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ABSTRACT

Eisenmenger syndrome, a complex and severe form of congenital heart disease, results from
prolonged left-to-right shunting due to underlying cardiac defects such as ventricular septal
defects, atrial septal defects, or patent ductus arteriosus, ultimately leading to irreversible
pulmonary arterial hypertension and a reversal of the initial shunt. This syndrome represents the
most severe spectrum of pulmonary vascular disease associated with congenital heart defects and
is characterized by hypoxemia, erythrocytosis, and systemic cyanosis. Despite advances in early
diagnosis and intervention in congenital heart disease, Eisenmenger syndrome remains a
significant concern due to the irreversible nature of pulmonary vascular changes and associated
multisystem complications. This article provides a comprehensive review of the pathophysiology,
clinical manifestations, and the role of pharmacologic and non-pharmacologic therapies, including
advanced palliative care, to improve patient quality of life. Emerging therapies such as endothelin
receptor antagonists, phosphodiesterase-5 inhibitors, and prostacyclin analogs show promise in
symptom management, though surgical interventions, such as heart-lung transplantation, remain
reserved for selected cases. Given the high mortality associated with Eisenmenger syndrome, a
multidisciplinary approach is critical in managing complications, improving patient outcomes, and
supporting functional status.
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INTRODUCTION

Eisenmenger syndrome represents a devastating late
complication of congenital heart disease with an initial left-
to-right shunt, which progressively evolves to an irreversible
right-to-left shunt secondary to severe pulmonary arterial
hypertension (PAH). This syndrome occurs when untreated
or suboptimally managed cardiac defects, such as ventricular
septal defect (VSD), atrial septal defect (ASD), or patent
ductus arteriosus (PDA), create a chronic increase in
pulmonary blood flow, leading to pathologic remodeling of
the pulmonary vasculature. Over time, heightened vascular
resistance and PAH develop, causing a shunt reversal that

results in systemic hypoxemia and cyanosis, hallmarks of
Eisenmenger syndrome.1,2

The systemic impact of Eisenmenger syndrome extends
beyond the cardiovascular system, affecting the hematologic,
renal, hepatic, and musculoskeletal systems. Erythrocytosis
arises as a compensatory response to hypoxemia, but the
resultant hyperviscosity may precipitate complications such
as cerebrovascular accidents and peripheral
thromboembolism. Progressive cyanosis, meanwhile, poses
risks for digital clubbing, coagulopathies, and increased
mortality. Despite advances in the early diagnosis and
intervention of congenital cardiac defects, Eisenmenger
syndrome persists as a life-limiting condition, underscoring
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the need for early recognition and targeted therapeutic
interventions.1,2

Recent therapeutic developments have transformed the
management landscape of Eisenmenger syndrome,
emphasizing vasodilator therapies including endothelin
receptor antagonists, phosphodiesterase-5 inhibitors, and
prostacyclin analogs that have demonstrated efficacy in
symptom control and functional improvement. However,
these treatments remain palliative, with heart-lung
transplantation as the only definitive intervention for end-
stage cases. The approach to Eisenmenger syndrome
management is inherently multidisciplinary, involving
cardiologists, pulmonologists, hematologists, and specialists
in palliative care, aiming to optimize quality of life and
address the syndrome's myriad complications. This review
examines the pathophysiologic mechanisms, clinical
spectrum, and current treatment strategies for Eisenmenger
syndrome, emphasizing the importance of a comprehensive
and patient-centered approach to care.1,2

Epidemiology of Eisenmenger Syndrome

Eisenmenger syndrome represents the terminal phase of
certain congenital heart diseases (CHD) that progress to
irreversible pulmonary arterial hypertension (PAH). This
syndrome typically develops in patients with large,
uncorrected intracardiac or extracardiac shunts, such as
ventricular septal defects (VSD), atrial septal defects (ASD),
or patent ductus arteriosus (PDA). The prevalence of
Eisenmenger syndrome is inherently tied to the prevalence of
congenital heart disease, the most common congenital
malformation globally, which occurs in approximately 1% of
live births. However, advancements in early diagnosis and
surgical repair have significantly reduced the incidence of
Eisenmenger syndrome in developed countries. Estimates
suggest that 6-10% of untreated CHD patients with
significant  left-to-right shunts develop Eisenmenger
physiology, but this figure varies significantly based on
access to and timing of medical intervention.2,3

