results: The study involved 372 patients in the training cohort and another 195 pa-

tients in the external validation cohort. Multivariable analyses indicated that age ≥60
years (hazard ratio [HR] 2.56, 95% CI 1.51-4.35, P < .001), cardiovascular risk factors

(HR 4.22, 95% CI 2.00-8.92, P < .001), at least 1 high-risk mutation for thrombosis

(mutations in DNMT3A, ASXL1, or BCOR/BCORL1) (HR 4.35, 95% CI 2.62-7.21, P <

.001), and previous thrombosis (HR 5.93, 95% CI 3.29-10.68, P < .001) were inde-

pendent risk factors of thrombosis. After assigning coefficient-weighted scores to each

risk factor mentioned above, a multiple factor-based prognostic score system of

thrombosis (MFPS-PV) was developed, classifying patients into low-risk, intermediate-

risk, and high-risk groups. Patients in the 3 groups had notably different thrombosis-

free survival rates (P < .001). The MFPS-PV outperformed the conventional model in

discrimination power (C-statistic: 0.87 [95% CI 0.83-0.91] vs 0.80 [95% CI 0.74-0.86]).

The MFPS-PV was well calibrated and remained consistent during external validation.

Conclusion: The MFPS-PV, integrating genetic and clinical characteristics for the first

time, shows excellent accuracy and utility for thrombosis prediction inWHO-defined PV.
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Essentials

• Thrombosis is an important cause of death in patients with polycythemia vera.

• We developed and validated a multiple factor-based prediction model of thrombosis in polycythemia vera.

• The model included age, cardiovascular risk factors, high-risk mutations, and previous thrombosis.

• The model showed excellent ability for discrimination and calibration in predicting thrombosis.
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1 | INTRODUCTION

Polycythemia vera (PV) is a subtype of classical Philadelphia

chromosome-negative (Ph−) myeloproliferative neoplasms (MPNs),

characterized by an elevated red blood cell mass, sometimes accom-

panied by an increase in platelets and white blood cells. Although

patients with PV have relatively long survival (median 15 years) and

low incidence of myelofibrosis or leukemia transformation (4.9%-6%

and 2.3%-14.4% at 10 years, respectively), some of them have a

shorter life expectancy than the age- and sex-matched general pop-

ulations [1–4]. Thrombosis is an important cause of death and decline

in patients’ quality of life. In a study of 665 patients with PV from the

Mayo Clinic, the incidence of thrombosis was 25% before diagnosis

and 24% after diagnosis [4]. The large cohorts of the European

Collaboration on Low-Dose Aspirin in Polycythemia Vera (ECLAP) and

the International Working Group for MPN Research and Treatment

(IWG-MRT) studies have reported a cumulative rate of 5.5 and 2.62

per 100 person-years of thrombotic events, respectively, in patients

with PV, and mortality due to thrombosis contributed to 45% of all-

cause deaths in the ECLAP trial [5,6]. To reduce the incidence of

life-threatening thrombosis in PV, it is necessary to accurately identify

thrombotic risk factors and make appropriate risk stratification.

The main goal of treatment for patients with PV is to prevent

thrombotic complications. Currently, the recommended treatment

strategy for PV is on the basis of a conventional two-tiered risk

stratification that classifies patients into 2 risk groups: “low risk,” age

<60 years and no previous thrombosis, and “high risk,” age ≥60 years

and/or with previous thrombosis [1,7,8]. However, conventional risk

stratification is on the basis of Polycythemia Vera Study Group (PVSG)

criteria [9,10]. In addition, conventional risk stratification is specified

when next-generation sequencing (NGS) technology is not widely

used in clinical practice, and in fact, recent studies have highlighted

the role of clonal hematopoiesis and specific mutations in thrombosis

of MPNs [11–13]. Moreover, additional risk factors for thrombosis,

such as cardiovascular risk factors (CVF), higher JAK2 V617F allele

burden, leukocytosis, and elevated hematocrit (Hct) levels have also

been identified [14–21]. Therefore, the two-tiered stratification may

ignore some potential risk factors for thrombosis in the 2016 World

Health Organization (WHO)-defined PV.

