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Preface

We are delighted to present this Reprint, curated by Guest Editors Valeria Pergola and Martina

Perazzolo Marra, which distills the central themes of the Special Issue “What We See through Cardiac

Imaging.” Cardiac imaging has evolved from an anatomical descriptor to a predictive, therapeutic

shaping tool. The assembled articles cover congenital and acquired heart disease, coronary anatomy,

heart failure, and surgical interventions, highlighting how structural, functional, and dynamic

insights from multimodality imaging now underpin diagnosis, risk stratification, and therapeutic

planning. This Reprint is intended for clinicians, researchers, and trainees who wish to deepen

their understanding of state-of-the-art echocardiography, cardiac magnetic resonance, computed

tomography, and emerging biomarkers. By sharing these innovations and emphasizing the need

for standardized protocols and multicentre validation, we hope to inspire thoughtful application of

imaging and to foster collaboration across disciplines, ultimately improving patient care.

Valeria Pergola and Martina Perazzolo Marra

Guest Editors
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Editorial

Editorial: What We See Through Cardiac Imaging

Valeria Pergola * and Martina Perazzolo Marra

Cardiology Unit, Cardio-Thoracic-Vascular, and Public Health Department, Padova University Hospital,
35128 Padova, Italy; martina.perazzolomarra@unipd.it
* Correspondence: valeria.pergola@unipd.it

The evolving landscape of cardiac imaging continues to redefine our ability to
diagnose, stratify risk, and monitor cardiomyopathies. In both congenital and acquired
conditions, structural, functional, and dynamic myocardial insights are no longer ancillary;
they are foundational. This Special Issue, “What We See through Cardiac Imaging”, assem-
bles diverse contributions reflecting the growing role of multimodality imaging (MMI) as
both a diagnostic and prognostic cornerstone.

In patients with systemic right ventricle (sRV) physiology, such as those with transpo-
sition of the great arteries (TGA), post-atrial switch, or congenitally corrected TGA (ccTGA),
subpulmonary left ventricular (LV) function has historically received limited attention.
Piana et al. [1] demonstrate that LV global longitudinal strain (GLS), measured by cardiac
magnetic resonance feature tracking (CMR-FT), predicts adverse outcomes in this group,
confirming the prognostic significance of this neglected chamber. While the intra-vendor
reproducibility of the strain is good [2], inter-vendor variability remains a significant barrier
to widespread adoption. Standardization of acquisition, post-processing, and threshold val-
ues is essential to ensure reliable surveillance. A related challenge is addressed in patients
with repaired aortic coarctation [3]. This supports earlier observations [4] that anatomical
severity alone does not predict functional limitation. Integration of exercise testing with
cross-sectional imaging and longitudinal outcomes will help define intervention thresholds
with greater precision.

Coronary artery anatomy shows considerable variability, ranging from benign variants
to anomalies causing hemodynamic compromise or sudden cardiac death (SCD). Baz [5]
provides a structured review of coronary artery anomalies (CAAs) and emphasizes CT coro-
nary angiography (CTCA) as the reference non-invasive modality for detailed anatomical
assessment. Recent advances in cardiac CT technology have enabled high-quality imaging
without ECG synchronization, improving efficiency and reducing patient burden. These
early results suggest a promising diagnostic tool, though its applicability may be limited
in patients with arrhythmias or very high heart rates, warranting further investigation [6].
Hardware innovations in computed tomography are already enabling shorter and simpler
diagnostic workflows. On the other hand, the convergence of artificial intelligence and
the metaverse opens scenarios in which the patient becomes an active participant in the
diagnostic experience. The near-perfect accuracy achieved by the ICA-based algorithm,
further discussed in immersive VR environments, suggests that the future is not only
about streamlining procedures but also about reshaping the doctor–patient relationship
in a participatory and interactive way [7].

Galzerano et al. [8] highlight the integration of three-dimensional echocardiogra-
phy, myocardial strain, and vortex dynamics as a promising approach for heart failure
assessment, with the potential to uncover subtle ventricular dysfunction before clinical
decline. In this context, vortex analysis has also been applied to the athlete’s heart, where

J. Clin. Med. 2025, 14, 6824 https://doi.org/10.3390/jcm14196824
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it complements morphological remodeling by demonstrating higher energetic parameters
in highly trained individuals, thereby reflecting the effects of training intensity and energy
consumption [9]. While promising, its prognostic and therapeutic impact remains to be
established in longitudinal studies.

Postoperative paradoxical septum (POPS) is a frequent but usually benign finding after
cardiac surgery, characterized by preserved LV function, normal perfusion, and absence
of injury. Di Virgilio et al. [10] review fifty years of hypotheses, culminating in a heuristic
model in which POPS arises from the geometric realignment of ventricular anchor points
rather than myocardial damage. This reframes POPS as a functional adaptation rather
than pathology. Historical work by Weyman et al. [11] links paradoxical septal motion to
RV volume overload, but Di Virgilio et al. [10] integrate past and present evidence into
a unified geometric-shift model. While compelling, it remains unproven; prospective,
quantitative imaging studies—particularly using 3D deformation analysis—are needed to
validate its diagnostic and prognostic relevance.

An extensive review of the Ross procedure by Galzerano et al. [12] underscores its
growing recognition, despite a current class IIb guideline status, for offering superior
survival, fewer valve-related complications, and better quality of life compared with con-
ventional prostheses in young patients. Consistently, analysis of over 2000 adolescents
and young adults from the ECCDB demonstrated excellent outcomes with the Ross pro-
cedure, showing the lowest mortality rate (0.4%) and reinforcing its value as a durable
and safe option in this challenging population [13]. While the Ross procedure appears to
be a compelling option for carefully selected patients, questions remain over long-term
(>20 year) autograft durability and optimal homograft preservation. Coordinated, prospec-
tive multicenter studies with standardized imaging follow-up are essential to define candi-
dacy and refine guidelines.

Pergola et al. [14] argue for moving beyond a simple ejection-fraction–based classifi-
cation of heart failure, advocating instead for an integrated multimodality approach that
reflects the dynamic and patient-specific nature of the condition. In line with this perspec-
tive, a recent comprehensive review of early-stage HFpEF emphasizes the challenges of
timely diagnosis, the importance of advanced imaging, and the need for early intervention
to reduce progression to overt and advanced disease [15]. MMI is pivotal for candidate
selection, surgical planning, and complication detection, including RV failure, thrombosis,
valvular dysfunction, and device malposition. While MMI clearly enhances peri- and post-
operative assessment, prospective multicenter trials and standardized imaging protocols
are needed to confirm survival and quality-of-life benefits [16].

Moving to CTCA, Napoli et al. [17] highlight epicardial and pericoronary adipose
tissue (EAT/PCAT) as active contributors to coronary inflammation, plaque vulnera-
bility, and acute coronary syndromes. They position PCAT-CT attenuation as a non-
invasive biomarker of coronary inflammation with prognostic potential in CAD. Previous
studies [18] showed that in angiographically non-obstructive coronary syndromes, PCAT
demonstrates a transient but measurable inflammatory phenotype on CCTA via the peri-
coronary fat attenuation index (pFAI). Consistently, the large ORFAN study demonstrated
that the perivascular fat attenuation index (FAI) robustly predicts cardiac mortality and
MACE independently of traditional risk factors and CAD burden, with AI-enhanced risk
stratification further refining prognostic accuracy, particularly in patients without obstruc-
tive disease [19]. These findings support a paradigm shift toward inflammation-based risk
assessment. Still, validation in larger, diverse cohorts and trials linking PCAT modulation
to outcome improvements are needed before clinical integration.

Finally, Sonaglioni et al. [20] report a rare, isolated RV thrombosis post-cardiac surgery,
initially misdiagnosed as tumor. The case illustrates the diagnostic pitfalls of intracardiac
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masses and the value of multimodality imaging—and particularly echocardiography—
in guiding timely intervention. Extending this diagnostic framework, pulsed-wave tis-
sue Doppler imaging has been proposed for distinguishing pathological right atrial
masses from benign pseudomasses such as a prominent crista terminalis or the Chiari
network [21]. While promising for embolic risk stratification, its clinical adoption is limited
by scarce validation. Multicenter studies are needed to determine its sensitivity, specificity,
and reproducibility.

Taken together, the contributions in this Special Issue reinforce the central message:
Cardiac imaging has moved beyond anatomy to become a predictive, therapeutic-shaping
tool. Across congenital, structural, coronary, and heart failure domains, MMI enables
earlier disease detection, sharper risk stratification, and tailored interventions. The chal-
lenge ahead is to translate these promising approaches into standardized, evidence-based
protocols, validated by robust multicenter trials, to ensure that they benefit the broad
patient populations who stand to gain from them.

Author Contributions: Conceptualization: V.P. and M.P.M., Writing original article: V.P., Writing
review: M.P.M., Project administration: V.P., Funding acquisition: M.P.M. All authors have read and
agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Vascular inflammation is recognized as the primary trigger of acute coronary syndrome
(ACS). However, current noninvasive methods are not capable of accurately detecting coronary
inflammation. Epicardial adipose tissue (EAT) and pericoronary adipose tissue (PCAT), in addition
to their role as an energy reserve system, have been found to contribute to the development and
progression of coronary artery calcification, inflammation, and plaque vulnerability. They also
participate in the vascular response during ischemia, sympathetic stimuli, and arrhythmia. As a
result, the evaluation of EAT and PCAT using imaging techniques such as computed tomography
(CT), cardiac magnetic resonance (CMR), and nuclear imaging has gained significant attention. PCAT-
CT attenuation, which measures the average CT attenuation in Hounsfield units (HU) of the adipose
tissue, reflects adipocyte differentiation/size and leukocyte infiltration. It is emerging as a marker
of tissue inflammation and has shown prognostic value in coronary artery disease (CAD), being
associated with plaque development, vulnerability, and rupture. In patients with acute myocardial
infarction (AMI), an inflammatory pericoronary microenvironment promoted by dysfunctional
EAT/PCAT has been demonstrated, and more recently, it has been associated with plaque rupture in
non-ST-segment elevation myocardial infarction (NSTEMI). Endothelial dysfunction, known for its
detrimental effects on coronary vessels and its association with plaque progression, is bidirectionally
linked to PCAT. PCAT modulates the secretory profile of endothelial cells in response to inflammation
and also plays a crucial role in regulating vascular tone in the coronary district. Consequently,
dysregulated PCAT has been hypothesized to contribute to type 2 myocardial infarction with non-
obstructive coronary arteries (MINOCA) and coronary vasculitis. Recently, quantitative measures
of EAT derived from coronary CT angiography (CCTA) have been included in artificial intelligence
(AI) models for cardiovascular risk stratification. These models have shown incremental utility in
predicting major adverse cardiovascular events (MACEs) compared to plaque characteristics alone.
Therefore, the analysis of PCAT and EAT, particularly through PCAT-CT attenuation, appears to be
a safe, valuable, and sufficiently specific noninvasive method for accurately identifying coronary
inflammation and subsequent high-risk plaque. These findings are supported by biopsy and in vivo
evidence. Although speculative, these pieces of evidence open the door for a fascinating new strategy
in cardiovascular risk stratification. The incorporation of PCAT and EAT analysis, mainly through

J. Clin. Med. 2023, 12, 7212. https://doi.org/10.3390/jcm12237212 https://www.mdpi.com/journal/jcm5
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PCAT-CT attenuation, could potentially lead to improved risk stratification and guide early targeted
primary prevention and intensive secondary prevention in patients at higher risk of cardiac events.