The prevalence of Eisenmenger syndrome within the
population of individuals with CHD has decreased markedly
in high-income nations due to improvements in pediatric
cardiology and early intervention programs. In these regions,
Eisenmenger syndrome is now seen predominantly in adults
who either had late diagnoses or who lacked timely surgical
intervention in childhood, resulting in an older cohort of
patients who are increasingly seen in adult congenital heart
disease clinics. Data from these countries reveal an
approximate prevalence of 1-2 cases per million individuals
in the general population. However, in low- and middle-
income countries where access to pediatric cardiac care is
limited, Eisenmenger syndrome remains a more common
sequela of uncorrected CHD.2,3

Globally, Eisenmenger syndrome is thought to have a female
predominance, though the sex distribution varies with the

type of underlying defect. Studies suggest that women with
unrepaired CHD have a slightly higher risk of developing
PAH than their male counterparts, possibly due to hormonal
influences on pulmonary vascular reactivity and structural
remodeling. Age at diagnosis for Eisenmenger syndrome
varies widely, with most cases manifesting clinically in
adolescence or adulthood, often due to the insidious nature of
PAH progression and the subtlety of early symptoms. As a
result, the average age of Eisenmenger syndrome diagnosis
has shifted upwards, with many patients now being diagnosed
in their third or fourth decade of life, especially in countries
with routine screening protocols for CHD.2,3

Mortality rates in Eisenmenger syndrome remain high,
although these vary considerably depending on the
availability and accessibility of modern medical therapy and
multidisciplinary care. Data suggest that median survival
after the development of Eisenmenger syndrome can range
from 20 to 50 years, with survival rates significantly impacted
by the complexity of the underlying cardiac defect, presence
of comorbidities, and availability of therapies for PAH.
Mortality is typically due to complications such as heart
failure,  arrhythmias, and paradoxical embolism.
Additionally, patients with Eisenmenger syndrome face
increased risks during pregnancy, with maternal mortality
rates as high as 30-50%, further underscoring the condition's
impact on morbidity and mortality within reproductive-age
populations.2,3

The prognosis and life expectancy of patients with
Eisenmenger syndrome have improved with the advent of
targeted therapies, including endothelin receptor antagonists,
phosphodiesterase-5 inhibitors, and prostacyclin analogs,
which have been shown to improve functional status and
quality of life. Nonetheless, the disorder remains one of the
most challenging and life-limiting complications of CHD,
emphasizing the critical role of early intervention in pediatric
patients with shunt lesions to prevent the progression to
irreversible PAH and the development of Eisenmenger
syndrome.2,3

Clinical Manifestations of Eisenmenger Syndrome
Eisenmenger syndrome presents a complex array of clinical
manifestations stemming from the pathophysiology of long-
standing pulmonary arterial hypertension (PAH) with right-
to-left shunt reversal. As the pulmonary vasculature remodels
and pulmonary vascular resistance surpasses systemic
vascular resistance, the reversal in shunt direction leads to
systemic desaturation and hypoxemia, creating a unique
clinical picture marked by cyanosis, erythrocytosis, and
multisystem involvement.3,4

Cyanosis and Hypoxemia

The hallmark of Eisenmenger syndrome is cyanosis due to
hypoxemia, resulting from deoxygenated blood bypassing the
lungs via the right-to-left shunt. This cyanosis is generally
evident in both central and peripheral tissues, giving rise to

2012 Volume 04 Issue 11 November 2024

Corresponding Author: Donaldo Emiliano Silva Lopez



Eisenmenger Syndrome: Pathophysiology, Clinical Manifestations, and Contemporary Management Approaches in

Advanced Cardiopulmonary Disease

the classic presentation of cyanotic lips, tongue, and
extremities. The degree of hypoxemia and cyanosis can vary
depending on the type and size of the underlying congenital
defect and the severity of PAH. Chronically reduced arterial
oxygenation contributes to fatigue, exertional dyspnea, and
decreased exercise tolerance, common symptoms among
Eisenmenger patients.3,4

