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Background: Patients with sepsis are at increased risk for cardiovascular
complications, including myocardial infarction (MI), ischemic stroke (IS), and
venous thromboembolism (VTE). Our objective is to assess whether genetic risk
score (GRS) can differentiate risk for these complications.

Methods: A population-based prospective cohort of 483,177 subjects, derived
from the UK Biobank, was followed for diagnosis of sepsis and its complications
(MI, IS, and VTE) after the study recruitment. GRS for each complication was
calculated based on established risk-associated single nucleotide polymorphisms
(SNPs). Time to incident MI, IS, and VTE was compared between subjects with or
without sepsis and GRS risk groups using Kaplan—Meier log-rank test and Cox-
regression analysis.

Results: During an average of 12.6 years of follow-up, 10,757 (2.23%) developed
sepsis. Patients with sepsis had an overall higher risk than non-sepsis subjects
for each complication, but the risk differed by time after a sepsis diagnosis;
exceedingly high in short-term (0-30 days), considerably high in mid-term (31
days to 2 years), and reduced in long-term (>2 years). Furthermore, in White
subjects, GRS was a significant predictor of complications, independent of sepsis
and other risk factors. For example, GRSy, further differentiated their risk in
patients with sepsis; 3.49, 4.73, and 9.03% in those with low- (<0.5), intermediate-
(0.5-1.99), high- GRSy, (>2.0), Pyen<0.001.

Conclusion: Risk for post-sepsis cardiovascular complications differed
considerably by time after a sepsis diagnosis and GRS. These findings, if confirmed
in other ancestry-specific populations, may guide personalized management for
preventing post-sepsis cardiovascular complications.

sepsis, myocardial infarction, ischemic stroke, venous thromboembolism, genetic risk
score, polygenic
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Introduction

Sepsis, a life-threatening organ dysfunction caused by a
dysregulated host response to infection, is a major public health
concern globally (1). It was estimated 48.9 million sepsis cases and 11
million sepsis related deaths worldwide in 2017 (2). While short-term
sepsis mortality is decreasing, mid- to long-term sepsis mortality has
remained high (3-5). Survivors of severe sepsis had higher rates of
cardiovascular complications, including myocardial infarction (MI),
ischemic stroke (IS) and venous thromboembolism (VTE) (6-10). The
increased risk of these post-sepsis cardiovascular complications has
been attributed to a variety of pathophysiologic mechanisms,
including immunoparalysis, depression of ventricular function,
arrhythmia, organ ischemia related to increased oxygen demand,
procoagulant changes in the blood, endothelial dysfunction, impaired
adrenergic response at the cardiomyocyte level, cardiomyocyte
apoptosis, mitochondrial dysfunction and accelerated atherosclerosis
(11-14).

Multiple clinical risk factors for post-sepsis cardiovascular
complications have been identified, including older age, valvular heart
diseases, coagulopathy, hypertension, peripheral vascular diseases,
pulmonary circulation disorders, renal failure, and rheumatoid
arthritis/collagen vascular diseases (9, 10, 15, 16). These risk factors
can be used to identify a subpopulation of patients with sepsis that
could be targeted to reduce the risk of complications. However, to
date, no inherited risk factors for post-sepsis cardiovascular
complications have been reported. With the identification of multiple
common single nucleotide polymorphisms (SNPs) that are associated
with corresponding increased risk of MI, IS, and VTE in general
populations from genome-wide association studies (GWAS) (17-19),
we hypothesized that polygenic risk score based on these risk-
associated SNPs can identify patients at higher risk for developing
short-, mid- and long-term post-sepsis cardiovascular complications.
The objective of this study was to test this hypothesis in a large
population-based prospective cohort.

Methods

Subjects in this study were derived from the UK Biobank (UKB),
a population-based study of approximately 488,000 volunteers from
the United Kingdom aged 40-69 years at the time of recruitment (20).
Extensive phenotypic information at study recruitment is available for
each participant in the UKB, including disease diagnosis and risk
factors for atherosclerotic cardiovascular disease (ASCVD). Health-
related conditions during the follow-up were also available through
linking to the National Health Service, including hospital inpatient
data, coded primary care data, cancer and death registry data. In
addition, genome-wide SNP genotyping data from either the UK
Biobank Axiom array (for ~90% subjects) or UK BiLEVE array (for
~10% subjects) were available to all subjects.

