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Severe Infection and Risk of Cardiovascular
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BACKGROUND: The excess risk of cardiovascular disease associated with a wide array of infectious diseases is unknown. We
quantified the short- and long-term risk of major cardiovascular events in people with severe infection and estimated the
population-attributable fraction.

METHODS: We analyzed data from 331683 UK Biobank participants without cardiovascular disease at baseline (2006-
2010) and replicated our main findings in an independent population from 3 prospective cohort studies comprising 271 329
community-dwelling participants from Finland (baseline 1986-2005). Cardiovascular risk factors were measured at baseline.
We diagnosed infectious diseases (the exposure) and incident major cardiovascular events after infections, defined as
myocardial infarction, cardiac death, or fatal or nonfatal stroke (the outcome) from linkage of participants to hospital and
death registers. We computed adjusted hazard ratios (HRs) and 95% Cls for infectious diseases as short- and long-term
risk factors for incident major cardiovascular events. We also calculated population-attributable fractions for long-term risk.

RESULTS: In the UK Biobank (mean follow-up, 11.6 years), 54 434 participants were hospitalized for an infection, and 11649
had an incident major cardiovascular event at follow-up. Relative to participants with no record of infectious disease, those
who were hospitalized experienced increased risk of major cardiovascular events, largely irrespective of the type of infection.
This association was strongest during the first month after infection (HR, 7.87 [95% Cl, 6.36—9.73]), but remained elevated
during the entire follow-up (HR, 1.47 [95% ClI, 1.40-1.64]). The findings were similar in the replication cohort (HR, 7.64
[95% ClI, 5.82-10.03] during the first month; HR, 1.41 [95% ClI, 1.34—1.48] during mean follow-up of 19.2 years). After
controlling for traditional cardiovascular risk factors, the population-attributable fraction for severe infections and major
cardiovascular events was 4.4% in the UK Biobank and 6.1% in the replication cohort.

CONCLUSIONS: Infections severe enough to require hospital treatment were associated with increased risks for major
cardiovascular disease events immediately after hospitalization. A small excess risk was also observed in the long-term, but
residual confounding cannot be excluded.
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series of observational studies have shown that
Aacute respiratory and urinary tract infections, bac-
teremia, and sepsis are related to increased risks
for myocardial infarction and stroke.'”” These findings
are supported by evidence from randomized controlled

trials in which influenza vaccination reduced the risk of
cardiovascular events®° Although cardiovascular risk

appears to be highest immediately after infection, it may
remain elevated for several years.'”” However, few large-
scale studies have quantified the contribution of the full
array of infectious disease events to the incidence of
cardiovascular disease events. With infectious diseases
being common, their contribution to the burden of car-
diovascular disease is potentially substantial,’®'" yet the
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Clinical Perspective

What Is New?

* In this multicohort study, infections severe enough
to require hospital treatment were associated with a
significantly increased short-term risk of major car-
diovascular disease events and a slightly increased
long-term risk.

¢ In absolute terms, the excess risk of cardiovascu-
lar events after severe infection was most marked
among people with high initial cardiovascular risk.

* Between 4% and 6% of the burden of major cardio-
vascular events might be attributable to infections.

What Are the Clinical Implications?

 Clinicians should be aware that people hospitalized
for an infection may have an elevated short-term risk
of major cardiovascular disease events.

e Cardiovascular risk estimators, such as the Ameri-
can College of Cardiologists/American Heart
Association pooled cohort equations for 10-year
atherosclerotic cardiovascular disease risk, may
help identify individuals with an increased absolute
risk of cardiovascular events after infection.

Nonstandard Abbreviations and Acronyms

FPS Finnish Public Sector cohort study
GBD Global Burden of Disease study
HeSSup Health and Social Support cohort study
LDL low-density lipoprotein

PAF population-attributable fraction

PURE Prospective Urban Rural Epidemiology

cohort study
STW Still Working cohort study

proportion of cardiovascular events that could be attrib-
utable to all infections is unknown.

Several mechanisms in the acute phase of an infec-
tion may increase the short-term risk of cardiovascular
events. For example, activation of inflammatory mol-
ecules and platelets, increased inflammation in athero-
matous plaques, endothelial dysfunction, and augmented
sympathetic nervous activity with catecholamine release
may contribute to electrical instability of the heart, ath-
erosclerotic plaque instability, and a concomitant hyper-
coagulable state.>'® Although severe infections have
been linked to an increased risk of cardiovascular dis-
ease beyond the acute phase, mechanistic evidence
suggests that the short-term effects of infections on the
cardiovascular system are likely to be stronger than any
long-term effect.’*
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Accordingly, we examined the short- and long-term
associations between a wide range of severe infections
and the occurrence of cardiovascular disease in a large
cohort study alongside a replication cohort. Further, to
evaluate population impact, we calculated the popula-
tion-attributable fraction (PAF) for severe infections in
relation to major cardiovascular events and compared
this with PAFs for traditional risk factors.

METHODS

Transparency and Openness Promotion

Statement

We provided derived variables for the administrators of the
UK Biobank and Finnish cohort studies. Researchers regis-
tered with UK Biobank can apply for access to the database
by completing an application, which includes a summary of the
research plan, data fields required, any new data or variables
that will be generated, and payment to cover the incremental
costs of servicing an application (https://www.ukbiobank.ac.uk/
enable-your-research/apply-for-access). Pseudonymized sur-
vey data from the Finnish cohorts used in this study can be
shared by investigators on request (jenniervasti@ttlfi; sakari.
suominen@utu.fi; arivaananen@ttl.fi). Linked health records
require separate permission from the Finnish Institute of
Health and Welfare and Statistics Finland. In the Supplemental
Methods, we provide statistical codes for replicating our results
so that any researcher with access to the UK Biobank and
Finnish cohort studies through the procedure described can
replicate our findings. The statistical codes are also available
on Zenodo repository (doi: 10.56281/zenodo.7107066; https://
doi.org/10.56281/zenodo.7107066).

Primary and Replication Cohorts

We conducted analyses separately in the UK Biobank (primary
cohort) and a replication cohort. The UK Biobank is a prospec-
tive cohort study in which members were enrolled from 2006
to 2010. The replication cohort consisted of harmonized and
pooled individual-participant data from all 3 Finnish prospec-
tive cohort studies within the IPD-Work Consortium (Individual-
Participant Data Meta-Analysis in Working Populations);
eg, Finnish Public Sector (FPS), Health and Social Support
(HeSSup), and Still Working (STW) studies, with study entries
from 1986 to 2005." The UK Biobank was approved by the
National Health Service National Research Ethics Service
(11/NW/0382), FPS by the ethics committee of the Hospital
District of Helsinki and Uusimaa (HUS/1210/2016), HeSSup
by the ethics committee of Turku University Hospital and the
Finnish Population Register Centre (VRK 2605/410/14),
and STW by the ethics committee of the Finnish Institute of
Occupational Health. All participants responding to surveys
or attending assessment centers gave informed consent.
All participants 218 years of age and without cardiovascular
disease at baseline were eligible for analysis. Participation
rate was 5.4% in the UK Biobank and 87% in the replica-
tion cohort. A flowchart for participant selection and detailed
cohort descriptions are provided in Figures ST and S2 and in
the Supplemental Methods.
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Exposure

In all cohorts, participants were linked to national health reg-
istries with documented validity'®'” for ascertainment of expo-
sures and outcomes from hospital discharge diagnoses. Our
exposure was severe (hospital-treated) infectious diseases. We
used a total of 931 codes from the International Classification
of Diseases, Tenth Revision (ICD-10), to capture infections
that were recorded as a primary reason for a hospitalization
(Table S6, for findability presented after smaller Tables S1-S5).
Events classified using the eighth and ninth revisions (ICD-8
and /ICD-9) were converted to the ICD-10(Table S7). To assess
the type of the infection, we considered bacterial and viral
infections separately, and further classified bacterial infections
to reflect major clinical entities pneumonia, gastrointestinal
infections, skin infections, and urinary tract infections. We also
analyzed infection severity using septic (ie, infection with life-
threatening organ dysfunction'®) versus nonseptic infections,
which are typically less severe; infection site (lower respiratory
tract, urinary tract, and gastrointestinal infections) was also
analyzed, regardless of the causative pathogen.'9?° Table S6
provides the ICD-10 codes for these disease categories. For
comparison purposes, we considered hospitalizations for non-
infectious causes, including all hospitalizations except those
that were attributable to infection, diabetes (ICD-10 codes
E10-E14) or cardiovascular disease (/ICD-10 Chapter 1X) that
are major risk factors for subsequent cardiovascular events, or
causes that are not diseases (/ICD-10 Chapters XV, XVI, XVI|,
XVIII, and XX, related to pregnancy and childbirth, perinatal
period, congenital malformations, unspecific symptoms, and
administration).