Digital Clubbing and Musculoskeletal Manifestations
Digital clubbing, or hypertrophic osteoarthropathy, is a
frequent finding in Eisenmenger syndrome, reflecting
chronic hypoxemia and increased vascular endothelial
growth factor (VEGF) levels that promote vascular
proliferation in the periosteal regions. Clubbing is most
prominent in the fingers and toes, with advanced cases
showing thickened, curved nails and "drumstick" fingers.
Musculoskeletal pain and arthralgia are also reported,
particularly in patients with longstanding disease and
polycythemia.3,4

Polycythemia and Hematologic Complications
Compensatory erythrocytosis is a secondary response to
hypoxemia, wherein increased erythropoietin levels stimulate
red blood cell production to enhance oxygen-carrying
capacity. However, elevated hematocrit levels in
Eisenmenger syndrome predispose patients to hyperviscosity,
which can lead to symptoms such as headache, dizziness,
visual disturbances, and fatigue. Paradoxically, Eisenmenger
patients can be at risk of iron deficiency due to increased iron
requirements associated with erythropoiesis, leading to
microcytic  erythrocytosis, which  complicates the
hyperviscosity ~syndrome. Furthermore, polycythemia
increases the risk of thromboembolism and can predispose to
cerebrovascular events, including transient ischemic attacks
and paradoxical embolism, especially in the context of atrial
septal defects.4,5

Cardiovascular Complications

Eisenmenger syndrome is associated with a high incidence of
arrhythmias, particularly atrial fibrillation and flutter, which
exacerbate right heart failure due to increased pressure load
on the right atrium. Right ventricular hypertrophy and
eventual right heart failure can manifest as hepatomegaly,
jugular venous distention, and peripheral edema. Syncope is
a critical symptom in Eisenmenger patients, often indicating
a worsening of PAH or a significant arrhythmic event.
Angina pectoris is also common, as hypoxemia and
polycythemia increase myocardial oxygen demand, yet
coronary perfusion may be insufficient. Additionally, right-
to-left shunting poses a risk for paradoxical embolism, which
can lead to ischemic strokes or systemic embolic events in
distal organs.4,5

Pulmonary and Respiratory Manifestations
Pulmonary hemorrhage is a potentially fatal complication in
Eisenmenger syndrome. Hemoptysis results from ruptured

pulmonary vessels under high pressure, especially in those
with extensive pulmonary artery dilation. The management
of hemoptysis in these patients is complex due to the
increased risk of bleeding associated with high pulmonary
pressures and the presence of coagulopathy related to both
hyperviscosity and platelet dysfunction.5,6

Renal and Hepatic Complications

Chronic hypoxemia in Eisenmenger syndrome can induce
renal dysfunction, primarily due to reduced renal blood flow
and hypoperfusion. Proteinuria is a common finding, and
progressive renal dysfunction can lead to renal failure in
advanced disease. Hepatic involvement, notably congestive
hepatopathy, results from chronic right-sided heart failure,
predisposing patients to ascites, hepatomegaly, and,
eventually, cirrhosis. Eisenmenger patients are also
susceptible to hepatopulmonary syndrome due to shunt-
related vascular abnormalities in the liver.6,7

Gastrointestinal and Endocrine Manifestations
Gastrointestinal bleeding is frequent in Eisenmenger
syndrome due to the development of angiodysplasia within
the gastrointestinal tract, exacerbated by platelet dysfunction
and increased vascular fragility. Endocrine disturbances,
including hypogonadism, are common in males with
Eisenmenger syndrome, often attributed to hypoxemia-
related suppression of gonadotropin release and resultant
infertility or reduced libido.6,7

Pregnancy and Reproductive Health

Eisenmenger syndrome poses significant risks during
pregnancy, with maternal mortality rates ranging from 30%
to 50%, owing to hemodynamic shifts and hypoxemia.
Pregnancy is generally contraindicated in women with
Eisenmenger syndrome, as it exacerbates cyanosis,
polycythemia, and heart failure, with increased risks of
thromboembolism and arrhythmias. For patients who do
become pregnant, careful multidisciplinary management is
required, although termination is frequently recommended
due to the high maternal and fetal risks involved.6,7

Neurologic and Cognitive Implications

Neurologic complications in Eisenmenger syndrome include
transient ischemic attacks, strokes, and brain abscesses, often
resulting from paradoxical embolism due to right-to-left
shunting. Cognitive decline and neurodevelopmental delays
have also been documented, particularly in patients with
longstanding, severe hypoxemia, which impairs cerebral
oxygen delivery.6,7