Keywords: epicardial adipose tissue; pericoronary adipose tissue; coronary inflammation; acute
coronary syndromes

1. Introduction

The burden of acute coronary syndrome (ACS) and its associated mortality have
consistently increased over time [1,2]. Recent advancements in diagnostics and treatment
have partially mitigated this upward trend. Coronary computed tomography angiography
(CCTA) provides various tools with which to assess coronary artery disease, ranging from
calcium scoring to coronary plaque analysis. These tools are utilized as comprehensive
prognostic indicators (based on scores) [3–17].

Epicardial adipose tissue (EAT) and pericoronary adipose tissue (PCAT) contribute to
cardiovascular risk in different ways. They have been shown to have a prognostic role in
coronary artery disease (CAD) [18,19], to contribute to the development and progression
of coronary artery calcification (CAC) and coronary plaque vulnerability [20–22], and to
impact the inflammatory damage observed in coronary arteritis and myocardial infarction
with non-obstructive coronary arteries (MINOCA) [23,24].

Emerging evidence suggests that the paracrine activity of EAT and PCAT is associated
with coronary plaque instability [25,26]. It is clear that EAT and PCAT exhibit distinct
biological properties which manifest differently under various circumstances. This review
focuses on the emerging role of EAT in coronary inflammation, CAD development, plaque
vulnerability, and ACS, with particular emphasis on its endocrine properties and the
imaging modalities currently employed for its evaluation.

2. Imaging Evaluation of EAT and PCAT

EAT and PCAT, as well as thoracic fat, are commonly assessed using non-contrast
computed tomography (CT) or cardiac magnetic resonance (CMR). Echocardiographic
evaluation of EAT has also been described. Transthoracic echocardiography (TTE) is
a readily available and user-friendly imaging modality for measuring EAT thickness.
Typically, EAT is visualized in parasternal long-axis views as the hypoechoic space between
the free wall of the right ventricle and the visceral layer of the pericardium during end-
systole. Previous reports have indicated a median thickness of 7 mm [27,28]. However,
the use of TTE for EAT evaluation is limited due to operator dependence, frequent poor
acoustic windows, and poor correlation with CT-derived volume.

CMR can quantify EAT volume using black blood T1-weighted diastolic single-shot
spin echo sequences [29] CMR allows for excellent visualization of the visceral and parietal
pericardium, making EAT visualization straightforward, without the need for radiation
exposure or contrast agents. However, the high cost, incompatibility with implanted
devices, and claustrophobia in some patients are important limitations of this method.

Currently, the epidemiological evidence on the role of EAT as a biomarker and pre-
dictor of cardiovascular disease (CVD) is mainly derived from CT imaging. In CT scan
protocols, adipose tissue is identified by voxels with attenuation values between −30
and −190 Hounsfield Units (HU), depending on its normal or inflamed condition. The
CT attenuation of PCAT represents the average attenuation, in HU, of the adipose tissue
within the defined volume of interest. It reflects the balance between lipid and aqueous
phases, with a well-established association between signal attenuation and adipocyte dif-
ferentiation and size, primarily driven by intracellular lipid accumulation. Generally, a
gradient from higher to lower attenuation has been observed from PCAT to EAT [18,30–33]
(Figures 1 and 2 and Table 1).

6



J. Clin. Med. 2023, 12, 7212

 

Figure 1. CT scan of a 49-year-old male patient depicting the epicardial adipose tissue (red) immedi-
ately internal to the pericardium.

 

Figure 2. CT scan of a 39-year-old female patient. (a) 3D reconstruction of the heart, focusing on the
middle segment of RCA. (b,c) PCAT distribution around RCA in longitudinal and ortogonal view,
respectively (yellow spots). CT, computed tomography; PCAT, pericoronary adipose tissue; RCA,
right coronary artery.

Table 1. Imaging modalities by which to assess adipose tissue.

TTE CCTA CMR

Availability

Cost

Lack of iodine contrast use

Lack of ionizing radiation exposure

Reproducibility

Spatial resolution

3D volume data

AT thickness

AT area

AT volume

AT attenuation

AT radiomic profile

AT, adipose tissue; CCTA, coronary computed tomography angiography; CMR, cardiac magnetic resonance;

TTE, transthoracic echocardiography. , high; , medium; , low; , condition

satisfied/measure allowed; , N/A.
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3. Pathophysiologic Role of EAT and PCAT

It is widely recognized that approximately 20% of the total ventricular mass is com-
prised of adipocytes [29,34–36]. EAT is situated in the atrioventricular and interventricular
sulcus, surrounding the two appendages and the free walls of the atria. It maintains a
consistent fat/muscle ratio even during hypertrophic changes [37–39]. EAT and PCAT,
which originate from brown adipose tissue, share a close spatial and metabolic relationship
with myocardial cells. Their role in immunological, inflammatory, metabolic, and vascular
modulation of the heart has gained significant attention.

Under normal conditions, EAT exhibits various cardioprotective and metabolic prop-
erties. These include the release of free fatty acids (FFAs) as an energy source for the
myocardium during periods of increased metabolic demand, the expression of the thermo-
genic protein UCP-1 in response to cold exposure, and the production of cardioprotective
factors such as adrenomedullin. Adrenomedullin is a potent vasodilator and antioxidative
peptide with anti-inflammatory and anti-atherogenic properties [40,41]. EAT also acts in a
paracrine manner as a key regulator of vascular response during ischemia, sympathetic
stimuli, and arrhythmia [42–44].

Firstly, EAT plays a role in initiating inflammatory signals in response to regional
ischemia, leading to the release of interleukin (IL)-1β, IL-6, IL-6 soluble receptor, and
tumor necrosis factor-α (TNFα), as well as a decrease in the secretion of adiponectin,
an adipokine with anti-inflammatory and antiatherogenic properties [45,46]. Potential
mechanisms involve the release of adipokines from PCAT, which may traverse the coronary
wall through paracrine diffusion or direct release into the vasa vasorum, subsequently
passing into the arterial wall in a vasocrine manner [40].

Secondly, increased EAT volume in obesity can disrupt ion channel properties, cre-
ating an arrhythmogenic substrate for atrial fibrillation (AF) [43]. Additionally, EAT has
demonstrated heightened adrenergic activity in heart failure, as evidenced by higher con-
centrations of norepinephrine compared to plasma and the expression of catecholamine
biosynthetic enzymes. This establishes a negative feedback loop, ultimately leading to
functional and anatomical denervation of the heart [44].

4. Correlation between EAT, Coronary Inflammation, Coronary Flow Reserve, and
Cardiovascular Risk

EAT consists of adipocytes, pre-adipocytes, ganglia, interconnecting nerves, immune
cells, and inflammatory infiltrate, primarily macrophages [42,47]. The imbalance between
pro-inflammatory M1 and anti-inflammatory M2 macrophages is observed in patients
with CAD [48]. EAT, which is in close proximity to myocardiocytes, can release pro-
inflammatory and pro-atherogenic substances directly into the coronary lumen under
pathological conditions. The transcriptome of EAT encodes inflammatory cytokines, affect-
ing its pro-atherogenic characteristics, especially in unfavorable metabolic conditions like
diabetes [49–54]. Radiographic fat density correlates with adipocyte enlargement, while CT
attenuation is inversely related to adipocyte size. Higher CT attenuation in EAT indicates
the presence of enlarged adipocytes and infiltration of pro-inflammatory M1 macrophages,
indicating inflammation [48]. CT attenuation of the surrounding PCAT has prognostic
significance in CAD, as elevated attenuation is associated with reduced coronary flow
reserve [18,19,32], while a pericoronary fat attenuation index (pFAI) exceeding a specific
threshold is predictive of both all-cause and cardiac mortality [55]. Utilizing the pFAI
could potentially improve risk assessment and guide targeted prevention strategies for
individuals at higher risk [56].

PCAT has shown a positive association with the presence, amount, and progression
of CAC, independent of total body fat [20–22] Even after considering conventional cardio-
vascular risk factors and inflammatory markers, the volume of EAT remains a significant
predictor of CAC burden [21]. This may be attributed to the development of an inflamma-
tory micro-environment, lower levels of anti-atherogenic cytokines, and the secretion of
inflammatory substances such as ILs and monocyte chemoattractant protein-1 (MCP-1).
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Consequently, dysfunctional EAT/PCAT promotes inflammatory infiltration, leading to
tissue changes that are reflected in the attenuation observed through CT imaging (Figure 3).

Figure 3. Interaction between EAT, PCAT, and atherogenesis. EAT, epicardial adipose tissue; FFA,
free fatty acid; HRP, high-risk plaque; IL, interleukin; LPA, lysophosphatidic acid; MCP, monocyte
chemoattractant protein; PAI, plasminogen activator inhibitor; TNF, tumor necrosis factor. EAT,
located around the coronary arteries, secretes various bioactive molecules such as adipokines, cy-
tokines, and FFAs. In the presence of cardiovascular risk factors, EAT undergoes inflammation, which
is characterized by increased infiltration of immune cells. Dysfunction of PCAT and its effects on the
coronary arteries can contribute to the initiation and progression of atherosclerosis, leading to the
development of HRP.

Moreover, EAT volume has previously been associated with an increased CVD risk
profile in a directly proportional manner [57–59]. However, in advanced heart failure
(HF), reductions in EAT mass have been observed due to the lipolytic activity induced by
natriuretic peptides. In end-stage HF, lower EAT volume predicts a poorer prognosis [60].
This suggests a U-shaped association between EAT volume and CVD risk across the
entire spectrum of ejection fraction. Furthermore, a recent meta-analysis has confirmed the
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prognostic role of EAT/PCAT volume, demonstrating positive associations with obstructive
CAD and major adverse cardiovascular events (MACE) [57].

5. EAT/PCAT Activity Overcomes Systemic Inflammatory Markers in ACS

Various biomarkers, including microRNA (miRNA), IL-6, B-type natriuretic peptide
(BNP), cardiac troponin I (c-TnI), adiponectin, adipocyte fatty acid-binding protein (A-
FABP), high-sensitivity C-reactive protein (hs-CRP), and lipocalin-2, have been associated
with coronary inflammation and ACS. However, their lack of specificity limits their clin-
ical utility [61]. Standard non-invasive approaches fail to accurately identify coronary
inflammation, endothelial dysfunction, and high-risk coronary plaques (HRP) [62,63].