Outcomes

The primary outcome was incident major cardiovascular event,
comprising acute myocardial infarction, coronary heart disease
death, and fatal and nonfatal stroke. Both in the UK Biobank
and the replication cohort, outcome events were identified from
primary diagnoses in hospital discharge records and death cer-
tificates using predefined /ICD-10 codes (121-122,160-161, and
163-164, plus 120-125 for coronary heart disease deaths).?"?
The corresponding /ICD-9 codes were also considered, and
those with existing coronary heart or cerebrovascular disease
on or before baseline were excluded (Table S1). In sensitivity
analyses, we complemented the outcome definition with revas-
cularization and thrombolysis of coronary arteries and arteries
supplying blood to the brain, which were available for FPS only,
the largest study in the replication cohort. These records were
classified according to the Finnish national edition of the Nordic
Classification of Surgical Procedures.?®

Covariates

Covariates included major cardiovascular risk factors®*: sex,
socioeconomic status (low, intermediate, or high), smoking
(never, former, or current), alcohol consumption (never, former,
moderate, intermediate, or heavy), hypertension, diabetes, ter-
tiles of low-density lipoprotein (LDL) cholesterol (<3.1, 3.2-3.8,
or >3.9 mmol/L), body mass index (<185, 185-24.9, 25.0—-
29.9, or >30 kg/m?), physical activity (weekly metabolic equiva-
lent minutes <600, 600—-3000, or >3000), and comorbidities
that may increase the risk of infections?® (chronic liver disease,
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chronic kidney disease, chronic obstructive pulmonary disease,
and asthma). In the replication cohort, we adjusted for sex,
socioeconomic status, hypertension, and diabetes, for which we
had full data. Additionally, smoking status was available for a
subcohort and was used in the PAF computations. All covariates
and comorbidities were measured at the start of the follow-up
and were treated similarly in multivariable adjusted regression
models. Socioeconomic status was measured by education
(UK Biobank, FPS, and HeSSup) or occupational grade (STW).
Smoking and alcohol consumption were self-reported. In the UK
Biobank, hypertension was defined as blood pressure of at least
140/90 mm Hg, self-reported hypertension, or antihypertensive
medication, and diabetes was defined by glycated hemoglobin
>48 mmol/mol (6.5%), self-reported diabetes, or antidiabetic
medication. For sensitivity analyses with time-updated adjust-
ments, we retrieved additional data for hypertension (/CD-10:
[10-115; ICD-9: 401-405) and diabetes (ICD-10: E10-E14;
ICD-9: 250). Body mass index was based on measured height
and weight, physical activity on self-reports, and comorbidities
on hospital records. LDL cholesterol was measured using a
direct method. The 10-year risk of atherosclerotic cardiovas-
cular disease was estimated using the American College of
Cardiology/American Heart Association pooled cohort equa-
tions, which were based on age, sex, ethnic background, total
cholesterol, high-density lipoprotein cholesterol, systolic blood
pressure, treatment for hypertension, current smoking status,
and history of diabetes® In the replication cohort, hyperten-
sion and diabetes mellitus were ascertained from medication
reimbursements. Supplemental Methods report further details
of covariate and comorbidity measurement in each cohort.

Estimates From Published Studies

For comparison PAFs, we retrieved publicly available estimates
for major cardiovascular risk factors for high-income coun-
tries from the Prospective Urban Rural Epidemiology (PURE)
and Global Burden of Diseases (GBD) studies.'®2*2” From the
PURE study, we retrieved estimates for smoking, hyperten-
sion, high non—high-density lipoprotein cholesterol, and diabe-
tes. From GBD, we retrieved estimates for total cardiovascular
mortality (defined as the combination of mortality from ischemic
heart disease and stroke) and cardiovascular mortality attribut-
able to smoking, high systolic blood pressure, high LDL choles-
terol, and high fasting plasma glucose in 2019, the most recent
year available in the GBD interactive data portal (http://ghdx.
healthdata.org/gbd-results-tool).

Statistical Analysis

As we did previously, we modeled exposure to infections using
time-dependent analysis.?® Participants with an infection on
or before study baseline were considered exposed from the
beginning of the follow-up. Those with their first infection dur-
ing the follow-up period were considered nonexposed until hos-
pitalization for the infection and exposed thereafter. Remaining
study members were considered unexposed across the entire
follow-up period.

Surveillance for incident major cardiovascular events was
from study entry until event occurrence, death, or end of fol-
low-up (in the UK Biobank, March 23, 2021, in England and
Scotland and February 28, 2018, in Wales; in the replication
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cohort, December 31, 2016, in FPS and STW and December
31, 2012, in HeSSup), whichever came first. Because the
coronavirus disease 2019 (COVID-19) pandemic could have
reduced the ascertainment of cardiovascular events through
reduced use of health care services by risk-averse individu-
als, we conducted a sensitivity analysis in which the follow-up
ended on January 31, 2020 (the date before the first confirmed
COVID-19 case in the United Kingdom).?®

We used a Cox proportional hazards model to compute HR
and 95% CI for the associations of infectious diseases with
incident cardiovascular disease; scaled Schoenfeld residu-
als were used to test the proportionality of hazards. In the UK
Biobank, we adjusted effect estimates for age, sex, socioeco-
nomic status, smoking, alcohol consumption, hypertension, dia-
betes, LDL cholesterol, body mass index, physical activity, and
comorbidities (chronic liver, kidney, and obstructive pulmonary
disease, and asthma). To take nonproportionality of hazards into
account, adjustments for sex, socioeconomic status, smoking,
hypertension, and LDL cholesterol were based on stratification.
In the replication cohort, we pooled individual-level data from
the 3 cohort studies and took the within-study clustering of
participants into account using cohort-specific baseline haz-
ards and cohort-specific hazard estimates for covariates®; we
adjusted analyses for age, sex, socioeconomic status, hyper-
tension, and diabetes. Adjustment for age was done using age
as the time scale in both the UK Biobank and the replication
cohort. To control for the competing risk of death, we con-
ducted a sensitivity analysis using the Fine—=Gray model.*® The
competing event was defined as death from causes that did not
qualify as a major cardiovascular event.

To examine the short- and longer-term associations of
infections with major cardiovascular events, we computed HRs
for events occurring during the first month after infection (days
1-30), events occurring after the first month but during the
first year after infection (days 31-365), and events occurring
>1 year after infection (ie, day 366 onward). We used time-
dependent Cox models in which participants were allocated
from the nonexposed to exposure group on the day of first
recorded infection, and thereafter from one exposure group to
another based on time since infection (for a schematic illustra-
tion, see Figure S3). We used a similar method to analyze the
negative-control exposure (ie, hospitalization for noninfectious
causes). Extending the main Cox model framework, we con-
ducted further time-dependent analyses, splitting the duration
of follow-up into 5 periods (0—-30 days, 31-365 days, >1 year
and <5 years, >b and <10 years, and >10 years after infection)
rather than the existing 3, analyzing exposure to the first versus
recurrent infections, and including hypertension, diabetes, and
comorbidities as time-updated covariates. In further sensitivity
analyses, we compared the risk of major cardiovascular event
during each follow-up period (days 1-30, 31-365, and 366
onward) after hospitalization in those hospitalized for infectious
versus noninfectious causes. The follow-up commenced on the
first day of hospitalization after baseline (whether for infection
or for noninfection) and was used as the time scale with adjust-
ment for age at hospitalization (40-44, 456-49, 50-54, 55-59,
60-64, 65-69, or >70 years). Other adjustments were as in
the main analysis.

We also estimated the PAF of severe infections on major
cardiovascular events. We used the HR for the entire follow-up
to reflect the overall association of severe infections with the
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risk of cardiovascular events. We computed the PAFs from the
most adjusted estimates using a formula for adjusted HRs:

_ p_cases(HR —1)
- HR

where p_cases is the proportion of those with the out-
come who had severe infection before the outcome and HR
is adjusted HR3' We computed cardiovascular deaths attribut-
able to infections by multiplying PAF by cardiovascular mortality
estimates from the GBD. For comparison, we computed PAFs
for major risk factors (smoking, high systolic blood pressure,
high LDL cholesterol, and diabetes) on cardiovascular events in
our cohorts using the same adjustments as with infections. We
also computed PAFs from the GBD estimates as:

PAF

Coronary heart disease mortality attributable to a risk factor
+ Stroke mortality attributable to a risk factor
Total coronary heart disease mortality
-+ Total stroke mortality

We computed the joint PAF of infections and major risk fac-
tors using the following formula:
J
PAFn = 1=]] (1 - PAF)
i=1

In the case of GBD estimates, we also adjusted for the
mediation of risk through other risk factors using mediation
factors estimated by GBD (Table S2).?” We then scaled the
PAF estimates for infections and major risk factors to sum up
to the joint PAF.

We analyzed the data using Stata MP 16 and 17. P val-
ues were computed using ttests with unequal variances and 2
tests. The corresponding author had full access to all the data
in the study and takes responsibility for its integrity, as well as
the data analysis.

RESULTS

In the UK Biobank, there were 331638 participants, and
in the replication cohort, there were 271 329 participants
without cardiovascular disease at baseline and with in-
formation on relevant covariates. The UK Biobank par-
ticipants were considerably older (mean age, 56.5 versus
34.4 years), but this was partly balanced by the longer
follow-up in the replication cohort (mean, 19.2 years)
versus UK Biobank (mean, 11.6 years). In Table 1, we
provide further characteristics of the participants.

