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Abstract: The diagnosis of infective endocarditis (IE) during pregnancy is accompanied by a poor
prognosis for both mother and fetus in the absence of prompt management by multidisciplinary teams.
We searched the electronic databases of PubMed, MEDLINE and EMBASE for clinical studies address-
ing the management of infective endocarditis during pregnancy, with the aim of realizing a literature
review ranging from risk factors to diagnostic investigations to optimal therapeutic management
for mother and fetus alike. The presence of previous cardiovascular pathologies such as rheumatic
heart disease, congenital heart disease, prosthetic valves, hemodialysis, intravenous catheters or
immunosuppression are the main risk factors predisposing patients to IE during pregnancy. The
identification of modern risk factors such as intracardiac devices and intravenous drug administration
as well as genetic diagnostic methods such as cell-free deoxyribonucleic acid (DNA) next-generation
sequencing require that these cases be addressed in multidisciplinary teams. Guiding treatment
to eradicate infection and protect the fetus simultaneously creates challenges for cardiologists and
gynecologists alike.

Keywords: infective endocarditis; pregnancy; cardiovascular maternal risk; multidisciplinary
approach; heart team

1. Infective Endocarditis during Pregnancy—An Introduction to a Complex Issue

Cardiovascular disease is responsible for complications in 1–4% of pregnancies and
25% of maternal deaths [1]. Infective endocarditis (IE) is a rare condition during pregnancy,
with an extremely rare incidence rate of less than 0.01% [2]. From 1893 when the first
case of IE was reported by William Bart Osler to the present day, advances in diagnostic
methods and the development of new therapeutic molecules have allowed for prompt
diagnosis as well as the possibility of quickly administering a targeted antibiotic regimen to
reduce the risk of morbidity and mortality for both mother and fetus. The use of multiple
imaging assessment methods affords the possibility of surgical intervention during the
acute infectious process as well as the development of therapeutic guidelines with clear
indications for the use of antibiotics in pregnancy which have laid the foundation for
the clear management of this pathology, but with multiple challenges remaining for both
mother and fetus [3,4].
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IE is an infection of the endocardium and predominantly affects the anatomical struc-
tures on the left side of the heart [5]. The emergence of bacterial agents resistant to standard
antibiotic therapy, the increasing identification of “modern” risk factors such as intracardiac
devices and intravenous drug administration and the increasing prevalence of nosocomial
infections are current challenges with multiple implications for pregnant women with IE,
both medically, socially and economically [6,7].

The prognosis of patients with IE depends on the age at which pregnancy is achieved,
as it is known that young age is associated with a high risk of obstetric complications.
Epidemiological data in the literature highlights the high mortality rate of these pathologies,
both for the mother (22%) and the fetus (15%) in the absence of prompt management from
multidisciplinary teams [8].

Cardiovascular risk assessment is important to perform at every pregnancy, especially
in patients with a history of heart disease prior to pregnancy. The guidelines of the Euro-
pean Society of Cardiology [9] for the assessment of cardiovascular disease recommend
the application of the World Health Organization (WHO) classification of maternal car-
diovascular risk assessment, with prognostic and therapeutic implications alike. A large
proportion of clinical cases reported in the literature present as complications or cause of
death the occurrence of heart failure or an acute embolic cardiovascular event [10].

This article aims to review the latest information from the literature on the complex
management of IE during pregnancy starting from modern risk factors, plus genetic and
molecular diagnostic methods, to potential therapeutic targets contributing to a multidisci-
plinary and integrative approach to these cases.

2. Materials and Methods

We searched the electronic databases of PubMed, MEDLINE and EMBASE for clinical
studies addressing the management of infective endocarditis during pregnancy, with the
aim of conducting a review of recent literature on this topic, from pathophysiological
mechanisms to risk factors, signs and symptoms, as well as therapeutic management,
maternal and fetal outcome and future research directions.

We used the following words or phrases for searching: “infective endocarditis” or
“pregnancy”, plus one of the following (in various associations): “cardiovascular risk”,
“cardiovascular mortality”, “cardiovascular prognosis”, “cardiovascular risk factors”, “fetal
risk”, “fetal outcome”. Observational studies, including prospective or retrospective
cohort studies, RCTs, meta-analyses, guidelines and case reports related to our topic were
included. All selected articles were then reviewed individually to select additional relevant
publications from the reference section. Two independent reviewers selected studies by
analyzing the title and abstract.

3. From Pathophysiology to Multidisciplinary Assessment

There are few cases reported in the literature of IE in pregnant women, which increases
the importance for the academic world to understand the underlying mechanisms, the risk
factors involved, the discovery of incriminating microorganisms and optimal therapeutic
management, with maximum benefits for both fetus and mother.

3.1. Hemodynamic and Immunologic Adaptations during Pregnancy

The main physiological changes occur in the first weeks of pregnancy when some of the
pregnant patients will exhibit clinical manifestations suggestive for various cardiovascular
pathologies which were subclinical until that moment [11]. During pregnancy, a number
of hemodynamic changes occur at the cardiovascular level predominantly affecting the
hemodynamic status [12,13].

Heart rate increases on average by up to 25%, steady throughout pregnancy until the
third trimester [14–16]. Starting from the 25th week of pregnancy, there is an increase in
plasma volume on the one hand and on the other hand a 30% reduction in red blood cells
which leads to dilution anemia [17,18].
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The cardiac output increases as the pregnancy progresses, reaching in the third
trimester 45% higher than baseline. Some patients may experience increases in cardiac
output both at onset through increased stroke volume and in progression through vena
cava compression [19].

Changes in blood pressure values should be carefully monitored during pregnancy
to assess the hemodynamic impact on both mother and fetus [20,21]. Vascular resistance
occurring in the first trimester of pregnancy will lead to a decrease in blood pressure values,
especially for the systolic component where values can be up to 15 mmHg lower [11,22,23].
In a patient with right heart IE, the increased blood volume and hemodynamic changes
described above create an increased pressure environment that can easily lead to pulmonary
embolism. Systemic embolisms can occur in a similar way in pregnant patients with left
heart IE [24].

During pregnancy a number of immunological adaptations occur to adapt to the fetus
which increase the risk of infections [25,26]. During pregnancy, there are oscillations in
immune status, with data in the literature showing a global suppression [27]. Different
stages of pregnancy are associated with a distinct maternal immunological profile. Thus,
if in the first trimester studies have shown the existence of a significant inflammatory
substrate, the second trimester is characterized by a reduced inflammatory status creating
a predisposition for the occurrence of infections [28]. If we corroborate these data with
the presence of the risk factors mentioned above, we get a picture of a complex pathology,
which requires a rapid and efficient multidisciplinary approach.

3.2. Demographics and Risk Factors

Demographic Data

The risk of developing IE for women with congenital heart disease is lower than
that of men due to better dental and hand hygiene as well as lower rates of smoking
and intravenous drug use [29–31]. Increased life expectancy and the rise in healthcare-
associated infections have led to an increased incidence of IE among women, while in men
studies have reported a decrease in incidents with age [32]. Gender also influences the
mortality rate, with women having a higher risk than men [33]. An increased susceptibility
to infections secondary to the relative immunosuppression associated with pregnancy
exacerbates the negative impact of IE on both mother and fetus, both during pregnancy
and in the first weeks postpartum [34].

Kebed et al. [35] conducted a systematic review based on an analysis of 72 clinical trials
including 90 patients with peripartum IE. 98% of patients had native valve infections, with
the most common cardiac structure involved being the mitral valve. In the antibiotic era, IE
is no longer a disease of underdeveloped countries. Similar epidemiological phenomena
have been reported in high income countries due to rising living standards and prophylactic
antibiotic administration [36,37].

Risk Factors

The risk factors responsible for the development of IE in pregnant women are similar
to those of the general population, the three main etiologies being intravenous drug
administration, congenital heart disease and rheumatic heart disease [38,39]. 0.5% of
patients with congenital heart disease develop IE during pregnancy [9].

In the past, the most common causes of IE in young people were rheumatic heart
disease or congenital heart disease. Advances in technology have led to changes in the
panel of predisposing factors over time, with age, frailty or the presence of comorbidities
increasingly being blamed instead of prosthetic valves, hemodialysis, intravenous catheters
or immunosuppression [40,41] (Figure 1).

Over 75% of patients who develop IE secondary to intravenous drug administration have
endocardial damage, most commonly secondary to septic embolization at injection sites [42].
Tricuspid valve involvement is objectified in most cases, whereas pulmonary valve lesions
are much rarer [43,44]. Isolated pulmonary valve IE is a rare entity, with few such cases
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reported in the literature, especially in pregnant women. Risk factors include pulmonary
valve abnormalities, intravenous drugs or the presence of right heart catheters [45].
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There are few cases in the literature of IE involving devices used to close atrial sep-
tal defects in pregnant patients one year after the procedure. In a case series published
by Amedro et al. [46], none of the 22 patients with atrial septal defects closed with min-
imally invasive surgery developed IE at more than one year. This clinical finding has
a pathophysiological basis in the observation that bacterial insemination occurs before
neo-endothelialization of implanted devices, most commonly in the first 3 months [47].