In this study, we developed and validated a new thrombosis

prediction model on the basis of genetic and clinical information, with

the aim to improve the prediction power of thrombosis in the 2016
WHO-dened PV and provide valuable information for the practical

management of thrombosis.
2 | METHODS

2.1 | Patients and samples

The study was approved by the Institutional Ethics Committee of the

Institute of Hematology and Blood Diseases Hospital (Tianjin, China)

and the Second Hospital of Tianjin Medical University (Tianjin, China)

in accordance with the Declaration of Helsinki. Patients diagnosed at

the 2 institutions from August 30, 1984 to March 30, 2022, were

eligible for inclusion if they were 18 years or older with a confirmed

diagnosis of PV according to the 2016 WHO criteria [22]. Written

informed consent was obtained from each patient. Clinical and labo-

ratory data at the initial diagnosis were retrospectively collected from

institutional databases. Treatment and thrombosis information during

follow-up was obtained by direct contact with patients or their fam-

ilies. Bone marrow mononuclear cells were collected from the

included patients and sent for NGS. Data from the Institute of He-

matology and Blood Diseases Hospital were initially analyzed for

model development, whereas the cohort from the Second Hospital of

Tianjin Medical University was subsequently used for external

validation.
2.2 | Next-generation sequencing

NGS was performed on 1 μg of genomic DNA extracted from the

patients’ bone marrow mononuclear cells. Sequencing was performed

using whole-genome sequencing platform (NovaSeq 6000 platform,

Illumina) with a targeted 267-gene panel. A list of 267 candidate genes

is provided in Supplementary Table 1. After filtering out low-quality

sequencing reads, clean reads were mapped to the human reference

genome (hg19) using the mapping tool (Burrows–Wheeler Aligner,

sourceforge). Single-nucleotide polymorphisms and short insertion/

deletions were called and annotated using 1000 Genomes, ESP6500,

SNPeffect, Inhouse, PolyPhen-2, SIFT, and COSMIC to determine the

potential functional impacts of the variants. The identified pathogenic

mutations were validated by Sanger sequencing. Details of the
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sequencing and bioinformatics analysis are provided in Supplemental

Methods.
2.3 | Statistical analysis

Categorical variables were compared using the chi-squared test,

whereas continuous variables were compared using the Mann–Whitney

U-test or Kruskal–Wallis tests. Receiver operating characteristic

(ROC) plots were used to define cutoff levels for continuous vari-

ables that were significant in the univariable analysis. A multivariable

Cox proportional hazard regression analysis was conducted to

identify independent risk factors for thrombosis-free survival (TFS).

TFS was considered from the date of diagnosis to the date of the first

episode of thrombosis after diagnosis (uncensored) or the last con-

tact (censored). Regression coefcient (β), hazard ratio (HR) with 95%

condence intervals (CI), and corresponding P values were calculated.

Statistics, including number needed to harm and population attrib-

utable fraction, were also calculated for comprehensive interpreta-

tion of each predictor [23]. To decrease bias and increase statistical

accuracy, multiple imputation was used to handle missing data in

baseline variables. Competing risk (CR) analysis was conducted

considering death without thrombosis as a CR. The cumulative

incidence of thrombosis between patients with and without each risk

factor was compared using both log-rank test by Kaplan–Meier (KM)

method and Gray test by CR method [24,25].

A risk score system was developed on the basis of the β values

from the multivariable Cox regression analysis. Discrimination was

evaluated by calculating the area under the ROC curve (AUC) and

Harrell C-statistic, with larger values representing better discrimina-

tion. The accuracy and utility of the model were assessed using a

calibration plot, which indicates the agreement between the predicted

and the actual observed probabilities of thrombosis [26]. A nonsig-

nificant P value in the Goodness-of-Fit test represents good calibra-

tion. Statistical analyses were performed using R software (version

4.0.2). A P value <.05 was considered significant.
3 | RESULTS

3.1 | Patient characteristics and details of

thrombosis

A total of 372 NGS-annotated patients with PV from the Institute of

Hematology and Blood Diseases Hospital were included in the training

cohort, with a median follow-up of 43 months (range 3-454). We had a

complete record of outcome data for all included patients with no

missing data. For baseline characteristics, missing data occurred in 6

variables (Supplementary Figure 1). The median age at diagnosis was

53 years (range 18-86), and 59.4% were men. Of the patients, 242

(65.1%) had at least one CVF (including hypertension, diabetes,

hyperlipidemia, obesity, and smoking). All patients harbored clearly

elevated Hct (median 58.2%; range 46.4%-74.3%) or hemoglobin
(median 187 g/L; range 160-290) levels, and most of them (n = 301,

80.9%) had suppressed erythropoietin concentration (median 1.39 IU/

L; range 0.13-17.73). Forty-nine patients (13.2%) had elevated C-

reactive protein levels (median 1.97 mg/L; range 1.00-69.80), and the

median value of the neutrophil-to-lymphocyte ratio (NLR) was 5.48

(range 1.03-25.03). Abnormal karyotype and palpable splenomegaly

were documented in 10.5% and 41.1% of the patients, respectively

(Table 1).