In the UK Biobank, 54 434 of the 331 638 participants
(16%) were hospitalized for an infection before the first
major cardiovascular event. Of those, 19638 had their
first infection on or before baseline, and 34796 had
their first infection during follow-up (incidence, 10.1 per
1000 person-years). The most common infections were
unspecified urinary tract infection (n=6252), unspecified
gastroenteritis (n=3862), and unspecified lobar pneu-
monia (n=3764; Table S3). Of all participants, 257 368
(78%) were hospitalized for noninfectious causes. Dur-
ing 3848256 person-years at risk after baseline, 11649
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Table 1. Characteristics of Participants of the UK Biobank and Replication Cohort (Finnish Multicohort
Sample) at Study Entry
UK Biobank Replication cohort P for difference be-
(N=331683) (N=271329) tween cohorts

Age at entry, meantSD, y 56.5 (8.1) 34.4 (11.4) <0.0001
Female sex, n (%) 177 567 (53.5) 191527 (70.6) <0.0001
Socioeconomic status, n (%) <0.0001

Low 45 682 (13.8) 41183 (15.2)

Intermediate 166 313 (50.1) 92 619 (34.1)

High 119 688 (36.1) 137 527 (50.7)
Smoking, n (%) <0.0001

Never 184 693 (55.7) 70 723 (26.1)

Former 113 731 (34.3) 26 582 (9.8)

Current 33259 (10.0) 25 156 (9.3)

Data not available, n (%)* - 148 868 (54.9)
Hypertension, n (%) 174 766 (52.7) 8083 (3.0) <0.0001
Diabetes, n (%) 17 013 (5.1) 2186 (0.8) <0.0001
Low-density lipoprotein cholesterol, mean+SD, mmol/L | 3.6 (0.8) -
Follow-up, meantSD, y 11.6 (1.9) 19.2 (5.2) <0.0001
Infection before or during follow-up, n (%) 54 434 (16.4) 68 945 (25.4) <0.0001
Major cardiovascular event during follow-up, n (%) 11 649 (3.5) 9663 (3.6) 0.30
Age at major cardiovascular event, meanSD, y 68.1 (8.1) 60.8 (11.5) <0.0001

— indicates data not available.

*Of 260 240 participants eligible for the largest of the 3 Finnish cohorts (Finnish public sector study), 114 835 were invited to respond

to questionnaires about smoking habits.

major cardiovascular events were recorded (incidence,
3.0 per 1000 person-years). Of these, 65632 were myo-
cardial infarctions or coronary heart disease deaths, and
5117 were strokes.

In the replication cohort, one-quarter (=68945) of
the 271 329 participants were hospitalized for an infec-
tion before a first major cardiovascular event. Of those
participants, 36 253 had their first infection on or before
baseline, and 32 692 had their first infection during
follow-up (incidence, 7.7 per 1000 person-years). The
most common infections were unspecified acute appen-
dicitis (n=b969), unspecified pneumonia (n=5382),
and unspecified gastroenteritis (n=5240). Additionally,
193943 participants (71%) were hospitalized for non-
infectious causes. During 5219 865 person-years at
risk after baseline, 9663 major cardiovascular events
were recorded (incidence, 1.9 per 1000 person-years).
Of these, 4702 were myocardial infarctions or coronary
heart disease deaths, and 4961 were strokes.

Figure 1 shows that a higher risk of any major car-
diovascular event and specific cardiovascular end points
(cardiovascular death, nonfatal major cardiovascular
event, myocardial infarction or coronary heart disease
death, stroke, ischemic stoke, or hemorrhagic stroke)
was related to previous severe infection across the full
follow-up period in both the UK Biobank and the replica-
tion cohort. In multivariable-adjusted analyses, there was
evidence of partial attenuation, such that for all cardio-

1686 May 23,2023

vascular outcomes, the greater the number of traditional
cardiovascular risk factors controlled for, the greater
the level of attenuation. However, all infection—outcome
associations were retained at conventional levels of sta-
tistical significance. The association between infections
and major cardiovascular events also remained in analy-
ses controlling for the competing risk of noncardiovascu-
lar deaths (Figure S4).

The risk of a major cardiovascular event was most
strongly related to infection, regardless of the type, dur-
ing the first month of exposure (Figure 2). The strongest
associations were seen for pneumonia (HR, 11.9 [UK
Biobank] and 10.8 [replication cohort]) and viral infec-
tions (12.8 and 9.2, respectively). In the UK Biobank, the
incidence of major cardiovascular events within the first
month from infection was 2.59 (95% ClI, 2.10-3.19) per
1000 person-months, which corresponds to 31.5 (95%
Cl, 25.6-38.8) per 1000 person-years. In the replication
cohort, the incidence was 1.67 (95% Cl, 1.23-2.13) per
1000 person-months (20.3 [95% CI, 15.0-25.9] per
1000 person-years). Consistent patterns of association
were also seen in analyses stratified by calendar period
and in subgroups of high versus low socioeconomic
status, diabetes versus no diabetes, hypertension ver-
sus no hypertension, smoking versus no smoking, and
female versus male sex (Figure Sb). Most of the rela-
tive risk estimates were higher for women than for men.
The pattern of association remained similar in sensitivity
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UK Biobank (total N=331683) (Finnish 329)
N N
Outcome Model \ osed) (outcome)  R15%CH Model - osed) HR (95% C1)
Any major cardiovascular event 1 54434 11848  1.61(1.54, 1.69) - 1 683945 9663  1.44(1.38, 1.51) -
2 54434 11649  1.58 (1.50, 1.66) - 2 68945 9663  1.41(1.34, 1.48) -
3 54434 11649 1.50(1.43, 1.58) -
4 54434 11849 1.47 (1.40, 1.54) -
Death from coronary heart disease or stroke 1 54434 1428  2.36(2.09, 2.67) — 1 68945 1551  1.88(1.68,2.10) ——
2 54434 1428 2.24 (1.98, 2.54) —. 2 58945 1551 1.80(1.61,2.01) —.—
3 54434 1428 2.10(1.85,2.37) —
4 54434 1428 2.03(1.79, 2.30) —-—
Non-fatal major cardiovascular event 1 54434 10221 1.52 (1.44, 1.60) - 1 68945 8112 1.37(1.30, 1.44) -
2 54434 10221 1.49 (1.41,1.57) - 2 68945 8112 1.34(1.27,1.41) -
3 54434 10221 1.42(1.35, 1.50) -
4 54434 10221 1.39(1.32, 1.47) -
Myccardial infarction or death from coronary heart disease 1 54434 6532 1.58 (1.48, 1.69) - 1 68945 4702 1.39(1.30, 1.49) -
2 54434 6532 1.54 (1.45,1.85) - 2 68945 4702 1.35(1.26, 1.45) -
3 54434 8532 146 (1.37,1.56) -
4 54434 6532 1.42(1.33,152) -
Stroke 1 54434 5117 1.65(1.54, 1.78) - 1 68945 4961  1.49(1.40, 1.59) -
2 54434 5117 1.62(1.51,1.74) - 2 68945 4961  1.47(1.37,157) -
3 54434 5117 1.56 (1.45, 1.67) -
4 54434 5117  1.53(1.42, 1.64) -
Ischaemic stroke 1 54434 3459  1.61(1.48,1.76) —-— 1 68845 3381  1.56(1.44, 1.69) -
2 54434 3459 1.57 (1.44,1.71) - 2 68945 3381 1.53(1.41, 1.65) -
3 54434 3459 1.51(1.38, 1.85) —-—
4 54434 3459 148 (1.36, 1.62) -
Haemorrhagic stroke 1 54434 1221 154 (1.32,1.79) — 1 68245 1565  1.36(1.20, 1.53) —-—
2 54434 1221 1.53(1.32,1.79) - 2 68945 1585  1.34(1.19, 1.51) —.—
3 54434 1221 1.49(1.28,1.74) —
4 54434 1221 148 (1.27,1.73) —-—
" —— | . —
05 1 15 2 25 3 0.5 1 15 2 25 3

Hazard ratio (95% CI)

Hazard ratio (85% CI)

Figure 1. Serial-adjusted risk of cardiovascular disease outcomes associated with severe (hospital-treated) infectious disease

in the UK Biobank and replication cohorts.

Model 1 is adjusted for age, sex, and socioeconomic status. Model 2 is adjusted for age, sex, socioeconomic status, hypertension, and

diabetes. Model 3 is adjusted for age, sex, socioeconomic status, hypertension, diabetes, smoking, alcohol consumption, low-density lipoprotein
cholesterol, body mass index, and physical activity. Model 4 is adjusted for age, sex, socioeconomic status, hypertension, diabetes, smoking,
alcohol consumption, low-density lipoprotein cholesterol, body mass index, physical activity, chronic liver disease, chronic kidney disease, chronic

obstructive pulmonary disease, and asthma. HR indicates hazard ratio.

analyses restricted to incident infections, with follow-up
restricted to the pre—COVID-19 era, hypertension, dia-
betes, and comorbidities treated as time-updated covari-
ates, and after excluding participants with malignant
tumours. This was also the case in analyses restricted
to infections occurring at >b0 years of age and with
an alternative outcome definition that included arterial
revascularization and thrombolysis in addition to hospi-
talizations and deaths from major cardiovascular events
(Figures S6-S11). In further sensitivity analysis, the haz-
ard of major cardiovascular event within the first month
after hospitalization was 2.41-fold (95% Cl, 1.48-3.93)
in those hospitalized for infection compared with those
hospitalized for other causes (Figure S12).