In summary, the clinical manifestations of Eisenmenger
syndrome are diverse and reflect the multisystem impact of
chronic hypoxemia, pulmonary hypertension, and shunt
physiology. The constellation of cardiovascular,
hematologic, pulmonary, and neurologic symptoms requires
a thorough, multidisciplinary approach to optimize patient
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outcomes and address both symptomatic management and
complications.6,7

Novel Diagnostic Methods for Eisenmenger Syndrome
The diagnosis of Eisenmenger syndrome, traditionally based
on clinical presentation, imaging, and hemodynamic studies,
has advanced significantly with the development of novel,
high-resolution diagnostic tools that allow for earlier and
more precise assessments of disease progression, pulmonary
vascular resistance, and associated complications. These
advancements improve risk stratification, guide management
decisions, and provide valuable insights into the syndrome's
impact on multisystem function. Below are some of the most
promising recent diagnostic techniques for Eisenmenger
syndrome.6,7

Advanced Echocardiography and Doppler Imaging
While transthoracic echocardiography (TTE) remains a
cornerstone for assessing Eisenmenger syndrome, recent
advancements in echocardiographic technology, such as 3D
echocardiography and strain imaging, have markedly
enhanced diagnostic precision. 3D echocardiography allows
for more accurate measurements of right ventricular (RV)
size, function, and structure, critical in Eisenmenger
syndrome, where RV function is a key determinant of
prognosis. Additionally, strain imaging through speckle-
tracking echocardiography offers detailed insights into RV
myocardial deformation and global longitudinal strain,
providing quantitative data that can detect early RV
dysfunction before it becomes apparent on standard
echocardiographic views. Right atrial strain analysis is also
emerging as a useful parameter, correlating well with PAH
severity and potentially predicting clinical deterioration.6,7

Cardiac Magnetic Resonance Imaging (CMR)

Cardiac MRI has become an invaluable tool in the assessment
of Eisenmenger syndrome, especially for evaluating complex
congenital heart lesions and accurately quantifying shunt
volume and directionality. CMR provides superior
visualization of RV volumes, mass, and function without the
limitations associated with echocardiographic windows.
Additionally, late gadolinium enhancement (LGE) on CMR
can identify areas of fibrosis in the myocardium, offering
prognostic insights, as increased RV fibrosis has been linked
to poorer outcomes in PAH. 4D flow CMR is a novel
advancement that enables detailed mapping of hemodynamic
blood flow within the heart and great vessels, providing
unique insights into the nature and progression of shunting,
pulmonary artery flow patterns, and regions of high shear
stress, which may contribute to vascular remodeling in
PAH.6,7

Computed Tomography Pulmonary Angiography
(CTPA)

High-resolution computed tomography (CT) imaging has
become instrumental in assessing the pulmonary vascular

tree, a key area of involvement in Eisenmenger syndrome.
CTPA, in particular, allows for detailed visualization of the
pulmonary arteries, enabling the identification of dilation,
thrombosis, or complex vascular malformations that are
common in advanced disease. Dual-energy CT is a recent
enhancement that provides perfusion imaging, allowing for
differentiation between perfused and non-perfused regions
within the lungs, offering further understanding of the extent
and distribution of pulmonary vascular changes. This
approach is highly beneficial for evaluating pulmonary
embolism risk, a frequent and potentially fatal complication
in Eisenmenger patients due to polycythemia and
hyperviscosity.6,7

Right Heart Catheterization  with  Advanced
Hemodynamic Monitoring

Right heart catheterization remains the gold standard for
confirming PAH and assessing shunt severity in Eisenmenger
syndrome. However, recent innovations in catheter-based
diagnostics, such as the use of conductance catheters and the
implementation of real-time RV pressure-volume loop
analysis, allow for more refined assessments of RV
contractility, compliance, and pulmonary artery elastance.
The use of conductance catheters can measure ventricular
volumes and pressures continuously, providing a
comprehensive hemodynamic profile that reflects both
preload and afterload conditions. These advanced metrics are
essential for understanding RV-PA coupling, a crucial
determinant of clinical stability in Eisenmenger syndrome.
Additionally, the incorporation of exercise hemodynamics
into catheterization protocols is gaining attention, as it
enables the assessment of hemodynamic responses to stress,
potentially uncovering subclinical RV failure and guiding
therapeutic decisions.6,7

