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Abstract

Invasive cardiovascular procedures which include heart transplantations, congenital heart surgery, coronary artery bypass grafts, cardiac
valve repair and replacement, and interventional cardiac electrophysiology procedures represent common mechanisms to treat a variety
of cardiovascular diseases across the globe. The majority of these invasive approaches employ antibiotics as a regular and obligatory
feature of the invasive procedure. Although the growing incidence of bacterial resistance to currently used antibiotics threatens to curtail
the use of all interventional surgical techniques, it remains an underappreciated threat within the arsenal of cardiovascular therapies. It
is reasonable to expect that the continued overuse of antibiotics and the frequent management of coronavirus disease 2019 (COVID-19)
infected patients with high doses of antibiotics will inevitably accentuate the rise of multidrug resistance. The purpose of this article is to
heighten awareness of the role of bacterial infections in cardiovascular disease, the use of antibiotics in today’s cardiovascular surgical
theaters, the threat facing cardiovascular surgery should multidrug resistance continue to rise unabated, and the development of new
antibiotic platforms to solve this problem.
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1. Cardiac surgery and the associated
bacterial infections

Although life style, diet and behavioural changes play
an increasingly important therapeutic and preventative role
in cardiovascular disease (CVD) [1], cardiac surgery re-
mains a valuable and integral clinical tool to address heart
and vascular disease. It is not a coincidence that inva-
sive cardiovascular surgical procedures became prominent
in the 1920’s at about the same time that antibiotics were
developed. Generally, the primary forms of cardiovascu-
lar invasive procedures used today are heart transplanta-
tion, congenital heart disease, coronary artery bypass grafts
(CABG), percutaneous coronary artery interventions (PCI),
cardiac valve repair and replacement, and interventional
cardiac electrophysiology procedures (Table 1, Ref. [2–9]).
Just these invasive cardiac surgical procedures total about
2 million per year in the USA alone. Without antibiotics to
combat the bacterial infections that inevitably accompany
these surgeries (with the exception of PCI in which infec-
tion is not common), their valuable life saving utility would
not be possible.

The types of bacterial species found to infect patients
during cardiovascular surgery are varied. Staphylococcus
aureus, particularly the methicillin-resistant type (MRSA),
has received the most research and clinical attention due to

its prevalence and the clinical challenges it generates. How-
ever, many other bacterial species are of concern in cardio-
vascular sugery (Table 2). A recent systematic review of 12
studies documented the presence of Yersinia sp. in infective
endocarditis, most commonly in the mitral valve but also in
the aortic valve [10]. Aminoglycosides, cephalosporins and
quinolones were used to deter the fever, sepsis and heart
failure that was found to accompany these Yersinia infec-
tions [10]. Corynebacterium jeikeium has also been found
as a rare cause of infective endocarditis [11]. Actinetobac-
ter baumannii and Actinetobacter calcoaceticus complexes
are becoming a serious problem in intensive care units,
particularly as these species become increasingly resistant
to conventional antibiotic therapy. Actinetobacter iwoffii
has also been identified as an infective species. The aor-
tic valve was most commonly involved. Aminoglycosides,
cephalosporins and carbapenems were the usual antibiotic
therapy administered. A combination of a cephalosporin
and an aminoglycoside was used in 78.5% of the cases in
one study [12]. The antibiotic therapy was successful in
70.3% of the cases and overall mortality was 32.4% [13].
An invasive species of Enterobacter cloacae has been iden-
tified in transplant recipients [14] as has Nocardia bacter-
aemia [15]. In over 1000 clinical samples collected from
patients suspected of heart infections, 57% contained gram
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Table 1. The most common invasive cardiac interventions in use today in the USA.
Surgical Intervention Annual Incidence of Use Year Introduced

Heart Valves 182,000 1923
Congenital heart disease 1938
Cardiac Electrophysiology Pacemakers >100,000 1958
CABG 519,000 1960
Cardiac Transplants 2000 1967
PCI 965,000 1977
TAVR 130,000 2002
Total cardiovascular surgeries/yr 1,898,000
Data are from references [2–9]. CABG, coronary artery by-pass graft; PCI, percutaneous
coronary intervention; TAVR, transcatheter aortic valve replacement.

