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Purpose of review

In this brief review, we discuss the current epidemiological data and latest results from basic research on
the cardiovascular sequelae after lower respiratory tract infection.

Recent findings

Novel epidemiological evidence substantiates the association between pneumonia and subsequent
cardiovascular events (CVEs) in the short- and long-term after viral or bacterial acute infection. Biomarkers
such as cardiac troponin or coronary artery calcium may represent useful predictive tools for the detection
of cardiac involvement during and after pneumonia. Particularly, Streptococcus pneumoniae directly cause
cardiac damage by invasion into the myocardium and formation of microscopic lesions finally leading to
the development of cardiac scarring in rodents and nonhuman primates. In addition, a causal relationship
between pulmonary inflammation and atherosclerotic plaque formation in systemic arteries has emerged
that appears to involve a mechanistic role for neutrophil granulocytes. However, many key
pathomechanisms by which pneumonia may trigger or promote subsequent CVEs still remain unclear.

Summary

Pneumonia may deleteriously impact cardiovascular function. Direct cardiomyocyte destruction by
pathogens as well as host inflammatory response associated effects including atherosclerotic plaque
development and/or rupture have been observed. Details of underlying mechanisms need to be further
investigated to deliver future perspectives for the prevention of CVEs subsequent to pneumonia.
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INTRODUCTION

Pneumonia is the most frequent infectious disease
and has for decades been among the four leading
causes of death worldwide. Even patients who sur-
vive the acute episode of pneumonia remain at an
increased risk for morbidity and mortality in the
postinfection period. Yet, the underlying causes for
these long-term effects remain elusive. A growing
number of epidemiological studies suggest associa-
tions between acute respiratory tract infections and
increased risk for subsequent cardiovascular events
(CVEs), including acute heart failure, acute coronary
artery syndrome or ischemic stroke within days and
weeks to years after pneumonia [1–3].
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PATHOPHYSIOLOGY

Pneumonia affects the entire organism and involves
many organ systems. Replication of pathogens such
as Streptococcus pneumoniae or influenza virus inside
the alveolar space causes tissue damage by release of
virulence factors (e.g. the pore-forming toxin
pneumolysin) and leads to activation of innate
t © 2019 Wolters Kluwe
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immunity. Pro-inflammatory cytokines [such as
tumor necrosis factor alpha (TNF-alpha), interleu-
kin-1 beta (IL-1 beta) or IL-6] mediate an inflamma-
tory response increasing the body’s energy demand
and oxygen consumption. In parallel, inflammation
of the lung parenchyma and oedema formation
disturb alveolar gas exchange and cause ventila-
tion-perfusion-mismatch with subsequent hypox-
emia, aggravating this critical state. In parallel,
pulmonary vascular resistance increases in response
to pro-inflammatory mediators such as platelet-
r Health, Inc. All rights reserved.
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KEY POINTS

� Epidemiological evidence suggests that pneumonia
contributes to cardiovascular events within days and
weeks to years after pulmonary infection.

� Discussed mechanisms include direct invasion of S.
pneumoniae into the myocardium with formation of
microscopic lesions as well as inflammation-driven
destabilization of atherosclerotic plaques.

� In-depth understanding of underlying mechanisms is
lacking but required to develop appropriate preventive
and therapeutic strategies.
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activating factor, resulting in an increased right
ventricular afterload and a reduced left ventricular
preload. Simultaneously, systemic vascular resis-
tance may decrease causing hypotension, and in
turn secretion of catecholamines. As a consequence,
a hyperdynamic state manifests with persistent
hypotension and tachycardia eventually requiring
fluid resuscitation. However, administration of
larger amounts of fluids may further affect the
already compromised function of the right ventri-
cle, and in combination with infection-associated
anaemia lead to increased oxygen demand, and
promote oedema formation in lungs with leaky
capillaries due to pneumonia-induced endothelial
barrier dysfunction, which further compromises
oxygenation. Moreover, the increased heart rate
primes the myocardium for the development of
arrhythmias. In combination, these factors fre-
quently impair left ventricular function in acute
infection, as reflected by elevated levels of cardiac
biomarkers such as B-type natriuretic peptide (BNP)
or atrial natriuretic peptide (ANP). As such, a dan-
gerous scenario of several positive feedback loops
emerges by which acute respiratory infections neg-
atively impact on the cardiovascular system (Fig. 1).
Although otherwise healthy individuals are able to
cope with these challenges, this situation may easily
become critical in patients with preexisting coro-
nary artery or heart disease [4].
CLINICAL DATA