C-TnI is released from myocardiocytes following cardiac injury, not only in the case of
myocardial infarction but also in other pathological conditions such as HF, myocarditis, sep-
sis, pulmonary embolism, and renal failure [64,65]. BNP, primarily a marker of ventricular
stretch, increases in response to ventricular hypertrophy and myocardial infarction, playing
a role in volume homeostasis and ventricular remodeling in HF [66–69]. Adiponectin,
an anti-inflammatory and anti-atherogenic adipokine, has been inversely associated with
endothelial dysfunction and obstructive CAD, but its plasma level is influenced differently
by factors such as body mass, insulin resistance, and triglycerides [67]. A-FABP, expressed
in adipocytes and macrophages, is involved in glucose and lipid metabolism and has
been linked to the severity of coronary atherosclerosis, although its expression is similarly
influenced by insulin resistance, hypertension, and HF [70,71]. Lipocalin-2, an inflamma-
tory marker found in various tissues, including adipose tissue, has been associated with
atherosclerosis development and CAD severity, and its levels increase in response to factors
such as body mass, type 2 diabetes mellitus (T2DM), and insulin resistance [67,72,73].
Elevated levels of circulating hs-CRP and IL-6 in patients with stable angina have been
correlated with HRP, MACE, and hospitalization for HF [74–76], with higher CRP levels
observed in patients with acute myocardial infarction (AMI) compared to those with stable
CAD [77,78]. However, while these biomarkers can detect both systemic and coronary in-
flammation, they lack specificity and do not provide information regarding the localization
of coronary plaques.

On the other hand, CT imaging of PCAT inflammation can specifically identify HRP,
with progressively higher attenuation observed from stable CAD to ACS [79,80]. PCAT
CT attenuation does not correlate with standard circulating inflammatory biomarkers, as
shown in a post hoc analysis of the SCOT-HEART study. This suggests that CT attenuation
can identify coronary inflammatory status and active plaques that cannot be traced by
systemic markers [81]. Furthermore, studies indicate that mean PCAT attenuation is higher
in patients with myocardial infarction compared to those with stable CAD, suggesting
phenotypic changes in the entire coronary tree during ACS, which is consistent with
findings from intracoronary imaging [79,80,82].

6. Correlation between PCAT, Plaque Vulnerability, and ACS

EAT plays a role in plaque instability and ACS through its paracrine regulation of
coronary vessels. HRP are prone to rupture and exhibit positive remodeling without
significant lumen narrowing. Standard imaging methods may not accurately assess non-
obstructive, but high-risk, plaques [83]. However, innovative approaches using 18F-sodium
fluoride (18F-NaF) positron emission tomography (PET) uptake and PCAT attenuation on
CT have shown promise [84–86].

PCAT may contribute to atherogenesis, plaque instability, and ACS (Figure 3) [25,26,87].
Studies have demonstrated that increased PCAT CT attenuation is associated with atheroscle-
rotic coronary segments and plaque rupture in non-ST elevation myocardial infarction
(NSTEMI). Moreover, EAT attenuation has been shown to be directly proportional to the
probability of future AMI [88]. PCAT CT attenuation is higher in culprit lesions compared
to non-culprit lesions and stable CAD controls. Indeed, it has emerged as an independent
predictor of culprit lesions in patients with multivessel CAD.
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The exact mechanisms underlying the relationship between PCAT and HRP devel-
opment are not fully understood. It remains unclear whether inflammatory signals from
coronary vessels with HRP influence PCAT or whether PCAT exerts vasocrine regulation
through inflammatory pathways. PCAT, which is closer to the coronary arteries than EAT,
has a greater number of small pre-adipocytes, with a higher adipogenic gene expression
profile than mature adipocytes as result of the paracrine actions of the inflammatory envi-
ronment implicated in CAD [31]. Whereas EAT catches both paracrine and autocrine sig-
nals, PCAT is primarily impacted by paracrine signaling from the blood vessels. Proposed
mechanisms include the release of growth factors by adipocytes, secretion of angiotensin
II and plasminogen activator inhibitor-1 by EAT, and the release of lysophosphatidic acid
(LPA) promoting smooth muscle cell proliferation (Figure 3) [89,90].

Further research is needed in order to fully comprehend the complex interactions
between PCAT, coronary inflammation, and plaque vulnerability. These findings highlight
the potential of PCAT attenuation for CT and 18F-NaF PET uptake as non-invasive markers
of coronary inflammation and plaque instability [86].

Increased myocardial oxidative stress leads to the release of oxidation messenger
products, which can affect the secretory profile of EAT and its role in heart disease [91].
EAT, in response to oxidative stress, releases adiponectin, an adipokine with antioxidant
properties, to protect the myocardiocytes and endothelium from oxidative stress. Thus,
the phenotype of PCAT could be the result, rather than the cause, of underlying heart
disease [91].

Regardless of the underlying mechanism, these findings suggest that PCAT can be
used as a non-invasive tool to detect HRP, enhancing the identification of high-risk patients
who could benefit from aggressive primary prevention strategies.

Autoptic Evaluation of EAT and Risk of Sudden Cardiac Death

PCAT attenuation on CT is emerging as a highly sensitive method to evaluate coronary
inflammation, with biopsy-proven results supporting its validity [91]. In an autoptic study
of 139 cross-sections of the left anterior descending (LAD) artery obtained from 16 patients,
the ratio between plaque volume and media thickness was directly proportional to EAT
volume and macrophage infiltration of PCAT. PCAT volume was also proportionate to the
extension of a lipid core and to the inflammatory infiltration of atherosclerotic plaque [92].

In a post mortem comparison of CT data vs. autoptic findings in 116 human hearts,
patients with significant CAD showed higher extension of EAT and PCAT. Moreover, both
the thickness and volume of EAT significantly correlated with the grade of epicardial
coronary artery obstruction, even after adjusting for confounding factors [93].

Sudden cardiac death (SCD) describes a natural death, usually occurring within an
hour of the beginning of symptoms after rapid loss of consciousness if appropriate resusci-
tation techniques are not performed promptly [94]. It has a multifaceted etiology in which
a preexisting cardiovascular disease, usually undetected, culminates in cardiac rhythm
abnormalities and cardiac arrest. Since visceral adipose tissue as a CVR factor in SCD has
sparked interest, EAT has been investigated as marker of coronary atherosclerosis. In a
forensic, retrospective case–control study, EAT was an independent predictor of SCD [95].
Moreover, in a retrospective analysis of 321 autopsy cases, Hogea et al. demonstrated that
patients with silent myocardial infarction (SMI) had higher prevalence of EAT at the left
circumflex artery and the LAD artery, which were found to be independent predictors of
SMI upon multivariate analysis [96].

7. Correlation between PCAT and Coronary Arteritis

Perivascular adipose tissue (PVAT) is located at the outermost boundary of the arterial
wall and has been suggested to play a role in the pathogenesis of vasculitis. Studies have
hypothesized that PVAT may play a triggering role in the development of vasculitis, and
isolated peri-adventitial inflammation has been associated with an increased likelihood of
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developing giant cell arteritis. This suggests a primary role of PVAT in the pathogenesis of
systemic vasculitis [23].

In Takayasu arteritis (TAK), a type of inflammatory arteritis affecting the aorta and its
branches, the density of periaortic adipose tissue (PAAT) and PCAT has been quantified.
Patients with TAK showed higher PAAT and PCAT density compared to patients with
CAD or controls, independently of other factors. PAAT and PCAT density were closely
related to markers of disease activity in TAK, indicating a potential role of PAAT and PCAT
in the pathogenesis of TAK. PCAT density was also identified as an independent predictor
of coronary inflammation, as visualized by 68Ga-DOT PET imaging [24].

Kawasaki disease (KD), a type of acute inflammatory vasculitis primarily affecting
medium-sized elastic arteries, particularly the coronary arteries, is a major cause of acquired
heart disease in children. Coronary artery aneurysms and inflammatory cell infiltration
have been observed in KD, and adipokines have been suggested to play a central role
in its pathogenesis. A meta-analysis showed that resistin and adiponectin levels were
significantly elevated in KD patients with coronary artery lesions compared to those
without coronary involvement [97–99].

While further research is needed in order to fully understand the relationship between
PCAT and arteritis, it is reasonable to assume that the inflammatory microenvironment
surrounding coronary vessels, including the contribution of PCAT through paracrine
secretion, plays a causative role in the development and progression of coronary damage.
Future studies are needed to investigate the role of PCAT in regulating vessel inflammation
and to explore potential therapeutic approaches in this field.

8. Correlation between PCAT and MINOCA

MINOCA is diagnosed when invasive coronary angiography reveals a patent coronary
tree in a patient with AMI [100]. The prevalence of MINOCA is 1–13% of all patients with
a clinical diagnosis of AMI, and several potential etiologies exist. After initial negative
angiography, MINOCA may be reclassified as type 1 or type 2 AMI due to mechanisms
of myocardial ischemia; the first represents a plaque-induced event where plaque rupture
or erosion with superimposed thrombus develops spontaneous recanalization. On the
contrary, type 2 AMI arises from non-plaque-induced conditions due to reduced blood
supply and oxygen imbalance, such as spontaneous coronary artery dissection (SCAD),
embolism, vasospasm, and microvascular disease [101]. Mechanisms causally connecting
plaque rupture/erosion with PCAT, as well as endothelial dysfunction and EAT, have been
described previously in this document. Furthermore, emerging evidence currently exists
regarding the contributory role of EAT in other type-2 MINOCA [102].

8.1. Spontaneous Coronary Artery Dissection

SCAD is defined as a non-traumatic, non-atherosclerotic separation of the layers of the
arterial wall, resulting in the creation of a false lumen. The role of inflammatory infiltrate
in the pathogenesis of SCAD is still debated, and a causative or healing role has not been
conclusively determined. Some reports suggest a causative role of eosinophilic infiltrates in
coronary wall injury, leading to the expansion of intramural hemorrhage through the release
of cytotoxic products and stimulation of aberrant neovascularization [103,104]. On the
other hand, a large pathology case series has suggested that periadventitial inflammation
in SCAD is time-dependent and proportional to the time elapsed between symptom onset
and death, indicating a healing response of the inflammatory infiltrate in SCAD [105].

Regardless of its contribution, an inflammatory environment is consistently present in
SCAD, involving both the vessel wall and the PCAT bidirectionally [106]. In vivo detection
of vascular inflammation would be useful, and several studies have evaluated the role of
PCAT CT attenuation in this context. One study failed to show a significant difference
in median PCAT attenuation between SCAD patients and controls, potentially due to the
healing process and resolution of ACS with invasive or medical treatment [107]. However,
another study demonstrated that elevated PCAT density on CT performed within 48 h of
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coronary angiography had a higher prevalence than the imaging of dissection identified by
angiography [108]. Additionally, a cohort study showed a significant association between
PCAT CT attenuation, wall motion abnormality, and initial elevated troponin levels in
patients with high-degree stenosis due to SCAD or atherosclerosis [106].

While invasive coronary angiography is the first-line examination for patients pre-
senting with ACS and suspected SCAD, CT may play a role, especially in those with early
presentation and normal initial troponin levels. PCAT CT attenuation can provide valuable
information, particularly when small dissections may not be detectable due to the spatial
resolution limitations of CT [109].

