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Abstract
Background: COVID- 19 vaccination has been associated with increased venous 
thromboembolism (VTE) risk. However, it is unknown whether genetic predisposition 
to VTE is associated with an increased risk of thrombosis following vaccination.
Methods: Using data from the UK Biobank, which contains in- depth genotyping and 
linked vaccination and health outcomes information, we generated a polygenic risk 
score (PRS) using 299 genetic variants. We prospectively assessed associations be-
tween PRS and incident VTE immediately after first-  and the second- dose vaccination 
and among historical unvaccinated cohorts during the pre-  and early pandemic. We 
estimated hazard ratios (HR) for PRS- VTE associations using Cox models.
Results: Of 359 310 individuals receiving one dose of a COVID- 19 vaccine, 160 327 
(44.6%) were males, and the mean age at the vaccination date was 69.05 (standard 
deviation [SD] 8.04) years. After 28-  and 90- days’ follow- up, 88 and 299 individuals 
developed VTE, respectively, equivalent to an incidence rate of 0.88 (95% confidence 
interval [CI] 0.70– 1.08) and 0.92 (0.82– 1.04) per 100 000 person- days. The PRS was 
significantly associated with a higher risk of VTE (HR per 1 SD increase in PRS, 1.41 
(1.15– 1.73) in 28 days and 1.36 (1.22– 1.52) in 90 days). Similar associations were found 
in the historical unvaccinated cohorts.
Conclusions: The strength of genetic susceptibility with post- COVID- 19- vaccination 
VTE is similar to that seen in historical data. Additionally, the observed PRS- VTE 
 associations were equivalent for adenovirus-  and mRNA- based vaccines. These find-
ings suggest that, at the population level, the VTE that occurred after the COVID- 19 
vaccination has a similar genetic etiology to the conventional VTE.
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1  |  INTRODUC TION

Venous thromboembolism (VTE), primarily comprising deep vein 
thrombosis and pulmonary embolism, is predominantly a disease 
of older age that affects nearly 10 million people worldwide every 
year and frequently leads to morbidities and death.1– 3 SARS- CoV- 2 
infection and COVID- 19 have been recognized as novel environ-
mental triggers for VTE. Also, a number of spontaneous throm-
boembolic complications were reported after adenovirus vector 
COVID- 19 vaccination,4 prompting the withdrawal of the Oxford- 
AstraZeneca vaccine (ChAdOx1) from several markets or the im-
position of restrictions on its use.5 In vitro studies have shown 
PF4- dependent platelet activation in patients developing throm-
boembolic events following vaccination with adenovirus vector 
vaccines.6 Such PF4- dependent platelet activation is also observed 
during the development of rare vaccine- induced immune throm-
botic thrombocytopenia,7 although observational evidence has 
later emerged suggesting that VTE risks are substantially higher 
after SARS- CoV- 2 infection than after vaccination, regardless of 
vaccine type or brand.8

Twins and family studies have shown that VTE is highly heritable, 
and a few clinical studies suggest that inherited thrombophilia can 
interact with various environmental risk factors, such as infectious 
pneumonia.9,10 Additionally, many common genetic variants associ-
ated with VTE and their effect sizes have been identified in large- 
scale genome- wide association studies (GWASs), making it possible 
to construct a polygenic risk score (PRS) to quantify genetic predis-
position to the VTE trait.

The present study aimed to assess the association between a 
previously validated PRS for conventional VTE and the post- COVID- 
19- vaccination VTE, where thrombotic events following COVID- 19 
vaccination were hypothesized to be involved in distinctive pathobi-
ological mechanisms.

2  |  METHODS

2.1  |  UK Biobank

The UK Biobank (UKBB) is a prospective cohort of more than 
500 000 individuals recruited from England (89%), Wales (7%), 
and Scotland (4%) between 2006 and 2010. Age at baseline en-
rollment ranged from 40 to 69 years. Comprehensive information 
on demographics, socioeconomics, lifestyle factors, physical met-
rics, and medical history were collected using a computer- based 
questionnaire and a standardized portfolio of measurements.11 
Genome- wide genotyping was performed using two closely re-
lated purpose- designed arrays (the UK BiLEVE Axiom array and 
UK Biobank Axiom array). The genetic data have been quality 
controlled as described in previous studies.12 Over the follow-
 up, health- related outcomes were captured through linkage to 

external data sources, including primary care, hospital inpatient, 
and death data. Additional information is available at https://
www.ukbio bank.ac.uk/.