Pregnant women may associate a partially immunocompromised status that increases
their risk of developing IE in the context of the presence of comorbidities with prognostic im-
plications on the course of pregnancy or fetal viability. This justifies the continuation of an-
tibiotic therapy beyond the 6-month period indicated by current clinical guidelines [48,49].
The susceptibility of pregnant women to certain infectious diseases or the modulation of
their severity is closely related to the placental immune response and its tropism for certain
pathogens [49,50]. These rare cases present diagnostic and treatment challenges, due to the
lack of accurate therapeutic recommendations. Most pregnant women have been excluded
from clinical trials that have investigated the indications for percutaneous closure of atrial
septal defects or patent foramen ovale [51–53].

Bicuspid aortic valve is the most common congenital disease, affecting 1–2% of the
general population. The occurrence of IE in these patients involves the presence of a
susceptible endothelium which allows for the aggregation of platelets and fibrin at this
level, with the consequent formation of thrombi which represent a favorable site for the
proliferation of microorganisms [54].

In the literature, there are extremely few clinical cases reported of patients with mitral
valve IE requiring simultaneous valve replacement and assisted cesarean delivery. One of
the main concerns in these situations is the safety of the fetus which may be jeopardized
by the need for a cardiopulmonary bypass [55]. The highest risks have been reported in
fetuses with a gestational age of 26 weeks and a reported survival rate of less than 28% [56].

Etiological Agents

Streptococci and staphylococci are the main etiological determinants of IE [57]. Staphy-
lococci are the most common pathogens, with Staphylococcus aureus being an increasingly
isolated pathogen that has a negative prognostic role [58–60]. IE can coexist with other
infections, usually caused by the same pathogen. The etiological agents of left heart IE are
predominantly streptococci, with staphylococci more commonly associated with right heart
involvement [61]. These cases are extremely rare in pregnancy, with very few such clinical
scenarios reported in the literature. One such example is a Streptococcus oralis infection



Medicina 2023, 59, 939 5 of 18

that caused IE and meningitis simultaneously [62]. Streptococcus oralis causes meningitis in
patients undergoing spinal anesthesia or certain dental procedures, and is rarely associated
with neonatal meningitis or maternal sepsis [63].

Bacillus cereus is a rare pathogen responsible for the occurrence of IE in the general
population, with less than 20 such clinical cases reported to date. It occurs most commonly
in drug users or those with implanted cardiac devices. Shah et al. [64] isolated Bacillus cereus
in the tricuspid valve of a 25-week pregnant patient, this being the first case of Bacillus cereus
infection in a pregnant woman. Khafaga et al. [58] reported for the first time Staphylococcus
lugdunensis as an etiologic agent of IE in a pregnant woman. Staphylococcus lugdunensis is a
coagulase-negative, skin commensal staphylococcus that colonizes the perineum [65,66].

Most cases of pregnant IE reported in the literature have a bacterial infection as a
microbiological substrate, with rare cases of fungi underlying this potentially fatal compli-
cation for both mother and fetus [67,68]. IE with fungal pathogens such as Zygomycetes are
frequently nosocomial, secondary to prolonged antibiotic therapy or intravenous catheteri-
zation [69,70]. Such a clinical situation was encountered in a pregnant woman previously
diagnosed with positive serology for hepatitis B [67].

3.3. Diagnosis and Management

The diagnostic and therapeutic management of these cases must be prompt, taking into
account the maternal impact of the associated morbidity and mortality as well as the high
risk of fetal death [29,35,71]. The management of IE in pregnant women must be carried out
in multidisciplinary teams that individualize the therapeutic plan and identify the optimal
time for surgery (in selected situations) and pregnancy termination [72]. Literature data
show a reduction of in-hospital (p < 0.001) and one-year mortality for pregnant patients
treated with multidisciplinary teams [73–75]. The development of such models of good
practice for the benefit of patients is an ongoing concern of clinicians and researchers in the
field alike, with the well-being of the mother and the fetus at the center [75,76].

Clinical Picture

The clinical picture of pregnant patients with IE may be the classic one with fever,
vascular murmurs, petechiae and clinical signs associated with anemia and emboliza-
tion [2], or may be partially masked by other symptoms associated with pregnancy. Special
attention should be paid to fever in pregnancy, as it is a symptom frequently associ-
ated with various causes such as chorioamnionitis, pneumonia, various viral infections
and pyelonephritis [77].

Diagnostic Methods

The diagnostic algorithm of pregnant patients with IE is similar to that of the pathology
in the general population. Identification of the infectious agent is achieved by bacterial
cultures which remain the standard test for pregnancy IE. In patients with negative cultures,
direct serological testing is performed. The guidelines of the European Society of Cardiology
recommend the collection of three blood cultures from different venipuncture sites, taken
at an interval of at least one hour between the first and the last [31,78]. Alternatively,
molecular testing (e.g., PCR testing for Tropheryma whipplei) or histopathological testing
using resected valves can be used. The modified Duke criteria help establish the diagnosis
of IE based on clinical, echocardiographic or microbiological findings [79,80].

Cell-free deoxyribonucleic acid (DNA) next-generation sequencing is a useful diag-
nostic tool, superior to the methods presented above because of the longer time interval
in which it can identify the pathogen compared to standard blood cultures [81–83]. Circu-
lating cell-free DNA was first discovered in 1948 by Mandel et al. [84,85]. Blood contains
small amounts of it, predominantly from bacteria, and is a veritable reservoir of genetic
material from all the body’s cells [86,87]. There are different types of cell-free DNA, the
most common being circulating tumor DNA, cell-free mitochondrial DNA, cell-free fetal
DNA and donor-derived cell-free DNA [88]. Recent studies have appreciated cell-free DNA
as a potential clinical biomarker associated with endothelial dysfunction [89].
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Cell-free DNA sequencing provides a rapid, non-invasive diagnosis, representing
the only diagnostic resource in some cases of IE in which the infectious agent could not
be identified by conventional microbiological identification methods [90]. In addition to
diagnosis, this method can also be used for monitoring infectious pathologies or for early
identification of recurrences, but further studies are needed on the decay of it in blood
after treatment [91]. Decay kinetics after treatment have not been extensively reviewed
in the literature to date, with few reports in the literature. Solanky et al. [91] presented
the case of a 53-year-old patient diagnosed with IE involving Bartonella quintana at the
level of the biological aortic prosthesis and periodically monitored decay kinetics after
parenteral antibiotic therapy and valve resection. The group of investigators observed
that after 4 weeks of parenteral antibiotic therapy, the cell-free DNA sequencing signal
decreased by approximately 80%. Following excision of the aortic bioprosthesis, the
decrease in cell-free DNA sequencing occurred in two phases, a rapid one in the first 24
h and a slow one occurring up to 48 h after surgery, which justifies its use as a method of
monitoring the response to antibiotic therapy.

Cell-free DNA sequencing and other state-of-the-art molecular methods are showing
their usefulness in the etiological diagnosis of IE, especially in those with negative bacterial
cultures [92,93]. A representative example is metagenomic next-generation sequencing,
which according to clinical studies published to date has a higher sensitivity than classical
diagnostic methods [94,95]. Duan et al. [96] analyzed a group of 109 patients, both with and
without different infectious pathologies, and demonstrated that although the sensitivity of
the method is superior, no statistically significant differences were reported in specificity
compared to cultures (p = 0.41). Comparing the infectious and non-infectious groups of
patients, the investigators demonstrated that the duration of hospitalization and the 28-day
death rate in the first group were statistically significant and superior. Advanced statistical
techniques identified age as a determinant parameter in obtaining positive metagenomic
next-generation sequencing analysis results.

Microbial cell-free DNA has a sensitivity of 89.3% and a specificity of 74.3% compared
to blood cultures, with each additional day that positive results are reported associated
with a 2.89-fold increased risk of metastatic infection (p = 0.0011) [97]. A recently published
systematic review included a total of 13 clinical trials using this genetic diagnostic method
in IE. Until August 2022, metagenomic next-generation sequencing has been used to
identify gram positive cocci (8.9% of cases), coagulase-negative staphylococci (17.6% of
cases), streptococci (37.5% of cases) and Enterococcus faecalis (6.6% of cases) [92].This method
not only enjoys advantages such as reduced processing time, the provision of real-time
information and ease of obtaining a blood sample, but also a number of disadvantages such
as the high cost of the molecular extraction technique and the lack of guidelines to give this
method the status of an alternative technique to conventional diagnostic methods due to
the lack of large clinical studies on large groups of patients confirming the data existing so
far from limited reports (Figure 2) [98].

Cell-Free DNA has also been identified in pregnant patients in the maternal circulation.
In 1997, a group of investigators identified Y-specific DNA fragments in the serum and
plasma of pregnant patients, representing approximately 3.4–6.2% of the plasma [99]. This
discovery led over time to the use of this genetic material for prenatal aneuploidy screening.
Particularly for pregnant women, the significant correlations are between the vegetation
length and the serum matrix metalloproteinase-9 level and the occurrence of embolic
events. Based on this observation, Thruny et al. [100] demonstrated that 64% of patients
with new embolic events had vegetations greater than 10 mm in size and a serum matrix
metalloproteinase-9 titer greater than 167 ng/mL [101].