A cohort of subjects without a diagnosis of sepsis at time of the
UKB recruitment was identified (N=472,420). These subjects were
followed for incident MI, IS, and VTE (the last date of data access was
12/01/2021). The criteria used in the study by Jolley et al. were used to
define sepsis (21). Specifically, subjects with International
Classification of Diseases, 10th revision (ICD-10) codes of A40
(A40.0, A40.1, A40.2, A40.3, A40.8, and A40.9), A4l (A41.0, A4l.1,
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A41.2, A41.3, A41.4, A41.5, A41.8, and A41.9), R65.2 were considered
as sepsis. In addition, ICD-10 codes (121, 122, 123, 124.1, and 125.2),
ICD-9 codes (410, 411, 412, and 429.79) were used to identify MI, and
ICD-10 (163, 164), ICD-9 (434 and 436) for used to identify IS. For
VTE, the criteria described by Klarin et al. (22) were used. Subjects
were defined as a VTE case based on at least one of the following
criteria: (1) VTE (deep vein thrombosis and pulmonary embolism)
ascertained at baseline by self-report; (2) Hospitalization for ICD-10
Codes 180.1, 180.2, 182.2, 126.0, or 126.9; and (3) Hospitalization for
Office of Population and Censuses and Survey-4 (OPCS-4) Procedures
Codes L79.1 or L90.2. Hospitalization for ICD-10 Codes 181, 182.0,
180.0, 180.3, 180.8, 180.9, or D68 were excluded.

We calculated genetic risk score (GRS), an odds ratio
(OR)-weighted and population-standardized polygenic risk score, for
each trait of interest as follows (23). GRS was calculated as

g
" OR,

GRS =

=1 W,

Wi = fPOR? +2£;(1- £;)OR; +(1- £;)

where, g; stands for number of risk alleles of SNP i in an
individual (0, 1, or 2), OR,; stands for the OR of SNP i estimated from
external studies, and f; stands for the risk allele frequency of SNP i
based on gnomAD (Non-Finnish European population). Because GRS
is population standardized, its value can be interpreted as relative risk
to the general population regardless number of SNPs used in the
calculation. For example, a GRS of 1.5 indicate a 1.5-fold increased
risk for a disease compared to the general population.

Considering that most of the established risk-associated SNPs for
ML, IS, and VTE were from GWAS of European descent (17, 22, 24),
GRS was only calculated for self-reported White subjects in the study.
For each disease, independent risk-associated SNPs, defined as those
meeting GWAS significance level (p <5E-08) and pairwise linkage
disequilibrium (LD) measurement of * <0.2 were used. For SNPs with
r*<0.2, the SNP with the highest W was used. The risk-associated
SNPs for MI (78 SNPs), IS (30 SNPs), and VTE (22 SNPs) are
presented in Supplementary Tables S1-S3, respectively, together with
their allele frequency, OR, and references (17-19, 22, 24-26). All but
two risk-associated SNPs are common, with minor allele
frequency > 5%.

For patients with sepsis, time to adverse cardiovascular event was
determined from diagnosis of sepsis to diagnosis of adverse
cardiovascular event. For patients without sepsis, time to adverse
cardiovascular event was determined from study recruitment to diagnosis
of adverse cardiovascular event. The last day of the follow-up was
12/01/2021. The difference in time to adverse cardiovascular event by the
status of sepsis and by GRS was tested using the log-rank test. Time to
adverse cardiovascular event after a sepsis diagnosis was further grouped
into short-term (0-30days), mid-term (31 days to 2 years), and long-term
(>2years) (4). For each time frame, only subjects who were at risk for
complications were included in the analysis and subjects died from any
causes were censored. Furthermore, association of complications with
sepsis and GRS was also tested using a multivariable Cox proportional
hazards regression analysis, adjusting for age, gender, race, 10-year
ASCVD risk based on pooled cohort equation, and genetic background
(the top 10 principal components provided by the UKB) (27). All
statistical analysis was performed using R (v4.0.5; R Core Team 2021).
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Results

Over an average of 12.6 years of follow-up out of a total of 483,177
participants who did not have a sepsis diagnosis at the study
recruitment, 10,757 (2.2%) developed sepsis. Older age, male gender,
and higher 10-year ASCVD risk were significantly associated with
higher  probability  of p<0.001
(Supplementary Table S4). The risk was slightly higher in subjects of
self-reported White (2.24%) than that self-reported Black (2.10%),
Asian (1.94%), and other (2.00%). The different proportions were not
statistically significant, x>=7.43, degree of freedom (df) =3, p=0.06.

Compared to subjects without a sepsis diagnosis, patients with

incident  sepsis, all

sepsis had higher rates of developing MI, IS, VTE, or composite
complications (any of these three complications), respectively
(Table 1). Hazard ratio (HR) and 95% confidence interval (CI) was
1.18 (1.07-1.31), 1.45 (1.26-1.67), 3.41 (3.11-3.73), and 1.88 (1.77-
2.00), respectively, for M1, IS, VTE, and composite complications, all
p<0.001. These risk estimates were obtained after adjusting covariates
(age at recruitment, gender, race, 10-year ASCVD risk, and
genetic background).