UKBB received ethical approval from the research ethics commit-
tee (National Health Service's National Research Ethics Service North 
West (11/NW/0382)), with all participants providing written consent. 
This study was conducted under Application Number 65397.

2.2  |  Study population and design

For the vaccinated cohorts, all UKBB participants from England who 
received at least one dose of BNT162b2 or ChAdOx1COVID- 19 vac-
cines between December 2, 2020 (i.e., vaccines approval date in the 
UK), and September 31, 2021, were included. Eligible participants 
were followed from the vaccination date (index date) to outcome, 
death, or the end of prespecified follow- up windows, whichever 
came first. The participants from Wales or Scotland were not in-
cluded because of the lack of linkage to their vaccination records at 
the time of this analysis performed.

Two historical unvaccinated cohorts (named early- pandemic 
and prepandemic cohorts) were constructed for comparison. For 
the early- pandemic cohort, the observational period started from 
March 23, 2020 (the announcement of the first national lockdown 
in the United Kingdom, index date) to December 1, 2020 (the last 
day before COVID- 19 vaccines approval). In contrast, the prepan-
demic cohort was followed 1 year earlier, from March 23, 2019 
(index date), to March 23, 2020. In addition, a COVID- 19 infec-
tion cohort was curated with the date of infection as index date 
where the infection was confirmed based on polymerase chain 
reaction– positive testing results obtained through linkage to the 
Public Health England's Second Generation Surveillance System.13 
People with historical VTE at the study entry date were excluded 
for all study cohorts.

Essentials
• Venous thromboembolism (VTE) after COVID- 19 vaccina-

tion has been hypothesized as an immune- mediated partic-
ular type. Little is known about genetic susceptibility to VTE 
among recipients of COVID- 19 vaccines.

• We analyzed a large prospective cohort of 359 310 partic-
ipants from UK Biobank who received at least one dose of 
the vaccine.

• The association between a previously validated polygenic 
risk score and incident VTE after the first and the second- 
dose vaccination was comparable to that seen in the histori-
cally unvaccinated population.

• These findings suggest that the post- vaccination VTE and 
the conventional VTE have similar genetic architecture at the 
population level.

https://www.ukbiobank.ac.uk/
https://www.ukbiobank.ac.uk/
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2.3  |  Polygenic risk score

We derived polygenic risk scores (PRS) for VTE as a weighted sum of 
risk alleles, using summary statistics of 297 single nucleotide poly-
morphisms (SNPs) from a GWAS on VTE,14 and additionally included 
the two clinically validated mutations: factor V Leiden p.R506Q and 
prothrombin G20210A to maximize the PRS predictive power and 
its quantitative impact.15 Given that the selected GWAS sample in-
cluded UKBB participants, we conducted a sensitivity analysis using 
a newly generated alternative PRS based on a meta- analysis of 12 
GWASs that did not cover UKBB participants.16 We standardized 
the continuous PRS by z- transformation to achieve a zero mean and 
standard deviation of 1 based on the entire UKBB population.

Details on data manipulation and completed lists of SNPs in-
cluded in the primary PRS and alternative PRS are provided in the 
Appendix S1.

2.4  |  Vaccination against COVID- 19

In the UK, vaccination information for all residents who registered 
with a general practitioner (GP) has been directly or indirectly added 
to patient's GP medical records within 48 hours.17 Specifically, vac-
cination status for UKBB participants was obtained from the linked 
primary care records provided by the two GP system suppliers: EMS 
and TPP (latest update: September 31, 2021). The clinical codes 
used for the first and second dose of the COVID- 19 vaccines were 
“1324681000000101” and “1324691000000104” in EMS (SNOMED 
CT) and “Y29e7” and “Y29e8” in TPP (READ v3), respectively.