8.2. Vasospastic Angina

The endothelium modulates vascular tone through the release of relaxing factors
(mainly prostaglandins and nitric oxide) and hyperpolarizing factors. The former mediates
the relaxation of large arteries (i.e., epicardial coronary arteries), while the latter plays
a key role in regulating the resistances of small arteries by opening calcium-activated
potassium channels and subsequently hyperpolarizing the membranes of vascular smooth
muscle cells (VSMCs) [110]. Multiple studies have attempted to identify the mechanism
behind coronary vasospasm, and different pathological reports have described extensive
adventitial inflammation near the spastic coronary artery [111,112]. Such inflammatory
environment seems to mediate VSMCs’ hypercontraction by the influx of Ca2+ through
L-type Ca-channel as an initial trigger, which is functionally up-regulated via PKC and a
GTPase-Rho-dependent mechanism [110]. Moreover, Ohyama et al. recently demonstrated
increased PCAT volume at the site of higher lumen reduction in spastic coronary segments,
which suggests the involvement of PCAT in the inflammatory context leading to the
spasm [113].

As previously described, 18F-FDG PET/CT is able to detect perivascular inflamma-
tion, with signal intensity directly proportional to macrophage density and microcalcifi-
cations [114]. As expected, ECG-gated 18F-FDG PET/CT recently showed significantly
increased FDG uptake in patients with vasospastic angina, which significantly decreased
during the follow-up period [115]. Numerous studies have suggested that PVAT regulates
the vascular bed in a paracrine way, with opposite effects in the peripheral and coronary
districts due to different proteomic responses secondary to local and systemic factors. Owen
et al. previously demonstrated that biological factors are released from PCAT potentiate
coronary vasoconstriction, with a directly proportional expression of RhoA (2.9-fold) and
calpastatin (1.6-fold) to total fat volume, leading to increased function of VSMCs’ Ca2+ chan-
nels, H2O2-sensitive K+ channels, or mediators regulating these channels [116]. Notably,
inhibition of Ca2+ channels with nifedipine or diltiazem is able to neutralize this effect.

These data suggest a key role of PCAT in regulating vascular tone in the coronary
district beyond endothelial function and systemic mediators, highlighting the potential
detrimental effects of dysregulated PCAT in type 2 MINOCA.

9. Future Perspectives: Application of Artificial Intelligence

The term artificial intelligence (AI) refers to the application of computing methods
to tasks that ordinarily call for human intellect. AI subfields, such as machine learning
(ML), are increasingly used in cardiovascular imaging; ML models can now be employed
to merge clinical data with AI-derived information for personalized risk stratification [117].
CCTA-derived quantitative measures have previously been included in ML models, which
have outperformed qualitative or quantitative high-risk plaque characteristics alone in
terms of outcome prediction [118,119].

Deep learning (DL), a subset of ML, generates assumptions directly from input data
through multilayered artificial neural networks. Recently, Driessen et al. applied DL
to CT-derived fractional flow reserve (CT-FFR) software (HeartFlow FFRCT version 2.7,
Redwood City, CA, USA) to aid in identifying the coronary lumen border and generating
analyses of hybrid computational fluid dynamics, demonstrating the greater diagnostic
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performance of CT-FFR compared to CCTA for stenosis evaluation and PET for ischemia
detection [120]. Moreover, the ML method demonstrated advantageous application in
PET/TC as well, allowing for automated CAC scoring from low-dose CT-attenuation
images routinely acquired during PET protocol, with outstanding results compared to
the reference standard of manual quantification [117]. More recently, Commanduer at
al. compared DL to manual analysis of EAT, finding a high level of accuracy with the
automated analysis, which also performed better than human evaluation in terms of
identifying non-calcified plaque. Additionally, DL took about 1.57 s per patient, compared
to 15 min for professional readers [121]. A boost ensemble ML method has recently been
evaluated to compare EAT volume and CFR in non-contrast CT and PET. The ML composite
risk score significantly enhanced the risk reclassification of impaired myocardial flow
reserve compared to EAT volume or CAC score alone [122]. Thus, AI-integrated approaches
are now not only feasible, but have been proven to enhance CVR assessment without
additional radiation exposure, greatly reducing the time needed for manual measurements.

Interestingly, radiomics, a new frontier of imaging evaluation through data-characterization
algorithms, has recently been applied in PCAT analysis with interesting results [123].
Oikonomou et al. used PCAT radiomic features to train a random forest ML model to
create a patient-level “fat radiomic profile.” This indicator demonstrated incremental utility
for MACE prediction beyond traditional CCTA-based risk categorization when assessed in
1575 SCOT-HEART study participants [124]. Therefore, the texture and geometry-based
parameters of PCAT may outperform PCAT CT attenuation in terms of discriminating high-
risk plaque, even though the lack of standardized methodology in the radiomic workflow,
complex manual delineation, and the need for highly experienced staff are important
limitations to its widespread adoption [125]. However, the combination of radiomics and
PCAT CT attenuation could further enhance the identification of patients at risk of acute
coronary events.

10. Conclusions

Vascular inflammation is the main driver of ACS, but standard noninvasive approaches
such as exercise treadmill testing (ETT) and perfusion imaging have failed to precisely iden-
tify coronary inflammation and subsequent endothelial dysfunction. Existing noninvasive
methods, like 18F-NaF-PET, which is well standardized in terms of identifying coronary
inflammation, require complex imaging protocols and processing. Additionally, circulating
biomarkers that are widely used lack adequate specificity. As a result, the noninvasive
detection of HRP and the dysfunctional endothelium remains challenging.

PCAT undeniably plays a key role in coronary inflammation and the development
of HRP due to the bidirectional interconnection between epicardial fat and the coronary
vessels. PCAT evaluation through CT attenuation has emerged as a promising method
for predicting MACE, with demonstrated relationships between PCAT volume/density
and coronary flow reserve (CFR), CAC, and cardiovascular risk. Furthermore, PCAT
attenuation has recently shown the ability to predict plaque rupture in AMI and accurately
identify culprit lesions in patients with multivessel CAD. Given its proximity to the vascular
wall, PCAT has also been hypothesized to play a triggering role in coronary vasculitis
and MINOCA.

AI has been progressively applied in cardiovascular risk stratification, and ML models
incorporating CCTA-derived quantitative measures have demonstrated incremental utility
in predicting MACE compared to plaque characteristics alone. Therefore, the evaluation
of PCAT appears to be a safe, valuable, and sufficiently specific noninvasive method for
accurately identifying coronary inflammation and subsequent HRP, with its results having
been proven both via biopsy and in vivo.

While speculative, these pieces of evidence pave the way for a fascinating future
strategy for cardiovascular risk stratification. It is conceivable that the assessment of EAT
status may be incorporated into risk stratification tools, enabling early targeted primary
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prevention and intensive secondary prevention in patients at higher risk of cardiac and
all-cause mortality.
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Abbreviations

A-FAB adipocyte fatty-acid-binding protein
ACS acute coronary syndrome
AF atrial fibrillation
AI artificial intelligence
AMI acute myocardial infarction
BNP B-type natriuretic peptide
C-TnI cardiac troponin I
CAC coronary artery calcification
CAD coronary artery disease
CCTA coronary CT angiography
CFR coronary flow reserve
CMR cardiac magnetic resonance
CVD cardiovascular disease
CT computed tomography
CT-FFR CT-derived fractional flow reserve
DL deep learning
EAT epicardial adipose tissue
ETT exercise treadmill testing
FFAs free fatty acids
HF heart failure
HRP high-risk coronary plaques
hs-CRP high-sensitivity C-reactive protein
HU Hounsfield units
IL interleukin
KD Kawasaki disease
LAD left anterior descending
LPA lysophosphatidic acid
MACE major adverse cardiovascular events
ML machine learning
MCP-1 monocyte chemoattractant protein-1
MINOCA myocardial infarction with non-obstructive coronary arteries
MiRNA microRNA
NSTEMI non-ST-segment elevation myocardial infarction
PAAT periaortic adipose tissue
PCAT pericoronary adipose tissue
PET positron emission tomography
pFAI pericoronary fat attenuation index
PVAT perivascular adipose tissue
SCAD spontaneous coronary artery dissection
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SCD sudden cardiac death
SMI silent myocardial infarction
T2DM type 2 diabetes mellitus
TAK Takayasu arteritis
TNFα tumor necrosis factor-α
TTE transthoracic echocardiography
VSMCs vascular smooth muscle cells
18F-NaF 18F-sodium fluoride
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Abstract: Advanced heart failure (AHF) presents a complex landscape with challenges spanning
diagnosis, management, and patient outcomes. In response, the integration of multimodality imaging
techniques has emerged as a pivotal approach. This comprehensive review delves into the profound
significance of these imaging strategies within AHF scenarios. Multimodality imaging, encompass-
ing echocardiography, cardiac magnetic resonance imaging (CMR), nuclear imaging and cardiac
computed tomography (CCT), stands as a cornerstone in the care of patients with both short- and
long-term mechanical support devices. These techniques facilitate precise device selection, placement,
and vigilant monitoring, ensuring patient safety and optimal device functionality. In the context
of orthotopic cardiac transplant (OTC), the role of multimodality imaging remains indispensable.
Echocardiography offers invaluable insights into allograft function and potential complications.
Advanced methods, like speckle tracking echocardiography (STE), empower the detection of acute
cell rejection. Nuclear imaging, CMR and CCT further enhance diagnostic precision, especially con-
cerning allograft rejection and cardiac allograft vasculopathy. This comprehensive imaging approach
goes beyond diagnosis, shaping treatment strategies and risk assessment. By harmonizing diverse
imaging modalities, clinicians gain a panoramic understanding of each patient’s unique condition,
facilitating well-informed decisions. The aim is to highlight the novelty and unique aspects of recently
published papers in the field. Thus, this review underscores the irreplaceable role of multimodality
imaging in elevating patient outcomes, refining treatment precision, and propelling advancements in
the evolving landscape of advanced heart failure management.
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1. Introduction

According to the European Society of Cardiology (ESC) and the American College of
Cardiology (ACC)/American Heart Association (AHA)/Heart Failure Society of America
(HFSA) Guidelines, advanced heart failure (AHF) is recognized as a clinical syndrome
characterized by signs and symptoms of volume overload and inadequate blood perfusion
despite maximal therapy, resulting in recurrent hospitalizations and high mortality [1,2].
AHF is further defined by marked symptoms significantly impacting daily life, lead-
ing to recurrent hospitalizations despite attempts to optimize guideline-directed medical
therapy [2]. The prevalence of AHF is on the rise due to an aging population, improved
treatment, and increased survival from HF [3].

Despite medical advancements, patients with AHF still face a poor prognosis, with
1-year mortality rates ranging from 25% to 75% [1]. Additionally, they suffer recurrent
episodes of pulmonary or systemic congestion, low cardiac output, and malignant arrhyth-
mias, leading to at least one unplanned hospitalization per year [4].

AHF patients typically exhibit severe exercise intolerance, as evidenced by param-
eters such as a 6-min walking test distance of <300 m or peak oxygen consumption
(pVO2) <12 mL/kg/min or <50% of the predicted value [5]. Furthermore, recent evi-
dence highlights that a significant proportion of patients with AHF exhibit mildly reduced
or preserved left-ventricular ejection fraction (LVmrEF and LVpEF, respectively), and their
survival outcomes are poor irrespective of EF [6,7]. The challenge in comprehending AHF
lies in the absence of a singular diagnostic criterion, thereby complicating the establishment
of a universally applicable case definition within diverse populations.