Time to develop these cardiovascular events (ML, IS, VTE, and
composite complications) in subjects with or without sepsis is
presented in Supplementary Figures S1A-D. Subjects with a sepsis
diagnosis had significantly increased risks for these cardiovascular
events compared to those without, all p<0.001. When examining the
three time frames after a sepsis diagnosis, the risk for these
complications was exceedingly high during the short-term,
considerably high during the mid-term, but reduced during the long-
term (Table 2). For example, compared to subjects without sepsis, HR
(95% CI) for MI was 137.95 (95.16-199.99), 3.70 (3.06-4.48), 0.40
(0.33-0.48), respectively, in the short-, mid-, and long-term after a
sepsis diagnosis, all p <0.001. These risk estimates were obtained after
adjusting covariates (age at recruitment, gender, race, 10-year ASCVD
risk, and genetic background). It is noted that some estimates in the
short-term were either not provided by the statistical modeling (VTE)
or unreliable due to small numbers of events, especially among
patients without sepsis (for example, 20 and 19 subjects with IS and
VTE, respectively).

When GRS was added in multivariate Cox-regression analyses
among White subjects, both sepsis and disease-specific GRS (GRSyy,
GRS;5, and GRSy, modeled as continuous variable) were significantly
associated with complications during the entire follow-up, all p <0.001
(Supplementary Table S5). For example, higher disease-specific GRS
was associated with respective complication independent of sepsis

10.3389/fcvm.2023.1076745

status, HR was 1.93 (1.08-2.00), 1.26 (1.17-1.35), and 1.42 (1.37-
1.47), respectively, for ML, IS, and VTE. Similar results were found in
the Kaplan-Meier analysis for subjects stratified by sepsis status (yes
(<05, 05-1.99, and >2.0)
(Supplementary Figures S2A-D). The differences in time to develop

and no) and GRS groups
cardiovascular events among these six groups were statistically
significant for each complication and for the composite complications,
all p<0.001. Except for MI, the cumulative complication event rates
were consistently higher in subjects with sepsis than without sepsis,
and in subjects with higher GRS risk category in those with or without
sepsis. For MI, the cumulative rates in patients with sepsis who had
low- or intermediate-GRSy; were lower than that of non-sepsis
patients with high-GRSy; after ~6 years of follow-up. Among patients
with incident sepsis, a dose-response of cardiovascular event rates
with increasing GRS risk groups was found (Figure 1). The trend was
statistically significant for MI, VTE and composite complications.

The estimated proportions of these cardiovascular events in
subjects with or without sepsis, as well as in sepsis patients with low-,
intermediate-, and high-GRS are presented in Table 3. Appreciable
differences were found during the entire follow-up as well as in short-,
mid-, and long-term. For example, the cumulative incident rate of MI
was 3.17 and 4.69% in subjects with or without sepsis, p<0.001.
Among patients with sepsis, GRSy, further differentiated their risk;
3.49, 4.73, and 9.03% in those with low-, intermediate-, high-GRSyy,
Pyyora < 0.001.

Discussion

In this large population-based cohort of subjects without sepsis at
baseline, we confirmed the previous finding of higher cardiovascular
complications (MI, IS, and VTE) among patients with sepsis. More
importantly, we also obtained findings that GRS was significantly
associated with these cardiovascular events in White subjects and this
association was independent of sepsis and other ASCVD risk factors.
Appreciable differences in the cumulative incident rate of
cardiovascular complications by GRS risk groups were found. This
finding from a prospective cohort, if confirmed in other ancestry-
specific populations, may provide a useful tool for personalized
prevention of post-sepsis cardiovascular complications.

To our knowledge, this study is the first polygenic risk score
study of post-sepsis cardiovascular complications, and represents a
novel clinical utility of established polygenic risk scores for
cardiovascular diseases. The performance of polygenic risk scores

TABLE 1 Major cardiovascular complications in the sepsis cohort of the UK Biobank.

Diagnosis of sepsis

Major complications Yes (N=10,757) No (N=472,420) HR! (95% Cl)

Incident myocardial infarction (MI), 506 (4.7) 15,012 (3.18) 1.18 (1.07-1.31) 1.39E-03
No. (%)

Incident ischemic stroke (IS), No. (%) 271 (2.52) 6,543 (1.38) 1.45 (1.26-1.67) 1.84E-07
Incident venous thromboembolism 638 (5.93) 8,102 (1.71) 3.41(3.11-3.73) 6.20E-150
(VTE), No. (%)

Any incident MI, IS, and VTE, No. 1,330 (12.36) 28,052 (5.94) 1.88 (1.77-2.00) 1.94E-85
(%)

'"HR adjusted for age, gender, race, 10-year ASCVD Risk by PCE, and genetic background.
Sepsis cases before recruitment were excluded, MI/IS/VTE cases before sepsis were excluded.
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for risk stratification of MI, IS, and VTE risk in the general
population has been well established (28-31). The primary goal of
this current study was to assess the performance of externally
validated GRSs in the post-sepsis patients (17-19). We evaluated
their utility to differentiate cumulative complication rate among
patients with sepsis, adjusting for other known ASCVD risk factors.
Obtained results from this study provided evidence that GRSs are
useful and complementary tools for physicians to stratify risk for
cardiovascular complications among patients with sepsis for
personalized care. Practically, GRS is feasible and cost-effective with
current low-coverage whole genome sequencing (IcWGS) and

10.3389/fcvm.2023.1076745

genome-wide SNP array technologies. These three GRSs, together
with GRS for other diseases, can be calculated using a single
low-cost assay (<$100 per patient) (32).