Consistently, previous studies have demonstrated
the close association between an acute infection
and the onset of cardiovascular sequelae, with occur-
rence of CVEs in about 18% of pneumonia patients
[3]. Most complications not only arise within the
short-term period after infection (30 days) with about
90% occurring within the first week [5], but also
events that occur later (several months up to years)
are likely associated with previous lung infection [6].
 Copyright © 2019 Wolters Kluwer H
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Bornheimer et al. [7] studied the effects of pneu-
monia on the course of preexisting heart failure in a
retrospective trial and described an increase in risk
by 47.2% (17.8 vs. 12.1% in controls without pneu-
monia) for hospitalization due to aggravated heart
failure in a follow-up period of 30 days up to 1 year.
In a prospective study, the long-term effects of
community-acquired pneumonia (CAP) or acute
exacerbated COPD (AECOPD) on the occurrence
of ischemic heart events in patients with preexisting
peripheral artery disease were investigated over a
period of 1.5 years [8]. Patients had a higher risk for
CVEs (29.0 vs. 7.1% in controls) after acute respira-
tory infections, with a mean latency of 59.5 days. No
differences between the effects of CAP or AECOPD
on CVEs were detected. Eurich et al. [9

&&

] investi-
gated the first-ever occurrence of congestive heart
disease in a 10-year period after CAP. Previously,
healthy patients had an increased risk for develop-
ing congestive heart disease [adjusted hazard ratio
(HR)¼1.61] that was still increased 90 days after
CAP (HR¼1.52) and even higher 1 year (HR¼1.86)
after CAP. Interestingly, patients younger than
65 years showed a higher relative risk for the devel-
opment of congestive heart disease than controls
without infection, while older patients showed a
higher absolute but a lower relative risk (HR¼1.98
and 1.55, respectively). These results were found for
both inpatients and outpatients and are in line with
previous studies showing that the risk of CVEs after
CAP is highest shortly after infection, decreases after
the first week, but remains elevated for years com-
pared with controls [2,6].

Data from studies elucidating the effects of acute
respiratory infections on the cardiovascular system
are mostly derived from patients with pneumococ-
cal CAP. However, cardiovascular sequelae of respi-
ratory infections do not seem to be exclusively
limited to bacterial pneumonia, as viral respiratory
infections (especially influenza infections) are simi-
larly associated with subsequent CVEs, specifically
acute myocardial infarction (AMI) and stroke. In a
recent population study from England, weekly
occurrence of new AMI or stroke was documented
and correlated with positive laboratory testing for
several viral pathogens (including influenza, parain-
fluenza, RSV, human metapneumovirus, rhinovirus
and adenovirus). The association between viral infec-
tions and AMI/stroke was specifically prominent at
advanced age (> 65 years) [10]. A second study from
Scotland investigated the effects of influenza infection
or pneumococcal pneumonia on the incidence ratio
for AMI/stroke in a case–control study. They observed
an increased incidence ratio for AMI especially in the
first 3 days after admission for pneumococcal pneu-
monia (incidence ratio¼5.41) as well as for influenza
ealth, Inc. All rights reserved.
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FIGURE 1. Illustration of the interrelation between acute pneumonia and cardiovascular events. PVR, pulmonary vascular
resistance; SVR, systemic vascular resistance. Figure was produced using Smart Servier Medical Art (http://smart.servier.com/).
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infection (incidence ratio ¼5.59). Similar associations
were evident in stroke for both influenza (incidence
ratio ¼6.79) and – with an even higher ratio – for
pneumococci (incidence ratio ¼12.3), and remained
elevated throughout the follow-up period of over
28days [11