Biomarker Analysis and Genetic Testing

While biomarkers like brain natriuretic peptide (BNP) and N-
terminal proBNP (NT-proBNP) have long been used in PAH,
recent studies have identified new biomarkers that provide
further insights into disease severity and prognosis in
Eisenmenger syndrome. Elevated levels of growth
differentiation factor-15 (GDF-15), troponins, and uric acid
have shown potential in correlating with RV dysfunction,
systemic hypoxemia, and overall mortality risk. Additionally,
genetic testing is emerging as a valuable diagnostic tool,
particularly in patients with congenital heart defects and
unexplained PAH, where specific mutations, such as those in
the BMPR2 gene, may predispose individuals to more
aggressive pulmonary vascular remodeling. Identification of
genetic predispositions aids in risk stratification, family
counseling, and future therapeutic targeting.6,7
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Electrocardiographic Monitoring with Implantable Loop
Recorders (ILRs)

Arrhythmias are a common and life-threatening complication
in Eisenmenger syndrome, particularly as the RV dilates and
pressures rise. Traditional 12-lead ECGs and Holter monitors
offer limited, intermittent assessments. However, implantable
loop recorders (ILRs) are increasingly used to provide
continuous, long-term monitoring of cardiac rhythm. ILRs
enable the early detection of significant arrhythmias, such as
atrial fibrillation, ventricular tachycardia, and conduction
abnormalities, which can contribute to sudden cardiac events.
Early identification and intervention in these cases improve
overall prognosis and help guide decisions on anticoagulation
and antiarrhythmic therapies.6,7

Molecular Imaging and PET Scans

Positron emission tomography (PET) imaging has opened
new avenues for assessing pulmonary inflammation and
vascular remodeling in PAH. Using tracers such as 18F-FDG
(fluorodeoxyglucose), PET can detect metabolic activity
within the pulmonary arteries, suggesting active vascular
inflammation, which may be linked to PAH progression.
Hybrid PET-CT scans, combining molecular and anatomical
data, can detect inflammatory processes in pulmonary
vascular and cardiac tissue, potentially serving as an early
marker of disease progression. This non-invasive modality
provides a promising avenue for tracking disease activity and
monitoring response to targeted anti-inflammatory therapies
in Eisenmenger syndrome.6,7

Ultrasound-Based Evaluation of Pulmonary Vascular
Resistance (PVR)

The development of non-invasive methods to estimate
pulmonary vascular resistance (PVR) offers a significant
advancement for patients with Eisenmenger syndrome who
may not tolerate repeated invasive assessments. Doppler
ultrasound-based algorithms, particularly those integrating
pulmonary artery systolic pressure with RV outflow tract
parameters, have shown promise in estimating PVR
accurately. Real-time three-dimensional echocardiography
can also provide detailed assessments of RV-PA coupling
dynamics, allowing for PVR calculation, a critical measure in
assessing Eisenmenger disease severity and response to
therapy.6,7

Artificial Intelligence (Al) and Machine Learning in
Imaging Analysis

Al-driven algorithms have emerged as a valuable tool for
diagnosing and prognosticating Eisenmenger syndrome. By
analyzing imaging data, Al algorithms can detect subtle,
complex patterns within CMR, CT, and echocardiographic
images that may go unnoticed by the human eye. Machine
learning models can help identify predictive markers of
disease progression, such as early changes in RV size,
pulmonary artery dimensions, and shunt-related flow

characteristics, improving diagnostic accuracy and enhancing
individualized risk stratification. Furthermore, Al-enabled
software can analyze hemodynamic data from catheterization
studies, identifying at-risk patients earlier and guiding
tailored therapeutic approaches.6,7

These emerging diagnostic methods represent a paradigm
shift in the evaluation of Eisenmenger syndrome, enabling
more precise, non-invasive assessments of disease burden,
RV function, and pulmonary vascular health. The integration
of advanced imaging, hemodynamic monitoring, and
biomarker analysis allows for a more comprehensive
understanding of the syndrome’s progression, potentially
leading to earlier intervention and improved long-term
outcomes for patients with this complex and life-limiting
condition.6,7