Table 2. Common and rare pathogens identified in cardiac
surgeries.

Staphylococcus aureus Actinetobacter baumannii
Actinetobacter calcoaceticus Actinetobacter iwoffii
Enterobacter cloacae Nocardia bacteraemia
Escherichia coli Klebsiella pneumoniae
Rothia aeria Rothia dentocariosa
Yersinia sp (Y. pestis, Y. enterocolitica and Y. pseudotuberculosis)
Corynebacterium jeikeium β-lactamase

negative bacterial growth [16]. Of the 109 different gram
negative bacteria isolated, 40% were Escherichia coli, 30%
were Klebsiella pneumoniae [16]. Oral flora like Rothia
aeria and Rothia dentocariosa have been recovered from
patients during cardiac surgery and have been suggested to
be rare but significant causes of infective endocarditis [17].

2. The current use of antibiotics in
cardiovascular surgery

Antibiotics are required for use in cardiovascular
surgery to prevent or treat bacterial infections described
above that inevitably occur post-surgery. Catheter-related
bloodstream infection is a serious complication associated
with increases in morbidity, mortality and escalating health
care costs [18]. It is important to recognize that although
this is not a cardiac specific problem, it does have an impor-
tant impact on cardiac surgeries. In a 1990 survey of surgi-
cal members of the American College of Chest Physicians,
the overwhelming majority of respondents gave prophylac-
tic antibiotics for their invasive cardiovascular procedures
and today they are used routinely (Table 3, Ref [12,19]). In-
fections associated with invasive cardiovascular procedures
are not solely a problem for chest surgery.

Mediastinitis is an inflammatory infection of the mid-
chest due to perforation of the esophagus and deep sternal
wound infections. It is a serious acute or chronic compli-
cation that can accompany every cardiac surgery that in-
volves a sternotomy [20]. Post-operative infections occur
at an incidence rate of 1–18% in children with delayed clo-

Table 3. The frequency of prophylactic antibiotic usage in
cardiovascular surgeries.

Surgical Procedure
Frequency of

Antibiotic Use (%)

Cardiac Valve Surgery 96
Coronary Artery Bypass Graft Surgery 91
Electrophysiological Surgical Procedures 78
Congenital Heart Surgery routine*
Electrophysiological procedures include pacemakers and
defibrillators.
Data are from LoCicero, 1990 [19] and *[12].

sure of the sternum [21]. Increased morbidity and mor-
tality as well as increased costs are associated with post-
operative infections [20]. As early as the 1960’s, placebo-
controlled trials clearly demonstrated the benefits of the use
of antibiotic prophylaxis for the treatment and prevention
of bacterial infections post cardiac surgery [22,23]. Lim-
iting the use of antibiotics or antibiotic resistance to surgi-
cal site infections generally and sternal and mediasternal in-
fections specifically have significant ramifications for both
mortality and morbidity, in addition to the economic impli-
cations in lengthened hospital stays and extra drug expenses
[20,24,25].

The clear benefit of antibiotic administration post car-
diac surgery has led to the development of guidelines for
the use of antibiotics. These guidelines advise on both the
type of antibiotic to use as well as the duration and tim-
ing of the intervention. The type and dosages currently
recommended for use in the various surgeries has, how-
ever, evolved over time and experiencial usage. Over thirty
years ago, cardiac surgical procedures used cephalasporins
over 89% of the time. Of these, 57% were early generation
cephalosprins and 32%were late generation [19]. Penicillin
was employed 1.7% of the time and aminoglycosides 0.7%
[26]. In the 1990’s, patients who were allergic to penicillin
were administered cephalosporins 44% of the time, van-
comycin 35%, clindamycin 11% and aminoglycosides 5%
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of the time [19]. Twenty percent of cardiac surgeries de-
livered no pre-operative or intra-operative antibiotics. Ap-
proximately 35% of surgeons delivered antibiotics for 4
hours after surgery with 28% employing a 6-hour duration
of delivery [19]. By 1999, 94% of sugical centers were us-
ing first or second generation cephalosporins for periopera-
tive antibiotic therapy for 24 hours, but never exceeding 76
hours [26]. More recently, the most used prophylaxis regi-
ment employed second generation cephalosporins together
with aminoglycosides [12].