&

].Comparable findingshavebeenreported
by Kwong et al. [12

&&

] from a population in Canada.
They found an increased incidence ratio especially
within a determined risk interval of days 1–7 after
influenza infection, but no significant increase after
day 8. Again, the risk was highest for patients aged
more than 65 years. [12

&&

]. The notion that influenza
infections may trigger subsequent CVEs is also in line
with several studies showing a close association
between vaccination against influenza virus and a
reduced incidence of CVEs [13

&

,14]. However, the
question arises whether the influenza infection alone
causes CVEs or rather paves the way for superinfection
(e.g. with pneumococci), which then leads to CVEs. As
potential direct mechanism by which influenza may
promote CVEs, alterations in lipid metabolism affect-
ing the course of atherosclerosis have been discussed
[15,16]. At present, however, further research is war-
ranted to confirm direct causal links.

Notably, the effects described above are not
unique to respiratory infections. A series of studies
have identified a link between various kinds of
infections such as gastroenteritis, urinary tract infec-
tion or bacteraemia/sepsis and the occurrence of
CVEs [17]. For patients hospitalized with sepsis,
 Copyright © 2019 Wolters Kluwe
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Wang et al. [18] described the risk to develop acute
and fatal myocardial infarction (MI) over 10 years.
As compared to controls, patients surviving sepsis
had a significantly increased risk for the develop-
ment of an MI over a 10-year follow-up period, with
the highest risk in the first year (HR¼4.38) and a
gradually decreasing, yet persistent risk over the
following years. In addition, the risk for fatal MI
was elevated, in particular in the first 4 years after
hospitalization (HR¼3.29).

Many of the cited studies identified risk factors
for patients with pulmonary infections to develop
CVEs. An often reported risk factor was advanced
age, which can be explained in part by the higher
prevalence of cardiac comorbidities, including ath-
erosclerosis, congestive heart disease or atrial fibril-
lation in elderly patients. The aforementioned
results by Eurich et al. [9

&&

], however, were contra-
dictory to this general trend, as CAP increased the
risk for developing congestive heart disease rela-
tively more in younger as compared to older
patients. The authors suggested that lower vaccina-
tion rates against influenza and pneumococci in
younger patients than older ones may account for
this counterintuitive effect. In a recent study, Cilli
et al. [19] analysed additional risk factors for the
development of CVEs in patients with severe CAP.
For AMI, they identified not only advanced age but
also the presence of hypoalbuminemia, use of diu-
retics, vasopressors and haloperidol as significant
r Health, Inc. All rights reserved.
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risk factors. Severity of disease, preexisting condi-
tions and medications also seem to increase the risk
for developing CVEs. Vasopressors may be corre-
lated with a higher overall burden of disease and
overstrain the cardiovascular system of critically ill
patients leading to CVEs. The effects of diuretics, on
the contrary, may be in part attributable to side
effects of hypokalaemia, causing arrhythmias,
which are also a common adverse effect of haloperi-
dol due to elongation of the QT-interval. Along
similar lines, it remains controversial whether the
use of certain antibiotics, particularly macrolides,
correlates with the occurrence of CVEs [20], as mac-
rolide antibiotics can cause fatal arrhythmias by
prolonging the QT-interval [21]. Accordingly, the
previously mentioned study by Cilli et al. [19] also
investigated whether different antibiotic combina-
tions are associated with an increased risk for
arrhythmias and mortality in CAP patients [19],
and detected a significantly increased risk for
arrhythmias for patients treated with a beta-lac-
tam/macrolide combination. A study by Berni
et al. [22], on the contrary, compared the outcomes
for different antibiotic monotherapies in patients
with upper and lower respiratory tract infections
over a 37-day period, and presented seemingly
opposing results, in that clarithromycin monother-
apy was not associated with an increased risk for
CVEs. However, the population studied by Berni
et al. [22] was an outpatient cohort of younger
patients with minor preexisting cardiac conditions.
Thus, preexisting cardiovascular disease might play
an important role, as Ray et al. showed in 2012: they
demonstrated a higher risk for CVEs in patients with
a higher baseline risk score for cardiovascular disease
when treated with azithromycin [23]. In line with
these findings, a recent study also highlighted the
importance of adjustment for patient comorbidities
finding a lower risk for CVEs following azithromycin
therapy due to adjustment for patient characteristics
and comorbidities [odds ratio (OR)¼1.35 without
and 1.01 with adjustment] [24