Most infections were also associated with an ele-
vated rate of major cardiovascular events when >1
year had passed since the infection, although the HRs
were of lower magnitude (ranging from 1.3 [95% CI,
1.1-1.4] to 1.7 [95% CI, 1.6-1.9]; Figure 2). These
relationships could be seen >10 years after the infec-
tion (Figure S13). The only exception was viral infec-
tions in the replication cohort, which were no longer
associated with increased cardiovascular risk >1 year
after infection. Hospitalization for noninfectious causes
was also associated with a similar pattern of risk, but
the short-term risk was lower than what was appar-
ent for most infections (HR within the first month, 3.7
in the UK Biobank and 3.5 in the replication cohort).
The pattern of high cardiovascular risk immediately after

Circulation. 2023;147:1682-1593. DOI: 10.1161/CIRCULATIONAHA.122.061183

infection and lower risk thereafter was also observed
when infections were classified by severity and by site
of infection as opposed to bacterial or viral infections
(Figure 3). The greatest short-term risk was observed
for sepsis (HR, 13.2 [within first month after the infec-
tion in the UK Biobank]; HR, 7.5 [replication cohort]) and
lower respiratory tract infections (HR, 11.4 [within the
first month after the infection in the UK Biobank]; 10.3
[replication cohort]). In the long term, sepsis was associ-
ated with higher cardiovascular risk than were nonseptic
infections. Although the relative risk for cardiovascular
events was similar regardless of the length of the ini-
tial hospitalization for infection (Figure S14), those with
recurrent infections had a greater long-term risk than
did those with only one infection (Figure 4). Infections
were associated with a similar increased relative risk of
cardiovascular disease in those with high, intermediate,
borderline, and low estimated atherosclerotic cardiovas-
cular disease risk (Figure S15), leading to the greatest
increase in the number of major cardiovascular events
after infection in the high-risk group and the lowest in
the low-risk group (Table 2).

The weighted PAF of severe infections on major car-
diovascular events was 4.4% in the UK Biobank and 6.1%
in the replication cohort (Table 3). Given the 2.4 million
cardiovascular deaths in high-income countries in 2019
as estimated by the GBD, this would translate to 110000
to 150000 deaths attributable to infections. For com-
parison, the weighted PAFs for smoking, hypertension,
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Time since UK Biobank (total N=331683, 11649 major cardiovascular events) Replication cohort sample (total N=271329, 9663 major cardiovascular events)
Exposure ‘exposure (days) N (exposed) HR (95% CI) N (exposed) HR (95% C1)
Any infectious disease vs not 130 34891 7.87 (6.36, 9.73) —- 32833 7.64 (5.82, 10.03) —-—
31-365 35227 2.08(1.82, 2.37) - 34143 2.30(1.98, 2.68) -
2366 48483 1.36(1.29, 1.43) 66101 1.34(1.27, 1.41) L]
Any bacterial infection vs not 1-30 31876 7.45(5.94,9.34) —-— 30856 7.40(5.58, 9.82) —a—
31-365 32288 2.12 (1.86, 2.43) - 31928 2.23(1.90, 2.62) -
>366 44506 1.35(1.28, 1.42) 58738 1.37(1.30, 1.44) =
Pneumonia vs not 130 7399 11.88 (8.63, 16.36) —a— 8219 10.77 (7.43, 15.60) ——
31-365 6829 3.01(2.43,3.73) - 8042 2.65(2.09, 3.36) ——
2366 6930 1.73(1.54, 1.94) - 10149 1.52(1.37, 1.68) -
Non-pneumonic bacteral infection vs not 1-30 27533 6.63(5.11,861) —.— 25776 4.75(3.21,7.02) —
31-365 28230 1.97 (1.70, 2.29) - 26943 2.01(1.67, 2.42) -
2366 39829 1.30(1.22,1.37) 51960 1.34(1.27,1.42) -
Gastroenteritis vs not 1-30 5927 3.44(1.61,7.31) —_— 3485 6.92 (3.15, 15.20) —_—
31-365 5910 1.68 (1.20, 2.37) —a— 3666 2.19(1.39, 3.45) ——
2366 5953 1.34 (1.15, 1.57) 7814 1.38(1.21, 1.57) -
Skin infection vs not 1-30 5136 1.82(0.59, 5.66) —_— 5330 4.64(2.20,978) —_——
31-365 5401 1.35(0.92, 1.99) - 5452 2.19(1.58, 3.05) —-—
2366 8196 1.27(1.14, 1.42) 6604 1.73(1.56, 1.92) -
Urinary tract infection vs not 1-30 5554 7.40 (4.58, 11.97) — 3309 4.52(2.13, 9.57) —
31-365 5714 2.44 (1.86, 3.20) —.— 3949 3.30 (2.48, 4.37) ——
2366 7242 1.36(1.21, 1.54) 5239 163(1.42,1.88) -
Any viral infection vs not 130 4452 12.75(8.17, 19.91) — 3522 9.21(4.20, 20.20) —_—
31-365 4207 1.69(1.12, 2.54) —e 3753 2.41(1.45,4.00) ———
2366 4712 1.41(1.21, 1.65) 9185 0.97 (0.84, 1.13) -+
Non-infectious hospitalisation vs not 1-30 96514 3.74(2.96,472) —-— 83582 3.46(2.48, 4.84) ——
(excluding diabetes and vascular conditions) 31-365 106126 1.50 (1.34, 1.68) - 88379 1.30(1.11, 1.54) -
2366 252409 1.31(1.25, 1.37) L] 190886 1.27(1.20, 1.33) =
. v + ' + + "
025 05 EIE T S R 1 0% 05 1 2 4 B 16 32
Hazard ratio (35% CI) Hazard ratio (95% CI)

Figure 2. Risk of major cardiovascular event associated with any severe (hospital-treated), bacterial, and viral infections by

time since infection in the UK Biobank and replication cohorts.

In the UK Biobank, hazard ratios (HRs) were adjusted for age, sex, socioeconomic status, smoking, alcohol consumption, hypertension, diabetes,
low-density lipoprotein cholesterol, body mass index, physical activity, chronic liver disease, chronic kidney disease, chronic obstructive pulmonary
disease, and asthma. The analysis of noninfection hospitalizations was not adjusted for chronic liver disease, chronic kidney disease, chronic

obstructive lung disease, and asthma because those were included in the definition of the exposure. In the replication cohort, HRs were adjusted

for age, sex, socioeconomic status, hypertension, and diabetes.

diabetes, and high LDL cholesterol ranged from 3.3% to
23.1% in the UK Biobank and from 2.3% to 19.7% in the
replication cohort, depending on the risk factor.

DISCUSSION

In prospective cohorts from the United Kingdom and
Finland, infectious diseases severe enough to require
hospital treatment were associated with a large in-
crease in the risk of major cardiovascular events during
the first month after hospitalization. This risk diminished
in time, but remained slightly increased in the long term

and did not seem to be specific to any particular type
of infection. We estimated that 4.4% to 6.1% of cardio-
vascular events might be attributable to severe infec-
tions. The corresponding PAF was lower for diabetes
(2.3-3.3%), but higher for hypertension (4.8—-23.19%),
dyslipidemia (12.3%), and smoking (9.7-19.7%) in our
data sets.

Earlier evidence about specific infections supports
our findings. Ecological studies show parallel seasonal
trends in influenza and cardiovascular deaths,''%2% and
individual-level studies have reported strong short-term
associations of respiratory tract infections (eg, influenza,

UK Biobank (total N=331683, 11649 major cardiovascular events) Replication cohort (total N=271329, 9663 major cardiovascular events)
Time since P for
i Exposure N (exposed) HR (95% C1) P for difference N (exposed) HR (95% C1) difference
Days 1-30 Sepsis 4422 13.17 (8.84, 19.62)  Reference — 1673 7.52(3.10, 18.25)  Reference —_——
Any infection without sepsis 32869 7.35 (5.86, 9.20) 0.013 - 32177 7.53(5.71,9.93) 1.00 —-—
Lower respiratory tract infection 10637 11.37 (8.80, 15.03) 0.55 —— 9350 10.27 (7.18, 14.70) 0.52 —a—
Urinary tract infection 5551 7.40 (4.58,11.97) 0.071 —— 3821 4.52 (2.14, 9.57) 0.39 —_—
Gastrointestinal infection 6475 4.84 (2.46, 8.72) 0.006 — 3951 6.63 (3.03, 14.52) 0.83 —_——
Days 31-365 Sepsis 3927 3.75(2.90, 4.85) Reference —-— 1576 3.18(202,500)  Reference —-
Any infection without sepsis 33401 2.00 (1.75, 2.30) <0.0001 33534 2.30(1.97, 2.69) 0.19 -
Lower respiratory tract infection 10096 2.96 (2.47, 3.55) 0.14 - 9284 2.59(2.07, 3.25) 043 —-—
Urinary tract infection 5711 2.44 (186, 3.20) 0.024 —.— 3858 3.30 (249, 437) 0.88 ——
Gastrointestinal infection 6477 1.71(1.24, 2.38) 0.0002 —— 4222 2.25(1.48,3.47) 0.28 —
Days 366- Sepsis 2868 1.87 (1.52, 2.29) Reference == 1557 2.39(1.96,2.90)  Reference -
Any infection without sepsis 45704 1.35(1.28, 1.43) L 65408 1.32 (1.26, 1.39) <0.0001 L
Lower respiratory tract infection 10780 1.87 (1.52, 1.84) 034 - 13124 1.48 (1.35, 1.64) <0.0001 -
Urinary tract infection 7199 1.36 (1.21, 1.53) 0.009 - 5109 1.64 (1.42, 1.88) 0.002 -
Gastrointestinal infection 6644 1.40(1.21, 1.62) 0.024 - 9463 1.34 (1.18, 1.51) <0.0001 -
s 08 1 2 4 8 16 R 0 05 1 2z 4 8 15 R
Hazard rabo (95% CI) Hazard ratio (95% CI)

Figure 3. Risk of major cardiovascular event associated with specific infections in the UK Biobank and replication cohorts.