Multimodal Imaging Assessment

The imaging assessment of a pregnant woman with IE should focus on reducing the
risk of fetal irradiation. The most commonly used methods of assessment and diagnosis
are transthoracic echocardiography and nuclear magnetic resonance [77,102,103]. Echocar-
diographic identification of vegetations requires transesophageal echocardiography as
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soon as possible in patients at high risk of complications [78] (Figure 3). The CAPREG
II study evaluated pregnant patients with various cardiovascular pathologies to identify
predictors associated with a high risk of maternal complications such as mechanical pros-
thesis, high-risk associated aortic disease, pulmonary hypertension and chronic coronary
syndrome [104]. Echocardiography also identifies a number of negative prognostic factors
such as the presence of systolic dysfunction, the presence of a subaortic gradient of more
than 30 mmHg or a pulmonary artery systolic pressure value of more than 50 mmHg
in the absence of obstruction in the right ventricular outflow tract [105]. In addition
to transthoracic echocardiography, transesophageal echocardiography is an additional
imaging investigation required for patients with IE and mechanical valve prosthesis [106].
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The persistence of the vegetation after the appearance of clinical signs of systemic
embolization, plus the presence of a vegetation at the level of the anterior mitral valve
of more than 10 mm, as well as the increase in the size of the vegetation at the end of
the antimicrobial treatment, are echocardiographic arguments suggesting the need for
surgery [107]. In terms of valve damage, a systematic review published by Kebed et al. [61]
on 90 patients with peripartum IE highlights predominantly mitral valve damage in 30%
of cases and then tricuspid valve damage in 25.6% of cases. The presence of IE involving
the aortic valve was reported in a small number of cases (17.8%), with the percentage
being half for the pulmonary valve (7.8%). The investigators of the same study highlighted
concomitant damage to several valves in 12% of patients.
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Valve dysfunction suggested by acute aortic or mitral regurgitation with associated
signs of ventricular dysfunction or acute heart failure unresponsive to treatment along with
valve perforation or rupture complete the list of indications for surgical treatment [78]. The
greatest risk of embolization is for vegetations larger than 10 mm located in the anterior
mitral valve [108,109]. Valvular perforations, valvular or perivalvular destructions, as well as
myocardial abscesses, are echocardiographic features frequently encountered in patients with
aortic bicuspid disease [110]. Lack of echocardiographic signs does not exclude IE, requiring a
comprehensive, multidisciplinary interpretation of the clinical and paraclinical picture [7].

Therapeutic Management

Antibiotic administration must follow several principles in pregnant woman with IE
and must be prompt, prolonged, personalized and combined [111]. Drug treatment of IE in
pregnancy follows the principles of that given to the general population, but special attention
must be paid to the fetotoxic effects of certain antibiotics [29]. Antibiotics are divided into
several categories according to the safety associated with administration during pregnancy.
Penicillin, ampicillin, amoxypenicillin, cephalosporins and erythromycin have no toxic effects
on the fetus and can be administered to pregnant patients with IE in all trimesters according to
clinical guidelines. Aminoglycosides, quinolones and tetracycline are recommended to be used
in severe cases with a reserved prognosis for the mother, taking into account the associated
risks. The same careful discernment is required for vancomycin, imipenem, rifampicin and
teicoplanin, whose effects on the fetus cannot be excluded [9].

In pregnancy, it is recommended to delay surgery until the infection is eradicated.
In high-risk situations for both mother and fetus, it is recommended to initiate antibiotic
treatment for a short period of time prior to surgery despite the associated risk of pulmonary
embolism [112]. Surgeries performed at a low gestational age are accompanied by low
maternal risk, but fetal complications are frequently reported [113]. It is not recommended
to perform surgery under 24 weeks of pregnancy, but to postpone it until 28 weeks of
gestation due to the high risk of fetal death associated with insufficient growth [114].
Intravenous systems used with extracorporeal circulation for the removal of vegetation can
be used as an alternative in the case of high-risk pregnancies [115].

In this population, special attention should be paid to metabolism in relation to the
metabolism of administered medication, especially anesthetics [113]. From an obstetrical
point of view, it is recommended to monitor the uteroplacental perfusion to maintain a mean
arterial value above 70 mmHg in order to maximize its vascularity [116,117]. Pregnancy
imposes a number of restrictions on the medications that can be administered, with current
European guidelines recommending avoidance of renin-angiotensin-aldosterone system
inhibitors and aldosterone antagonists [9,118,119]. Restrictions are also placed on inhaled
anesthetics, propofol and ketamine, which stimulate neuronal apoptosis and thus negatively
modulate the neuronal development of the fetus [120–122].

Intravenous tocolytics and antiepileptic medication are recommended during surgery
to prevent the onset of labor [123]. Continuous monitoring of the fetus with cardiotocogra-
phy is also recommended [2].

3.4. Complications and Prognostic Aspects of IE in Pregnant Women

The presence of IE in a pregnant patient, regardless of etiology, is accompanied by a
high risk of short- and medium-term mortality due to multiple associated complications.
Fetal viability may also be compromised in the absence of prompt management [124].
More than half of patients with IE deliver before term, at an average gestational age
of 32 weeks [125]. The small number of cases presented in the literature provides little data
on neonatal prognosis [126].

The most common complications that occur are congestive heart failure, perivalvular
extension and systemic embolization (up to 50%) [127]. Literature data states that 50–60%
of pregnant patients with IE develop some form of heart failure [128]. A recent clinical
study published by Pillai et al. shows a correlation between the risk of occurrence of
maternal complications (especially acute pulmonary oedema or congestive heart failure)
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and the risk class associated with pregnancy according to the WHO classification [124].
A recent analysis of 382 pregnant patients with IE reports cerebrovascular thrombosis
(p < 0.001) and gastrointestinal (p = 0.007) and obstetric clots (p < 0.001) as the main post-
partum complications, with negative socio-economic and medical impact [34]. Moreover,
the percentage of patients where cesarean delivery was performed was higher compared
to a cohort of pregnant women without an IE (56.1% vs. 2.2%) [34]. Humbert et al. [129]
developed an algorithm to predict patients at high risk of cerebral embolism in which
six variables were included: age, diabetes mellitus, atrial fibrillation, embolism prior to
antibiotics, vegetation length and Staphylococcus aureus as etiologic agent. The greatest risk
of embolization is in the first week after diagnosis [6,130]. Depending on the associated
comorbidities, systemic embolization can occur in up to 50% of cases [65].

Mycotic aneurysms are another common complication in patients with IE, most com-
monly affecting the cerebral arteries in the intracranial segments [131,132]. Other com-
plications rarely seen in pregnant patients with IE are splenic infarction and pulmonary
embolism, the latter secondary to right heart IE [133,134]. Coronary embolization is a
rare complication in pregnant women with IE and may be the etiological cause of silent
myocardial infarction [55].

Complications in fetus are also varied and are accompanied by increased morbidity
and mortality. IE during pregnancy increases the risk of stillbirth (odds ratio 2.96) or
preterm birth (odds ratio 3.61) at an average gestational age of 32 weeks [34]. Premature
birth is associated with a variety of fetal complications, the most common being low birth
weight, low APGAR scores at birth, respiratory distress syndrome and intraventricular hem-
orrhage [73,135,136]. Clinical data show that about half of all newborns require prolonged
hospitalization in the intensive care unit [73].

The appearance of pseudoaneurysms, fistulas and abscesses are other complications
reported so far [137]. Surgical treatment becomes necessary if drug therapy is ineffective.
Fetal viability also guides the need to induce labor before or during cardiac surgery [9].
Indications for surgery in pregnancy-associated IE are heart failure secondary to acute
valvular regurgitation, large vegetations, sepsis or embolization [138].

The management of these cases is extremely complex, in which multidisciplinary
teams must choose the best therapeutic strategy for mother and fetus alike [73]. Based
on literature data, three types of clinical scenarios have been synthesized, with varying
implications depending on the clinical and paraclinical data of the pregnant woman. The
performance of cardiac surgery and continuation of pregnancy depends on several prog-
nostic factors, the most important being the negative impact of cardiopulmonary bypass on
the fetus and adverse effects associated with medication, especially vasoactive agents such
as warfarin [55]. Vaginal or cesarean delivery followed by surgery is the second clinical
scenario, which may induce worsening of heart failure in patients with hemodynamic insta-
bility. Another treatment option is to perform simultaneous caesarean section and cardiac
surgery, paying special attention to the increased bleeding risk secondary to heparinization
associated with cardiovascular bypass.

Cardiac surgery is also associated with a high risk for the fetus. Clinical guidelines
recommend postponing cardiac surgery as much as possible until 6 weeks postpartum, and if
not possible then to perform cardiac surgery in the second trimester between 13–28 weeks of
pregnancy [139,140]. In some cases, the fetus may have transient or spontaneous bradycardia,
which may subside at the end of surgery. As an alternative to fetal heart rate monitoring,
uterine activity can be monitored. Early surgical treatment reduces the risk of embolization
compared to conventional drug management by up to 25% (p = 0.02) [141]. Pre-pregnancy
valve damage negatively influences the prognosis of pregnant women after surgery [142].

Cardiopulmonary bypass (CPB) is the biggest challenge of surgery, with literature data
recommending caesarean birth prior to surgery to minimize the risk of death, which can be
as high as 15% [143]. Cardiopulmonary bypass was first used in 1959 in a 6-week pregnant
woman who underwent surgery to close an atrial septal defect [144]. CPB performed
immediately postpartum carries a high risk of uterine bleeding, but the literature confirms
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that it can be performed relatively safely during pregnancy [58,145]. The main effects
of cardiovascular bypass on the fetus are related to a number of factors such as timing
of heparinization, infusion fluid temperature, infusion rate and associated pressure and
temperature of the pregnant woman. Fetal death most commonly occurs during the cooling
and rewarming periods of the bypass [39]. Maintaining the activated clotting time for more
than 300 s prevents blood clots in the CPB circuit.