Recognizing that multiple polygenic risk score algorithms are
available (33), we chose GRS as a method of choice in this study for
the following considerations, (1) simple interpretation to facilitate
clinical use (the value of GRS can be interpreted as relative risk to the
general population regardless number of SNPs) (23), (2) risk-
associated SNPs are well established in prior studies (17-19), (3)
performance of various polygenic risk score algorithms are similar for
cardiovascular diseases (33, 34), and (4) fewer number of SNPs for

TABLE 2 Differential risk for cardiovascular complications by follow-up time period after a sepsis diagnosis.

Major complications

Short-term (0—-30 days)

HR (95% Cl), p-Value!

Mid-term (31 days— Long-term (>2 years)

Incident myocardial infarction (MI)

137.95 (95.16-199.99), p =4.52¢-149

2 years)

3.70 (3.06-4.48), p =1.31e-41 0.40 (0.33-0.48), p = 1.60e-22

Incident ischemic stroke (IS)

>999 (17.86->999), p =8.11e-03

4.92 (3.80-6.37), p =2.08e-33 0.40 (0.31-0.53), p =1.23e-10

Incident venous thromboembolism (VTE)

NA (NA-NA), p =NA

11.03 (9.26-13.12), p =9.18e-161 0.63 (0.51-0.79), p =4.12e-05

Any incident MI, IS, and VTE

>999 (>999->999), p =6.50e-40

5.88 (5.23-6.61), p =1.24e-192 0.46 (0.40-0.52), p =7.30e-31

'HR adjusted for age, gender, race, 10-year ASCVD Risk by PCE, and genetic background.
Sepsis cases before recruitment were excluded, MI/IS/VTE cases before sepsis were excluded.

A Cc
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FIGURE 1
Kaplan—Meier analysis for time to incident cardiovascular complications from a sepsis diagnosis in subjects with a sepsis diagnosis in the UK Biobank
(White subjects only) by GRS groups: (A) myocardial infarction (Ml), (B) ischemic stroke (IS), (C) venous thromboembolism (VTE), and (D) composite
complications (any of MI, IS, and VTE). Blue, green, and red lines denote subjects with GRS <0.5, 0.5-1.99, and >2.0, respectively.
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TABLE 3 Rate of cardiovascular complications by follow-up time period after a sepsis diagnosis, race of white.

No. (%) of complication after a sepsis diagnosis

Major complications

No. (%) subjects

Entire follow-up

0-30 days 31 days—2 years >2 years

Incident myocardial infarction

(MI)

Sepsis — 444,311 (97.76) 14,063/444,311 (3.17) 48/444,311 (0.01) 1,234/444,192 (0.28) 12,776/442,958 (2.88)

Sepsis + 10,182 (2.24) 478/10,182 (4.69) 179/10,182 (1.76) 158/9,994 (1.58) 141/9,836 (1.43)
GRS <0.5 630 (6.41) 22/630 (3.49) 4/630 (0.63) 71626 (1.12) 11/619 (1.78)
GRSy 0.5-1.99 9,042 (92.01) 428/9042 (4.73) 167/9042 (1.85) 142/8866 (1.6) 119/8724 (1.36)
GRS >2.0 155 (1.58) 14/155 (9.03) 3/155 (1.94) 4/152 (2.63) 7/148 (4.73)

Incident ischemic stroke (IS)

thromboembolism (VTE)

Sepsis — 444,311 (97.76) 6,202/444,311 (1.4) 20/444,311 (0) 524/444,221 (0.12) 5,658/443,697 (1.28)
Sepsis + 10,182 (2.24) 257/10,182 (2.52) 108/10,182 (1.06) 91/10,065 (0.9) 58/9,974 (0.58)
GRS;5<0.5 320 (3.39) 8/320 (2.5) 3/320 (0.94) 4/317 (1.26) 1/313 (0.32)
GRS;50.5-1.99 8,994 (95.15) 226/8994 (2.51) 94/8994 (1.05) 81/8892 (0.91) 51/8811 (0.58)
GRS;s>2.0 138 (1.46) 6/138 (4.35) 2/138 (1.45) 1/136 (0.74) 3/135 (2.22)
Incident venous