2.5  |  Venous thromboembolism

Incident VTE, including pulmonary embolism, deep vein thrombo-
sis, and superficial thromboembolism such as thrombophlebitis of 
lower extremities and unusual site thrombosis, was captured within 
28 and 90 days after the index date using linked hospital admission 
data from Hospital Episode Statistics, which contains all admissions 
in National Health Service hospitals in England. Mortality was ascer-
tained from linked national death registry data. We used the earli-
est date of VTE diagnosis as the event date. The same International 
Classification of Diseases- 10 codes were used to identify VTE out-
come for all study cohorts and are listed in Appendix S1.

2.6  |  Statistical analyses

We used Cox proportional- hazards models to assess the associa-
tions between the PRS and VTE outcome. We computed hazard 
ratios (HR) and their 95% confidence intervals (CI) with adjustment 
for age (at the index date), sex, and genetic ancestry (quantified by 
the first 10 principal components). To identify the high genetic risk 
group, we tested three cutoff quantiles of PRS separately, including 

upper tertile (top 33%), quintile (top 20%), and the top 5% with the 
lower 66% as the reference. To ensure sufficient statistical power, 
this analysis was only performed in the 90- day follow- up window. 
We evaluated the balance of baseline characteristics within each 
comparison pair according to a list of prespecified covariates and 
adjusted for them in the Cox model if their absolute standardized 
mean difference was greater than 0.1. Considering varying VTE 
rates across the reference groups, we derived absolute risk increases 
(ARI) between high- risk and the reference PRS categories using the 
formula: (adjusted HR –  1) × cumulative incidence in the reference 
group.

We calculated HRs for diabetes as a negative control outcome 
to examine the specificity of the PRS and the likelihood of potential 
residual confounding. Diabetes was chosen with considerations that 
it is a well- developed disease phenotype and not biologically related 
to the VTE PRS. In a subcohort where the EMIS system provided the 
primary care data, and vaccine types were recorded, separate HRs 
were estimated among either ChAdOx1 or BNT162b2 vaccine recip-
ients. Given that the heterologous prime- boost vaccination schedule 
in the United Kingdom is very uncommon18 (with <1% in our data), 
no specific analyses in this regard have been performed.

All the analyses were performed using PLINK1.9, QCTOOL v2, 
and R 4.1.2 software.

3  |  RESULTS

3.1  |  Characteristics of vaccine recipients in UKBB

Of 380 822 UKBB participants eligible at the study entry (December 
2, 2020), 378 662 (99.4%) and 376 416 (98.8%) received the first and 
second dose of COVID- 19 vaccines, respectively, until the study end 
date (September 31, 2021) (Figure 1). For the one- dose cohort, the 
mean age was 69.05 years (standard deviation 8.04), and 160 327 
(44.6%) were male (Table 1). A similar demographic profile was ob-
served for the two- dose cohort (Table 1). The PRS approximated a 
normal distribution within each cohort (Appendix S1).

3.2  |  Association of the PRS with incident VTE

During the follow- up periods, 88 and 299 individuals developed 
VTE within 28 and 90 days after first- dose vaccination (Table 2), 
equivalent to an incidence rate of 0.88 (95% CI 0.70– 1.08) and 0.92 
(95% CI 0.82– 1.04) per 100 000 person- days. The unadjusted and 
adjusted HRs for VTE associated with the primary PRS were similar, 
with the latter being 1.41 (95% 1.15– 1.73) per 1- SD increase in PRS 
(1- SD PRS) over 28- day follow- up and 1.36 (95% 1.22– 1.52) over 
90 days. The association between the PRS value and risk of VTE 
appears to be monotonic in nature (Appendix S1). After the second 
dose vaccination, the association between PRS and VTE was slightly 
attenuated (HR: 1.30 [95% 1.04– 1.61] per 1- SD PRS and 1.33 [95% 
1.18– 1.49] in the 28-  and 90- day' follow- up window, respectively) 
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(Table 2). Although there was a seemingly inverted U- shaped rela-
tionship between the PRS and estimate of VTE risk following the 
second dose of vaccine, wide CIs limit the reliability of this finding.