In the case of fetuses with a low gestational age, it is recommended to adjust cardiopul-
monary bypass parameters by increasing infusion rates, maintaining normothermia and
pulsatile flow and continuous monitoring of fetal heart rate [146]. The viability of the placenta
is dependent on both maternal and fetal factors. Utero-placental hypoperfusion leads to
bradycardia and fetal hypoxia [147]. Approximately one hour after interruption of a cardiopul-
monary bypass, the fetus progressively develops respiratory acidosis secondary to increased
placental vascular resistance through activation of eicosanoid products. This increase in fetal
vascular resistance is poorly tolerated by the immature fetal myocardium [148–150].

Prematurity and stillbirth occur most frequently in urgent cases, accompanied by
high surgical risk, multiple maternal co-morbidities or low gestational age [145]. Peri-
operatively, administration of progesterone prevents uterine contractions and magnesium
sulphate and atosiban contribute to fetal protection and maintenance of viability [140]. It is
recommended as much as possible to reduce the CBP time, increase the infusion rate and
continue antibiotic therapy for up to 6 weeks after surgery [151].

Prevention of massive postpartum hemorrhage events is achieved in some situations
by uterine balloon tamponade, ligation of branches of the uterine artery and concomitant
administration of intravenous oxytocin [151].

IE is associated with a higher risk of death for both mother and fetus. Cardiac surgery
during pregnancy is associated with a high maternal mortality rate of up to 7%, regardless of
the gestational age of the fetus or the practice of caesarean section before [139]. Fetal survival
is superior in the case of caesarean birth prior to surgery [139]. The highest risk of death is
reported in fetuses under 26 weeks gestational age [56]. Death rates vary according to the
location of the lesions, being about 40% for the aortic valve, 22% for the mitral valve and 10%
for the tricuspid valve [152]. There is a direct proportional relationship between maternal and
fetal mortality in relation to cardiac surgery. Thus, if the risk of maternal death is minimal in
the second trimester (4.6%), and doubles in the third trimester (8.8%), the risk of fetal death
decreases with increasing gestational age, reaching 29% in the third trimester compared to
45% in the first weeks of pregnancy. Cesarean birth before valve replacement is accompanied
by the lowest risk for the fetus (6.7%), while for the mother no significant differences were
reported compared to the existing statistical data for the 3rd trimester (8.8% vs. 8.3%) [139].

4. Impact of COVID-19 on the Etiopathogenic Mechanisms of IE

The COVID-19 pandemic was the biggest medical, economic and human challenge of
the last decade [153,154]. Since the first infections and until now, multiple clinical studies
have been conducted on the impact of this virus on patients with cardiovascular disease or
who are apparently healthy. These results involving both diagnostic and therapeutic roles
have ensured the dynamics of therapeutic strategies. A number of specific physiological
conditions, such as pregnancy, were also investigated.

Epidemiological studies have shown that SARS-COV2 infection per se has been as-
sociated with a high risk of complications in pregnant patients (regardless of gestational
stage), with these complications including high risk of pre-eclampsia, premature birth and
gestational diabetes [155,156]. Pregnant women are more susceptible to significant compli-
cations, with a high risk of death secondary to a viral infection due to physiological changes
in the respiratory and immune systems during pregnancy and the puerperal period [157].

The link between COVID-19 and IE has been investigated in several clinical trials
and two potential, independent mechanisms have been proposed [158]. Based on an
animal model, Liesenborghs et al. [159] emphasize the idea that endothelial injury predis-
poses patients to IE secondary to S. aureus insemination. The same group of investigators
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point to a second potential mechanism, focusing on the inflammatory process in heart
valves that stimulates bacterial adhesion by increasing the expression of certain structures.
Rajan et al. [160] analyzed the effects of COVID-19 on pregnant women with rheumatic
heart disease and observed a high risk in both groups, with no statistical significance,
however, in terms of both maternal and fetal risk. The proposed mechanisms require
further clinical studies to confirm or disprove the connection between the two pathologies.

5. Future Directions

The management of IE during pregnancy is extremely challenging in terms of the
complications that can arise for both mother and fetus, as well as the limitations of medica-
tion [161]. Changing the mode of antibiotic therapy administration from intravenous to oral
(with the use of two different antibiotics with different mechanisms of action) in patients
with left heart IE is non-inferior according to the results of the Partial Oral Treatment of
Endocarditis trial [162,163]. Overuse of antibiotics has led to the emergence of resistance in
many bacterial strains, which requires clinical research to find new molecules that can be
administered to pregnant women with IE [164]. One such example is daptomycin which
is recommended for patients with right-sided Staphylococcus aureus IE, unresponsive to
conventional treatment [165,166]. There are not enough clinical trials to date to allow or
prohibit its use in pregnancy [167].

Clinical data on the use of ultrasound contrast agents during pregnancy are conflicting,
but current recommendations are still directed towards avoiding its use as much as possi-
ble [168]. Sonobactericide non-invasively removes IE biofilm using ultrasound-activated
lipid-coated microbubbles [169,170]. Recent in vitro clinical studies have demonstrated
the efficacy of microbubbles against IE-associated biofilm caused by Staphylococcus au-
reus by 84% degradation [171]. In a similar study, Kouijzer et al. [172] demonstrated that
vancomycin-decorated microbubbles are able to bind to the cell walls of gram-positive
bacteria. However, the promising results presented above require further clinical research
specifically targeting pregnant patients with IE.

Recently, the first non-antibiotic antimicrobial direct lytic agent was tested by Fowler et al. [173]
in a cohort of patients with both right- and left-sided IE determined by Staphylococcus
aureus. The investigators demonstrated that this potential therapeutic target induced a
rapid bacteriolytic effect by eradicating the biofilm to which the synergistic effect associated
with antibiotic therapy was added [174]. This direction of research is a promising one, with
multiple therapeutic and prognostic implications among IE patients.

6. Conclusions

IE in pregnancy is an ongoing challenge both diagnostically and therapeutically be-
cause of the poor prognosis (for both mother and fetus) in the absence of prompt and
comprehensive management. The approach to these cases must be multidisciplinary in
order to decrease the risk of maternal and fetal morbidity and mortality. The develop-
ment of new diagnostic methods based on molecular genetics (such as cell-free DNA)
offers future prospects for the early identification of rare microbial agents encountered
in everyday practice. Facilitating the opportunity for surgical intervention, decreasing
maternal mortality and choosing the optimal antibiotic therapy are some of the benefits of
considering cases of pregnant IE in multidisciplinary teams.

Author Contributions: All authors contributed equally to this work. V.A.O., C.A.A. and D.T.M.M.
wrote the paper; R.C.D. and M.C. helped revise the language; A.C., E.-D.G. and A.D.P. undertook
review editing; V.A.O. and F.M. revised the final script. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Medicina 2023, 59, 939 12 of 18

Data Availability Statement: Not applicable.

Acknowledgments: Figure 1 was partly generated using Servier Medical Art, provided by Servier,
licensed under a Creative Commons Attribution 3.0 unported license, https://creativecommons.
org/licenses/by/3.0/ (accessed on 10 February 2023). The images in Figure 3 belong to the personal
collection of Aursulesei Onofrei.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Petersen, E.E. Racial/Ethnic Disparities in Pregnancy-Related Deaths—United States, 2007–2016. Morb. Mortal. Wkly. Rep. 2019,

68, 762. [CrossRef] [PubMed]
2. Yuan, S.-M. Infective Endocarditis during Pregnancy. J. Coll. Physicians Surg. Pak. 2014, 25, 6.
3. Grinberg, M.; Solimene, M.C. Historical Aspects of Infective Endocarditis. Rev. Assoc. Médica Bras. 2011, 57, 228–233. [CrossRef]

[PubMed]
4. Kamani, C.H.; Allenbach, G.; Jreige, M.; Pavon, A.G.; Meyer, M.; Testart, N.; Firsova, M.; Fernandes Vieira, V.; Boughdad, S.;

Nicod Lalonde, M.; et al. Diagnostic Performance of 18F-FDG PET/CT in Native Valve Endocarditis: Systematic Review and
Bivariate Meta-Analysis. Diagnostics 2020, 10, 754. [CrossRef]

5. Frontera, J.A.; Gradon, J.D. Right-Side Endocarditis in Injection Drug Users: Review of Proposed Mechanisms of Pathogenesis.
Clin. Infect. Dis. 2000, 30, 374–379. [CrossRef]

6. Prendergast, B.D. The Changing Face of Infective Endocarditis. Heart 2006, 92, 879–885. [CrossRef]
7. Habib, G.; Hoen, B.; Tornos, P.; Thuny, F.; Prendergast, B.; Vilacosta, I.; Moreillon, P.; de Jesus Antunes, M.; Thilen, U.; Lekakis, J.;

et al. Guidelines on the Prevention, Diagnosis, and Treatment of Infective Endocarditis (New Version 2009): The Task Force on
the Prevention, Diagnosis, and Treatment of Infective Endocarditis of the European Society of Cardiology (ESC). Endorsed by the
European Society of Clinical Microbiology and Infectious Diseases (ESCMID) and the International Society of Chemotherapy
(ISC) for Infection and Cancer. Eur. Heart J. 2009, 30, 2369–2413. [CrossRef]

8. Bigi, M.A.B.; Mollazadeh, R. Fatal Outcome of Infective Endocarditis in a Pregnant Marfan Woman. Internet J. Cardiol. 2007, 4.
[CrossRef]

9. Regitz-Zagrosek, V.; Roos-Hesselink, J.W.; Bauersachs, J.; Blomström-Lundqvist, C.; Cífková, R.; De Bonis, M.; Iung, B.; Johnson,
M.R.; Kintscher, U.; Kranke, P.; et al. 2018 ESC Guidelines for the Management of Cardiovascular Diseases during Pregnancy:
The Task Force for the Management of Cardiovascular Diseases during Pregnancy of the European Society of Cardiology (ESC).
Eur. Heart J. 2018, 39, 3165–3241. [CrossRef]

10. Montoya, M.E.; Karnath, B.M.; Ahmad, M. Endocarditis during Pregnancy. South. Med. J. 2003, 96, 1156–1157. [CrossRef]
11. Morton, A. Physiological Changes and Cardiovascular Investigations in Pregnancy. Heart Lung Circ. 2021, 30, e6–e15. [CrossRef]
12. Taranikanti, M. Physiological Changes in Cardiovascular System during Normal Pregnancy: A Review. Indian J. Cardiovasc. Dis.