&

].
Although the works summarized here have

established a generally increased risk for CVEs sub-
sequent to pneumonia, prediction of CVEs on an
individual level is at present still impossible, and
specific strategies to abrogate or minimize the risk-
enhancing effects of pneumonia are lacking. Thus,
means for prediction and secondary prevention are
urgently needed. Of the potential biomarkers that
could aid in predicting individual risks for CVEs
after pneumonia, cardiac troponins T and I (cTnT
and cTnI) seem particularly promising. Troponins
are filament proteins that are released from the
cardiomyocyte upon myocardial damage and are
used as state-of-the-art diagnostic tool for AMI with
 Copyright © 2019 Wolters Kluwer H
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high sensitivity and specificity. Importantly, tropo-
nin levels have been shown to be elevated in
patients with severe pneumonia and correlated with
mortality [25]. Similarly, levels of cTnT were signifi-
cantly associated with both short-term and long-
term mortality after pneumonia and improved prog-
nostic accuracy of the pneumonia severity index
(PSI) [26

&

]. Using noninvasive quantification of cor-
onary artery calcium (CAC, an objective marker of
coronary atherosclerotic burden) by MRI in hospi-
talized patients before and after pneumonia, Cor-
rales-Medina et al. [27

&&

] identified patients at a high
risk for CVEs to have higher baseline CAC levels and
an additional significant increase in CAC after CAP,
while patients at a low risk presented with lower
CAC baseline levels, which did not increase after
CAP. Moreover, among patients with high baseline
burden of atherosclerotic cardiovascular disease,
patients with pneumonia showed more pronounced
increases in CAC than those without pneumonia,
providing important evidence that increased risk for
CVEs after pneumonia is not solely due to a higher
baseline burden of atherosclerotic cardiovascular
disease (ASCVD) in pneumonia patients, but trig-
gered by pneumonia [27

&&

].
Although these findings identify troponin and

CAC as promising prognostic candidates, discovery
of meaningful biomarkers and development of effec-
tive prevention strategies are largely hamperedbyour
limited mechanistic insight into the causal link
between pneumonia and subsequent CVEs. In recent
years, however, a number of experimental studies
have started to address this critical knowledge gap.
EXPERIMENTAL DATA

Apart from the pathophysiological impact of preex-
isting cardiac disease (e.g. via demand ischemia),
our understanding of the mechanisms contributing
to CVEs in pneumonia patients is still in its infancy.
Of late, however, a direct interaction between the
most frequent pathogen of CAP, S. pneumoniae, and
the heart is being discussed (Fig. 1).

In 2014, Brown et al. [28] described the ability of
S. pneumoniae to invade and damage murine heart
tissue during invasive pneumococcal disease (IPD),
forming microscopic lesions (microlesions). Recent
studies in mice show that bacterial invasion starts
continuously as early as 12 h after infection, long
before the first microlesions become visible. More-
over, immune cell infiltrations are only visible in an
intermediate stage of lesion formation. In both early
and late stages, immune cells are frequently absent,
suggesting a local immunodeficiency. This may be
explained by the fact that recruited macrophages are
getting killed by pneumolysin via necroptosis and
ealth, Inc. All rights reserved.
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the reduced number of macrophages within the
heart in turn attenuates the inflammatory response
[29]. The appearance of these microlesions, how-
ever, seems to be serotype- and strain-dependent.
Strains need to reach high-grade bacteraemia first in
order to form microlesions, and thus not all strains
of pneumococci are capable of cardiac invasion. The
spectrum of patterns of cardiac damage between
strains varies from diffuse hydropic degeneration
to demarked microlesions filled with bacteria and
myocytolysis [30]. Further characterization of the
invading pneumococci revealed that bacteria
within the myocardium formed biofilms, had
decreased sensitivity to antibiotics and produced
large amounts of pneumolysin [31