The observed rates and effect sizes of the observed associ-
ations were similar when comparing the vaccinated and historical 

(unvaccinated) cohorts, demonstrating that genetic susceptibility to 
postvaccination VTE was not different to that related to any other 
VTE seen in the general population. Also, although absolute inci-
dence rates of VTE in the infected cohort were substantially higher 
than those in other cohorts, the PRS- VTE association persisted. A 

F I G U R E  1  Flow chart of the study selection process.

TA B L E  1  Baseline characteristics by the genetic risk categories (one dose)

Overall

High PRS groups

Top 33% Top 20% Top 5%

Number 359 310 119 770 71 862 17 965

Demographics

Age, mean (SD) 69.05 (8.04) 69.10 (8.01) 69.14 (8.02) 69.11 (8.02)

Sex, male (%) 160 327 (44.6) 53 178 (44.4) 31 766 (44.2) 7909 (44.0)

BMI, mean (SD) 27.30 (4.69) 27.29 (4.69) 27.29 (4.69) 27.26 (4.69)

Socioeconomic status, mean (SD)

Indices of multiple deprivation 17.18 (13.62) 17.00 (13.50) 16.91 (13.43) 16.71 (13.27)

Income score 0.11 (0.09) 0.11 (0.09) 0.11 (0.09) 0.11 (0.09)

Employment score 0.09 (0.06) 0.09 (0.06) 0.09 (0.06) 0.08 (0.06)

Health score −0.11 (0.84) −0.12 (0.84) −0.13 (0.84) −0.14 (0.84)

Education score 15.23 (15.84) 15.14 (15.75) 15.09 (15.74) 14.98 (15.70)

Housing score 19.76 (10.12) 19.64 (10.08) 19.58 (10.07) 19.47 (10.10)

Crime score −0.06 (0.77) −0.06 (0.77) −0.07 (0.77) −0.07 (0.78)

Living environmental score 18.28 (15.07) 18.15 (14.96) 18.08 (14.89) 17.93 (14.66)

Note: Indices of multiple deprivation offer a more complex and detailed view of deprivation, based on more factors than the Townsend index. All 
scores have been scaled to 0– 1, 0– 100, or even distributions standardized around 0, with higher values indicating more deprived. Details of individual 
score has been described in the GOV.UK (https://www.gov.uk/gover nment/ colle ction s/engli sh- indic es- of- depri vation).

https://www.gov.uk/government/collections/english-indices-of-deprivation
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sensitivity analysis using an alternative PRS found similar although 
slightly weaker associations (Table 2).

Finally, no associations were observed for our proposed negative 
control outcome: the HR between PRS and incident diabetes was 
1.02 (95% 0.98– 1.06) in the prepandemic and 0.98 (95% 0.93– 1.04) 
in the early pandemic period (Appendix S1).

3.3  |  Identification of high- risk group

Figure 2 presents HRs and ARI for VTE across three predefined high- 
risk categories. Briefly, relative risks increased with cutoffs from 
33% to 5%, corresponding to HRs ranging from 1.67 (95% CI 1.33– 
2.09) to 2.10 (95% CI 1.39– 3.18) in the one-  and from 1.66 (95% CI 
1.30– 2.11) to 1.97 (95% CI 1.26– 3.09) in the two- dose cohorts. Also, 
there was a linear increasing trend for absolute risk differences, with 
ARI of 0.45 (95% CI 0.22– 0.74) to 0.76 (95% CI 0.27– 1.51) and 0.40 
(95% CI 0.19– 0.67) to 0.59 (95% CI 0.16– 1.28) in the one-  and two- 
dose cohort, respectively.