Women WINCARS 2018, 03, 062–067. [CrossRef]
13. Loerup, L.; Pullon, R.M.; Birks, J.; Fleming, S.; Mackillop, L.H.; Gerry, S.; Watkinson, P.J. Trends of Blood Pressure and Heart Rate

in Normal Pregnancies: A Systematic Review and Meta-Analysis. BMC Med. 2019, 17, 167. [CrossRef]
14. Visentin, S.; Palermo, C.; Camerin, M.; Daliento, L.; Muraru, D.; Cosmi, E.; Badano, L.P. Echocardiographic Techniques of

Deformation Imaging in the Evaluation of Maternal Cardiovascular System in Patients with Complicated Pregnancies. BioMed
Res. Int. 2017, 2017, 4139635. [CrossRef]

15. Coad, F.; Frise, C. Tachycardia in Pregnancy: When to Worry? Clin. Med. 2021, 21, e434–e437. [CrossRef]
16. Sarhaddi, F.; Azimi, I.; Axelin, A.; Niela-Vilen, H.; Liljeberg, P.; Rahmani, A.M. Trends in Heart Rate and Heart Rate Variability

During Pregnancy and the 3-Month Postpartum Period: Continuous Monitoring in a Free-Living Context. JMIR mHealth uHealth
2022, 10, e33458. [CrossRef]

17. Litmanovich, D.E.; Tack, D.; Lee, K.S.; Shahrzad, M.; Bankier, A.A. Cardiothoracic Imaging in the Pregnant Patient. J. Thorac.
Imaging 2014, 29, 38–49. [CrossRef]

18. Datta, S.; Kodali, B.S.; Segal, S. Maternal Physiological Changes During Pregnancy, Labor, and the Postpartum Period. In Obstetric
Anesthesia Handbook; Springer: New York, NY, USA, 2010; pp. 1–14, ISBN 978-0-387-88601-5.

19. Adeyeye, V.O.; Balogun, M.O.; Adebayo, R.A.; Makinde, O.N.; Akinwusi, P.O.; Ajayi, E.A.; Ogunyemi, S.A.; Akintomide, A.O.;
Ajayi, E.O.; Adeyeye, A.G.; et al. Echocardiographic Assessment of Cardiac Changes during Normal Pregnancy among Nigerians.
Clin. Med. Insights Cardiol. 2016, 10, 157–162. [CrossRef]

20. Abe, M.; Arima, H.; Yoshida, Y.; Fukami, A.; Sakima, A.; Metoki, H.; Tada, K.; Mito, A.; Morimoto, S.; Shibata, H.; et al. Optimal
Blood Pressure Target to Prevent Severe Hypertension in Pregnancy: A Systematic Review and Meta-Analysis. Hypertens. Res.
2022, 45, 887–899. [CrossRef]

21. Mustafa, R.; Ahmed, S.; Gupta, A.; Venuto, R.C. A Comprehensive Review of Hypertension in Pregnancy. J. Pregnancy 2012,
2012, 105918. [CrossRef]

22. James, S.L.; Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.; Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim,
A.; et al. Global, Regional, and National Incidence, Prevalence, and Years Lived with Disability for 354 Diseases and Injuries

https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://doi.org/10.15585/mmwr.mm6835a3
https://www.ncbi.nlm.nih.gov/pubmed/31487273
https://doi.org/10.1590/S0104-42302011000200023
https://www.ncbi.nlm.nih.gov/pubmed/21537712
https://doi.org/10.3390/diagnostics10100754
https://doi.org/10.1086/313664
https://doi.org/10.1136/hrt.2005.067256
https://doi.org/10.1093/eurheartj/ehp285
https://doi.org/10.5580/af3
https://doi.org/10.1093/eurheartj/ehy340
https://doi.org/10.1097/01.SMJ.0000054503.18393.1E
https://doi.org/10.1016/j.hlc.2020.10.001
https://doi.org/10.1055/s-0038-1676666
https://doi.org/10.1186/s12916-019-1399-1
https://doi.org/10.1155/2017/4139635
https://doi.org/10.7861/clinmed.2021-0495
https://doi.org/10.2196/33458
https://doi.org/10.1097/RTI.0000000000000064
https://doi.org/10.4137/CMC.S40191
https://doi.org/10.1038/s41440-022-00853-z
https://doi.org/10.1155/2012/105918


Medicina 2023, 59, 939 13 of 18

for 195 Countries and Territories, 1990–2017: A Systematic Analysis for the Global Burden of Disease Study 2017. Lancet 2018,
392, 1789–1858. [CrossRef] [PubMed]

23. Garovic, V.D.; Dechend, R.; Easterling, T.; Karumanchi, S.A.; McMurtry Baird, S.; Magee, L.A.; Rana, S.; Vermunt, J.V.; August, P.
Hypertension in Pregnancy: Diagnosis, Blood Pressure Goals, and Pharmacotherapy: A Scientific Statement from the American
Heart Association. Hypertension 2022, 79, e21–e41. [CrossRef] [PubMed]

24. Wang, J.; Wang, A.; Cui, Y.; Wang, C.; Zhang, J. Diagnosis and Treatment of Infective Endocarditis in Pregnancy: A Case Report. J.
Cardiothorac. Surg. 2020, 15, 109. [CrossRef] [PubMed]

25. Kourtis, A.P.; Read, J.S.; Jamieson, D.J. Pregnancy and Infection. N. Engl. J. Med. 2014, 370, 2211–2218. [CrossRef]
26. Abu-Raya, B.; Michalski, C.; Sadarangani, M.; Lavoie, P.M. Maternal Immunological Adaptation During Normal Pregnancy.

Front. Immunol. 2020, 11, 2627. [CrossRef]
27. Mor, G.; Aldo, P.; Alvero, A.B. The Unique Immunological and Microbial Aspects of Pregnancy. Nat. Rev. Immunol. 2017,

17, 469–482. [CrossRef]
28. Kumar, M.; Saadaoui, M.; Al Khodor, S. Infections and Pregnancy: Effects on Maternal and Child Health. Front. Cell. Infect.

Microbiol. 2022, 12, 690. [CrossRef]
29. D’Alto, M.; Budts, W.; Diller, G.P.; Mulder, B.; Egidy Assenza, G.; Oreto, L.; Ciliberti, P.; Bassareo, P.P.; Gatzoulis, M.A.;

Dimopoulos, K. Does Gender Affect the Prognosis and Risk of Complications in Patients with Congenital Heart Disease in the
Modern Era? Int. J. Cardiol. 2019, 290, 156–161. [CrossRef]

30. Tutarel, O.; Alonso-Gonzalez, R.; Montanaro, C.; Schiff, R.; Uribarri, A.; Kempny, A.; Grübler, M.R.; Uebing, A.; Swan, L.; Diller,
G.-P.; et al. Infective Endocarditis in Adults with Congenital Heart Disease Remains a Lethal Disease. Heart 2018, 104, 161–165.
[CrossRef]

31. Habib, G.; Lancellotti, P.; Antunes, M.J.; Bongiorni, M.G.; Casalta, J.-P.; Del Zotti, F.; Dulgheru, R.; El Khoury, G.; Erba, P.A.; Iung,
B.; et al. 2015 ESC Guidelines for the Management of Infective Endocarditis: The Task Force for the Management of Infective
Endocarditis of the European Society of Cardiology (ESC). Endorsed by: European Association for Cardio-Thoracic Surgery
(EACTS), the European Association of Nuclear Medicine (EANM). Eur. Heart J. 2015, 36, 3075–3128. [CrossRef]

32. Correa de Sa, D.D.; Tleyjeh, I.M.; Anavekar, N.S.; Schultz, J.C.; Thomas, J.M.; Lahr, B.D.; Bachuwar, A.; Pazdernik, M.; Steckelberg,
J.M.; Wilson, W.R.; et al. Epidemiological Trends of Infective Endocarditis: A Population-Based Study in Olmsted County,
Minnesota. Mayo Clin. Proc. 2010, 85, 422–426. [CrossRef]