In postoperative situations, less consensus was appar-
ent. Twenty-nine different antibiotics from 8 subclasses
were employed [26]. By 2007, the Society of Thoracic
Surgeons Practice Guidelines recommended the use of β-
lactam antibiotics for primary prophylaxis in patients with-
out evidence of methicillin-resistant Staphylococcus au-
reus (MRSA). However, in MRSA patients, vancomycin
was the antibiotic of choice [27]. There appeared to be
no difference between the efficacy of different genera-
tion cephalosporins as antibiotics, although earlier gener-
ation cephalosporins like cefazolin may produce better in-
dications against Staphylococcus sp. infections in cardiac
surgery [27]. Up to 30% of all patients undergoing cardiac
surgery have evidence of exposure to Staphylococcus au-
reus and, therefore, have 3 times the risk of S. aureus infec-
tions post surgery [28]. Mupirocin has been shown to be an
effective antibiotic in these cases [29]. Sixty percent of pa-
tients receiving antibiotics were administered these antibi-
otics for longer than the recommended time of 24–48 hours
postoperatively [30,31]. Indeed, datawould suggest that the
prologation of antibiotic usage beyond 48 hours increases
the incidence of the rate of infection [12]. The increasing
emergence of MRSA infections in recent years has led to
more rigorous use of prophylactic vancomycin instead of
cephalosporins. Based on extensive CABG data from the
USA, vancomycin usage would save over 100 lives, pre-
vent over 3000 surgical site infections and save $43 million
[27]. Interestingly, a recent report has suggested that me-
thicillin resistance is not a prognostic factor in S. aureus
infective endocarditis [32].

Pre-operative administration of antibiotics like
cephalosporins for 1 hour before skin incision has now
been recommended and should be continued for 48 hours
after the completion of cardiac surgery [27,29]. Two grams
of cefazolin is recommended for patients weighing>60 kg.
A second dose of 1 g should be administered if the surgical
incision remains open in the operating room for surgeries
lasting longer than 4 hours [27,29] and was to be delivered
every 3–4 hours. It is clear that antibiotic administration is
mandatory in cardiovascular (CV) surgery.

3. The problem of multidrug resistance is not
hypothetical: it’s here

In 2014, The World Health Organization published an
extensive report “Antimicrobial resistance: global report on

surveillance 2014”, officially recognizing the rapid spread
of multidrug resistance as a global threat [33]. In 2020, the
World Health organization stated that “anti-microbial resis-
tance is one of the top ten global health threats facing hu-
manity” [34]. It is important to put this rather dire predic-
tion in perspective. In the past, the primary causes of death
at the turn of the 20th century which continued through its
early decades were bacterial in origin—pneumonia, dysen-
tery, enteritis, diphtheria and tuberculosis [35]. These dis-
eases were controlled through the discovery of antibiotics
and their eventual regular use in medical practices by the
third and fourth decades of that century were major factors
in reducing the rates of death and increasing our life span
throughout the 20th century and into the present day. Un-
fortunately, antibacterial resistance was observed [36] soon
after the initial discovery of antibiotics in the 1920s and a
multidrug resistant bacteria was identified as early as 1955
[37]. Each new class of antibiotics was subsequently fol-
lowed by the appearance of resistance to them [38]. Drug
development became less profitable which led to large phar-
maceutical companies leaving the field, further worsening
the problem [39].

In 2013, the Center for Disease Control and Preven-
tion (CDC) estimated that 2 million people get ill each
year in the United States from antibiotic-resistant infec-
tions [40]. By 2019, that estimate had increased to at least
2.8 million antibiotic-resistant infections with more than
23,000 deaths each year [41]. Of note, methicillin-resistant
Staphylococcus aureus was identified as one of the “Seri-
ous Threats” in this document. In 2018, there were 250,000
resistant bacterial infections in Canada, and more than 5400
directly related deaths [42]. It is predicted that by 2050
about 10million deaths globally each year will be attributed
to bacterial resistance, which will exceed deaths from can-
cer [43].