Novel Therapeutic Approaches for Eisenmenger
Syndrome

Managing Eisenmenger syndrome remains a formidable
challenge due to its complex pathophysiology, high
morbidity, and limited treatment options for long-term
disease  control.  However, recent advances in
pharmacological therapy, interventional procedures, and
gene-based therapies offer promise for improved
management and outcomes in Eisenmenger syndrome.
Current therapeutic strategies target pulmonary arterial
hypertension (PAH), right ventricular (RV) function, and
systemic complications, with an emphasis on patient-
centered approaches that improve quality of life and
survival.6,7

1. Advanced Pulmonary Vasodilator Therapy

Pulmonary vasodilators have become a mainstay in treating
Eisenmenger syndrome, aiming to reduce pulmonary
vascular resistance and improve RV function. While
traditional therapies like prostacyclin analogs, endothelin
receptor antagonists, and phosphodiesterase-5 (PDE5)
inhibitors have shown benefits, novel therapies are enhancing
the efficacy of PAH management in Eisenmenger patients.8,9
a. Soluble Guanylate Cyclase (sGC) Stimulators
Riociguat, a soluble guanylate cyclase (sGC) stimulator,
represents a recent advancement in PAH treatment. Unlike
PDES inhibitors, which require endogenous nitric oxide
(NO), sGC stimulators increase cyclic guanosine
monophosphate  (¢cGMP)  independently,  promoting
vasodilation and decreasing pulmonary vascular resistance.
Clinical trials with riociguat in PAH patients have
demonstrated its ability to improve exercise capacity,
decrease symptoms, and potentially reduce mortality.
However, riociguat’s use in Eisenmenger syndrome requires
careful monitoring due to risks of systemic hypotension and
potential hypoxemia from increased shunt flow.8,9

b. Selexipag and Oral Prostacyclin Pathway Agonists
Selexipag, a selective oral prostacyclin receptor agonist,
provides a new option for long-term PAH management.
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Unlike intravenous prostacyclins, selexipag can be
administered orally, improving patient compliance. By
selectively targeting the prostacyclin receptor (IP receptor), it
provides vasodilatory and antiproliferative effects on the
pulmonary vasculature with fewer systemic side effects.
Selexipag is particularly beneficial in patients with
Eisenmenger syndrome due to its role in reducing pulmonary
artery pressure without exacerbating systemic hypoxemia.8,9
c. Inhaled Nitric Oxide and Advanced Inhaled
Prostacyclin Therapy

Inhaled nitric oxide and prostacyclin analogs like iloprost
have been tailored to enhance local pulmonary vasodilation
while minimizing systemic effects. Recent studies suggest
that pulsed, high-frequency inhaled nitric oxide delivery can
provide sustained pulmonary vasodilation, improve
oxygenation, and avoid increased systemic shunt flow. This
localized approach is advantageous in Eisenmenger patients,
as it limits the impact on systemic circulation and right-to-left
shunt.8,9

2. Gene and Stem Cell Therapy

Emerging gene and stem cell therapies target the underlying
pathophysiology of pulmonary vascular disease, aiming to
reverse  vascular remodeling and reduce disease
progression.8,9

a. Gene Therapy for BMPR2 and TGF-B Pathways
Mutations in the bone morphogenetic protein receptor type 2
(BMPR2) are implicated in many PAH cases, leading to
abnormal cellular proliferation within the pulmonary
vasculature. Gene therapy aimed at restoring normal BMPR2
signaling is a promising area in PAH research, with
implications for Eisenmenger syndrome. Experimental
approaches involve delivering BMPR2 gene vectors to the
pulmonary artery, potentially reversing vascular remodeling.
Moreover, targeting the transforming growth factor-beta
(TGF-B) pathway, which drives fibrotic processes in PAH,
offers an avenue for reducing vascular fibrosis and
remodeling in Eisenmenger patients.8,9

b. Endothelial Progenitor Cell (EPC) Therapy
Endothelial progenitor cells (EPCs) have shown potential in
regenerating damaged pulmonary vasculature and promoting
healthy endothelial function. EPC therapy involves
administering these cells, either via direct intrapulmonary
delivery or systemic infusion, to promote repair in hypoxic
and remodeled vessels. Studies suggest that EPCs could
reduce pulmonary hypertension, improve exercise capacity,
and delay disease progression in Eisenmenger patients.10,11
c. Mesenchymal Stem Cell (MSC) Therapy
Mesenchymal stem cells (MSCs) are known for their
immunomodulatory  properties, which can mitigate
inflammation in  pulmonary arteries and improve
hemodynamics. Experimental studies have shown that MSCs
can reduce pro-inflammatory cytokines, inhibit vascular
smooth muscle cell proliferation, and potentially reverse
pulmonary arterial remodeling. Ongoing trials are evaluating