33. Chen, H.; Zhan, Y.; Zhang, K.; Gao, Y.; Chen, L.; Zhan, J.; Chen, Z.; Zeng, Z. The Global, Regional, and National Burden and
Trends of Infective Endocarditis From 1990 to 2019: Results From the Global Burden of Disease Study 2019. Front. Med. 2022, 9,
774224. [CrossRef]

34. Dagher, M.M.; Eichenberger, E.M.; Addae-Konadu, K.L.; Dotters-Katz, S.K.; Kohler, C.L.; Fowler, V.G., Jr.; Federspiel, J.J. Maternal
and Fetal Outcomes Associated With Infective Endocarditis in Pregnancy. Clin. Infect. Dis. 2021, 73, 1571–1579. [CrossRef]

35. Kebed, K.Y.; Bishu, K.; Al Adham, R.I.; Baddour, L.M.; Connolly, H.M.; Sohail, M.R.; Steckelberg, J.M.; Wilson, W.R.; Murad, M.H.;
Anavekar, N.S. Pregnancy and Postpartum Infective Endocarditis: A Systematic Review. Mayo Clin. Proc. 2014, 89, 1143–1153.
[CrossRef]

36. Nappi, F.; Martuscelli, G.; Bellomo, F.; Avtaar Singh, S.S.; Moon, M.R. Infective Endocarditis in High-Income Countries. Metabolites
2022, 12, 682. [CrossRef]

37. Nappi, F.; Spadaccio, C.; Mihos, C. Infective Endocarditis in the 21st Century. Ann. Transl. Med. 2020, 8, 1620. [CrossRef]
38. Adesomo, A.; Gonzalez-Brown, V.; Rood, K.M. Infective Endocarditis as a Complication of Intravenous Drug Use in Pregnancy:

A Retrospective Case Series and Literature Review. Am. J. Perinatol. Rep. 2020, 10, e288–e293. [CrossRef]
39. Patel, C.; Akhtar, H.; Gupta, S.; Harky, A. Pregnancy and Cardiac Interventions: What Are the Optimal Management Options? J.

Card. Surg. 2020, 35, 1589–1596. [CrossRef]
40. Slipczuk, L.; Codolosa, J.N.; Davila, C.D.; Romero-Corral, A.; Yun, J.; Pressman, G.S.; Figueredo, V.M. Infective Endocarditis

Epidemiology over Five Decades: A Systematic Review. PLoS ONE 2013, 8, e82665. [CrossRef]
41. Murdoch, D.R.; Corey, G.R.; Hoen, B.; Miró, J.M.; Fowler, V.G.; Bayer, A.S.; Karchmer, A.W.; Olaison, L.; Pappas, P.A.; Moreillon, P.;

et al. Clinical Presentation, Etiology, and Outcome of Infective Endocarditis in the 21st Century: The International Collaboration
on Endocarditis-Prospective Cohort Study. Arch. Intern. Med. 2009, 169, 463–473. [CrossRef]

42. Basak, S.; Solomonsz, F.A.; Anumba, D.O.C. Infective Endocarditis Affecting the Pulmonary Valves in Pregnant Intravenous Drug
Users. J. Obstet. Gynaecol. 2011, 31, 78–80. [CrossRef] [PubMed]

43. Johnstone, R.; Khalil, N.; Shojaei, E.; Puka, K.; Bondy, L.; Koivu, S.; Silverman, M. Different Drugs, Different Sides: Injection Use
of Opioids Alone, and Not Stimulants Alone, Predisposes to Right-Sided Endocarditis. Open Heart 2022, 9, e001930. [CrossRef]
[PubMed]

44. Pang, P.Y.K.; Yang, L.W.Y.; Zhu, L.; Chua, Y.L. Isolated Tricuspid Valve Replacement for Infective Endocarditis. Cardiol. Res. 2022,
13, 110–117. [CrossRef] [PubMed]

45. Dayan, V.; Gutierrez, F.; Cura, L.; Soca, G.; Lorenzo, A. Two Cases of Pulmonary Homograft Replacement for Isolated Pulmonary
Valve Endocarditis. Ann. Thorac. Surg. 2009, 87, 1954–1956. [CrossRef] [PubMed]

46. Amedro, P.; Soulatges, C.; Fraisse, A. Infective Endocarditis after Device Closure of Atrial Septal Defects: Case Report and Review
of the Literature. Catheter. Cardiovasc. Interv. 2017, 89, 324–334. [CrossRef]

https://doi.org/10.1016/S0140-6736(18)32279-7
https://www.ncbi.nlm.nih.gov/pubmed/30496104
https://doi.org/10.1161/HYP.0000000000000208
https://www.ncbi.nlm.nih.gov/pubmed/34905954
https://doi.org/10.1186/s13019-020-01147-6
https://www.ncbi.nlm.nih.gov/pubmed/32448305
https://doi.org/10.1056/NEJMra1213566
https://doi.org/10.3389/fimmu.2020.575197
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.3389/fcimb.2022.873253
https://doi.org/10.1016/j.ijcard.2019.05.010
https://doi.org/10.1136/heartjnl-2017-311650
https://doi.org/10.1093/eurheartj/ehv319
https://doi.org/10.4065/mcp.2009.0585
https://doi.org/10.3389/fmed.2022.774224
https://doi.org/10.1093/cid/ciab533
https://doi.org/10.1016/j.mayocp.2014.04.024
https://doi.org/10.3390/metabo12080682
https://doi.org/10.21037/atm-20-4867
https://doi.org/10.1055/s-0040-1716732
https://doi.org/10.1111/jocs.14637
https://doi.org/10.1371/journal.pone.0082665
https://doi.org/10.1001/archinternmed.2008.603
https://doi.org/10.3109/01443615.2010.533216
https://www.ncbi.nlm.nih.gov/pubmed/21281001
https://doi.org/10.1136/openhrt-2021-001930
https://www.ncbi.nlm.nih.gov/pubmed/35878959
https://doi.org/10.14740/cr1359
https://www.ncbi.nlm.nih.gov/pubmed/35465082
https://doi.org/10.1016/j.athoracsur.2008.10.048
https://www.ncbi.nlm.nih.gov/pubmed/19463639
https://doi.org/10.1002/ccd.26784


Medicina 2023, 59, 939 14 of 18

47. Lock, J.E.; Rome, J.J.; Davis, R.; Van Praagh, S.; Perry, S.B.; Van Praagh, R.; Keane, J.F. Transcatheter Closure of Atrial Septal
Defects. Experimental Studies. Circulation 1989, 79, 1091–1099. [CrossRef]

48. Sharma, N.; Weena, U.; Medamana, J.; Mann, N.; Strachan, P.; Chikwe, J.; Kort, S. Atrial Septal Defect Closure Device–Related
Infective Endocarditis in a 20-Week Pregnant Woman. JACC Case Rep. 2021, 3, 300–303. [CrossRef]

49. Mor, G.; Cardenas, I. The Immune System in Pregnancy: A Unique Complexity. Am. J. Reprod. Immunol. 2010, 63, 425–433.
[CrossRef]

50. Sharma, S.; Rodrigues, P.R.S.; Zaher, S.; Davies, L.C.; Ghazal, P. Immune-metabolic adaptations in pregnancy: A potential
stepping-stone to sepsis. EBioMedicine 2022, 86, 104337. [CrossRef]

51. Fraisse, A.; Latchman, M.; Sharma, S.-R.; Bayburt, S.; Amedro, P.; di Salvo, G.; Baruteau, A.E. Atrial Septal Defect Closure:
Indications and Contra-Indications. J. Thorac. Dis. 2018, 10, S2874–S2881. [CrossRef]

52. Majunke, N.; Bialkowski, J.; Wilson, N.; Szkutnik, M.; Kusa, J.; Baranowski, A.; Heinisch, C.; Ostermayer, S.; Wunderlich, N.;
Sievert, H. Closure of Atrial Septal Defect with the Amplatzer Septal Occluder in Adults. Am. J. Cardiol. 2009, 103, 550–554.
[CrossRef]

53. Osteraas, N.D.; Vargas, A.; Cherian, L.; Song, S. Role of PFO Closure in Ischemic Stroke Prevention. Curr. Treat. Options Cardiovasc.
Med. 2019, 21, 63. [CrossRef]

54. He, S.; Huynh, C.A.; Deng, Y.; Markan, S.; Nguyen, A. Bicuspid Aortic Valve in Pregnancy Complicated by Aortic Valve
Vegetation, Aortic Root Abscess, and Aortic Insufficiency. Cureus 2021, 13, e20209. [CrossRef]

55. Maruichi-Kawakami, S.; Nagao, K.; Kanazawa, T.; Inada, T. Infective Endocarditis in Pregnancy Requiring Simultaneous Emergent
Caesarean Section and Mitral Valve Replacement: A Case Report. Eur. Heart J. Case Rep. 2021, 5, ytab461. [CrossRef]

56. Kong, X.; Xu, F.; Wu, R.; Wu, H.; Ju, R.; Zhao, X.; Tong, X.; Lv, H.; Ding, Y.; Liu, F.; et al. Neonatal Mortality and Morbidity
among Infants between 24 to 31 Complete Weeks: A Multicenter Survey in China from 2013 to 2014. BMC Pediatr. 2016, 16, 174.
[CrossRef]

57. Lapinsky, S.E. Obstetric Infections. Crit. Care Clin. 2013, 29, 509–520. [CrossRef]
58. Khafaga, M.; Kresoja, K.-P.; Urlesberger, B.; Knez, I.; Klaritsch, P.; Lumenta, D.B.; Krause, R.; von Lewinski, D. Staphylococcus