Multidrug resistance has economic as well as health
implications. It is expensive to develop new antibiotics but
it has become apparent that a lack of useful antibiotics is
even more expensive [37]. Antibiotic resistance was es-
timated to cost the Canadian healthcare system $1.4 bil-
lion/year in 2018 [42]. Canada’s Gross Domestic Product
(GDP) was estimated to be reduced by $2 billion in 2018
due to multidrug resistance [42]. Within less than 10 years,
antimicrobial resistance is predicted to drive 24million peo-
ple globally into extreme poverty [44]. The costs to the
world economy would be expected to exceed $100 trillion
[43].

4. The causes of multidrug resistance
Overuse of antibiotics in therapy for humans, as well

as for farm animals and fish in aquaculture is implicated
as a major reason for the rapid spread of bacterial mul-
tidrug resistance on a global scale. Bacteria, including non-
pathogenic bacteria in the environment, are exposed to sub-
lethal concentrations of antibiotics creating a powerful se-
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lective pressure resulting in resistance to multiple antimi-
crobials [45]. These resistance genes accumulate on plas-
mids which can be transferred laterally amongst different
bacterial species and insures resistance continues to evolve
and grow [46].

The molecular basis for the evolution of drug resis-
tance in bacteria has been studied extensively. There are
four main mechanisms of resistance. Multidrug resistance
in bacteria may be achieved by upregulation of multidrug
efflux pumps via random mutations [46,47]. Multidrug ef-
flux pumps are able to extrude a wide variety of compounds
making them one of the driving forces behind multidrug
resistance [48]. In addition, resistance can be achieved
through a decrease in membrane permeability by down-
regulation of bacterial porins, or via alteration of drug bind-
ing sites to deoxyribonucleic acid (DNA) via chromosomal
mutations in the ribosome, or, finally, by inactivation of the
drug via its modification by aminoglycoside modifying en-
zymes and β-lactamases [49].

Over a century ago, the Hemagglutinin Type 1 and
Neuraminidase Type 1 (H1N1) influenza A pandemic
wreaked havoc on the health of the world. About one third
of the world’s population died, most likely not due to the
influenza virus itself but due to secondary bacterial infec-
tions like pneumonia [50–52]. Collonising the lungs with
opportunistic pathogenic bacteria like Staphylococcus au-
reus and Staphylococcus pneumoniaewere the likely deadly
suspects [44]. With this knowledge in hand, it was sus-
pected that physicians would increase their usage of antibi-
otics during the current COVID-19 pandemic. Indeed, the
overall number of antibiotic prescriptions in the UK dur-
ing the pandemic increased significantly (6.71%) accord-
ing to National Health Service of England data despite a
growing trend since 2014 to reduce the use of antibiotics
[53]. Additional preliminary evidence supports the con-
tention that broad spectrum antibiotics are used increasingly
during the COVID-19 pandemic [54]. A review of current
literature found that 72% of hospitalized COVID-19 pa-
tients received antibiotics, while only 8% actually demon-
strated bacterial or fungal co-infections [55]. Amore exten-
sive meta-analysis of antibiotic use in COVID-19 patients
demonstrated the prevalence of prescribing antibiotics in
COVID-19 patients was 75% [56]. The prescription of an-
tibiotics was higher with increasing age, higher in those on
mechanical ventilation and lower in children [56]. With
the estimated incidence of bacterial co-infection at 9%, it is
clear that over-prescription of antibiotics is rampant during
the current COVID-19 pandemic [56]. Indeed, up to 70%
of antibiotic usage in COVID-19 patients was not indicated
clinically [57].

This has led to the inevitable conclusion that the esca-
lating and unnecessary use of high dose antibiotics to curb
the current COVID-19 pandemic will accelerate multidrug
resistance [52,55]. Significantly, countries like India are al-
ready showing disturbing trends. COVID-19 and secondary

bacterial co-infection rates were higher and resulted in an
increased incidence of death [58]. It is, therefore, again rea-
sonable to expect that the estimates of the rise of bacterial
resistance to antibiotics created prior to the COVID-19 pan-
demic may have underestimated the time line of its impact
on health care in the coming years.