Sepsis — 444,311 (97.76) 7,753/444,311 (1.74) 19/444,311 (0) 723/444,221 (0.16) 7,007/443,498 (1.58)
Sepsis + 10,182 (2.24) 604/10,182 (5.93) 290/10,182 (2.85) 212/9,883 (2.15) 102/9,671 (1.05)

P

GRSy1:<0.5 2,159 (22.23) 110/2159 (5.09) 60/2159 (2.78) 26/2097 (1.24) 24/2071 (1.16)

GRSy 0.5-1.99 6,982 (71.88) 405/6982 (5.8)

188/6982 (2.69) 148/6787 (2.18) 69/6639 (1.04)

GRSy1:>2.0 572 (5.89) 52/572 (9.09)

28/572 (4.9) 17/544 (3.12) 7/527 (1.33)

Any incident MI, IS, and VTE

Sepsis — 444,311 (97.76) 26,503/444,311 (5.96)

88/444,311 (0.02) 2,437/444,153 (0.55) 23,969/441,716 (5.43)

Sepsis + 10,182 (2.24) 1,257/10,182 (12.35)

563/10,182 (5.53) 427/9,610 (4.44) 267/9,183 (2.91)

GRS ombinea: all GRS <1.0 2,555 (25.95) 292/2555 (11.43)

134/2555 (5.24) 98/2418 (4.05) 60/2320 (2.59)

GRS mpineq: Temaining 6,450 (65.51) 791/6450 (12.26)

352/6450 (5.46) 269/6092 (4.42) 170/5823 (2.92)

GRS ompinea: any GRS >2.0 841 (8.54) 131/841 (15.58)

59/841 (7.02) 40/782 (5.12) 32/742 (4.31)

Sepsis cases before recruitment were excluded, MI/IS/VTE cases before sepsis were excluded.

simplifying clinical laboratory regulation (compared with millions of
SNPs in other PRSs).

The finding of reduced risk in the long-term (>2years) after a
sepsis diagnosis when compared to subjects without a sepsis
diagnosis was unexpected. It is possible that this finding was
confounded by potential bias such as differential mortalities and
other unmeasured risk factors between subjects with or without
sepsis. The effect of such bias, however, is likely small due to our
prospective study design and analytical approach. Subjects with or
without sepsis were analyzed the same way where only those at risk
for cardiovascular complications after 2 years were included and
those died of any cause were censored. Furthermore, a competing
risk survival analysis that taking mortality into consideration
provided similar finding (Supplementary Table S6). One hypothesis
is that patients with sepsis who are at increased risk for
cardiovascular complications were trigged by sepsis and developed
immediately after sepsis (short- and mid-term), and the remaining
patients with sepsis were at lower risk for these complications.
These results suggest prevention of post-sepsis cardiovascular
complications is more important in the short- and mid-term after
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sepsis. This finding and hypothesis should be confirmed and tested
in other studies.

Results from this study may have potential clinical implications.
GRS can be used to supplement other clinical variables and biomarkers
such as troponin and d-dimer to better predict risk for cardiovascular
complications (35-38). GRS, especially GRSy, can also be used to aid
discussion about benefits and harms of anticoagulation (39). Finally,
for sepsis patients with GRS >2 for MI, IS, or VTE, clinicians may
consider increased surveillance of these complications. Further
clinical studies will be required to determine optimal preventive
approaches for high-risk patients.

This study has several strengths. First, a large number of patients
with sepsis diagnosis (n=10,182) were included in the study. Second,
the study includes long-term outcomes with an average of 12.6 years
follow-up. Third, our study included a separate risk of MI, IS, VTE as
well as a composite of MI, IS, VTE in patients with sepsis unlike
previous genetic studies focusing on a single disease in general
patient populations.

The study also has limitations. While the study included subjects
from multiple ancestral backgrounds, analysis of GRS was limited to
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White. This is due to the fact that most known risk-associated SNPs
for ML IS, VTE were identified in subjects of European descents and
that ~94% of study participants in UK Biobank are White. The racial
disparity has been a major limitation for many genetic studies
including our study. Our results should be validated in other ancestral
populations. Furthermore, due to challenges of accessing detailed
clinical data at time of sepsis diagnosis, other clinical risk factors such
as valvular heart diseases, coagulopathy, peripheral vascular diseases,
pulmonary circulation disorders, and rheumatoid arthritis/collagen
vascular diseases, and cardiovascular drug use (with the exception of
antihypertensive use) were not adjusted for in estimating incident
rates of cardiovascular complications. Additional studies with
detailed clinical variables are needed for more comprehensive
analyses. Finally, high HR for the probability of the MI in the first
30 days after sepsis was likely confounded by the type 2 ML

In conclusion, these findings suggest potential clinical utility of
disease-specific GRS in cardiovascular risk stratification among White
individuals diagnosed with sepsis, potentially improving personalized
prevention of adverse cardiovascular outcomes. Further studies involving
participants with various ancestral and ethnical backgrounds are needed.
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0.5-1.99, and >2.0).