Altogether, 216 thrombotic events were recorded in 136 patients

(36.6%), including 122 patients (32.8%) with only arterial thrombosis,

7 patients (1.9%) with only venous thrombosis, and 7 patients (1.9%)

with both arterial and venous thrombosis. Additionally, 72 patients

(19.4%) had only one thrombotic event, 51 patients (13.7%) had 2

thrombotic events, and 13 patients (3.5%) had 3 or more thrombotic

events. Regarding the time of thrombosis occurrence, 68 patients

(18.3%) had only thrombosis before or at diagnosis, and another 68

patients (18.3%) had thrombosis after diagnosis, corresponding to an

incidence rate of 3.6/100 patient-years during follow-up

(Supplementary Table 2).
3.2 | Mutation landscapes and identification of high-

risk mutations for thrombosis

The driver mutation distribution was JAK2 V617F in 338 (90.9%) and

JAK2 exon12 in 14 (3.8%) patients. Two (0.5%) patients harbored both

JAK2 V617F and JAK2 exon12 mutations. Mutations other than JAK2

V617F or JAK2 exon12 were detected in 132 (35.5%) patients, with

the most frequently mutated genes being involved in epigenetic

regulation, such as TET2, ASXL1, and DNMT3A (Table 1, Figure 1, and

Supplementary Table 3). No association was observed between

thrombosis and JAK2 V617F (P = .572) or JAK2 exon12 mutations (P =

.967), whereas mutations in genes encoding for epigenetic modiers

were more frequent in patients with thrombosis than in those without

thrombosis after diagnosis (45.6% vs 20.1%, P < .001). Specifically,

significant differences were noted in the frequencies of ASXL1 (16.2%

vs 5.9%, P = .004), DNMT3A (25.0% vs 4.6%, P < .001), and BCOR/

BCORL1 (13.2% vs 4.6%, P = .017) mutations between patients with

and without thrombosis after diagnosis. The variant allele frequencies

of JAK2 V617F and JAK2 exon12mutations were also analyzed, and no

significant difference was identified (P = .055 and P = .126, respec-

tively) (Table 1).
3.3 | Risk factors for thrombosis after diagnosis

We performed univariable analysis on the basis of total thrombosis.

Patients with thrombosis were older (P < .001) and more likely to

have CVF (P < .001) and splenomegaly (P = .010). They also had higher

platelet counts (P = .036), higher NLR (P = .035), and higher fre-

quencies of epigenetic mutations, such as ASXL1 (P = .003) and

DNMT3A (P < .001), than those without thrombosis. For those factors

included in multivariable analysis, only older age (P < .001), CVF (P <



T AB L E 1 Comparison of clinical and mutation information of 372 patients with PV with or without thrombosis after diagnosis.

All patients (n = 372)

Patients with thrombosis

after diagnosis (n = 68)

Patients without thrombosis

after diagnosis (n = 304) P

Clinical characteristics

Age, median (range), y 53 (18-86) 60 (21-81) 52 (18-86) <.001

Sex, male, n (%) 221 (59.4) 37 (54.4) 184 (60.5) 0.353

CVF,a n (%) 242 (65.1) 59 (86.8) 183 (60.2) <.001

Previous thrombosis, n (%) 113 (30.4) 45 (66.2) 68 (22.4) <.001

Ethnicity Han Chinese Han Chinese Han Chinese -

Laboratory characteristics

Hemoglobin, median (range), g/L 187 (160-290) 193 (163-232) 186 (160-290) .055

Hematocrit, median (range), % 58.2 (46.4-74.3) 59.1 (47.8-73.4) 57.4 (46.4-74.3) .264

Leukocytes, median (range), ×109/L 11.6 (4.3-50.0) 10.7 (6.2-36.5) 11.6 (4.3-50.0) .991

Platelets, median (range), ×109/L 493 (109-1609) 471 (115-1241) 498 (109-1609) .930

NLR, median (range) 5.48 (1.03-25.03) 5.99 (2.02-17.69) 5.33 (1.03-25.03) .151

CRP, median (range), mg/L 1.97 (1.00-69.80) 1.80 (1.00-56.90) 1.97 (1.00-69.80) .594

Erythropoietin, median (range), IU/L 1.39 (0.13-17.73) 1.57 (0.19-16.46) 1.36 (0.13-17.73) .215

Splenomegaly, n (%) 285 (76.6) 50 (73.5) 235 (77.3) .506

Palpable splenomegaly, n (%) 153 (41.1) 27 (39.7) 126 (41.4) .792

Abnormal karyotype, n (%) 39 (10.5) 11 (16.2) 28 (9.2) .090

Driver mutations, n (%)