Lugdunensis Endocarditis in a 35-Year-Old Woman in Her 24th Week of Pregnancy. Case Rep. Obstet. Gynecol. 2016, 2016, e7030382.
[CrossRef]

59. Selton-Suty, C.; Célard, M.; Le Moing, V.; Doco-Lecompte, T.; Chirouze, C.; Iung, B.; Strady, C.; Revest, M.; Vandenesch, F.; Bouvet,
A.; et al. Preeminence of Staphylococcus aureus in Infective Endocarditis: A 1-Year Population-Based Survey. Clin. Infect. Dis. 2012,
54, 1230–1239. [CrossRef]

60. Hoen, B.; Duval, X. Infective Endocarditis. N. Engl. J. Med. 2013, 368, 1425–1433. [CrossRef]
61. Perez-Viloria, M.E.; Lopez, K.; Malik, F.; Lopez, O.; Yatham, P.; Malik, R.; Rosen, G. A Rare Case of Pulmonic and Aortic Valve

Infective Endocarditis: A Case Report. Cureus 2022, 14, e31820. [CrossRef]
62. Wydall, S.; Durrant, F.; Scott, J.; Cheesman, K. Streptococcus Oralis Endocarditis Leading to Central Nervous System Infection in

Pregnancy. Anaesth. Rep. 2021, 9, e12133. [CrossRef] [PubMed]
63. Poi, B.N.; Pasupulety Venkata, N.K.; Auckland, C.R.; Paul, S.P. Neonatal Meningitis and Maternal Sepsis Caused by Streptococcus

Oralis. J. Neonatal-Perinat. Med. 2018, 11, 331–334. [CrossRef] [PubMed]
64. Shah, M.; Patnaik, S.; Wongrakpanich, S.; Alhamshari, Y.; Alnabelsi, T. Infective Endocarditis Due to Bacillus Cereus in a Pregnant

Female: A Case Report and Literature Review. IDCases 2015, 2, 120–123. [CrossRef]
65. Connolly, C.; O’Donoghue, K.; Doran, H.; McCarthy, F.P. Infective Endocarditis in Pregnancy: Case Report and Review of the

Literature. Obstet. Med. 2015, 8, 102–104. [CrossRef] [PubMed]
66. Liu, P.-Y.; Huang, Y.-F.; Tang, C.-W.; Chen, Y.-Y.; Hsieh, K.-S.; Ger, L.-P.; Chen, Y.-S.; Liu, Y.-C. Staphylococcus Lugdunensis

Infective Endocarditis: A Literature Review and Analysis of Risk Factors. J. Microbiol. Immunol. Infect. 2010, 43, 478–484.
[CrossRef] [PubMed]

67. Vaideeswar, P.; Shah, R. Zygomycotic Infective Endocarditis in Pregnancy. Cardiovasc. Pathol. 2017, 28, 28–30. [CrossRef]
68. Cinteza, E.; Nicolescu, A.; Ciomartan, T.; Gavriliu, L.-C.; Voicu, C.; Carabas, A.; Popescu, M.; Margarint, I. Disseminated

Cunninghamella Spp. Endocarditis in a Beta-Thalassemia Patient after Asymptomatic COVID-19 Infection. Diagnostics 2022,
12, 657. [CrossRef]

69. Giamarellou, H. Nosocomial Cardiac Infections. J. Hosp. Infect. 2002, 50, 91–105. [CrossRef]
70. Arulkumaran, N.; Singer, M. Puerperal Sepsis. Best Pract. Res. Clin. Obstet. Gynaecol. 2013, 27, 893–902. [CrossRef]
71. Francis, K.; Viscount, D. An Unusual Case of Infectious Endocarditis in Pregnancy. J. Obstet. Gynecol. Neonatal Nurs. 2013,

42, S98–S99. [CrossRef]
72. Chu, L.; Zhang, J.; Li, Y.N.; Meng, X.; Liu, Y.Y. Clinical treatment of infective endocarditis with vegetations in pregnant women

and the outcomes of gestation. Zhonghua Fu Chan Ke Za Zhi 2016, 51, 331–338.
73. Shapero, K.S.; Nauriyal, V.; Megli, C.; Berlacher, K.; El-Dalati, S. Management of Infective Endocarditis in Pregnancy by a

Multidisciplinary Team: A Case Series. Ther. Adv. Infect. Dis. 2022, 9, 20499361221080644. [CrossRef]
74. Botelho-Nevers, E.; Thuny, F.; Casalta, J.P.; Richet, H.; Gouriet, F.; Collart, F.; Riberi, A.; Habib, G.; Raoult, D. Dramatic Reduction

in Infective Endocarditis-Related Mortality with a Management-Based Approach. Arch. Intern. Med. 2009, 169, 1290–1298.
[CrossRef]

https://doi.org/10.1161/01.CIR.79.5.1091
https://doi.org/10.1016/j.jaccas.2020.09.057
https://doi.org/10.1111/j.1600-0897.2010.00836.x
https://doi.org/10.1016/j.ebiom.2022.104337
https://doi.org/10.21037/jtd.2018.08.111
https://doi.org/10.1016/j.amjcard.2008.10.018
https://doi.org/10.1007/s11936-019-0775-7
https://doi.org/10.7759/cureus.20209
https://doi.org/10.1093/ehjcr/ytab461
https://doi.org/10.1186/s12887-016-0716-5
https://doi.org/10.1016/j.ccc.2013.03.006
https://doi.org/10.1155/2016/7030382
https://doi.org/10.1093/cid/cis199
https://doi.org/10.1056/NEJMcp1206782
https://doi.org/10.7759/cureus.31820
https://doi.org/10.1002/anr3.12133
https://www.ncbi.nlm.nih.gov/pubmed/34651130
https://doi.org/10.3233/NPM-17113
https://www.ncbi.nlm.nih.gov/pubmed/30040747
https://doi.org/10.1016/j.idcr.2015.10.003
https://doi.org/10.1177/1753495X15572857
https://www.ncbi.nlm.nih.gov/pubmed/27512463
https://doi.org/10.1016/S1684-1182(10)60074-6
https://www.ncbi.nlm.nih.gov/pubmed/21195974
https://doi.org/10.1016/j.carpath.2017.02.007
https://doi.org/10.3390/diagnostics12030657
https://doi.org/10.1053/jhin.2001.1144
https://doi.org/10.1016/j.bpobgyn.2013.07.004
https://doi.org/10.1111/1552-6909.12196
https://doi.org/10.1177/20499361221080644
https://doi.org/10.1001/archinternmed.2009.192


Medicina 2023, 59, 939 15 of 18

75. El-Dalati, S.; Cronin, D.; Riddell, J.; Shea, M.; Weinberg, R.L.; Washer, L.; Stoneman, E.; Perry, D.A.; Bradley, S.; Burke, J.; et al. The
Clinical Impact of Implementation of a Multidisciplinary Endocarditis Team. Ann. Thorac. Surg. 2022, 113, 118–124. [CrossRef]

76. Davierwala, P.M.; Marin-Cuartas, M.; Misfeld, M.; Borger, M.A. The Value of an “Endocarditis Team”. Ann. Cardiothorac. Surg.
2019, 8, 621–629. [CrossRef]

77. Botea, R.; Porterie, J.; Marcheix, B.; Breleur, F.-O.; Lavie-Badie, Y. Infective Endocarditis in a Third Trimester Pregnant Woman.
JACC Case Rep. 2020, 2, 521–525. [CrossRef]

78. Baddour, L.M.; Wilson, W.R.; Bayer, A.S.; Fowler, V.G.; Tleyjeh, I.M.; Rybak, M.J.; Barsic, B.; Lockhart, P.B.; Gewitz, M.H.; Levison,
M.E.; et al. Infective Endocarditis in Adults: Diagnosis, Antimicrobial Therapy, and Management of Complications: A Scientific
Statement for Healthcare Professionals From the American Heart Association. Circulation 2015, 132, 1435–1486. [CrossRef]

79. Liesman, R.M.; Pritt, B.S.; Maleszewski, J.J.; Patel, R. Laboratory Diagnosis of Infective Endocarditis. J. Clin. Microbiol. 2017,
55, 2599–2608. [CrossRef]

80. Li, J.S.; Sexton, D.J.; Mick, N.; Nettles, R.; Fowler, V.G.; Ryan, T.; Bashore, T.; Corey, G.R. Proposed Modifications to the Duke
Criteria for the Diagnosis of Infective Endocarditis. Clin. Infect. Dis. 2000, 30, 633–638. [CrossRef]

81. Eichenberger, E.M.; Degner, N.; Scott, E.R.; Ruffin, F.; Franzone, J.; Sharma-Kuinkel, B.; Shah, P.; Hong, D.; Dalai, S.C.; Blair, L.;
et al. Microbial Cell-Free DNA Identifies the Causative Pathogen in Infective Endocarditis and Remains Detectable Longer Than
Conventional Blood Culture in Patients with Prior Antibiotic Therapy. Clin. Infect. Dis. 2023, 76, e1492–e1500. [CrossRef]

82. Cai, S.; Yang, Y.; Pan, J.; Miao, Q.; Jin, W.; Ma, Y.; Zhou, C.; Gao, X.; Wang, C.; Hu, B. The Clinical Value of Valve Metagenomic
Next-Generation Sequencing When Applied to the Etiological Diagnosis of Infective Endocarditis. Ann. Transl. Med. 2021, 9, 1490.
[CrossRef] [PubMed]