3.4  |  Different vaccine types

Among 221 875 recipients with vaccine- type information available 
(138 059 received ChAdOx1 and 83 816 received BNT162b2), the 
observed PRS- VTE associations were similar across each dose and 
follow- up window: HR ranged from 1.24 (95% CI 0.88– 1.77) to 1.63 
(95% CI 1.34– 1.98) in ChAdOx1 vaccinated cohorts, and from 1.20 
(95% CI 0.82– 1.76) to 1.38 (95% CI 0.99– 1.93) in BNT162b2 vacci-
nated people (Table 3). Noticeably, the background VTE incidence 
rates in BNT162b2 vaccinated cohorts were almost doubly higher 

than those in the ChAdOx1 vaccinated one, which was expected 
given that the former vaccine was approved earlier in the UK and 
prioritized for older and more vulnerable populations.19

4  |  DISCUSSION

Our study showed that a PRS for conventional VTE could identify 
people at increased risk of VTE within 28 or 90 days after receiving 
one or two doses of COVID- 19 vaccines. Furthermore, the strength 
of the PRS association to post- COVID- 19 vaccination VTE was simi-
lar to that seen for VTE before COVID- 19 vaccination rollout. Taken 
together, we found no evidence of a potential interaction between 
COVID- 19 vaccination and human genetic variations on VTE risk at 
the population level.

The PRS used in the present study was developed and validated 
by Klarin et al. The study found a 2.5-  to three- fold increased risk 
of VTE associated with the highest 5% of the score in both case– 
control and prospective cohort study settings.14 Recently, Marston 
et al. tested the performance of the PRS among cardiometabolic dis-
ease patients to predict VTE and observed a similar magnitude of 
effect (2.7- fold for top 33% vs bottom 66%).20 Despite being aligned 
with these findings, the PRS- VTE associations estimated in our 
study were consistently weaker than the previously reported ones 
even after the incorporation of the two clinically validated variants, 
possibly because of the discrepancies in defining VTE phenotypes 
between the original score deviation and this validation study. Also, 
because our cohort only consisted of VTE- naïve and relatively older 
participants, those with higher genetic risk might have had a VTE 
in their earlier age and thus been excluded. As expected, our PRS 
was not associated with the proposed negative control outcome 

TA B L E  2  Association between the genetic score and incident venous thromboembolism in vaccinated and reference cohorts

Number 
of people

Number 
of cases

Incidence rate 
(95% CI)a

Primary PRS Sensitivity PRS

Unadjusted hazard 
ratio (95% CI)b

Adjusted hazard 
ratio (95% CI)b

Adjusted hazard 
ratio (95% CI)b

Vaccinated cohorts

28 days after one dose 359 310 88 0.88 (0.70– 1.08) 1.41 (1.15– 1.73) 1.41 (1.15– 1.73) 1.38 (1.13– 1.70)

90 days after one dose 359 310 299 0.92 (0.82– 1.04) 1.36 (1.22– 1.52) 1.36 (1.22– 1.52) 1.34 (1.20– 1.50)

28 days after two doses 357 018 78 0.78 (0.62– 0.97) 1.31 (1.05– 1.63) 1.30 (1.04– 1.61) 1.25 (1.00– 1.55)

90 days after two doses 357 018 269 0.83 (0.74– 0.96) 1.34 (1.19– 1.50) 1.33 (1.18– 1.49) 1.29 (1.15– 1.46)

Historically unvaccinated cohorts

Whole UKBB (prepandemic) 391 752 1078 0.76 (0.71– 0.80) 1.36 (1.29– 1.45) 1.36 (1.28– 1.44) 1.34 (1.26– 1.42)

Whole UKBB (early pandemic) 387 829 846 0.80 (0.74– 0.85) 1.35 (1.26– 1.44) 1.34 (1.26– 1.44) 1.27 (1.19– 1.36)

Infected cohorts

28 days after infection 24 700 155 25.6 (21.8– 30.0) 1.29 (1.10– 1.51) 1.32 (1.13– 1.55) 1.32 (1.12– 1.55)

90 days after infection 24 700 186 10.9 (9.4– 12.6) 1.27 (1.10– 1.46) 1.29 (1.12– 1.49) 1.28 (1.11– 1.48)

Note: The prepandemic was defined as the period between March 23, 2019, and March 23, 2020. The early pandemic was defined as the period 
between March 23, 2020, and December 1, 2020. The negative control outcome was incident diabetes.Abbreviations: PRS, polygenic risk score; 
UKBB, UK Biobank.
aPer 100 000 person- days.
bPer 1- SD increase of PRS.
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(incident diabetes), to some extent, demonstrating its specificity for 
VTE prediction.