JAK2 V617F 338 (90.9) 63 (92.7) 275 (90.5) .572

JAK2 exon12 14 (3.8) 2 (2.9) 12 (3.9) .967

JAK2 V617F & JAK2 exon12 2 (0.5) 0 2 (0.7) 1.000

JAK2 negative 18 (4.8) 3 (4.4) 15 (4.9) 1.000

Mutation VAF, median (range), %

JAK2 V617F 50.8 (1.1-94.7) 58.8 (6.1-93.5) 49.4 (1.1-94.7) .055

JAK2 exon12 21.0 (9.0-76.0) 37.7 (29.6-45.7) 20.5 (9.0-76.0) .126

Additional mutations, n (%) 132 (35.5) 41 (60.3) 91 (31.9) <.001

Other mutations,b n (%)

TET2 46 (12.4) 10 (14.7) 36 (11.8) .517

ASXL1 29 (7.8) 11 (16.2) 18 (5.9) .004

DNMT3A 31 (10.3) 17 (25.0) 14 (4.6) <.001

BCOR/BCORL1 23 (6.2) 9 (13.2) 14 (4.6) .017

TP53 10 (2.7) 2 (2.9) 8 (2.6) 1.000

SF3B1 4 (1.1) 0 4 (1.3) 1.000

NFE2 4 (1.1) 0 4 (1.3) 1.000

CBL 2 (0.5) 0 2 (0.7) 1.000

SETBP1 2 (0.5) 0 2 (0.7) 1.000

IDH2 2 (0.5) 0 2 (0.7) 1.000

EZH2 2 (0.5) 0 2 (0.7) 1.000

CUX1 2 (0.5) 0 2 (0.7) 1.000

JAK3 2 (0.5) 0 2 (0.7) 1.000

PPM1D 2 (0.5) 1 (1.5) 1(0.3) .805

(Continues)
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T A B L E 1 (Continued)

All patients (n = 372)

Patients with thrombosis

after diagnosis (n = 68)

Patients without thrombosis

after diagnosis (n = 304) P

Mutation category, n (%)

Epigenetic regulation 92 (24.7) 31 (45.6) 61 (20.1) <.001

mRNA splicing 6 (1.6) 0 6 (2.0) .597

Signaling pathways 7 (1.9) 2 (2.9) 5 (1.6) .828

Transcription regulation 9 (2.4) 0 9 (3.0) .375

Cell cycle/apoptosis 33 (8.9) 12 (17.6) 21 (6.9) .005

Follow-up, median (range), mos 43 (3-454) 53 (9-304) 41 (3-454) .063

Bold indicates statistically significant values.

CRP, C-reactive protein; NLR, neutrophil-to-lymphocyte ratio; PV, polycythemia vera; VAF, variant allele frequency.
aCVF, cardiovascular risk factors, including hypertension, diabetes, hyperlipidemia, obesity, or smoking.
bGenes with mutations in at least 2 patients in the training cohort are displayed and compared by chi-squared test.
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.001), ASXL1 (P = .039), and DNMT3A (P = .004) mutations remained

notable (Supplementary Table 4).

Similarly, risk factors for thrombosis after diagnosis were older

age (P < .001), CVF (P < .001), previous thrombosis (P < .001),

presence of additional non-driver mutations (P < .001), mutations

involved in epigenetic regulation (P < .001) and cell cycle/apoptosis

(P = .005), and specific high-risk mutations for thrombosis (ASXL1,

DNMT3A, and BCOR/BCORL1, P < .05 for each mutation) (Table 1). A

ROC plot was used to define the optimal cutoff level for age, and the
F I GUR E 1 Genomic landscape of 372 patients with PV with or withou

axis, and each column corresponds to a patient. Patients are grouped accor

after diagnosis. Color code represents mutation status of the gene as indi

driver mutation. Events where information is unknown are depicted in lig
best discriminant value was 60 years (Supplementary Figure 2). The

representative TFS curves are displayed in Supplementary Figure 3,

confirming the contribution of these factors to reduced TFS (P < .001).

As death without thrombosis will prevent the occurrence of throm-

bosis during follow-up, we performed a CR analysis to exclude the

influence of death on the incidence of thrombosis. The cumulative

incidence of thrombosis observed using the KM and CR methods is

similar within the 10-year follow-up but slightly higher in the KM

method after the 10-year follow-up (Supplementary Figure 4).
t thrombosis after diagnosis. Mutated genes are spread along the y-

ding to the presence (left side) or absence (right side) of thrombosis

cated. Annotation rows at bottom include sex, karyotype, CVF, and

ht gray. PV, polycythemia vera; CVF, cardiovascular risk factors.



T AB L E 2 Multivariable Cox regression analysis of risk factors
that are predictive of thrombosis after diagnosis.