83. Shishido, A.A.; Noe, M.; Saharia, K.; Luethy, P. Clinical Impact of a Metagenomic Microbial Plasma Cell-Free DNA next-
Generation Sequencing Assay on Treatment Decisions: A Single-Center Retrospective Study. BMC Infect. Dis. 2022, 22, 372.
[CrossRef] [PubMed]

84. Pietrzak, B.; Kawacka, I.; Olejnik-Schmidt, A.; Schmidt, M. Circulating Microbial Cell-Free DNA in Health and Disease. Int. J.
Mol. Sci. 2023, 24, 3051. [CrossRef] [PubMed]

85. Mandel, P. Les Acides Nucleiques Du Plasma Sanguin Chez 1 Homme. C. R. Seances Soc. Biol. Fil. 1948, 142, 241–243. [PubMed]
86. Bronkhorst, A.J.; Ungerer, V.; Oberhofer, A.; Gabriel, S.; Polatoglou, E.; Randeu, H.; Uhlig, C.; Pfister, H.; Mayer, Z.; Holdenrieder,

S. New Perspectives on the Importance of Cell-Free DNA Biology. Diagnostics 2022, 12, 2147. [CrossRef]
87. Ranucci, R. Cell-Free DNA: Applications in Different Diseases. Methods Mol. Biol. 2019, 1909, 3–12. [CrossRef]
88. Martignano, F. Cell-Free DNA: An Overview of Sample Types and Isolation Procedures. In Cell-Free DNA as Diagnostic Markers;

Methods in Molecular Biology; Casadio, V., Salvi, S., Eds.; Springer: New York, NY, USA, 2019; Volume 1909, pp. 13–27,
ISBN 978-1-4939-8972-0.

89. De Miranda, F.S.; Barauna, V.G.; dos Santos, L.; Costa, G.; Vassallo, P.F.; Campos, L.C.G. Properties and Application of Cell-Free
DNA as a Clinical Biomarker. Int. J. Mol. Sci. 2021, 22, 9110. [CrossRef]

90. Camargo, J.F.; Ahmed, A.A.; Lindner, M.S.; Morris, M.I.; Anjan, S.; Anderson, A.D.; Prado, C.E.; Dalai, S.C.; Martinez, O.V.;
Komanduri, K.V. Next-Generation Sequencing of Microbial Cell-Free DNA for Rapid Noninvasive Diagnosis of Infectious
Diseases in Immunocompromised Hosts. F1000Research 2020, 8, 1194. [CrossRef]

91. Solanky, D.; Ahmed, A.A.; Fierer, J.; Golts, E.; Jones, M.; Mehta, S.R. Utility of Plasma Microbial Cell-Free DNA Decay Kinetics
After Aortic Valve Replacement for Bartonella Endocarditis: Case Report. Front. Trop. Dis. 2022, 3, 842100. [CrossRef]

92. Haddad, S.F.; DeSimone, D.C.; Chesdachai, S.; Gerberi, D.J.; Baddour, L.M. Utility of Metagenomic Next-Generation Sequencing
in Infective Endocarditis: A Systematic Review. Antibiotics 2022, 11, 1798. [CrossRef]

93. Bragg, L.; Tyson, G.W. Metagenomics Using Next-Generation Sequencing. Methods Mol. Biol. 2014, 1096, 183–201. [CrossRef]
94. Metagenomic Next Generation Sequencing: How Does It Work and Is It Coming to Your Clinical Microbiology Lab? Available

online: https://asm.org:443/Articles/2019/November/Metagenomic-Next-Generation-Sequencing-How-Does-It (accessed
on 24 April 2023).

95. Wu, D.; Wang, W.; Xun, Q.; Wang, H.; Liu, J.; Zhong, Z.; Ouyang, C.; Yang, Q. Metagenomic Next-Generation Sequencing
Indicates More Precise Pathogens in Patients with Pulmonary Infection: A Retrospective Study. Front. Cell. Infect. Microbiol. 2022,
12, 1500. [CrossRef]

96. Duan, H.; Li, X.; Mei, A.; Li, P.; Liu, Y.; Li, X.; Li, W.; Wang, C.; Xie, S. The Diagnostic Value of Metagenomic Next-generation
Sequencing in Infectious Diseases. BMC Infect. Dis. 2021, 21, 62. [CrossRef]

97. Eichenberger, E.M.; de Vries, C.R.; Ruffin, F.; Sharma-Kuinkel, B.; Park, L.; Hong, D.; Scott, E.R.; Blair, L.; Degner, N.; Hollemon,
D.H.; et al. Microbial Cell-Free DNA Identifies Etiology of Bloodstream Infections, Persists Longer Than Conventional Blood
Cultures, and Its Duration of Detection Is Associated With Metastatic Infection in Patients With Staphylococcus aureus and
Gram-Negative Bacteremia. Clin. Infect. Dis. 2022, 74, 2020–2027. [CrossRef]

98. Luke, J.; Oxnard, G.; Paweletz, C.; Camidge, R.; Heymach, J.; Solit, D.; Johnson, B. Realizing the Potential of Plasma Genotyping
in an Age of Genotype-Directed Therapies. J. Natl. Cancer Inst. 2014, 106, dju214. [CrossRef]

99. Grace, M.R.; Hardisty, E.; Dotters-Katz, S.K.; Vora, N.L.; Kuller, J.A. Cell-Free DNA Screening: Complexities and Challenges of
Clinical Implementation. Obstet. Gynecol. Surv. 2016, 71, 477–487. [CrossRef]

https://doi.org/10.1016/j.athoracsur.2021.02.027
https://doi.org/10.21037/acs.2019.09.03
https://doi.org/10.1016/j.jaccas.2020.02.017
https://doi.org/10.1161/CIR.0000000000000296
https://doi.org/10.1128/JCM.00635-17
https://doi.org/10.1086/313753
https://doi.org/10.1093/cid/ciac426
https://doi.org/10.21037/atm-21-2488
https://www.ncbi.nlm.nih.gov/pubmed/34805352
https://doi.org/10.1186/s12879-022-07357-8
https://www.ncbi.nlm.nih.gov/pubmed/35418022
https://doi.org/10.3390/ijms24033051
https://www.ncbi.nlm.nih.gov/pubmed/36769374
https://www.ncbi.nlm.nih.gov/pubmed/18875018
https://doi.org/10.3390/diagnostics12092147
https://doi.org/10.1007/978-1-4939-8973-7_1
https://doi.org/10.3390/ijms22179110
https://doi.org/10.12688/f1000research.19766.4
https://doi.org/10.3389/fitd.2022.842100
https://doi.org/10.3390/antibiotics11121798
https://doi.org/10.1007/978-1-62703-712-9_15
https://asm.org:443/Articles/2019/November/Metagenomic-Next-Generation-Sequencing-How-Does-It
https://doi.org/10.3389/fcimb.2022.977591
https://doi.org/10.1186/s12879-020-05746-5
https://doi.org/10.1093/cid/ciab742
https://doi.org/10.1093/jnci/dju214
https://doi.org/10.1097/OGX.0000000000000342


Medicina 2023, 59, 939 16 of 18

100. Thuny, F.; Habib, G.; Dolley, Y.L.; Canault, M.; Casalta, J.-P.; Verdier, M.; Avierinos, J.-F.; Raoult, D.; Mege, J.-L.; Morange, P.-E.;
et al. Circulating Matrix Metalloproteinases in Infective Endocarditis: A Possible Marker of the Embolic Risk. PLoS ONE 2011,
6, e18830. [CrossRef]

101. Thuny, F.; Disalvo, G.; Belliard, O.; Avierinos, J.-F.; Pergola, V.; Rosenberg, V.; Casalta, J.-P.; Gouvernet, J.; Derumeaux, G.; Iarussi,
D.; et al. Risk of Embolism and Death in Infective Endocarditis: Prognostic Value of Echocardiography: A Prospective Multicenter
Study. Circulation 2005, 112, 69–75. [CrossRef]

102. Lupu, S.; Pop, M.; Mitre, A. Loeffler Endocarditis Causing Heart Failure with Preserved Ejection Fraction (HFpEF): Characteristic
Images and Diagnostic Pathway. Diagnostics 2022, 12, 2157. [CrossRef]

103. Todde, G.; Gargiulo, P.; Canciello, G.; Borrelli, F.; Pilato, E.; Esposito, G.; Losi, M.A. Rapid Evolution of an Aortic Endocarditis.
Diagnostics 2022, 12, 327. [CrossRef]

104. Silversides, C.K.; Grewal, J.; Mason, J.; Sermer, M.; Kiess, M.; Rychel, V.; Wald, R.M.; Colman, J.M.; Siu, S.C. Pregnancy Outcomes
in Women With Heart Disease: The CARPREG II Study. J. Am. Coll. Cardiol. 2018, 71, 2419–2430. [CrossRef] [PubMed]

105. Hennessey, K.C.; Ali, T.S.; Choi, E.; Ortengren, A.R.; Hickerson, L.C.; Lee, J.M.; Taub, C.C. Association between Abnormal
Echocardiography and Adverse Obstetric Outcomes in Low-Risk Pregnant Women. J. Cardiovasc. Dev. Dis. 2022, 9, 394. [CrossRef]
[PubMed]
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