In the UK Biobank, hazard ratios (HRs) were adjusted for age, sex, socioeconomic status, smoking, alcohol consumption, hypertension, diabetes,
low-density lipoprotein cholesterol, body mass index, physical activity, chronic liver disease, chronic kidney disease, chronic obstructive pulmonary
disease, and asthma. In the replication cohort, HRs were adjusted for age, sex, socioeconomic status, hypertension, and diabetes.
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UK Biobank (total N=331683, 11649 major cardiovascular events) Replication cohort (total N=271329, 9663 major cardiovascular events)

:’:::J’r'e“ Exposure N (exposed) HR (95% C1) P for difference N(exposed)  HR(95%Cl) P for difference
Days 1-30 First infection vs no infection 34891 7.60 (6.10, 9.46) Reference 32826 7.40 (5.53, 9.89) Reference —.—

Second infection vs no infection 9684 11.30 (8.34, 15.32) 0.038 13541 5.36 (3.44, 8.36) 0.24 —
Days 31-365 First infection vs no infection 34024 1.83(1.58,212) Reference 30921 2.39(2.02,282) Reference -

Second infection vs no infection 9208 2.94 (241, 3.58) 0.0002 13807 2.40(1.94,2.97) 084 ——
Days 366- First infection vs no infection 44508 1.21(1.14, 1.29) Reference 53649 1.19(1.12, 1.26) Reference L]

Second infection vs no infection 8707 1.80 (1.71, 2.11) <0.0001 19867 1.63(1.51,1.77) <0.0001 -

' e
2 s 1 2 4 s 16
Hazard ratio (85% ClI) Hazard ratio (95% CI)

Figure 4. Risk of major cardiovascular event associated with the number of severe (hospital-treated) infections in the UK

Biobank and replication cohorts.

In the UK Biobank, hazard ratios (HRs) were adjusted for age, sex, socioeconomic status, smoking, alcohol consumption, hypertension, diabetes,
low-density lipoprotein cholesterol, body mass index, physical activity, chronic liver disease, chronic kidney disease, chronic obstructive pulmonary
disease, and asthma. In the replication cohort, HRs were adjusted for age, sex, socioeconomic status, hypertension, and diabetes.

COVID-19, and pneumonia), urinary tract infections, and
bacteremia with myocardial infarction or major cardio-
vascular events. The relative risk estimates have ranged
from 2.4 to 21.7 for respiratory tract infections, from 2.2
to 3b.2 for bacteremia, and from 1.7 to 2.7 for urinary
tract infections.246734-36 Qur analyses on 931 diagnoses
of infectious diseases with follow-up divided into 3 peri-
ods (ie, <1 month, >1 month and <1 year, and >1 year)
substantially supplement this evidence base. We found
that the increased short-term (1 month) risk for major
cardiovascular events was evident for a wide range of
hospital-treated infections, including bacterial and viral
infections in general, as well as infections of specific
sites (eg, respiratory and urinary tracts, and intestines).
Although there was variation in the magnitude of the rel-
ative risks associated with different types of infection, the
overall pattern of findings suggests that the increased

short-term cardiovascular risk may be a feature that is
common to severe infections in general.

In addition to short-term associations, we found long-
term associations of sepsis, pneumonia, and other bac-
terial infections with cardiovascular events. The risk of a
major cardiovascular event remained elevated for more
than a decade after infection. We also found a dose-
response association between severity (septic versus
nonseptic) and recurrence (single versus multiple hos-
pitalizations) of infections and the long-term risk of car-
diovascular events. These findings accord with previous
studies, in which multivariable-adjusted long-term relative
hazards for cardiovascular events ranged between 1.63
and 1.89 for pneumonia,? and between 1.27 and 2.30 for
sepsis.®3” However, increased long-term risk after infec-
tion is not a universal observation: in one investigation,
the increased cardiovascular disease risk was found only

Table 2. Absolute Risk of Major Cardiovascular Events Associated With Severe (Hospital-Treated)
Infection by Estimated Risk of ASCVD at Baseline and Time Since Infection in the UK Biobank

No. events among Incidence (95% CI) of major

Ten-year risk of AS- Time since severe No. severe those with severe cardiovascular events per
CVD at baseline infection infection infection 1000 person-years
Low* 1-30 days 11024 11 12.3 (6.8-22.2)

31-365 days 11 463 29 2.9 (2.0-4.1)

366+ days 17 322 209 2.1 (1.7-2.5)
Borderlinet 1-30 days 4099 11 33.4 (18.5-60.2)

31-365 days 4161 22 6.9 (4.6-10.2)

366+ days 5795 184 5.1 (4.1-6.3)
Intermediate$ 1-30 days 11474 27 29.5 (20.2-43.0)

31-365 days 11 480 93 10.2 (8.3-12.4)

366+ days 14 955 683 7.7 (6.9-8.6)
High§ 1-30 days 4983 32 81.7 (57.8-115.5)

31-365 days 4797 60 15.6 (12.2-19.9)

366+ days 5763 480 14.9 (13.1-16.9)

Ten-year risk of ASCVD at baseline was estimated using the American College of Cardiology/American Heart Association
Pooled Cohort Equations. ASCVD indicates atherosclerotic cardiovascular disease.

*Low-risk, <5%.

tBorderline-risk, 5% to <7.5%.
#Intermediate-risk, 7.5% to <20%.

§High-risk, >209%.

Circulation. 2023;147:1682-1593. DOI: 10.1161/CIRCULATIONAHA.122.061183
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Table 3. Population-Attributable Fractions of Severe Infections and Standard Cardiovascular Risk Fac-

tors on Major Cardiovascular Events

Replication cohort (Finn- High-income countries High-income countries
Risk Factor UK Biobank | ish multicohort sample) (PURE study)* (GBD 2019)t
Severe infections 4.4 6.1 - -
Smoking 9.7 19.7% 15.7 9.5
Hypertension 23.1 4.8 14.6 31.3
Diabetes 3.3 2.3 7.8 15.7
High LDL cholesterol 12.3 - 20.7 18.7
Joint PAF 52.9 33.0 58.8 75.3

Data expressed in percentages (%). Reported PAFs are weighted to reflect the contribution of each risk factor to the total PAF.
Details of the PAF computations and definitions of risk factors in each study are reported in Tables S4 and Sb.

— indicates data not available; GBD 2019, Global Burden of Disease Study 2019; LDL, low-density lipoprotein; PAF, population-
attributable fraction; and PURE study, Prospective Urban Rural Epidemiology study.

*Data from Yusuf S et al** in which non—high-density lipoprotein cholesterol was used instead of LDL cholesterol.

tData are from GBD 2019 Risk Factors Collaborators?” and the GBD Results Tool (http://ghdx.healthdata.org/gbd-results-tool).
Cardiovascular deaths (the combination of coronary heart disease and stroke deaths) were used instead of major cardiovascular

events, for which data were not available.

#Smoking data are from a subcohort (n=121 899 [of 273 316]) with such data available.

during the first 30 days after bacteremia,* and in another
study, the association was evident only during the first 7
days after influenza.!

Part of the observed excess risk in individuals with a
history of severe infection could be attributable to mis-
classification of infection-related deaths as cardiovascular
deaths among participants with underlying cardiovascular
disease. However, this is an unlikely explanation for our
findings, as the excess risk was also observed for non-
fatal cardiovascular disease events. Hospitalization from
noninfectious causes showed a weaker short-term asso-
ciation with cardiovascular disease events than did hospi-
talizations from infection, suggesting that the short-term
association of severe infections with cardiovascular dis-
ease is not attributable to the nonspecific effects of sim-
ply being hospitalized. This inference is strengthened by a
sensitivity analysis in which we used participants hospital-
ized from noninfectious causes as the comparison group
instead of all those not hospitalized for infections. The
association between infections and cardiovascular events
remained strong; there was >2-fold increased risk of car-
diovascular disease during the first month after infection.