β-coefficient
(95% CI) HR (95% CI) P Scoreb

Age ≥60 ys 0.94 (0.41-1.47) 2.56 (1.51-4.35) <.001 1

CVF 1.44 (0.69-2.19) 4.22 (2.00-8.92) <.001 1.5

High-risk mutation

for thrombosisa
1.47 (0.97-1.98) 4.35 (2.62-7.21) <.001 1.5

Previous thrombosis 1.78 (1.19-2.37) 5.93 (3.29-10.68) <.001 2

CVF, cardiovascular risk factor; HR, hazard ratio.
aAt least 1 high-risk mutation for thrombosis, including ASXL1, DNMT3A,

and BCOR/BCORL1.
bTo assign a score for each predictor, we rounded the β-coefficient to the

nearest half or whole number.
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Comparing the cumulative incidence of thrombosis for patients with

and without each risk factor, both log-rank tests and Gray tests

showed significant difference (P < .001), indicating that these risk

factors remained significant contributors to thrombosis after diag-

nosis, after accounting for the CR of death (Supplementary Figure 5

and Supplementary Table 5).

As shown in Supplementary Table 6, significant associations were

also noted regarding arterial and venous events. Patientswith older age

(P < .001), CVF (P < .001), previous thrombosis (P < .001), and specific

high-riskmutations for thrombosis (ASXL1, P = .027;DNMT3A, P< .001;

BCOR/BCORL1, P = .002) experienced higher rates of arterial throm-

bosis after diagnosis. By contrast, patients with higher hemoglobin

levels (P= .006), higherNLR (P= .017), andDNMT3Amutations (P= .033)

were more likely to experience venous thrombosis after diagnosis.
3.4 | Development of a multiple factor-based

prognostic score system for thrombosis in PV

(MFPS-PV)

In the multivariable Cox regression analysis, we identified 4 inde-

pendent risk factors for thrombosis after diagnosis, including age ≥60
years (HR 2.56, 95% CI, 1.51-4.35, P < .001), CVF (HR 4.22, 95% CI,

2.00-8.92, P < .001), at least one high-risk mutation for thrombosis

(HR 4.35, 95% CI, 2.62-7.21, P < .001), and previous thrombosis (HR

5.93, 95% CI, 3.29-10.68, P < .001) (Table 2). For a complete inter-

pretation of the predictors noted above, we calculated multiple sta-

tistics (Supplementary Table 7). The 5-year number needed to harm

values were 9.21, 7.82, 5.00, and 4.53 for age ≥60 years, CVF, high-

risk mutation for thrombosis, and previous thrombosis, respectively,

demonstrating that previous thrombosis was the most detrimental

factor, whereas age ≥60 years was less harmful. The population

attributable fraction was 0.15, 0.44, 0.28, and 0.41 for those factors,

respectively, indicating that a considerable fraction of thrombosis

occurrence can be attributed to CVF or previous thrombosis.

To develop a multiple factor-based thrombosis scoring system,

β-weighted risk points were assigned to risk factors identified in the
multivariable analysis (Table 2, age ≥60 years, 1 point; CVF, 1.5

points; at least one high-risk mutation for thrombosis, 1.5 points;

previous thrombosis, 2 points). After summarizing the points, patients

were divided into low-risk (n = 96, 25.8%, ≤1 point), intermediate-risk

(n = 146, 39.2%, 1.5-2.5 points), and high-risk (n = 130, 35.0%, ≥3
points) groups. The incidence of thrombosis after diagnosis in the low-,

intermediate-, and high-risk groups was 0.45, 1.46, and 14.00/100

patient-years, with an estimated 10-year TFS of 95.7%, 85.3%, and

18.4%, respectively (Supplementary Table 8). Significantly different

TFS curves were observed among the 3 risk groups by the Kaplan–

Meier analysis (P < .001) (Figure 2A).
3.5 | Comparison of predictive performance

between MFPS-PV and conventional model

To assess the predictive performance of MFPS-PV, the risk stratification

of patients in the training cohort according to the MFPS-PV and con-

ventional model was compared. As shown in Figure 2B, 82 patients

(41.4%) in the conventional low-risk group were still confirmed to be at

low-risk byMFPS-PV, whereas 100 (50.5%) and 16 (8.1%) patients were

regrouped as intermediate and high risk, respectively. Among the 16

patientswhowere regrouped as high risk, the actual thrombosis ratewas

high at 7.10/100 patient-years. Additionally, 114 patients (65.5%) in the

conventional high-risk group were also considered to be at high risk ac-

cording to the MFPS-PV, whereas 14 patients (8.1%) were regarded as

low risk and 46patients (26.4%) as an intermediate-risk category. Among

the 14 patients who were regrouped as low risk, only one experienced

thrombosis during follow-up, with a thrombosis rate of 1.89/100 patient-

years. Therefore, MFPS-PV can identify high-risk patients ignored by the

conventional model and non–high-risk patients over-evaluated by the

conventional model, so as to avoid insufficient or excessive treatment.