The results of this study support several noteworthy conclusions. 
First, our data showed that individuals' genetic susceptibility to VTE 
was a risk factor for VTE among the COVID- 19- vaccinated popu-
lation. Second, this genetic risk was independent of traditional risk 
factors such as old age, obesity, and comorbidity, as indicated by no 
associations between the PRS and baseline characteristics (Table 1). 
Third, by designing a historical comparison arm in the same popula-
tion, our data suggest that clinically significant interactions between 
individuals' genetic background and COVID- 19 vaccination are un-
likely, which has particular implications for patients with hereditary 
VTE predisposing traits who are hesitant to be vaccinated because of 
concerns regarding related recent vaccine safety signals. Fourth, we 
identified 5% of people with more than two- fold higher VTE risk by 
using this genetic score, it should be of public health relevance and 
can inform potential intervention policies given the absolute size of 
COVID- 19- vaccinated population. Our analyses have some potential 

limitations. First, VTE often presents variable clinical manifestations 
with challenging differential diagnoses such as myocardial infarction 
and congestive heart failure.2 Consequently, identification of VTE in 
a real- world setting is likely subject to information bias, which typi-
cally drives risk estimates towards the null. Second, we were not able 
to generate a parallel unvaccinated comparison group because more 
than 99% of UKBB participants had been vaccinated. However, we 
constructed a historical comparison cohort with similar character-
istics to those vaccinated. Also, given the relatively short follow- up 
after vaccination, the long- term impact of the genetic factor remains 
to be determined. Third, although we also constructed a second-
ary PRS for VTE, the weights of each included SNP have not been 
previously validated, and their utility in a PRS remains unknown. 
Opportunely, it conferred consistent results as the primary PRS did, 
likely because both PRSs included the factor V Leiden p.R506Q and 
prothrombin G20210A variants, which are known causes of inher-
ited thrombophilia predisposing to acute thrombotic syndromes.21,22 
Fourth, risk estimates in our study for each vaccine type should be 

F I G U R E  2  Ninety- day cumulative incidence (A), hazard ratios (B), and absolute risk increases (C) of three predefined high genetic 
risk groups vs the reference. Reference: participants with lower 66% PRS. Hazard ratios and absolute risk increases were calculated in 
comparison with the reference group.
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considered exploratory in nature because of evident differences in 
the baseline risk for VTE seen between people vaccinated with the 
two vaccines and the lack of evidence on post- vaccination VTE as-
sociated with mRNA vaccines. Last, the  generalizability of our find-
ings should be tested in more diverse  ethnic populations as more 
integrated data sources containing in- depth  genetic, vaccination, and 
health information becomes available.

This study benefits from the use of a large prospective cohort 
with comprehensive genetic, COVID- 19 vaccination, COVID- 19 
infection status, and VTE phenotype data linked at the individual 
level, the application of the state- of- the- art PRS, and robust analytic 
methods by designing multiple comparison groups and a negative 
control outcome. To our knowledge, this is the first study to show 
that individuals who developed post- COVID- 19 vaccination VTE had 
a genetic predisposition to VTE, and that the association between 
the genetic risk factors and post- COVID- 19 vaccination VTE is simi-
lar to the association with conventional VTE.

5  |  CONCLUSIONS

A published PRS for VTE, constructed using common genetic vari-
ants with small effects on VTE, was associated with increased VTE 
risk following COVID- 19 vaccination. This association was similar to 
that seen historically, both in prepandemic times and during the first 
year of the COVID- 19 pandemic, before vaccines were available. 
Our data do not support a clinically meaningful interplay between 
genetic predisposition and COVID- 19 vaccines on the occurrence 
of VTE events. These findings suggest that the clinical management 
of VTE among the vaccinated population should not be disturbed 
by the concern of gene– vaccine interaction, and that people at high 
genetic risk of VTE such as those with inherited thrombophilia might 
have a modest excess risk of VTE occurrence following vaccination.
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