A further potential source of bias is the higher preva-
lence of conventional cardiovascular disease risk factors,
such as smoking and obesity, among those with severe
infections. Confounding by these risk factors is likely to
have different roles in the short- and longer-term risk of
cardiovascular disease. The observed time-dependent
association characterized by the abrupt increase of car-
diovascular disease risk immediately after an infection,
and its rapid decline thereafter, is not consistent with
the temporal pattern of risk associated with conventional
cardiovascular risk factors.5®® This suggests that infec-
tions may act as triggers of acute cardiovascular events,
particularly in the presence of underlying atheroscle-
rosis. By contrast, the somewhat increased long-term
postinfection risk could well be explained by residual

1590 May 23,2023

confounding even after adjustment for standard cardio-
vascular risk factors, as unmeasured differences in these
risk factors or other health problems could increase the
risk of both being hospitalized for an infection and expe-
riencing a cardiovascular event.

Several plausible mechanisms might explain why infec-
tions could trigger acute cardiovascular events. Acute
infection increases metabolic needs and heart rate.
This increases the oxygen need of myocardial cells and
decreases oxygen supply to the heart by shortening the fill-
ing time of coronary arteries during diastole, a combination
of changes that predisposes to demand ischemia, which
is also known as type 2 myocardial infarction.'® Increased
levels of catecholamines and inflammatory cytokines may
contribute to arrhythmias, and infections might also cause
direct myocardial damage.'® Furthermore, infections may
increase inflammation in atheromatous plaques, making
them less stable, and move the body into a prothrombotic
state, increasing the risk of blood clots that can block an
artery.'2'3% There is also some evidence suggesting that
inflammatory changes could persist after resolution of the
acute phase of a severe infection.'*4°

We evaluated societal impacts using the population-
attributable fraction, a statistic that integrates the preva-
lence of the risk factor in the population and the strength
of its association with the outcome being considered. The
core assumption in this calculation is that the risk factor
has a causal impact on the outcome. If the long-term
associations observed in this study are indeed causal,
the considerable estimated burden of infection-related
cardiovascular events suggests that more effective pre-
vention of infectious diseases will reduce the population-
level occurrence of cardiovascular disease. However, in
addition to the uncertainty of the causality assumption,
further uncertainty arises from the considerable variation
in the PAF estimates between cohort studies featured
in our analyses, possibly reflecting differences in study

Circulation. 2023;147:15682-1593. DOI: 10.1161/CIRCULATIONAHA.122.061183
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populations and the measures of cardiovascular risk fac-
tors. For a more accurate determination of the burden of
cardiovascular disease attributable to infections and tra-
ditional risk factors, future studies should aim to rely on
representative population samples and uniform assess-
ment of both infections and cardiovascular risk factors.

Strengths and Limitations

The strengths of this study include large sample size, sys-
tematic assessment of hospitalizations for a wide range
of infectious diseases at the level of specific diagnoses,
and disease ascertainment on the basis of nationwide
register data with high coverage, allowing a virtually com-
plete follow-up and uniform assessment of participants,
which was not dependent on a person’s active participa-
tion in study examinations during follow-up. The results
were replicated in a different setting with considerably
younger participants. This strengthens the robustness
and generalizability of our findings.

There are also several limitations. Our approach, which
focused on severe, hospital-treated infections, may have
overestimated the relative risk of major cardiovascular
events associated with infections but underestimated the
overall contribution of infections on the burden of cardio-
vascular disease, as we could only record infections that
were severe enough to warrant hospitalization, thus missing
the potential impact of milder infections, which constitute
the majority of all infections.’® We categorized infections to
reflect major clinical entities, but we recognize that other
categorizations could also have been chosen. We assumed
that pneumonia and urinary tract infection cases without
a specified cause would be bacterial, which may have
led to misclassification of some viral pneumonia cases.
Standard PAF computations are intended for chronic risk
factors, whereas most infections resolve quickly after an
initial acute phase. However, we believe that our approach
of using the association of infections with cardiovascular
events from the entire follow-up period in our PAF compu-
tations is a reasonable approximation of the overall asso-
ciation between infections and cardiovascular disease.

Further limitations include possible residual confounding
from inaccurate or lacking measurement of relevant con-
founders, which may have contributed to overestimation of
associations. We could not analyze treatments for infec-
tions or admission to intensive care. Response rate was
low in the UK Biobank, but observed risk factor—disease
associations have been in agreement with those from more
representative samples.*' All data were from high-income
countries. Future studies should assess the generalizability
of our findings in low- and middle-income countries.

Clinical Implications

Our findings show that the absolute cardiovascular risk
associated with severe infections is highest among
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people with preexisting elevated risk for cardiovascular
disease. In clinical settings, use of conventional risk es-
timators, such as the American College of Cardiology/
American Heart Association pooled cohort equations
for 10-year atherosclerotic cardiovascular disease risk,
helps to identify these people.”? Although particular at-
tention may be required for this group because of their
increased risk of infection-related cardiovascular events,
treatment decisions must account for the risk of major
intracranial and gastrointestinal bleeding, which may
also be increased in the acute phase of an infection.*3~°
Avoidance of potential triggers of cardiac and cerebro-
vascular events during the acute phase, such as exces-
sive use of alcohol, overeating, lack of sleep, work stress,
and long working hours, may be beneficial and is without
harm.46'47

CONCLUSIONS

Our findings indicate a substantially increased short-
term risk of cardiovascular and cerebrovascular events
immediately after severe infections. We also observed a
modest long-term excess risk of these events, but re-
sidual confounding cannot be excluded.

ARTICLE INFORMATION
Received June 7, 2022; accepted March 7, 2023.

Affiliations

Departments of Public Health (P.N.S, J.V.L, STN, JP, MK) and Bacteriology
and Immunology and Translational Immunology Research Program, University of
Helsinki, Finland (N.H., SM.). Finnish Institute of Occupational Health, Helsinki
(PN.S, AV, AK, STN., JP., MK). UCL Brain Sciences (J.V.L, G.D.B, MK.) and
Institute of Epidemiology and Health Care (A.CH.), University College London,
UK. Department of Public Health, University of Turku, Finland (J.V, S.S, J.P).
Centre for Population Health Research, University of Turku and Turku University
Hospital, Finland (J.V.). Turku University Hospital, Finland (S.S.). School of Health
and Education, University of Skévde, Sweden (S.S.). HUSLAB, Helsinki University
Hospital, Finland (S.M.). Faculty of Epidemiology and Population Health, London
School of Hygiene and Tropical Medicine, United Kingdom (C.W.-G.).

Acknowledgments

This research was conducted using data from the UK Biobank (https://www.
ukbiobank.ac.uk/) via application 60565.

Sources of Funding

This work was funded in whole, or in part, by grants from NordForsk (75021),
Academy of Finland (329202 and 350426), Helsinki Institute of Life Science,
Emil Aaltonen Foundation, Finnish Medical Foundation, Pivikki and Sakari Sohl-
berg Foundation, Finnish Foundation for Cardiovascular Research (a86898),
US National Institute on Aging (RO1AG056477, 1R56AG052519-01, and
1RO1AG052519-01A1), UK Medical Research Council (MRC S011676/1,
R024227/1, and MR/P023444/1), and Wellcome Trust (201440/Z/16/Z
and 221854/7/20/Z). The funders had no role in study design, data collec-
tion, analysis, or interpretation, or writing of the report or decision to submit it for
publication.

Disclosures

Dr Sipila reports grant support during the conduct of the study from NordForsk
(75021), Academy of Finland (311492 and 329202), Helsinki Institute of Life
Science, Emil Aaltonen Foundation, and Finnish Medical Foundation. Dr Lind-
bohm reports grant support during the conduct of the study from the Academy
of Finland (339568) and Paivikki and Sakari Sohlberg Foundation. Dr Batty re-
ports grant support from the UK Medical Research Council (MR/P023444/1)

May 23,2023 15691

(—)
=
=0
=
==
[
=
m
(7]
m
=
=
(o)
=



https://www.ukbiobank.ac.uk/@line 2@
https://www.ukbiobank.ac.uk/@line 2@

=
(]
=
=T
L
(7]
(v}
o=
—
=z
=
=
-
(—]

€202 ‘gz aunc uo Agq Bio'sfeuinofeye;/:dny woly papeojumod

Sipila et al

and US National Institute on Aging (1R66AG052519-01 and TROTAG052519-
01A1). Dr Vahtera reports grant support from the Academy of Finland (321409
and 329240) and NordForsk (75021). Dr Nyberg reports grant support from
NordForsk (75021). Dr Warren-Gash reports support from Wellcome Fellowship
(201440/Z/16/2). Dr Kivimaki reports grant support during the conduct of the
study from NordForsk (75021), UK Medical Research Council (MRC SO11676/1
and R024227/1), US National Institute on Aging (RO1AG056477), Academy
of Finland (329202 and 350426), Finnish Foundation for Cardiovascular Re-
search (a86898), Finnish Work Environment Fund (190424), and Wellcome Trust
(221854/Z/20/Z). The other authors report no conflicts.