TheMFPS-PVoutperformed the conventionalmodelwithhigherC-

statistic (0.87 [95% CI 0.83-0.91] vs 0.80 [95% CI 0.74-0.86]) and AUC

(0.90 [95% CI 0.86-0.95] vs 0.82 [95% CI 0.76-0.89]) (Figure 2C). The

calibration plot of MFPS-PV showed good agreement between the

predictive and observed probability of thrombosis (Figure 2D). The

Goodness-of-Fit test results were nonsignificant (P = 0.204), suggesting

that the model was well calibrated. Therefore, MFPS-PV better pre-

dicted the incidence of thrombosis than the conventional model.
3.6 | External validation of MFPS-PV

A total of 195 WHO (2016)-defined patients with PV from the Second

Hospital of Tianjin Medical University were included as an external vali-

dation cohort. The median age was 55 years (range 21-85) at diagnosis,

and the sex distribution was close to 1:1 (male, 49.2%) (Supplementary

Table 9). During a median follow-up of 96 months (range 12-576), 88

(45.1%) patients experienced thrombosis after diagnosis with an inci-

dence rate of 6.7/100 patient-years. TheMFPS-PVmodel was applied to

the external cohort and divided patients into low-risk (n = 52),

intermediate-risk (n = 76), and high-risk (n = 67) groups, with corre-

sponding 10-year TFS rates of 77.1%, 66.4%, and 23.9%, respectively



F I GUR E 2 (A) Thrombosis-free survival of 372 patients with PV in the internal cohort stratified by MFPS-PV. Patients among different risk

groups were compared by the log-rank test. (B) Risk distribution of 372 patients with PV in the internal cohort and their thrombosis rates

according to the conventional model and MFPS-PV. Colored bars represent distribution of patients according to the MFPS-PV in the context of

conventional low-risk or high-risk groups, respectively. The incidence of thrombosis for each category is shown. Conventional model, high risk,

age ≥60 years, or/and thrombosis history; low risk, absence of both factors. Hundred patient-years, number of patients suffered from

thrombosis after diagnosis per 100 patient-years. (C) ROC curves of MFPV-PV and conventional model in the internal cohort. ROC curves

indicate that the discrimination of MFPS-PV (AUC 0.90, 95% CI 0.86-0.95) in predicting thrombosis is better than that of conventional model

(AUC 0.82, 95% CI 0.76-0.89). False positive rate represents 1-specificity, and true positive rate represents sensitivity. ROC, Receiver-operating

characteristic; AUC, area under the ROC curve. (D) Calibration curve of MFPV-PV in the internal cohort. Calibration curve indicates the

agreement between the predicted and observed probabilities of thrombosis. The x-axis represents the predicted 10-year probabilities of

thrombosis. The y-axis represents the observed 10-year probabilities of thrombosis. The diagonal-dashed line represents a perfectly calibrated

prediction model. The red solid line represents the performance of MFPS-PV. A closer fit to the diagonal-dashed line indicates a better

prediction.
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(Supplementary Table 10). Kaplan–Meier curves confirmed the signifi-

cant difference in TFS among the 3 risk groups in the external cohort (n =

195, P < .001) and both cohorts (n = 567, P < .001) (Figure 3A, B).
For prediction of thrombosis in the external cohort, the C-statistic

was 0.79 (95% CI 0.74-0.84) for MFPS-PV and 0.76 (95% CI 0.71-0.82)

for the conventional model. The AUC was 0.82 (95% CI 0.75-0.89) for



F I GUR E 3 (A) Thrombosis-free survival of 195 patients with PV in the external validation cohort stratified by MFPS-PV. Patients among

different risk groups were compared by the log-rank test. (B) Thrombosis-free survival of 567 patients with PV in both internal and external

cohorts stratified by MFPS-PV. Patients among different risk groups were compared by log-rank test. (C) ROC curves of MFPV-PV and

conventional model in the external validation cohort. ROC curves indicate that the discrimination of MFPS-PV (AUC 0.82, 95% CI 0.75-0.89) in

predicting thrombosis is better than that of the conventional model (AUC 0.79, 95% CI 0.71-0.86). False positive rate represents 1-specificity,

and true positive rate represents sensitivity. ROC, Receiver-operating characteristic; AUC, area under the ROC curve. (D) Calibration curve of