Patients at this stage of HF often exhibit poor responses to conventional therapies,
including optimal medical management, cardiac resynchronization therapy (CRT), and
various percutaneous and surgical interventions aimed at addressing valvular and coronary
artery issues. The clinical spectrum of AHF ranges from progressive refractory deteriora-
tion to cardiogenic shock [1]. While inotropic agents can provide temporary relief, their use
is limited due to the risk of myocardial ischemia and tachyarrhythmias [8]. As per the latest
guidelines from the European Society of Cardiology (ESC) for heart failure [1], treatment op-
tions may include adding sacubitril-valsartan or sodium-glucose co-transporter-2 (SGLT2)
inhibitors, doubling the dose of loop diuretics, or combining them with thiazide-type
diuretics such as metolazone. In cases of refractory diuretic treatment, renal replacement
therapy should be considered [1].

The Interagency Registry for Mechanically Assisted Circulatory Support (INTER-
MACS) classification system plays a crucial role in assessing the severity of HF, ranging
from class III NYHA (New York Heart Association) to critical cardiogenic shock, despite
escalating therapeutic support [9]. For patients classified as INTERMACS 1 or 2, short-term
mechanical circulatory support (MCS) devices are the preferred choice [10]. Therefore,
when patients fail to stabilize with medical therapies alone, they become eligible for MCS
devices, whether in acute or chronic settings. A variety of short- and long-term MCS
devices are available to clinicians [10,11].

MCS devices can serve as a bridge to decision (BTD), bridge to recovery (BTR), bridge
to other bridge therapies (BTB), such as long-term MCS, or as a bridge to urgent cardiac
transplant (BTT) [11]. These devices encompass intra-aortic balloon pumps (IABP), mpella,
veno-arterial extracorporeal membrane oxygenation (ECMO), and left-ventricular assist
devices (LVADs). Regular imaging assessments, particularly echocardiography, are es-
sential for monitoring device function, detecting complications, and optimizing patient
outcomes. Imaging helps assess ventricular function, valve function, and the presence of
any thrombus or device-related issues, ensuring timely intervention when necessary [1].
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LVADs can be used as a BTT, a bridge to candidacy (BTC), or as permanent treatment,
such as “destination therapy” (DT) (refractory HF, no transplant candidate), in order to
overcome the shortage of heart donors [12]. In this setting, RV assessment is crucial since
the RV supports the cardiac output and RV failure occurs in up to 50% of cases following
LVAD implantation, resulting in high perioperative mortality and morbidity rates [13,14].
A biventricular assist device (BiVAD) is an implantable pump designed to help the heart
function better when both the right and left pumping chambers of the heart are failing.
However, BiVAD recipients have greater mortality and morbidity than LVAD recipients [15].
Therefore, MCS with BiVAD and total artificial heart (TAH) options remain challenging.

Orthotopic cardiac transplant (OCT) stands as the gold standard of care for eligible
patients with advanced, refractory HF. OCT has demonstrated the ability to improve both
the quality of life and overall survival [16]. However, the limited availability of suitable
donor organs and the presence of numerous contraindications restrict the applicability of
this option to a select group of patients [1]. Cardiac imaging is vital in the evaluation of
transplant candidates. Echocardiography is the first-line imaging modality to assess the
suitability of the donor’s heart. It also helps detect any potential contraindications such as
valvular abnormalities, or ventricular dysfunction, which may influence the decision to
proceed with transplantation [17].

Cardiac imaging modalities play a pivotal role in the assessment and management of
AHF patients. They provide crucial insights into myocardial function and assist in identify-
ing potential candidates for advanced therapies, selecting the most appropriate mechanical
cardiac support (MCS) device, and optimizing its settings for individual patients [1,18].

Evaluating AHF through echocardiography has seen considerable growth, with an
emphasis on hemodynamic and strain assessments. Nuclear techniques have also evolved,
with innovations like positron emission tomography/computed tomography (PET/CT) and
single-photon emission-computed tomography positron-emission tomography (SPECT),
enhancing both diagnostic precision and the ability to assess myocardial blood flow (MBF)
and viability. Meanwhile, cardiac computed tomography (CCT) imaging, already estab-
lished for coronary disease evaluation, is increasingly valuable for characterizing myopathic
conditions. Furthermore, cardiac magnetic resonance (CMR) is expanding its role in tissue
characterization, now encompassing a broader range of diseases [18].

The purpose of this review is to provide a multimodality imaging approach for patients
with AHF. Clinical decisions about HF management are frequently based on measurements
of LV function, relying mainly on transthoracic and transesophageal echocardiographic
(TTE and TEE) measurements. These tools are almost always available in primary care;
this means that AHF clinical diagnosis and decision-making can take weeks, even months,
of in-hospital stay and costly frequent visits to HF outpatient clinics. As a result, the
opportunity for early detection of AHF is often lost. Currently, the availability of other
imaging modalities, such as CCT, nuclear imaging, and CMR, in tertiary centers is of utmost
importance in the assessment of complex scenarios, and this may have an impact on the
survival of AHF patients. The aim of this review is to emphasize the novelty and unique
aspects of recently published papers in the field, distinguishing it from previous reviews
on this topic.

2. Multimodal Approach to Advanced Heart Failure

2.1. Transthoracic Echocardiography in AHF

The echocardiographic parameters used to evaluate in patients with AHF are:

1. Left-ventricular ejection fraction (LVEF). LVEF is a crucial indicator in assessing heart
failure. In individuals with AHF, approximately 50% of patients may exhibit a reduced
LVEF [1]. It is noteworthy, however, that half of AHF cases present with mildly
reduced or preserved EF, with poor survival rates irrespective of EF values [6,7]. The
accurate measurement of LVEF is essential and can be achieved through the Simpson’
biplane method or 3D imaging. In instances of poor acoustic window quality, the use
of ultrasound-enhancing agents (UEAs) is recommended to enhance the visualization
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of the endocardial borders [19]. According to the 2022 AHA/ACC/HFSA Guideline,
the diagnosis of HF with an LVEF exceeding 40% necessitates a demonstration of
increased filling pressures. While increased cardiac filling pressure is presumed
for HFrEF, individuals with HFmrEF or HFpEF require evidence demonstrating
spontaneously or provokable increased LV filling pressures for a confirmed diagnosis
of HF. Such supporting evidence can be obtained through noninvasive methods such
as natriuretic peptide assessment or imaging for diastolic function [2]. Patients who
initially had HFrEF and subsequently, at follow-up, show an LVEF surpassing 40%,
are classified as having heart failure with improved EF (HFimpEF) [2].

2. Presence of regional wall motion abnormalities (RWMA). In AHF, the presence of
RWMA serves as a significant clinical indicator, which may be caused by factors
such as ischemia, scar tissue formation, or underlying structural heart disease. These
abnormalities contribute to the overall dysfunction of the heart and can further
compromise its pumping capacity [1,2].

3. Ventricular diameters and volumes: LV end-diastolic diameter (EDD) upper cut-off
normal values are >52.2 mm in females and >58.4 mm in males. LV end-diastolic vol-
ume (EDV) upper cut-off values are >61 mm/m2 in the female sex and >74 mm/m2

in the male sex. Three-dimensional (3D) echocardiography is currently the most
accurate technique in determining LV volume and function. It correlates with car-
diac magnetic resonance, reducing the need for geometric assumptions. However, it
has some limitations, such as lower spatial and temporal resolution [20]. In a retro-
spective study on 443 patients initially diagnosed with HFrEF, those with persistent
EF ≤ 40% (HFprEF) at the 1-year follow-up had a poorer prognosis compared to those
with HFimpEF. Notably, LV end-systolic diameter (LVESD) at discharge emerged as a
significant predictor, with an LVESD ≥ 55 mm associated with a higher incidence of
persistent HFrEF, suggesting its potential value for risk stratification in patients with
advanced HF refractory for guideline-directed medical therapy [21]

4. Stroke volume (SV): the SV through the aortic valve is calculated as the product of the
cross-sectional area times the integral of the velocity/time curve of flow through that
area. The lower cut-off for indexed SV value is <35 mL/m2 [22]. Monitoring changes
in indexed SV over time can provide insights into the progression or improvement of
heart failure, guiding adjustments to therapeutic interventions.

5. LV global longitudinal strain (GLS). The normal value is strictly variable depend-
ing on sex and age, with a mean normal value of −22.5 ± 2.7 and a confidence
interval = −17.2 to −27.7 [23]. In patients with HF with reduced LVEF, GLS is an
accurate noninvasive measure of myocardial fibrosis and a better predictor of all
causes of mortality than other echocardiographic parameters, especially in males and
in sinus rhythm [24]. A GLS <16% has been proposed as a lower value for LV systolic
dysfunction [2].

6. Mitral and tricuspidal regurgitation. TTE using quantitative parameters allows for
the quantification of the seriousness of these valvular heart diseases, also being able
to provide indications on the need for a possible percutaneous treatment. There are
qualitative, semiquantitative, and quantitative parameters (Pisa radium, regurgitant
volume (RV) and effective regurgitant orifice area (EROA)). For mitral regurgitation,
the presence of EROA > 40 mm2 and Rvol > 60 mL is indicative of severity, while the
severity cut-off for tricuspid regurgitation is: EROA > 40 mm, Rvol > 45 mL and Pisa
radium > 9 mm [25];

7. Diastolic function. The E/E′ ratio > 14 and average e′ velocity < 9 cm/s identify
an increase in LV filling pressure. During diastole, blood flows through the mitral
valve when the LV relaxes, causing an early diastolic mitral velocity (E), and then
additional blood is pumped through the valve when the left atrium contracts during
late diastole (A). The E/A ratio can be altered as diastolic dysfunction progresses
(with an initial decline (E/A < 1); then, there is a pseudonormalization (E/A ≥ 1) and,
finally, a restrictive filling pattern (E/A ≥ 2) appears [26]. Tissue Doppler imaging is
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an echocardiographic technique that measures the velocity of the mitral annulus. This
velocity has been shown to be an important marker of early myocardial dysfunction.
With abnormal active relaxation, mitral annulus velocity during early diastole (e′) is
decreased while mitral annulus velocity during late diastole (a′) is increased, resulting
in a lowered e′/a′ ratio [27] and a higher E/e′ ratio. Indicators of increased filling
pressures include an average E/e′ ≥15, a septal e′ velocity less than 7 cm/s, a lateral e′
velocity less than 10 cm/s, a tricuspid regurgitation (TR) velocity greater than 2.8 m/s,
and an estimated systolic pulmonary artery pressure (sPAP) exceeding 35 mmHg [2].

8. LV mass and wall thickness (WT). The quantification of the myocardial mass and the
measurement of the thickness allows for the identification of pathological hypertro-
phy. An example is hypertrophic cardiomyopathy, in which there is asymmetric LV
hypertrophy with septal thicknesses above 15 mm. There are two main patterns of
hypertrophy: concentric and eccentric. Concentric hypertrophy occurs in cases of
chronic pressure overload such as in aortic stenosis or poorly controlled arterial hyper-
tension. Eccentric hypertrophy is typical of volume overload—typical, for example,
of aortic insufficiency or cases of dilated heart disease; the latter type of hypertrophy
usually belongs to dysfunctional ventricles and therefore is a negative prognostic
marker [25]. The proposed criteria for detecting structural heart disease are an LV
indexed mass greater than 116/95 g/m2, a relative WT exceeding 0.42, and an LV wall
thickness > 12 mm [2].