Supplemental Material
Figures S1-S15

Methods S1-S2

Tables S1-S7

References 48-56

REFERENCES

1.

1692 May 23,2023

. Musher DM, Abers MS, Corrales-Medina VF. Acute

Kwong JC, Schwartz KL, Campitelli MA. Acute myocardial infarction after
laboratory-confirmed influenza infection. N Engl J Med. 2018;378:2540—
2541. doi: 10.1056/NEJMc 1805679

. Corrales-Medina VF, Alvarez KN, Weissfeld LA, Angus DC, Chirinos JA,

Chang C-CH, Newman A, Loehr L, Folsom AR, Elkind MS, et al. Association
between hospitalization for pneumonia and subsequent risk of cardiovascu-
lar disease. JAMA. 2015;313:264-274. doi: 10.1001/jama.2014.18229

. Ou S-M, Chu H, Chao P-W, Lee Y-J, Kuo S-C, Chen T-J, Tseng C-M, Shih

C-J, Chen Y-T. Long-term mortality and major adverse cardiovascular events
in sepsis survivors. A nationwide population-based study. Am J Respir Crit
Care Med. 2016;194:209-217. doi: 10.1164/rccm.201510-20230C

. Dalager-Pedersen M, Segaard M, Schenheyder HC, Nielsen H, Thomsen

RW. Risk for myocardial infarction and stroke after community-ac-
quired bacteremia: a 20-year population-based cohort study. Circulation.
2014;129:1387-1396. doi: 10.1161/CIRCULATIONAHA.113.006699

. Davidson JA, Banerjee A, Smeeth L, McDonald HI, Grint D, Herrett E,

Forbes H, Pebody R, Warren-Gash C. Risk of acute respiratory infection
and acute cardiovascular events following acute respiratory infection among
adults with increased cardiovascular risk in England between 2008 and
2018: a retrospective, population-based cohort study. Lancet Digit Health.
2021;3:¢773-e783. doi: 10.1016/52589-7600(21)00203-X

. Smeeth L, Thomas SL, Hall AJ, Hubbard R, Farrington P, Vallance P. Risk of

myocardial infarction and stroke after acute infection or vaccination. N Eng/
J Med. 2004;351:2611-2618. doi: 10.1066/NEJMoa041747

. Katsoularis |, Fonseca-Rodriguez O, Farrington P, Lindmark K, Fors Connolly

A-M. Risk of acute myocardial infarction and ischaemic stroke following CO-
VID-19 in Sweden: a self-controlled case series and matched cohort study.
Lancet. 2021;398:5699-607. doi: 10.1016/50140-6736(21)00896-5

. Frébert O, Gétberg M, Erlinge D, Akhtar Z, Christiansen EH, Macintyre

CR, Oldroyd KG, Motovska Z, Erglis A, Moer R, et al. Influenza vaccina-
tion after myocardial infarction: a randomized, double-blind, placebo-
controlled, multicenter trial. Circulation. 2021;144:1476-1484. doi:
10.1161/CIRCULATIONAHA.121.057042

. Warren-Gash C, Smeeth L, Hayward AC. Influenza as a trigger

for acute myocardial infarction or death from cardiovascular dis-
ease: a systematic review. Lancet Infect Dis. 2009;9:601-610. doi:
10.1016/51473-3099(09)70233-6

. Smith CM, Shallcross LJ, Dutey-Magni P, Conolly A, Fuller C, Hill S, Jhass

A, Marcheselli F, Michie S, Mindell JS, et al; PASS research group. Inci-
dence, healthcare-seeking behaviours, antibiotic use and natural his-
tory of common infection syndromes in England: results from the Bug
Watch community cohort study. BMC Infect Dis. 2021;21:105. doi:
10.1186/s12879-021-05811-7

. Warren-Gash C, Bhaskaran K, Hayward A, Leung GM, Lo S-V, Wong C-M,

Ellis J, Pebody R, Smeeth L, Cowling BJ. Circulating influenza virus, cli-
matic factors, and acute myocardial infarction: a time series study in Eng-
land and Wales and Hong Kong. J Infect Dis. 2011;203:1710-1718. doi:
10.1093/infdis/jir171

. Mittleman MA, Mostofsky E. Physical, psychological and chemical trig-

gers of acute cardiovascular events: preventive strategies. Circulation.
2011;124:346-354. doi: 10.1161/CIRCULATIONAHA.110.968776

infection and
myocardial infarction. N Engl J Med. 2019;380:171-176. doi:

10.1056/NEJMra1808137

20.

21.

22.

23.

24.

26.

26.

27.

28.

29.

30.

31.

32.

33.

34,

Severe Infection and Cardiovascular Disease

. Xie'Y, Xu E, Bowe B, Al-Aly Z. Long-term cardiovascular outcomes of COV-

ID-19. Nat Med. 2022;28:583-590. doi: 10.1038/541591-022-01689-3

. Sipila PN, Heikkila N, Lindbohm JV, Hakulinen C, Vahtera J, Elovainio M,

Suominen S, Vaananen A, Koskinen A, Nyberg ST, et al. Hospital-treated in-
fectious diseases and the risk of dementia: a large, multicohort, observation-
al study with a replication cohort. Lancet Infect Dis. 2021;21:1657—1567.
doi: 10.1016/S1473-3099(21)00144-4

. Kivimaki M, Batty GD, Singh-Manoux A, Britton A, Brunner EJ, Shipley

MJ. Validity of cardiovascular disease event ascertainment using link-
age to UK hospital records. Epidemiology. 2017;28:735-739. doi:
10.1097/EDE.0000000000000688

. Sund R Quality of the Finnish Hospital Discharge Register: a sys-

tematic review. Scand J Public Health. 2012;40:505-515. doi:
10.1177/1403494812456637

. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer

M, Bellomo R, Bernard GR, Chiche J-D, Coopersmith CM, et al. The third
international consensus definitions for sepsis and septic shock (Sepsis-3).
JAMA. 2016;315:801-810. doi: 10.1001/jama.2016.0287

. GBD 2019 Diseases and Injuries Collaborators. Global burden of 369

diseases and injuries in 204 countries and territories, 1990-2019: a sys-
tematic analysis for the Global Burden of Disease Study 2019. Lancet.
2020;396:1204-1222. doi: 10.1016/S0140-6736(20)30925-9
Christensen KLY, Holman RC, Steiner CA, Sejvar JJ, Stoll BJ, Schonberger
LB. Infectious disease hospitalizations in the United States. Clin Infect Dis.
2009;49:1025-1035. doi: 10.1086/605562

Kiviméki M, Nyberg ST, Batty GD, Fransson El, Heikkila K, Alfredsson L,
Bjorner JB, Borritz M, Burr H, Casini A, et al; IPD-Work Consortium. Job
strain as a risk factor for coronary heart disease: a collaborative meta-
analysis of individual participant data. Lancet. 2012;380:1491-1497. doi:
10.1016/S0140-6736(12)60994-5

Kivimaki M, Singh-Manoux A, Pentti J, Sabia S, Nyberg ST, Alfredsson
L, Goldberg M, Knutsson A, Koskenvuo M, Koskinen A, et al; IPD-Work
consortium. Physical inactivity, cardiometabolic disease, and risk of de-
mentia: an individual-participant meta-analysis. BMJ. 2019;365:11495. doi:
10.1136/bm;j.11495

Lehtonen J, Lehtovirta J, Makela-Bengs P. THL-Toimenpideluokitus [THL
- Classification of Procedures]. National Institute for Health and Welfare
(THL); 2013. http://umn.fi/URN:ISBN:978-952-245-858-2

Yusuf S, Joseph P, Rangarajan S, Islam S, Mente A, Hystad P, Brauer M,
Kutty VR, Gupta R, Wielgosz A, et al. Modifiable risk factors, cardiovascular
disease, and mortality in 165 722 individuals from 21 high-income, middle-
income, and low-income countries (PURE): a prospective cohort study. Lan-
cet. 2020;395:795-808. doi: 10.1016/S0140-6736(19)32008-2

Torres A, Peetermans WE, Viegi G, Blasi F. Risk factors for community-
acquired pneumonia in adults in Europe: a literature review. Thorax.
2013;68:1057-1065. doi: 10.1136/thoraxjnl-2013-204282

Goff DC, Lloyd-Jones DM, Bennett G, Coady S, D'Agostino RB, Gibbons R,
Greenland P, Lackland DT, Levy D, O'Donnell CJ, et al. 2013 ACC/AHA guide-
line on the assessment of cardiovascular risk: a report of the American College
of Cardiology/American Heart Association Task Force on Practice Guidelines.
J Am Coll Cardiol. 2014,63:2935-2959. doi: 10.1016/}jacc.2013.11.005
GBD 2019 Risk Factors Collaborators. Global burden of 87 risk factors
in 204 countries and territories, 1990-2019: a systematic analysis for the
Global Burden of Disease Study 2019. Lancet. 2020;396:1223-1249. doi:
10.1016/S0140-6736(20)30752-2