MFPV-PV in the external validation cohort. Calibration curve indicates the agreement between the predicted and observed probabilities of

thrombosis. The x-axis represents the predicted 10-year probabilities of thrombosis. The y-axis represents the observed 10-year probabilities of

thrombosis. The diagonal-dashed line represents a perfectly calibrated prediction model. The red solid line represents the performance of

MFPS-PV. A closer fit to the diagonal-dashed line indicates a better prediction.
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MFPS-PV and 0.79 (95% CI 0.71-0.86) for the conventional model

(Figure 3C). For the calibration plot, the actual observed probabilities of

thrombosis were very close to the probabilities of thrombosis predicted

by MFPS-PV (Figure 3D). The Goodness-of-Fit test showed a
nonsignicant statistic (P = .632). The results suggested that the MFPS-

PV had a good performance of discrimination and calibration in the

external validation set, which has similar basic characteristics but a

much longer follow-up than the training cohort.



GU ET AL. - 9 of 12
3.7 | Treatment patterns of patients in the training

cohort

We analyzed the treatment patterns of 372 patients in the training

cohort. Among the 372 patients, 208 patients (55.9%) received cyto-

reductive therapy, and 266 patients (71.5%) received antiplatelet

therapy. Furthermore, 13 (3.5%) patients received oral anti-coagulants,

including 8 patients (2.2%) with warfarin and 5 patients (1.3%) with

rivaroxaban. In addition to drug administration, 110 (29.6%) patients

underwent regular therapeutic phlebotomy (TP) for at least 3 times a

year. The proportion of patients receiving cytoreductive therapy, anti-

platelet therapy, or regular TP is similar among the low-, intermediate-,

and high-risk groups of MFPS-PV. The MFPS-PV applied to patients in

each treatment group all showed good discrimination with high C-sta-

tistics and good calibration with nonsignicant P values of the Goodness-

of-Fit test (Supplementary Table 11).
4 | DISCUSSION

In this study, we analyzed clinical information and NGS data from a

large cohort of patients with PV to reveal risk factors of thrombosis.

After multivariable analysis, we identified age ≥60 years, CVF, pre-

vious thrombosis, and high-risk mutations (eg, DNMT3A, ASXL1, and

BCOR/BCORL1 mutations) as risk factors of thrombosis after diagnosis

and then established a multiple factor-based prediction model classi-

fying patients into low-risk, intermediate-risk, and high-risk groups.

This new model incorporated genetic information into thrombosis

prediction and successfully stratified patients at the first diagnosis

according to their risk of thrombosis.

Compared with the conventional model, the new model has some

differences and potential advantages. First, the MFPS-PV was devel-

oped on the basis of the 2016 WHO-defined PV [22], whereas the

conventional model was on the basis of PVSG-defined PV [9,10]. The

2016 WHO criteria recognize the importance of bone marrow

morphology; thus, patients previously considered to be “masked” or

“prodromic” PV were included according to the new criteria [27,28]. In

fact, “masked” or “prodromic” PV displays a higher risk of thrombosis

in younger patients probably because of the lower intensity of

treatment [29]. Hence, MFPS-PV is more suitable for patients diag-

nosed using the current diagnostic standard than the traditional

model.

Second, the MFPS-PV model highlights the significance of CVF.

The current guideline recommendations from the National Compre-

hensive Cancer Network clearly emphasize that CVF in patients with

PV needs to be controlled [7]. Previous studies have also reported that

CVF may increase the risk of thrombosis in patients with PV [14,15].

Moreover, some experts commonly provide different treatment sug-

gestions according to the presence or absence of CVF because it plays

an important role in the management of thrombosis [1].

Third and notably, we have incorporated genetic aberrations into

the prognostic stratification system for the first time. The wide

application of NGS in a large cohort of patients with PV allows us to
evaluate the impact of specific mutations on thrombosis, which has