9. Left atrial (LA) function. LA enlargement predicts cardiovascular risk, and an alter-
ation of LA deformation property (strain) is a marker of negative outcomes such as
cardiovascular morbidity and mortality [28]. Following the 2022 AHA/ACC/HFSA
Guideline, a left atrial volume index (LAVI) equal to or exceeding 34 mL/m2 is
proposed as indicative of elevated filling pressures [2].

10. Advanced echocardiography. RV global longitudinal strain (RVGLS) and free-wall
right-ventricular longitudinal strain (RVFWS) are two important parameters for eval-
uating RV function. The normal values are >−17.5% for RVGLS and >−15.3% for
RVFWS. RVFWS is a more sensitive indicator of RV function since RVGLS, involving
interventricular septum deformation analysis, can be influenced by LV dysfunction [29].

2.1.1. Novel Approaches in TTE Evaluation for AHF

TTE is the foremost imaging modality for investigating the etiology of AHF and
guiding associated therapeutic interventions [30]. Employing a “Focus Cardiac Ultrasound”
(FoCUS) is recommended in the acute setting to assess LV global systolic and diastolic
function, regional wall abnormalities, valvular heart conditions, and pericardial disease.
Furthermore, the evaluation of right-heart structure and function, along with pulmonary
pressures, carries significant prognostic implications in AHF patients [31]

Recently, lung ultrasound (LUS) has emerged as a valuable, cost-effective, portable,
real-time, and radiation-free modality for detecting and monitoring pulmonary congestion
in AHF patients. It surpasses the diagnostic accuracy of chest radiographs in identifying
pleural and lung effusion, utilizing B-lines. The number of B-lines correlates with the
severity of congestion, offering 85% sensitivity and 92% specificity for identifying cardio-
genic dyspnea. The persistence of the B profile in clinically stable outpatients predicts
HF-related events or mortality, providing a dynamic assessment of pulmonary congestion
and response to treatment [32].

Moreover, abdominal ultrasound (AUS) has proved to be valuable in assessing inferior
vena cava (IVC) diameter as an indirect measure of right atrial pressures, aiding in the
early detection of abnormal intravascular volume. Additionally, AUS can identify ascites
and abdominal aortic aneurysms in HF patients. Recent implementations of ultrasound
techniques to assess renal blood flow offer further insights into the hemodynamic status
of AHF patients [33]. Novel approaches include systemic venous ultrasonography for
prognostication in AHF patients. The Venous Excess Ultrasound System (VExUS) score,
incorporating IVC dilatation and the pulsed-wave Doppler morphology of hepatic, portal,
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intra-renal, and femoral veins, provides a comprehensive assessment of systemic conges-
tion. Notably, an intra-renal monophasic pattern, portal pulsatility > 50%, and a VExUS
score of 3 (indicating severe congestion) have demonstrated predictive value for adverse
outcomes in AHF patients. The integration of these ultrasonographic findings into early
and multidisciplinary follow-up visits enhances the prognostic evaluation of AHF, offering
a holistic and dynamic approach to patient care [34].

2.1.2. Role of Cardiac Magnetic Resonance Imaging in AHF

CMR imaging plays a fundamental role in AHF due to its high sensitivity in identifying
the underlying etiology [35]. Late gadolinium enhancement (LGE) patterns help distinguish
between ischemic cardiomyopathy (ICM) and non-ischemic cardiomyopathy (NICM) [36].

In ICM, LGE is transmural or subendocardial, while in a certain proportion of NICM
cases, the presence of intramural or subepicardial LGE is detected. Notably, the absence of
LGE does not completely exclude ICM in the case of hibernating myocardium [22]. In ICM,
an important role of CMR is the assessment of myocardial viability. The presence of scars
extending more than 75% of the myocardial wall indicates a low probability of recovery
after revascularization. On the other hand, the presence of scars affecting less than 25% of
the myocardial wall indicates a good chance of recovery [37]. In NICM, LGE has important
prognostic implications in terms of site and distribution, as its extent correlates to a major
number of cardiovascular events. Examples of CMR findings are shown in Figure 1.

Figure 1. Representative case of use of cardiac magnetic resonance (CMR) in acute heart failure.
(A) (B) acute heart failure, CMR images showing severe LV (left ventricle) dilatation, associated with
hypertrabeculation. (C) T2-weight images exclude edema. (D) a diffuse endocardial late enhancement
(red arrows) was detected, compatible with endomyocardial disease.

CMR is crucial for assessing and diagnosing myocardial infiltrative diseases, such as
amyloidosis, iron overload and Anderson–Fabry disease, also including rare conditions
like hemochromatosis and sarcoidosis. The variability in the progression and severity of
HF among individuals depends on factors such as disease subtype, organ involvement,
and promptness of diagnosis and treatment [38]. While echocardiography is typically
the initial imaging method for patients with HF, the utilization of CMR has grown in
cases of infiltrative diseases due to its ability to reveal hypertrophy, visualize infiltration,
quantify its burden, and offer potential prognostic value, with characteristic features be-
coming more evident in advanced stages [39]. Within cardiac amyloidosis (CA) patients,
CMR holds the potential to differentiate between light chain immunoglobulin (AL) and
transthyretin amyloidosis (ATTR), revealing asymmetrical LV hypertrophy (LVH) as the
prevalent morphology in ATTR, often manifesting as sigmoid septum or reverse septal
contour; while in AL-CA, symmetrical and concentric LVH predominates, necessitating
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careful differentiation from hypertrophic cardiomyopathy (HCM) or hypertensive heart
disease. CMR possesses the ability to differentiate tissue properties by evaluating LGE
images and quantifying cardiac amyloid burden using T1 mapping and extracellular vol-
ume (ECV) measurement [40]. CMR with LGE is also considered the preferred diagnostic
method for detecting cardiac sarcoidosis involvement, revealing scar tissue and potential
inflammation-related extracellular expansion. It also enables the identification of mor-
phological abnormalities (scars and aneurisms) and the assessment of cardiac chamber
function [41].

CMR stands as a pivotal diagnostic tool in guiding revascularization decisions, partic-
ularly in cases of ischemic cardiomyopathy. The degree of myocardial hyperenhancement,
as detected by CMR, demonstrates a noteworthy inverse correlation with the subsequent
improvement in myocardial contractility following either surgical or percutaneous revascu-
larization procedures [42].

The great spatial resolution of CMR plays a critical role in providing precise quan-
tification of both the extent and transmurality of myocardial scar tissue, as well as iden-
tifying viable myocardium. Notably, if the transmurality of late gadolinium enhance-
ment (LGE) in a myocardial segment exceeds 50%, it signifies a non-viable myocardium
(NVM). This serves as a crucial indicator pointing towards inadequate contractile recovery
post-revascularization [43].

2.1.3. Role of Cardiac Computed Tomography in AHF

In patients with AHF, CCT can be used to assess ventricular function when echocardio-
graphic windows are suboptimal and CMR is contraindicated (i.e., for the presence of devices,
which are particularly frequent in such patients). CCT provides a true volumetric method to
assess both LV and RV size and systolic function at high spatial resolution. It can also identify
typical characteristics of non-compact LV, hypertrophic cardiopathy, and arrhythmogenic
RV cardiomyopathy (RV dilation and dysfunction, adipose infiltration) [44,45]. According to
the 2010 Appropriate Use Criteria for Cardiac Computed Tomography, CCT angiography is
considered appropriate for evaluating coronary artery disease (CAD) in patients with HF with
reduced ejection fraction (HFrEF) who present a low to intermediate probability of CAD [46].

Furthermore, CCT acquisition has the potential to identify myocardial fibrosis in specific
LV regions without the need for extra contrast agents or increased radiation exposure [47].

Recent validation studies have shown that CCT is capable of accurately assessing
extracellular volume (ECV) in cases of cardiac amyloidosis, demonstrating good concor-
dance with results obtained through CMR [48]. Additionally, the estimation of ECV using
a single-source, single-energy CT scanner for the entire heart has proven to be both feasible
and accurate. This integration of ECV measurement into a comprehensive CCT evaluation
for individuals newly diagnosed with dilated cardiomyopathy can be accomplished with
only a marginal rise in overall radiation exposure [49].

2.1.4. Role of Nuclear Imaging in AHF

Various noninvasive imaging modalities are available for assessing biventricular func-
tion, including contrast-enhanced echocardiography, three-dimensional echocardiography
(3DE), and gated heart-pool scan (GHPS) [50]. Studies exploring the concordance among
these modalities in measuring LVEF and RVEF within the same patient cohort reveal dis-
crepancies, with Pearson’s correlation coefficients ranging from 0.64 to 0.91 for LVEF and
0.27 to 0.86 for RVEF measurements [50]. This highlights the need for careful consideration
in clinical management and sequential patient follow-up.

Multigated acquisition nuclear imaging (MUGA), also known as radionucleotide
ventriculography (RVG) and gated equilibrium radionucleotide angiography (ERNA),
emerges as a valuable third-line option when echocardiography and CMR are unavailable
for LVEF assessment [51,52]. Despite its high reproducibility and minimal variability,
concerns persist about radiation exposure, particularly in young patients [51,52].
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Automated gated blood-pool scintigraphy (GBPS) presents itself as a potential al-
ternative for assessing ventricular function, especially in dilated cardiomyopathy (DCM)
patients. A prospective evaluation comparing GBPS with first-pass radionuclide ventricu-
lography (FPRNV) and planar MUGA demonstrated notable correlations for LVEF values
between MUGA, GBPS, and echocardiography. Strong correlations were also observed for
RVEF values between GBPS and FPRNV, suggesting the routine use of automated GBPS in
evaluating cardiac function in DCM patients as an alternative to traditional approaches
like FPRNV [53].

Ongoing research, including modalities like MUGA, contributes to refining our un-
derstanding of their comparative utility and guides their optimal integration into cardio-
vascular care [50–53]. Additionally, the inclusion of modalities like MUGA enhances the
cardiovascular imaging landscape, providing valuable insights for comprehensive patient
care and management [54]. Stress nuclear imaging plays a crucial role in the comprehensive
assessment of HF patients, providing valuable insights into cardiac function and perfusion
under physiological stress. [50–53].

In HF patients, stress nuclear imaging, often performed using single-photon emission
computed tomography (SPECT) or positron emission tomography (PET), helps unmask
potential myocardial ischemia, assess the response of the LV under increased workload,
and identify regions of impaired perfusion.

The evaluation of myocardial perfusion during stress is crucial in HF patients, where
compromised blood supply can worsen existing cardiac dysfunction. Additionally, stress
nuclear imaging plays a pivotal role in determining the extent of the viable myocardium,
providing valuable information for informed decision-making about revascularization
procedures and guiding optimal therapeutic strategies [50–53]. Furthermore, stress nuclear
imaging contributes significantly to risk stratification and prognosis assessment in HF.
The identification of areas with reversible ischemia and an assessment of overall cardiac
performance during stress predict the likelihood of adverse cardiovascular events [50–53].