MSC therapy's safety and efficacy for PAH and its possible
extension to complex cases of Eisenmenger syndrome.10,11
3. Extracorporeal Membrane Oxygenation (ECMO) as a
Bridge to Lung Transplantation

While lung and heart-lung transplantation remain definitive
treatments for Eisenmenger syndrome in end-stage disease,
pre-transplant management with ECMO has become a crucial
intervention in severe cases. ECMO provides temporary
hemodynamic and respiratory support, stabilizing patients
with refractory RV failure and profound hypoxemia who are
on the transplant waiting list. Recent advancements in ECMO
technology, including portable veno-venous ECMO systems,
allow patients greater mobility and reduce risks associated
with immobility, such as thrombosis and infection. ECMO
remains a high-risk procedure but offers a lifesaving bridge
to transplantation for Eisenmenger patients.10,11

4. Targeted Anti-Fibrotic Therapies

Given the fibrotic nature of pulmonary vascular remodeling
in Eisenmenger syndrome, anti-fibrotic therapies are an
emerging focus. Tyrosine kinase inhibitors, like imatinib,
have demonstrated anti-proliferative and anti-fibrotic effects
on pulmonary arterial smooth muscle cells. Although initially
developed for other diseases, imatinib's ability to inhibit
platelet-derived growth factor (PDGF) pathways offers
potential in reversing vascular fibrosis and decreasing
pulmonary arterial pressures. However, the clinical
application of imatinib has shown mixed results, requiring
further investigation into safer, more effective anti-fibrotic
agents for Eisenmenger syndrome.11

5. Percutaneous Interventions and Device-Based
Therapies

a. Atrial Septostomy for RV  Decompression
Atrial septostomy is an interventional approach that creates
an intentional shunt at the atrial level to alleviate pressure on
the right ventricle. By decompressing the RV and reducing
systemic venous congestion, atrial septostomy may provide
symptom relief in patients with severe RV dysfunction.
Newer techniques involve creating small, controlled
fenestrations, which allow for careful management of the
interatrial flow to balance hypoxemia risk while optimizing
RV unloading.12

b. Pulmonary Artery Denervation (PADN)

Pulmonary artery denervation (PADN) is a novel
interventional technique that targets the autonomic nerve
supply to the pulmonary arteries. By selectively ablating
sympathetic nerves in the pulmonary artery, PADN reduces
pulmonary arterial pressure and vascular resistance,
providing symptom relief and hemodynamic improvement.
Early studies show promising results in reducing PAH
severity, with minimal side effects. This approach could offer
a less invasive option for Eisenmenger patients who are
unsuitable candidates for lung transplantation.12

c. Percutaneous Closure of Defects in Select Patients
Percutaneous defect closure remains controversial in
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Eisenmenger syndrome due to the risk of exacerbating PAH
and right-sided pressures. However, in select patients with
small, restrictive defects and manageable PAH, device-based
closure may offer hemodynamic benefits without significant
risks. Advanced imaging and hemodynamic testing are
essential to identify candidates who might benefit from this
procedure, and newer devices with adjustable shunt diameters
are under development to offer controlled closure options.12
6. Anticoagulation with Novel Oral Anticoagulants
(NOAC:S)

The use of anticoagulation in Eisenmenger syndrome has
historically been complex due to the risk of hemorrhage
associated with hypoxemia-induced platelet dysfunction and
hyperviscosity. Novel oral anticoagulants (NOACSs) are now
being explored as alternatives to traditional anticoagulants, as
they do not require frequent monitoring and have lower
bleeding risks. Rivaroxaban and apixaban have been studied
in PAH, showing favorable safety profiles, though large-scale
studies specifically in Eisenmenger syndrome are still needed
to establish efficacy and safety.13