3. Iwashyna, TJ, Cooke, CR, Wunsch, H, and Kahn, JM. Population burden of long-
term survivorship after severe sepsis in older americans. J] Am Geriatr Soc. (2012)
60:1070-7. doi: 10.1111/j.1532-5415.2012.03989.x

4. Prescott, HC, Osterholzer, JJ, Langa, KM, Angus, DC, and Iwashyna, TJ. Late
mortality after sepsis: propensity matched cohort study. BMJ. (2016) 353:12375. doi:
10.1136/bmj.i2375

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1076745
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
mailto:jxu@northshore.org
mailto:jxu@northshore.org
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1076745/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1076745/full#supplementary-material
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/S0140-6736(19)32989-7
https://doi.org/10.1111/j.1532-5415.2012.03989.x
https://doi.org/10.1136/bmj.i2375

McéElligott et al.

5. Mostel, Z, Perl, A, Marck, M, Mehdi, SE, Lowell, B, Bathija, S, et al. Post-sepsis
syndrome - an evolving entity that afflicts survivors of sepsis. Mol Med. (2019) 26:6. doi:
10.1186/s10020-019-0132-z

6. Merdji, H, Schini-Kerth, V, Meziani, F, and Toti, F. Long-term cardiovascular
complications following sepsis: is senscence the missing link? Ann Intensive Care. (2021)
11:166. doi: 10.1186/s13613-021-00937-y

7. Yende, S, Linde-Zwirble, W, Mayr, F, Weissfeld, LA, Reis, S, and Angus, DC. Risk
of cardiovascular events in survivors of severe sepsis. Am J Respir Crit Care Med. (2014)
189:1065-74. doi: 10.1164/rccm.201307-13210C

8. Walkey, AJ, Wiener, RS, Ghobrial, JM, Curtis, LH, and Benjamin, EJ. Incident stroke
and mortality associated with new-onset atrial fibrillation in patients hospitalized with
severe sepsis. JAMA. (2011) 306:2248-54. doi: 10.1001/jama.2011.1615

9. Shao, 1Y, Elkind, MSV, and Boehme, AK. Risk factors for stroke in patients with
sepsis and bloodstream infections. Stroke. (2019) 50:1046-51. doi: 10.1161/
STROKEAHA.118.023443

10. Kaplan, D, Casper, TC, Elliott, CG, Men, S, Pendleton, RC, Kraiss, LW, et al. Vte
incidence and risk factors in patients with severe sepsis and septic shock. Chest. (2015)
148:1224-30. doi: 10.1378/chest.15-0287

11. Kaynar, AM, Yende, S, Zhu, L, Frederick, DR, Chambers, R, Burton, CL, et al.
Effects of intra-abdominal sepsis on atherosclerosis in mice. Crit Care. (2014) 18:469.
doi: 10.1186/s13054-014-0469-1

12. Corrales-Medina, VF, Madjid, M, and Musher, DM. Role of acute infection in
triggering acute coronary syndromes. Lancet Infect Dis. (2010) 10:83-92. doi: 10.1016/
$1473-3099(09)70331-7

13. Carson, WE, Cavassani, KA, Dou, Y, and Kunkel, SL. Epigenetic regulation of
immune cell functions during post-septic immunosuppression. Epigenetics. (2011)
6:273-83. doi: 10.4161/epi.6.3.14017

14. Drosatos, K, Lymperopoulos, A, Kennel, PJ, Pollak, N, Schulze, PC, and
Goldberg, IJ. Pathophysiology of sepsis-related cardiac dysfunction: driven by
inflammation, energy mismanagement, or both? Curr Heart Fail Rep. (2015) 12:130-40.
doi: 10.1007/s11897-014-0247-z

15. Hsieh, YC, Tsou, PY, Wang, YH, Chao, CC, Lee, WC, Lee, MG, et al. Risk factors
for myocardial infarction and stroke among sepsis survivors: a competing risks analysis.
] Intensive Care Med. (2020) 35:34-41. doi: 10.1177/0885066619844936

16. Donze, JD, Ridker, PM, Finlayson, SR, and Bates, DW. Impact of sepsis on risk of
postoperative arterial and venous thromboses: large prospective cohort study. BMJ.
(2014) 349:g5334. doi: 10.1136/bmj.g5334

17. Hartiala, JA, Han, Y, Jia, Q, Hilser, JR, Huang, P, Gukasyan, J, et al. Genome-wide
analysis identifies novel susceptibility loci for myocardial infarction. Eur Heart J. (2021)
42:919-33. doi: 10.1093/eurheartj/ehaal040