Sipila PN, Lindbohm JV, Singh-Manoux A, Shipley MJ, Kiiskinen T, Havulinna
AS, Vahtera J, Nyberg ST, Pentti J, Kivimaki M. Long-term risk of dementia
following hospitalization due to physical diseases: a multicohort study. Al-
zheimers Dement 2020;16:1686-1695. doi: 10.1002/alz.12167

World Health Organization. WHO Coronavirus (COVID-19) Dashboard. Ac-
cessed November 18, 2021. https://covid19.who.int/

Fine JP, Gray RJ. A proportional hazards model for the subdistribu-
tion of a competing risk. J Am Stat Assoc. 1999;94:496-509. doi:
10.1080/01621469.1999.10474144

Darrow LA, Steenland NK. Confounding and bias in the attributable fraction.
Epidemiology. 2011;22:53-58. doi: 10.1097/EDE.Ob013e3181fce49b
Reichert TA, Simonsen L, Sharma A, Pardo SA, Fedson DS, Miller MA. Influ-
enza and the winter increase in mortality in the United States, 1959-1999.
Am J Epidemiol. 2004;160:492-502. doi: 10.1093/aje/kwh227

Bainton D, Jones GR, Hole D. Influenza and ischaemic heart disease--a pos-
sible trigger for acute myocardial infarction? Int J Epidemiol. 1978;7:231—
239. doi: 10.1093/ije/7.3.231

Ohland J, Warren-Gash C, Blackburn R, Melbak K, Valentiner-Branth
P, Nielsen J, Emborg H-D. Acute myocardial infarctions and stroke

Circulation. 2023;147:15682-1593. DOI: 10.1161/CIRCULATIONAHA.122.061183


http://urn.fi/URN:ISBN:978-952-245-858-2
https://covid19.who.int/

€202 ‘gz aunc uo Agq Bio'sfeuinofeye;/:dny woly papeojumod

Sipila et al

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Circulation. 2023;147:1682-1593. DOI: 10.1161/CIRCULATIONAHA.122.061183

triggered by laboratory-confirmed respiratory infections in Den-
mark, 2010 to 2016. Euro Surveil. 2020;25:1900199. doi:
10.2807/1660-7917.ES.2020.25.17.1900199

Corrales-Medina VF, Fatemi O, Serpa J, Valayam J, Bozkurt B, Madjid M,
Musher DM. The association between Staphylococcus aureus bacteremia
and acute myocardial infarction. Scand J Infect Dis. 2009;41:511-514. doi:
10.1080/00365540902913460

Knight R, Walker V, Ip S, Cooper JA, Bolton T, Keene S, Denholm R,
Akbari A, Abbasizanjani H, Torabi F, et al; CVD-COVID-UK/COVID-IM-
PACT Consortium and the Longitudinal Health and Wellbeing COVID-19
National Core Study. Association of COVID-19 with major arterial and
venous thrombotic diseases: a population-wide cohort study of 48 mil-
lion adults in England and Wales. Circulation. 2022;146:892-906. doi:
10.1161/CIRCULATIONAHA.122.060785

Jafarzadeh SR, Thomas BS, Warren DK, Gill J, Fraser VJ. Longitudinal study
of the effects of bacteremia and sepsis on 5-year risk of cardiovascular
events. Clin Infect Dis. 2016;63:495-500. doi: 10.1093/cid/ciw320

Batty GD, Shipley M, Smith GD, Kivimaki M. Long term risk factors for coro-
nary heart disease and stroke: influence of duration of follow-up over four
decades of mortality surveillance. Eur J Prev Cardiol. 2015;22:1139-1145.
doi: 10.1177/2047487314547659

Xiong T-Y, Redwood S, Prendergast B, Chen M. Coronaviruses and the
cardiovascular system: acute and long-term implications. Eur Heart J.
2020;41:1798-1800. doi: 10.1093/eurheartj/ehaa231

Yende S, Kellum JA, Talisa VB, Peck Palmer OM, Chang C-CH, Filbin MR,
Shapiro NI, Hou PC, Venkat A, LoVecchio F, et al. Long-term host immune
response trajectories among hospitalized patients with sepsis. JAMA Netw
Open. 2019;2:e198686. doi: 10.1001/jamanetworkopen.2019.8686
Batty GD, Gale CR, Kiviméki M, Deary 1J, Bell S. Comparison of risk fac-
tor associations in UK Biobank against representative, general popula-
tion based studies with conventional response rates: prospective cohort
study and individual participant meta-analysis. BMJ. 2020;368:m131. doi:
10.1136/bmjm131

Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn
EJ, Himmelfarb CD, Khera A, Lloyd-Jones D, McEvoy JW, et al. 2019 ACC/
AHA Guideline on the primary prevention of cardiovascular disease: a report
of the American College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines. Circulation. 2019;140:e596—-e646.
doi: 10.1161/CIR0000000000000678

Ahmed H, Whitaker H, Farewell D, Hippisley-Cox J, Noble S. Respiratory
tractinfection and risk of bleeding in oral anticoagulant users: self-controlled
case series. BMJ. 2021;375:e068037. doi: 10.1136/bmj-2021-068037
Goeijenbier M, van Wissen M, van de Weg C, Jong E, Gerdes VEA, Meijers
JCM, Brandjes DPM, van Gorp ECM. Review: viral infections and mecha-

45,

46.

47.

48,

49,

50.

51.

52.

53.

54.

55.

56.

Severe Infection and Cardiovascular Disease

nisms of thrombosis and bleeding. J Med Virol 2012;84:1680—-1696. doi:
10.1002/jmv.23364

RECOVERY  Collaborative ~ Group. Aspirin in  patients — admit-
ted to hospital with COVID-19 (RECOVERY): a randomised, con-
trolled, open-label, platform trial. Lancet 2022;399:143-151. doi:
10.1016/S0140-6736(21)01825-0

Kloner RA. Natural and unnatural triggers of myocardial infarction. Prog
Cardiovasc Dis. 2006;48:285-300. doi: 10.1016/j.pcad.2005.07.001
Kivimaki M, Steptoe A. Effects of stress on the development and progres-
sion of cardiovascular disease. Nat Rev Cardiol. 2018;15:215-229. doi:
10.1038/nrcardio.2017.189

Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T, Collins R,
Allen NE. Comparison of sociodemographic and health-related characteris-
tics of UK Biobank participants with those of the general population. Am J
Epidemiol. 2017;186:1026-1034. doi: 10.1093/aje/kwx246

Goddard E. National Statistics Methodological Series No. 37. Estimating Al-
cohol Consumption from Survey Data: Updated Method of Converting Vol-
umes to Units. Office for National Statistics; 2007.

Kiviméki M, Lawlor DA, Davey Smith G, Kouvonen A, Virtanen M, Elovainio
M, Vahtera J. Socioeconomic position, co-occurrence of behavior-related
risk factors, and coronary heart disease: the Finnish Public Sector study. Am
J Public Health. 2007;97:874-879. doi: 10.2105/AJPH.2005.078691
Classificatio Morborum et Causarum Mortis: Tauti- ja Kuolinsyyluokitus [Clas-
sification of Diseases and Causes of Death]. Lagkintohallitus; 1969. http://
urn.fi/URN:NBN:fi-fe2017 10058910

Tautiluokitus 1987: Osa 1: Systemaattinen Osa [Classification of Diseases
1987: Part 1: Systematic Part]. Léaakintohallitus; 1986. http://urn.fi/
URN:NBN:fi-fe20170126 1356

Tautiluokitus ICD-10. 3. painos. [Third edition of the Finnish version of the
International Statistical Classification of Diseases and Related Health Prob-
lems.]. National Institute for Health and Welfare (THL); 201 1. http://urn.fi/
URN:NBN:fi-fe201205085423

Korkeila K, Suominen S, Ahvenainen J, Ojanlatva A, Rautava P,
Helenius H, Koskenvuo M. Non-response and related factors in a
nation-wide health survey. Eur J Epidemiol. 2001;17:991-999. doi:
10.1023/a:1020016922473

Vaananen A, Murray M, Koskinen A, Vahtera J, Kouvonen A, Kiviméki M. En-
gagement in cultural activities and cause-specific mortality: prospective co-
hortstudy. PrevMed.2009;49:142-147.doi: 10.1016/jypmed.2009.06.026
Mach F, Baigent C, Catapano AL, Koskinas KC, Casula M, Badimon L,
Chapman MJ, De Backer GG, Delgado V, Ference BA, et al; ESC Scien-
tific Document Group. 2019 ESC/EAS Guidelines for the management of
dyslipidaemias: lipid modification to reduce cardiovascular risk. Eur Heart J.
2020;41:111-188. doi: 10.1093/eurheartj/ehz455

May 23,2023 15693

(—)
=
=
=
;>
-
o =
=g
I'I'II_I_I
==
=
(o)
=



http://urn.fi/URN:NBN:fi-fe201710058910@line 2@
http://urn.fi/URN:NBN:fi-fe201710058910@line 2@
http://urn.fi/URN:NBN:fi-fe201701261356@line 2@
http://urn.fi/URN:NBN:fi-fe201701261356@line 2@
http://urn.fi/URN:NBN:fi-fe201205085423@line 2@
http://urn.fi/URN:NBN:fi-fe201205085423@line 2@