It is important, however, to recognize that these data
and the concerns about antibiotic overuse are dependent
upon the period studied and the country investigated. A re-
cent study of antibiotics usage in 204 countries revealed a
46% increase in the daily consumption of antibiotics glob-
ally from 2000 to 2018 [59]. The specific country exam-
ined influenced usage significantly (9 fold) from its low in
the Philippines to a high of 46 defined daily doses of an-
tibiotics per 1000 population in Greece [59]. This likely
reflects differences in admission procedures, hospital capa-
bilities and capacities. High income countries have a more
than three times higher rate of antibiotic usage than low and
middle income countries [59].

5. The implications of multidrug resistance
for the disruption of invasive cardiovascular
procedures

Simply adding up the numbers of surgeries currently
estimated for CABG, PCI, heart transplants, interventional
electrophysiological procedures and cardiac valve replace-
ments from the figures above, 2.5–3 million cardiovascu-
lar surgical interventions would be expected to occur in the
USA alone each year (Table 1). Denying all or even a frac-
tion of these patients access to these, in many cases, life-
saving surgical interventions, would have a drastic effect on
the overall health status of Amnericans. Increases in death
rates and decreases in average life span, a rise in hospital-
ization rates and increased length of hospitalization stays
would also be expected to develop. One would expect sim-
ilar implications for the world’s population with orders of
magnitude greater numbers involved. It is unlikely that the
expected global death rate estimated for 2050 described in
the preceding section takes into account the diminished, de-
layed or complete removal of access to life saving cardio-
vascular surgery that will inevitably accompany the devel-
opment of bacterial resistance to all antibiotics.

However, is there any emerging evidence of multidrug
resistance bacteria appearing in the cardiovascular surgical
theatre or is this an idle threat at the present time? A body of
data on rapidly spreading multidrug resistance in bacterial
species implicated in cardiovascular maladies and invasive
treatments is accumulating, including Helicobacter pylori
[60], Porphyromonas gingivalis [61] and Chlamydia pneu-
moniae [62]. In a Brazilian case report, a 59 year old male
heart transplant patient went into septic shock and multiple
organ failure leading to death 50 days post transplantation
due to infection with multidrug resistant Klebsiella pneu-
monia [63]. In China’s Wuhan Hospital, of 299 heart trans-
plant patients, 49.2% were found to be infected with 259
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Fig. 1. Current approaches for drug development to combat antibiotic resistance. These strategic approaches include phage therapy,
antimicrobial peptides, anti-virulence compounds and the development of novel drug designs.

different pathogens [64]. Of these 147 infected patients,
64 multidrug resistant bacteria were detected within one
year after the transplant. Extended spectrum β-lactamases
in Klebsiella pneumonia and methicillin-resistant Staphy-
lococcus aureus were the most common resistant species
identified. In India, similar results were reported for their
heart transplant patients. Of 149 transplant patients, 31%
reported bacterial infectons within the year following the
transplant [65]. Thirty of the 46 infected patients were in-
fected with multidrug resistant bacteria. Again, the most
common resistant bacteria were with extended spectrum β-
lactamase and Klebsiella pneumonia but Escheria coli and
Pseudomonas aeruginosa were also identified. Bacterial
infections were associated with a significantly higher mor-
tality rate versus thosewithout an infection. Extremely drug
resistant infections were associated with a 26 fold higher
risk of death [65].