18. Malik, R, Chauhan, G, Traylor, M, Sargurupremraj, M, Okada, Y, Mishra, A, et al.
Multiancestry genome-wide association study of 520,000 subjects identifies 32 loci
associated with stroke and stroke subtypes. Nat Genet. (2018) 50:524-37. doi: 10.1038/
541588-018-0058-3

19. Lindstrom, S, Wang, L, Smith, EN, Gordon, W, van Hylckama, VA, de Andrade, M,
et al. Genomic and transcriptomic association studies identify 16 novel susceptibility loci
for venous thromboembolism. Blood. (2019) 134:1645-57. doi: 10.1182/blood.201
9000435

20. Bycroft, C, Freeman, C, Petkova, D, Band, G, Elliott, LT, Sharp, K, et al. The Uk
biobank resource with deep phenotyping and genomic data. Nature. (2018) 562:203-9.
doi: 10.1038/541586-018-0579-2

21.Jolley, RJ, Quan, H, Jette, N, Sawka, KJ, Diep, L, Goliath, J, et al. Validation
and optimisation of an icd-10-coded case definition for sepsis using administrative
health data. BMJ Open. (2015) 5:e009487. doi: 10.1136/bmjopen-2015-
009487

22. Klarin, D, Emdin, CA, Natarajan, P, Conrad, ME, Consortium, I, and Kathiresan, S.
Genetic analysis of venous thromboembolism in UK biobank identifies the zfpm2 locus
and implicates obesity as a causal risk factor. Circ Cardiovasc Genet. (2017) 10:e001643.
doi: 10.1161/CIRCGENETICS.116.001643

Frontiers in Cardiovascular Medicine

07

10.3389/fcvm.2023.1076745

23.Yu, H, Shi, Z, Wu, Y, Wang, CH, Lin, X, Perschon, C, et al. Concept and
benchmarks for assessing narrow-sense validity of genetic risk score values. Prostate.
(2019) 79:1099-105. doi: 10.1002/pros.23821

24. Herrera-Rivero, M, Stoll, M, Hegenbarth, JC, Ruhle, E, Limperger, V, Junker, R, et al.
Single- and multimarker genome-wide scans evidence novel genetic risk modifiers for venous
thromboembolism. Thromb Haemost. (2021) 121:1169-80. doi: 10.1055/s-0041-1723988

25. Germain, M, Chasman, DI, de Haan, H, Tang, W, Lindstrom, S, Weng, LC, et al.
Meta-analysis of 65,734 individuals identifies tspan15 and slc44a2 as two susceptibility
loci for venous thromboembolism. Am ] Hum Genet. (2015) 96:532-42. doi: 10.1016/].
ajhg.2015.01.019

26. Germain, M, Saut, N, Greliche, N, Dina, C, Lambert, JC, Perret, C, et al. Genetics
of venous thrombosis: insights from a new genome wide association study. PLoS One.
(2011) 6:e25581. doi: 10.1371/journal.pone.0025581

27. American College of Cardiology, American Heart Association. Ascvd Risk
Estimator. (2022)

28. Abraham, G, Rutten-Jacobs, L, and Inouye, M. Risk prediction using polygenic
risk scores for prevention of stroke and other cardiovascular diseases. Stroke. (2021)
52:2983-91. doi: 10.1161/STROKEAHA.120.032619

29. Oni-Orisan, A, Haldar, T, Cayabyab, MAS, Ranatunga, DK, Hoffmann, TJ,
Iribarren, C, et al. Polygenic risk score and statin relative risk reduction for primary
prevention of myocardial infarction in a real-world population. Clin Pharmacol Ther.
(2022) 112:1070-8. doi: 10.1002/cpt.2715

30.Neumann, JT, Riaz, M, Bakshi, A, Polekhina, G, Thao, LTP, Nelson, MR, et al.
Predictive performance of a polygenic risk score for incident ischemic stroke in a
healthy older population. Stroke. (2021) 52:2882-91. doi: 10.1161/STROKEAHA.120.
033670

31. Klarin, D, Busenkell, E, Judy, R, Lynch, J, Levin, M, Haessler, J, et al. Genome-wide
association analysis of venous thromboembolism identifies new risk loci and genetic
overlap with arterial vascular disease. Nat Genet. (2019) 51:1574-9. doi: 10.1038/
541588-019-0519-3

32. Mujwara, D, Henno, G, Vernon, ST, Peng, S, di Domenico, P, Schroeder, B, et al.
Integrating a polygenic risk score for coronary artery disease as a risk-enhancing factor
in the pooled cohort equation: a cost-effectiveness analysis study. ] Am Heart Assoc.
(2022) 11:€025236. doi: 10.1161/JAHA.121.025236

33.Ma, Y, and Zhou, X. Genetic prediction of complex traits with polygenic
scores: a statistical review. Trends Genet. (2021) 37:995-1011. doi: 10.1016/j.
tig.2021.06.004