not been mentioned in most previous studies. Several thrombogenic

mutations have been proposed in our study, including mutations in

DNMT3A, ASXL1, and BCOR/BCORL1. Interestingly, those epigenetic

regulators DNMT3A and ASXL1 accounted for more than half of the

clonal hematopoiesis of indeterminate potential (CHIP) [30]. Recent

studies have revealed that CHIP is associated with an increased risk of

cardiovascular diseases and atherosclerosis, mainly because of the

upregulation of inflammatory signaling by the innate and adaptive

immune systems [31–33]. The effect of CHIP on thrombosis occur-

rence is as great as or even greater than the effect of those commonly

recognized cardiovascular risk factors, such as hypertension, diabetes,

hyperlipidemia, obesity, and smoking [30]. In addition, most CHIP-

associated mutations are drivers of hematological malignancy; eg,

JAK2mutations occur in more than 60% of patients with MPN and are

important MPN-driver mutations [34]. DNMT3A and ASXL1 are

commonly mutated in MPNs (5%-10%) and have proved to be asso-

ciated with MPN initiation and progression [34–36]. Therefore, we can

predict that individuals with CHIP-associated mutations would

develop thrombotic events or hematological malignancies at a rate

above the background. For the risk of thrombotic events, the HR

associated with CHIP in patients with PV (HR 4.4) in our study is

higher than that in the general population (HR 1.8) [37], indicating that

the influence of CHIP on thrombosis may be amplified by a PV

background. A previous study has demonstrated that mutations in

DNMT3A, TET2, and ASXL1 are strongly correlated with thrombosis

occurrence in patients with PV, even if they evaluated a limited

number of patients [11]. These studies support our findings that

DNMT3A and ASXL1mutations are important thrombogenic mutations

in patients with PV.

BCOR (BCL6 Corepressor) and BCORL1 (BCL6 Corepressor-like 1)

are 2 homologous genes located on chromosome X that have been

described in approximately 4%-6% of myelodysplastic syndrome cases

and 16% of blastic phase chronic myeloid leukemia cases. Mutations in

BCOR/BCORL1 are associated with shortened survival in myeloid

malignancies [38–41]. In aplastic anemia, patients with BCOR and

BCORL1 mutations have an improved response to immunosuppression

[42]. Although reports of BCOR/BCORL1 mutations involved in Ph−

MPNs are rare, there is still evidence supporting their role in treat-

ment resistance and poor prognosis [43–45]. To the best of our

knowledge, this is the first study to reveal that BCOR/BCORL1 muta-

tions may increase the risk of thrombosis in patients with PV.

Fourth, the MFPS-PV displayed better performance in terms of

discrimination and calibration compared with the conventional model.

When regrouping according to the MFPS-PV, nearly 10% of patients

in the conventional low-risk group were regrouped as high risk with a

high incidence of thrombosis. Meanwhile, more than one-third of

patients in the conventional high-risk group were regrouped as having

low or intermediate risk. The actual thrombosis rates during follow-up

demonstrated that MFPS-PV better stratified patients than the con-

ventional model and had the potential to avoid under- or over-therapy

in some patients. Meanwhile, the higher C-statistic of MFPS-PV in

both the derivation and validation cohorts confirmed that
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incorporating genetic information and CVF may increase the accuracy

of thrombosis prediction. A well-fitted calibration plot in the external

validation confirmed the general applicability of MFPS-PV in different

patient cohorts.

In addition to the above advantages, there are some limitations

regarding MFPS-PV. First, the number of thrombotic events analyzed

in our study is limited, and 93% are arterial. Although this frequency

of arterial thrombosis is higher than those reported in patients of

European descent (50%-65%) [5,6], it is consistent with previous

studies conducted in China (91%-96%) [46–48]. Inevitably, the role of

venous thrombosis in model development may be diminished.

Therefore, a larger sample size and longer follow-ups are needed in

our future studies to allow more events to be analyzed. Second, we

found no significance of JAK2 V617F mutation status but the

borderline significance of higher JAK2 V617F allele burden in associ-

ation with thrombosis in our cohort. Previous studies have reported

different results regarding the contribution of JAK2 V617F mutation

status to thrombosis development [14,17,49–52], whereas most

studies confirmed that patients with higher JAK2 V617F allele burden

were at higher risk of venous, but not of arterial thrombosis [16–18];

therefore, the borderline significance of higher JAK2 V617F allele

burden in thrombosis can be explained by the dominance of arterial

events in our cohort. We proposed that MFPS-PV was more suitable

for patients in China who developed mainly arterial thrombosis. We

further distinguished thrombotic events according to their location

but failed to find an association between JAK2 V617F allele burden

and venous thrombosis because of the limited number of venous

events in our cohort. Third, because the goal of our prediction model

is to stratify patients at first diagnosis, we did not include treatment in

the model. A well-designed prospective study, instead of a retro-

spective study, is needed to develop a dynamic prediction model that

includes treatment. However, we found similar treatment patterns

among patients in the 3 risk groups defined by MFPS-PV so that the

effect of treatment on different thrombosis rates among the 3 risk

groups can be minimized. The good discrimination and calibration of

the model for patients in each treatment group also confirmed the

robustness of the model.
5 | CONCLUSIONS

By integrating basic clinical data together with thrombotic high-risk

mutations, we presented a multiple factor-based, 3-tiered, and 4-

factor thrombosis prediction model for the 2016 WHO-defined PV.

This model improves the prediction power of thrombosis and is valuable

for practical thrombosis management. Modified treatment selection on

the basis of the model needs to be assessed by future studies.
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