These novel therapeutic approaches mark a transformative
era in managing Eisenmenger syndrome, shifting from solely
palliative measures to potentially disease-modifying
treatments. The advent of targeted pulmonary vasodilators,
gene and stem cell therapies, advanced extracorporeal
support, and innovative device-based interventions enables
clinicians to address the multifaceted challenges presented by
Eisenmenger syndrome. Ongoing research into personalized
treatment regimens holds the promise of further improving
survival and quality of life for these complex patients.14,15

CONCLUSION

Eisenmenger syndrome represents a profound and complex
manifestation of congenital heart disease that poses unique
clinical challenges due to its pathophysiological intricacies
and systemic implications. The syndrome develops as a
consequence of uncorrected left-to-right cardiac shunts,
which progress to irreversible pulmonary vascular
remodeling and severe pulmonary arterial hypertension
(PAH). This progression ultimately leads to a reversal of
shunt flow and systemic hypoxemia, with the entire
pathophysiological process imposing significant morbidity
and mortality risks on affected patients. Eisenmenger
syndrome requires a multidisciplinary approach, integrating
advanced diagnostic methods, specialized therapeutic
options, and comprehensive management strategies to
address the multi-organ involvement and complications
inherent to the disease.

The introduction of sophisticated diagnostic tools has enabled
earlier and more precise detection of Eisenmenger syndrome,
especially in assessing right ventricular (RV) function, shunt
dynamics, and pulmonary vascular resistance. Techniques
such as cardiac magnetic resonance imaging (CMR),
advanced echocardiographic modalities, and right heart

catheterization with novel hemodynamic monitoring
capabilities allow for detailed visualization and functional
assessment. These innovations have contributed to a better
understanding of disease progression, facilitating a more
tailored approach to patient management. Additionally, the
integration of molecular imaging, biomarker analysis, and
genetic testing has opened avenues for understanding the
underlying molecular mechanisms driving PAH and systemic
vascular complications, enabling a potential shift toward
precision medicine.

From a therapeutic standpoint, Eisenmenger syndrome has
seen the emergence of new pharmacological interventions
targeting the pulmonary vasculature, RV support, and
systemic sequelae. Pulmonary vasodilators, particularly those
modulating the nitric oxide-cGMP pathway (such as
riociguat), prostacyclin analogs (such as selexipag), and
endothelin receptor antagonists, have become essential in
reducing pulmonary vascular resistance and alleviating
symptoms, though careful consideration is needed to avoid
exacerbating systemic hypoxemia. Recent developments in
gene and stem cell therapy have shown promise in potentially
reversing aspects of pulmonary vascular remodeling, though
these approaches remain in experimental stages and require
further investigation for clinical application. The advent of
extracorporeal membrane oxygenation (ECMO) and lung
transplantation as definitive treatments offer hope for patients
with end-stage disease, although these options are reserved
for highly selected cases due to their associated risks and
limited availability.

Despite these advancements, Eisenmenger syndrome
continues to present complex challenges in both acute and
chronic management, as patients are prone to a multitude of
complications ranging from polycythemia and hyperviscosity
to arrhythmias, systemic embolization, and renal dysfunction.
These complications necessitate vigilant monitoring,
individualized therapeutic strategies, and timely intervention
to prevent rapid clinical deterioration. The evolving
landscape of diagnostic and therapeutic tools is promising,
yet highlights the need for ongoing research into the
molecular basis of Eisenmenger syndrome and novel,
disease-specific therapies that can target the root causes of
pulmonary vascular disease rather than merely ameliorating
symptoms.

In summary, Eisenmenger syndrome remains a formidable
clinical entity requiring an integrative, patient-centered
approach to management. While recent advancements have
improved our ability to diagnose, monitor, and treat
Eisenmenger syndrome, the complexity of the disease
demands continued innovation in diagnostics, therapeutic
strategies, and supportive care. Future research should focus
on expanding the repertoire of targeted therapies, refining
patient selection for advanced interventions, and
investigating the potential for early molecular or genetic
interventions that could delay or even prevent the irreversible
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progression to Eisenmenger physiology in patients with
congenital heart defects. Only through a sustained
commitment to clinical research, multidisciplinary
collaboration, and individualized patient care can we hope to
achieve meaningful improvements in the quality of life and
long-term outcomes for patients with this challenging
syndrome.
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