34.Khera, AV, Chaffin, M, Aragam, KG, Haas, ME, Roselli, C, Choi, SH, et al.
Genome-wide polygenic scores for common diseases identify individuals with risk
equivalent to monogenic mutations. Nat Genet. (2018) 50:1219-24. doi: 10.1038/
541588-018-0183-z

35. Ford, I, Shah, AS, Zhang, R, McAllister, DA, Strachan, FE, Caslake, M, et al. High-
sensitivity cardiac troponin, statin therapy, and risk of coronary heart disease. ] Am Coll
Cardiol. (2016) 68:2719-28. doi: 10.1016/j.jacc.2016.10.020

36. Ammann, P, Maggiorini, M, Bertel, O, Haenseler, E, Joller-Jemelka, HI,
Oechslin, E, et al. Troponin as a risk factor for mortality in critically ill patients without
acute coronary syndromes. ] Am Coll Cardiol. (2003) 41:2004-9. doi: 10.1016/
S0735-1097(03)00421-2

37.Frencken, JE Donker, DW, Spitoni, C, Koster-Brouwer, ME, Soliman, IW,
Ong, DSY, et al. Myocardial injury in patients with sepsis and its association with long-
term outcome. Circ Cardiovasc Qual Outcomes. (2018) 11:e004040. doi: 10.1161/
CIRCOUTCOMES.117.004040

38. Cohen, AT, Spiro, TE, Spyropoulos, AC, Desanctis, YH, Homering, M, Buller, HR,
et al. D-dimer as a predictor of venous thromboembolism in acutely ill, hospitalized
patients: a subanalysis of the randomized controlled magellan trial. ] Thromb Haemost.
(2014) 12:479-87. doi: 10.1111/jth.12515

39. Rodger, MA, and Le Gal, G. Who should get long-term anticoagulant therapy for
venous thromboembolism and with what? Hematology Am Soc Hematol Educ Program.
(2018) 2018:426-31. doi: 10.1182/asheducation-2018.1.426

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1076745
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://doi.org/10.1186/s10020-019-0132-z
https://doi.org/10.1186/s13613-021-00937-y
https://doi.org/10.1164/rccm.201307-1321OC
https://doi.org/10.1001/jama.2011.1615
https://doi.org/10.1161/STROKEAHA.118.023443
https://doi.org/10.1161/STROKEAHA.118.023443
https://doi.org/10.1378/chest.15-0287
https://doi.org/10.1186/s13054-014-0469-1
https://doi.org/10.1016/S1473-3099(09)70331-7
https://doi.org/10.1016/S1473-3099(09)70331-7
https://doi.org/10.4161/epi.6.3.14017
https://doi.org/10.1007/s11897-014-0247-z
https://doi.org/10.1177/0885066619844936
https://doi.org/10.1136/bmj.g5334
https://doi.org/10.1093/eurheartj/ehaa1040
https://doi.org/10.1038/s41588-018-0058-3
https://doi.org/10.1038/s41588-018-0058-3
https://doi.org/10.1182/blood.2019000435
https://doi.org/10.1182/blood.2019000435
https://doi.org/10.1038/s41586-018-0579-z
https://doi.org/10.1136/bmjopen-2015-009487
https://doi.org/10.1136/bmjopen-2015-009487
https://doi.org/10.1161/CIRCGENETICS.116.001643
https://doi.org/10.1002/pros.23821
https://doi.org/10.1055/s-0041-1723988
https://doi.org/10.1016/j.ajhg.2015.01.019
https://doi.org/10.1016/j.ajhg.2015.01.019
https://doi.org/10.1371/journal.pone.0025581
https://doi.org/10.1161/STROKEAHA.120.032619
https://doi.org/10.1002/cpt.2715
https://doi.org/10.1161/STROKEAHA.120.033670
https://doi.org/10.1161/STROKEAHA.120.033670
https://doi.org/10.1038/s41588-019-0519-3
https://doi.org/10.1038/s41588-019-0519-3
https://doi.org/10.1161/JAHA.121.025236
https://doi.org/10.1016/j.tig.2021.06.004
https://doi.org/10.1016/j.tig.2021.06.004
https://doi.org/10.1038/s41588-018-0183-z
https://doi.org/10.1038/s41588-018-0183-z
https://doi.org/10.1016/j.jacc.2016.10.020
https://doi.org/10.1016/S0735-1097(03)00421-2
https://doi.org/10.1016/S0735-1097(03)00421-2
https://doi.org/10.1161/CIRCOUTCOMES.117.004040
https://doi.org/10.1161/CIRCOUTCOMES.117.004040
https://doi.org/10.1111/jth.12515
https://doi.org/10.1182/asheducation-2018.1.426

	Assessing the performance of genetic risk score for stratifying risk of post-sepsis cardiovascular complications
	Introduction
	Methods
	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher’s note

	﻿References