Additionally, stress nuclear myocardial perfusion imaging (SNMPI) demonstrates
high sensitivity (86%) for detecting single-vessel disease, making it effective in identifying
coronary artery abnormalities. It is considered the best option for patients with left bundle
branch block or pacemakers causing abnormal septal motion, where other modalities might
yield suboptimal results [55]

However, SNMPI involves radiation exposure, with radioactivity persisting for 3 to
4 days post-procedure. Diagnostic accuracy can be compromised by arrhythmias and
soft-tissue attenuation, potentially leading to false results [55,56].

Stress is induced through exercise or pharmacologically using regadenoson. SPECT
and PET scans offer perfusion information, with PET providing more quantitative measures
and a better identification of perfusion defect location and severity. Isotope options include
thallium-201 (Tl-201), technetium-99 sestamibi (Tc-99m), or technetium-99 tetrofosmin.
Images are obtained at rest and after stress (Figure 2), typically taking about 20 min for
each scan [55,56].

Table 1 describes the advantages, limitations, specific indications and prognostic role
of different imaging modalities in AHF.

29



J. Clin. Med. 2023, 12, 7641

T
a

b
le

1
.

A
dv

an
ta

ge
s,

lim
it

at
io

ns
,s

pe
ci

fic
in

di
ca

ti
on

s
an

d
pr

og
no

st
ic

ro
le

of
di

ff
er

en
ti

m
ag

in
g

m
od

al
it

ie
s

in
ad

va
nc

ed
he

ar
tf

ai
lu

re
(A

H
F)

.

Im
a
g

in
g

M
o

d
a
li

ty
A

d
v

a
n

ta
g

e
s

L
im

it
a
ti

o
n

s
S

p
e
ci

fi
c

In
d

ic
a
ti

o
n

s
P

ro
g

n
o

st
ic

R
o

le

E
ch

o
ca

rd
io

g
ra

p
h

y

•
R

ea
l-

ti
m

e,
no

ni
nv

as
iv

e
•

C
om

pr
eh

en
si

ve
as

se
ss

m
en

to
f

he
ar

tf
un

ct
io

n
•

V
ar

io
us

m
od

al
it

ie
s

(T
TE

,F
oC

U
S,

LU
S,

A
U

S)
•

D
yn

am
ic

as
se

ss
m

en
to

f
pu

lm
on

ar
y

co
ng

es
ti

on

•
A

co
us

ti
c

w
in

do
w

lim
it

at
io

ns
•

O
pe

ra
to

r-
de

pe
nd

en
t

•
Li

m
it

ed
in

pa
ti

en
ts

w
it

h
po

or
ac

ou
st

ic
w

in
do

w
•

Li
m

it
ed

by
pa

ti
en

tf
ac

to
rs

(o
be

si
ty

,C
O

PD
)

•
A

ss
es

sm
en

to
fL

V
/R

V
fu

nc
ti

on
,

va
lv

ul
ar

co
nd

it
io

ns
•

D
et

ec
ti

on
of

re
gi

on
al

w
al

la
bn

or
m

al
it

ie
s

•
Ev

al
ua

ti
on

of
LV

m
as

s,
w

al
l

th
ic

kn
es

s
•

N
ov

el
ap

pr
oa

ch
es

(L
U

S,
A

U
S,

V
Ex

U
S)

fo
r

pr
og

no
st

ic
at

io
n

•
LV

G
LS

as
pr

ed
ic

to
r

of
m

or
ta

lit
y

in
H

F
w

it
h

re
du

ce
d

EF
•

D
ia

st
ol

ic
pa

ra
m

et
er

s
fo

r
ev

al
ua

ti
ng

fil
lin

g
pr

es
su

re
s.

•
LA

en
la

rg
em

en
tp

re
di

ct
s

ca
rd

io
va

sc
ul

ar
ri

sk

C
a
rd

ia
c

M
R

I

•
H

ig
h

se
ns

it
iv

it
y

in
id

en
ti

fy
in

g
et

io
lo

gy
.

•
Q

ua
nt

ifi
ca

ti
on

of
ca

rd
ia

c
am

yl
oi

d
bu

rd
en

•
V

is
ua

liz
e

hy
pe

rt
ro

ph
y,

in
fil

tr
at

io
n,

•
C

om
pr

eh
en

si
ve

ev
al

ua
ti

on
w

it
ho

ut
co

nt
ra

st
ag

en
t

•
C

on
tr

ai
nd

ic
at

io
ns

(c
la

us
tr

op
ho

bi
a,

pa
ce

m
ak

er
s)

•
Li

m
it

ed
av

ai
la

bi
lit

y
in

so
m

e
se

tt
in

gs
•

Lo
ng

er
ac

qu
is

it
io

n
ti

m
e.

•
Li

m
it

ed
sp

at
ia

lr
es

ol
ut

io
n

•
D

iff
er

en
ti

at
io

n
of

IC
M

an
d

N
IC

M
,

m
yo

ca
rd

ia
lv

ia
bi

lit
y

•
D

et
ec

ti
on

of
sc

ar
s

an
d

in
fla

m
m

at
io

n
in

ca
rd

ia
c

sa
rc

oi
do

si
s

•
A

ss
es

sm
en

to
fL

V
an

d
RV

si
ze

an
d

sy
st

ol
ic

fu
nc

ti
on

•
Es

ti
m

at
io

n
of

EC
V

fo
r

ca
rd

ia
c

am
yl

oi
do

si
s

•
A

ss
es

sm
en

to
fm

yo
ca

rd
ia

l
in

fil
tr

at
iv

e
di

se
as

es
•

D
iff

er
en

ti
at

io
n

be
tw

ee
n

A
L-

C
A

an
d

A
T

T
R

in
C

A
pa

ti
en

ts
•

Pr
og

no
st

ic
va

lu
e

in
in

fil
tr

at
iv

e
di

se
as

es

C
a
rd

ia
c

C
T

•
Tr

ue
vo

lu
m

et
ri

c
as

se
ss

m
en

t
•

A
ss

es
sm

en
to

fm
yo

ca
rd

ia
lfi

br
os

is
•

H
ig

h
sp

at
ia

lr
es

ol
ut

io
n

•
R

ad
ia

ti
on

ex
po

su
re

(b
ut

im
pr

ov
in

g)
•

Li
m

it
ed

by
de

vi
ce

pr
es

en
ce

(p
ac

em
ak

er
s)

•
Su

bo
pt

im
al

fo
r

in
fil

tr
at

iv
e

di
se

as
es

•
Ev

al
ua

ti
on

of
LV

an
d

R
V

si
ze

an
d

sy
st

ol
ic

fu
nc

ti
on

•
Id

en
ti

fic
at

io
n

of
co

ro
na

ry
ar

te
ry

di
se

as
e

in
H

Fr
EF

pa
ti

en
ts

•
A

ss
es

sm
en

to
fm

yo
ca

rd
ia

lfi
br

os
is

•
Id

en
ti

fic
at

io
n

of
no

n-
co

m
pa

ct
LV

,
hy

pe
rt

ro
ph

ic
ca

rd
io

pa
th

y
•

Es
ti

m
at

io
n

of
EC

V
fo

r
ca

rd
ia

c
am

yl
oi

do
si

s

N
u

cl
e
a
r

Im
a
g

in
g

•
D

iff
er

en
tm

od
al

it
ie

s
(M

U
G

A
,M

PI
w

it
h

SP
EC

T/
PE

T)
•

R
ep

ro
du

ci
bi

lit
y

in
LV

EF
as

se
ss

m
en

t
•

Po
te

nt
ia

la
lt

er
na

ti
ve

s
(G

BP
S,

SN
M

PI
)

•
R

ad
ia

ti
on

ex
po

su
re

(c
on

ce
rn

s
in

yo
un

g
pa

ti
en

ts
)

•
Li

m
it

ed
by

ar
rh

yt
hm

ia
s,

so
ft

-t
is

su
e

at
te

nu
at

io
n

•
C

om
pr

om
is

ed
di

ag
no

st
ic

ac
cu

ra
cy

•
A

ss
es

sm
en

to
fL

V
EF

w
he

n
ec

ho
or

C
M

R
no

ta
va

ila
bl

e
•

D
et

ec
ti

on
of

m
yo

ca
rd

ia
li

sc
he

m
ia

,
vi

ab
le

m
yo

ca
rd

iu
m

•
A

ss
es

sm
en

to
fc

ar
di

ac
fu

nc
ti

on
in

D
C

M
pa

ti
en

ts

•
R

is
k

st
ra

ti
fic

at
io

n
an

d
pr

og
no

si
s

as
se

ss
m

en
ti

n
H

F
•

Id
en

ti
fic

at
io

n
of

co
ro

na
ry

ar
te

ry
ab

no
rm

al
it

ie
s

•
H

ig
h

se
ns

it
iv

it
y

fo
r

de
te

ct
in

g
si

ng
le

-v
es

se
ld

is
ea

se

TT
E

=
tr

an
st

ho
ra

ci
c

ec
ho

ca
rd

io
gr

ap
hy

,L
U

S
=

lu
ng

ul
tr

as
ou

nd
,A

U
S

=
ab

do
m

in
al

ul
tr

as
ou

nd
,C

O
PD

=
ch

ro
ni

c
ob

st
ru

ct
iv

e
pu

lm
on

ar
y

di
se

as
e,

LV
=

le
ft

ve
nt

ri
cl

e,
R

V
=

ri
gh

tv
en

tr
ic

le
,H

F
=

he
ar

tf
ai

lu
re

,E
F

=
ej

ec
ti

on
fr

ac
ti

on
,I

C
M

=
is

ch
em

ic
ca

rd
io

m
yo

pa
th

y,
N

IC
M

=
no

n-
is

ch
em

ic
ca

rd
io

m
yo

pa
th

y,
E

C
V

=
ex

tr
ac

el
lu

la
r

vo
lu

m
e,

V
E

xU
S

=
ve

no
u

s
ex

ce
ss

u
lt

ra
so

u
nd

sy
st

em
,C

A
=

ca
rd

ia
c

am
yl

oi
d

os
is

,A
T

T
R

=
Tr

an
st

hy
re

ti
n

A
m

yl
oi

d
os

is
,M

U
G

A
=

m
u

lt
ig

at
ed

ac
qu

is
it

io
n,

M
P

I
=

m
yo

ca
rd

ia
lp

er
fu

si
on

im
ag

in
g,

SP
E

C
T

=
si

ng
le

-p
ho

to
n

em
is

si
on

co
m

p
u

te
d

to
m

og
ra

p
hy

,P
E

T
=

p
os

it
ro

n
em

is
si

on
to

m
og

ra
p

hy
,G

B
P

S
=

ga
te

d
bl

oo
d

-p
oo

l
sc

in
ti

gr
ap

hy
,S

N
M

PI
=

st
re

ss
nu

cl
ea

r
m

yo
ca

rd
ia

lp
er

fu
si

on
im

ag
in

g,
D

C
M

=
di

la
te

d
ca

rd
io

m
yo

pa
th

y.