&

]. Although it
has been proposed that in the heart bacteria are
mainly found extracellularly, Brissac et al. [32]
described the ability of S. pneumoniae to directly
invade and replicate inside cardiomyocytes. They
also identified Streptococcus pyruvate oxidase, an
enzyme with key metabolic functions that also
mediates reactive oxygen species (ROS) production.
Deletion of the pneumolysin gene in serotype 4
pneumococci did not prevent cardiac microlesion
formation, but application of antioxidants was effi-
cient suggesting that ROS may act as an alternative
virulence factor enabling heart tissue destruction
[32]. To confirm the results in an experimental
model that better reflects human disease, Reyes
et al. [33

&

] developed a nonhuman primate (NHP)
model of severe pneumococcal pneumonia. In NHP
with severe pneumonia, noninvasive cardiac moni-
toring revealed transient aberrations in the normal
heart function shown by ECG abnormalities and
ventricular motility disorders. Further, pneumo-
cocci were shown to invade the hearts of NHP,
noteworthy in a more disseminated manner com-
pared with the demarked microlesions in mice.
When rescued with antibiotic therapy, NHP devel-
oped cardiac scarring as a result of collagen synthesis
in damaged myocardium suggesting that scarring
might contribute to the long-term consequences of
CAP by promoting arrhythmias and/or impairing
left ventricular function leading to CVEs.

Apart from affecting the myocardium, acute
respiratory infection might also affect the course
of atherosclerosis: Jaw et al. [34] investigated the
effects of sterile inflammation following the intra-
tracheal application of lipopolysaccharide (LPS) in
atheroprone mice and showed that LPS-induced
pulmonary inflammation led to destabilization
of atherosclerotic plaques as demonstrated by
increased cell content and signs of haemorrhage.
LPS activates toll-like receptor 4 leading to recruit-
ment of polymorphonuclear leukocytes (PMNs) as
 Copyright © 2019 Wolters Kluwe
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main effector cells. As depletion of PMNs was effi-
cient to prevent plaque destabilization, PMNs were
suggested to play a crucial role in the pathogenesis
of plaque vulnerability induced by lung injury.
Interestingly, intraperitoneal application of LPS
did not cause plaque destabilization suggesting that
pulmonary localization of the focus of inflamma-
tion might be important in the pathogenesis
[34,35]. Although infection with Chlamydophila
pneumoniae had previously been proposed as an
underlying cause of atherosclerosis, convincing
clinical evidence supporting this hypothesis could
not be produced so far, as antibiotic treatment did
not turn out to be beneficial against atherosclerosis
progression [36].
CONCLUSION

Numerous epidemiological studies have convinc-
ingly shown a link between acute lung infection
and subsequent cardiovascular disease, but the
underlying mechanisms are not yet understood.
Occurrence of CVEs in the long-term period after
infection implies that long-lasting pathomechan-
isms are initiated in the acute stages of pneumonia.
In experimental studies, some possible mechanisms,
such as invasion of bacteria into the myocardium
with subsequent scarring, and destabilization of
atherosclerotic plaques in the context of pulmonary
inflammation have been identified, but further val-
idation and systematic expansion of these findings
is warranted. Systems medicine approaches may
help to unravel the complex relationship between
lung infection and cardiovascular diseases by gener-
ating mathematical models that may enhance
our mechanistic understanding, identify patient
populations at risk for pneumonia-driven CVEs
and create personalized therapeutic strategies.
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