The challenge of multidrug resistant bacteria is not re-
stricted to cardiac transplantation surgeries. Patients under-
going a variety of cardiac surgeries (including open heart
surgery) have shown evidence of infectious complications
with multidrug resistant bacteria varying in incidence from
0.6% [65] to 10% [66]. Patients with multidrug resistant
infections had a higher mortality rate than those infected
with non-multidrug resistant bacteria [66]. More severe
illness with multidrug resistant bacteria was also observed
[67]. E. coli, S. aureus and Acinetobacter baumannii strains
were identified as the multidrug resistant strains present
[67,68]. Recurrent infections with a multidrug resistant
Pseudomonas aeruginosa bacteria has been identified dur-
ing repeated triscupid valve replacements with aortic valve
homografts employed to treat relapsing tricuspid valve en-

docarditis [69]. Multidrug resistant P. aeruginosa bacteria
have also been identified following implantation with left
ventricular assistant devices [70,71]. In pediatric cardiac
surgery cases, the rate ofmultidrug resistant cases was 3.8%
in 2973 patients [72]. Interestingly, multidrug resistant bac-
teria was more often found in children admitted from other
hospitals in comparison to children admitted from home
[73]. In clinical samples collected from patients suspected
of heart infections, where the majority of the bacteria iden-
tified were E. coli or K. pneumoniae, 58% of the gram neg-
ative bacteria were resistant to ampicillin and 48% were re-
sistant to nalidixic acid in susceptibility tests [16]. Over
half of the bacterial isolates were multidrug resistant [16].
It is clear from these studies that multidrug resistant bacte-
ria are not only present currently in invasive cardiovascular
surgical procedures but its emergence is increasing [68].

6. The need to address multidrug resistance
immediately

For most of the history of antibiotics, the standard
pharmaceitcal approach has been to develop antibiotics
that can be used for many situations without the need to
first identify the cause (Fig. 1, Ref. [74–82]). These
broad-spectrum antibiotics affect unintended and often non-
pathogenic bacteria in the environment, which act as reser-
voirs for the development of multidrug resistance [74].
Broad-spectrum antibiotics also have a huge impact on
the human gut microbiota, frequently resulting in an over-
growth of Clostridium difficile [75]. The multiplicity of
molecular mechanisms underlying multidrug resistance has
led to the search for different approaches in new anti-
infectious strategies, including (in the addition to the de-
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velopment of new antibiotics) drug re-purposing. An idea
to abate the problem associated with broad spectrum an-
tibiotics is to generate/design narrow-spectrum antibiotics
[76]. Narrow-spectrum antibiotics, conversely, are largely
ignored by unintended targets and, therefore, would not be
expected to have amajor impact onmultidrug resistance de-
velopment. In the antibacterial pipeline there has been an
upward trend in the development of narrow-spectrum an-
tibiotics [39]. However, the use of narrow-spectrum antibi-
otics must be coupled with rapid and accurate diagnosis.
An innovative idea to overcome existing resistance mecha-
nisms is to produce antibiotic hybrids, which are two differ-
ent antibiotic types or an antibiotic and an adjuvant cova-
lently bound [77]. Other approacheswhich are currently be-
ing explored include antimicrobial peptides, anti-virulence
compounds, phage therapy [78], structural analogues of ex-
isting antibiotic platforms and novel platforms of drug de-
velopment [76,79]. However, a new platform for antibi-
otics has not been introduced into the marketplace for over
40 years. If this continues unabated, pathogenic bacteria
will challenge our health care systems as they did in past
centuries. An exciting new approach has been to specifi-
cally target bacterial energetics instead of the conventional
targets of membrane integrity, protein synthesis and DNA
replication [76,79]. The inhibition of bacterial respiration
represents a novel platform that also enjoys the secondary
consequence of inducing cell suicide by the generation of
reactive oxygen species [76,79]. However, this approach,
like phage therapy and many other novel advances, has yet
to be successfully employed clinically.

7. Conclusions and recommendations
Pathogenic bacteria, particularly a wide array of gram

negative bacteria, continue to represent a challenge to inva-
sive cardiovascular surgery of all kinds and cardiovascular
diseases in general. The development of antibiotics that are
immune to the resistance currently displayed by pathogenic
bacteria will be critical if the fate of cardiovascular surgery
is to be retained in even a facsimile of what it is today. The
crisis facing the world should bacteria continue to develop
resistance to current antibiotic therapies, as is predicted for
the future, will revolutionize medicine as it is practiced to-
day. The pharmaceutical industry must meet this impend-
ing challenge with novel antibiotic platforms that have the
potential to avoid multidrug resistance [76–84].
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