30



J. Clin. Med. 2023, 12, 7641

2.2. Short-Term Mechanical Support
2.2.1. The Intra-Aortic Balloon Pump

The intra-aortic balloon pump (IABP) consists of a percutaneously placed device that
inflates in diastole, thus increasing blood flow to the coronary arteries, and deflates in
systole, thus decreasing afterload. The two actions combined reduce myocardial oxygen
demand and increase myocardial oxygen supply [57].

The IABP is typically placed in the cardiac catheterization laboratory under fluoro-
scopic guidance. However, TEE can be used to guide positioning in intubated patients in
the intra-operative setting. The ideal positioning of the balloon tip is 1–2 cm distal to the
left subclavian artery. This position can be confirmed by visualizing the descending aorta
and then withdrawing the TEE probe until the left subclavian artery and aortic arch are
visualized. Once the balloon pump is activated, the gas-filled balloon will cause shadowing
and reverberation artifacts, which can be used as confirmation of the device functioning
properly. In the absence of these artifacts or if bubbles are visualized in the aorta, the
rupture of the IABP should be suspected. After IABP placement, although not supported
by current guidelines, TTE can be used in clinical practice to monitor LV function and
guide the weaning of IABP support. It can also visualize any new or worsening aortic
regurgitation [58].

CCT may play a role in detecting possible complications of IABP. First, it can highlight
a fearful complication—aortic dissection. Moreover, it can show the displacement of the
aortic balloon or arterial embolization and organ parenchyma infarct-related soft tissue
enhancement/attenuation. CMR is not indicated in monitoring possible complications.
Table 2 depicts the indications and timing of echocardiographic and CCT evaluation.

Table 2. Timing and role of TTE (transthoracic echocardiography), TEE (transesophageal echocardio-
graphy) and CCT (cardiac computed tomography) in IAPB (intra-aortic balloon pump).

TTE TEE CCT

Role
Monitor LV function.
Guide the weaning of

IABP support.
Guide positioning. Indicated in the suspicion

of complications.

Timing Post-procedural. Intra-procedural. Post-procedural.

Identification of complications New or worsening
aortic regurgitations.

Aortic dissection.
Displacement of aortic balloon.

Arterial embolizations
infarct-related soft tissue

enhancement/attenuation

TTE = transthoracic echocardiography, TEE = transesophageal echocardiography, CCT = cardiac computed tomography.

2.2.2. The Impella

The Impella is a rotary micro axial pump with insertion into the femoral artery and
retrograde advancement up to the LV across the aortic valve: blood is aspirated from the LV
and pushed into the ascending aorta. This system allows for a reduction in LV preload and
an improvement in cardiac output [59]. TTE evaluation is crucial to determine if a patient
is eligible for the Impella placement. The presence of severe aortic stenosis and mechanical
aortic valves represent contraindications to Impella placement, whereas the presence of
aortic regurgitation does not contraindicate the Impella positioning, but it should be known
that regurgitation can worsen after its placement [60]. The existence of LV thrombosis
represents an additional contraindication due to the potential risk of systemic embolization.
Furthermore, it is essential to report the presence of conditions such as patent foramen
ovale and atrial or interventricular defects, as the placement of the Impella device could
potentially exacerbate a pre-existing right-to-left shunt. [61].

31



J. Clin. Med. 2023, 12, 7641

Figure 2. Stress/rest myocardial scintigraphy revealed the absence of myocardial ischemia but
necrotic areas in the apical, inferior, and lateral walls were detected. The ejection fraction was
measured at 32% after stress, and significant alterations were noted in wall motion and wall thickening
in the same regions.

As for IABP, Impella devices are commonly placed under fluoroscopic guidance, but
in patients with refractory shock, preventing transportation of the patient to the cardiac
catheterization laboratory, TEE can help with bedside positioning of the device [62]. One
single-center study demonstrated no difference in Impella-related complications when
comparing TEE-alone guided placement with the fluoroscopic guided cohort [63]. The
mid-esophageal long-axis and four-chamber views can be used to visualize the guidewire
crossing the aortic valve. The catheter should be oriented towards the ventricular apex.
TEE can also confirm the absence of iatrogenic aortic dissection from the procedure [62].
Both TTE and TEE are helpful in identifying the correct positioning of the Impella device
(Figure 3).

Figure 3. Transthoracic echocardiographic evaluation after Impella implantation (A) device’s correct
position; (B) incorrect position (towards the left ventricle apex), (C) cardiac computed tomography
showing incorrect, apical position.
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The distance from the aortic valve to the Impella inlet should be 3.5–5 cm, while the
Impella outlet should be 1.5–2 cm above the sinuses of Valsalva [62]. Color-flow Doppler
shows a mosaic pattern at the Impella inlet and outlet, further confirming its proper
position. Of note, the Impella devices can migrate: in this case, the mosaic pattern will be
visualized on the same side of the aortic valve [62]. Three-dimensional echocardiography
can help visualize Impella positioning in comparison to other anatomical structures [64].
After placement, additional complications of the Impella placement such as damage to the
mitral or aortic valve, pericardial effusion, and rupture of LV free wall must be excluded.
The ideal position of the septum is median during the diastole, and displacements may
indicate the presence of a right dysfunction or the need to change the speed of the Impella
device. Finally, echocardiographic data can be used in conjunction with hemodynamic data
to guide the weaning of the Impella by evaluating the response of the LV to progressive
reduction in the support provided by the Impella (the P level). CCT plays an important
role in confirming endoventricular thrombi before Impella implantation [65]. We know
that the most common complications after Impella placement are hemolysis, vascular
complications, bleeding, and limb ischemia. A CCT scan can identify complications such
as damage to the mitral and aortic valve systems and the positioning of the device. CMR is
not indicated in monitoring after Impella implantation (see Table 3).

Table 3. Timing and role of TTE (transthoracic echocardiography), TEE (transesophageal echocardio-
graphy), and CCT (cardiac computed tomography) in Impella patients.

TTE TEE CCT

Role
Selection of candidates.
Guide the placement

Selection of candidates.
Guide the placement To exclude complications.

Timing
Pre-procedural.
Post-operative.

Pre-procedural.
Intra-operative.
Post-operative.

Post-procedural.

Identification of
complications

Mitral and aortic regurgitations.
Pericardial effusion.

Rupture of LV free wall.

Exclude iatrogenic
aortic dissection.

Damage of mitralic and
aortic valve.

Aortic dissection.
Damage of mitral and aortic

valve system.

TTE = transthoracic echocardiography, TEE = transesophageal echocardiography, CCT = cardiac computed
tomography, LV = left ventricular.

2.2.3. The Veno-Arterial Extracorporeal Membrane Oxygenation

The veno-arterial extracorporeal membrane oxygenation (V-A ECMO) system is a
percutaneous system that takes over the heart and lungs. It consists of a system of inflow
and outflow cannulas, a centrifugal pump, and an oxygenating membrane [66]. The ECMO
provides a blood flow rate greater than 4.5 L. The effect is a noticeable reduction in LV
preload increasing the afterload [67].

An echocardiographic evaluation should be performed prior to ECMO cannulation [68].
First, reversible causes of cardiovascular collapse, such as cardiac tamponade and acute valve
pathology, must be excluded. The presence of an aortic dissection is a relative contraindication
to ECMO positioning as it can cause an extension of the dissecting flap. The presence of
aortic stenosis or mitral regurgitation should be also evaluated as they may worsen due
to increased afterload due to ECMO [69]. The ECMO can be placed under fluoroscopic,
TTE or TEE guidance. Usually, the venous cannula is placed in the right atrium. The mid-
oesophageal bi-caval view at the TEE can easily show complications such as the passage of
the cannula through the atrial septum. The arterial cannula is typically positioned within the
descending aorta; TEE can confirm this location. Moreover, TEE can prevent atheromatous
plaque embolization from this procedural step by referring its presence in the aorta to the
operator [70].

Echocardiography also plays an essential role in assessing cardiac function when
supported by the ECMO system [70]. It is important to ascertain that the aortic valve opens
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during systole since the high afterload due to the arterial cannula can reduce the valve
opening frequency, increasing the risk of LV and aortic valve thrombosis.

Finally, echocardiography can guide ECMO weaning [71]. Echocardiographic param-
eters that are predictors of successful weaning are LVEF >20–25%, aortic velocity time
integral (VTI) >10 cm, and lateral mitral annular systolic wave velocity (S′) >6 cm/s [71].

The CCT scan plays a role in the identification of complications related to the placement
of the ECMO. The presence of opacification defects of the arterial system is indicative
of pseudo-lesion with emergent surgical indication. CCT can also be used to evaluate
other complications such as cannula malposition, hematoma formation, and hemothorax
(Figure 4).

Figure 4. Evaluation after veno-arterial extracorporeal membrane oxygenation (VA ECMO) implanta-
tion. (A) Transthoracic echocardiography showing the correct position of the right atrial (RA) cannula.
(B) Cardiac computed tomography (CCT) scan showing correct position of RA and femoral vein
ECMO cannulas (C) Sagittal CCT showing correct position of RA and femoral vein ECMO cannulas.

An important complication of ECMO is thrombosis of the arterial system, in particular
of the ascending aorta proximal to the insertion of the arterial cannula; this is mainly
linked to the low flow that determines blood stasis and therefore leads to the formation of
thrombi [72].

In patients with impaired RV function, there is also a predisposition to the develop-
ment of pulmonary embolism [72]. Pulmonary circulation evaluation in these patients can
be difficult since the contrast injected at the venous level is captured by the venous cannula
before an adequate opacification of the pulmonary circulation. As a solution, the revs of
the ECMO can be reduced to 500 / min for 15–25 s during contrast injection [72].

Table 4 shows the timing and role of different imaging modalities.

2.3. Long-Term Mechanical Circulatory Support

LVADs consist of a pump that holds the LV by receiving blood from it by means of an
inflow cannula and pushing it to the level of the aorta by means of an outflow cannula. The
device is placed in the mediastinum and is powered by a cable that extends abdominally to
connect to a controller and a power source. There are two main types of FDA-approved
LVADs: pulsatile and non-pulsatile. Those of the older generation were characterized by
a pulsatile flow with a high risk of device malfunction and low survival. Heartware and
Heart Mate III are characterized by a centrifugal flow; the pump is intrapericardial. Heart
Mate II is characterized by an axial flow; the pump is in a pocket [73].
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Table 4. Timing and role of TTE (transthoracic echocardiography), TEE (transesophageal
echocardiography), and CCT (cardiac computed tomography) in veno-arterial extracorporeal
membrane oxygenation.

TTE TEE CT

Role

• Selection of candidates.
• Identification of complications.
• Weaning.

• Guide the placement.
• Identification of complications. • Identification of complications.

Timing
• Pre-procedural.
• Post-procedural.

• Intra-procedural.
• Post-procedural. • Post-procedural.

Identification of
complications

• Aortic dissections.
• Mitral and aortic regurgitations.

• Cannula malposition.
• Plaque embolizations.
• Aortic dissections.
• Mitral and aortic regurgitations.

• Defect of opacification of
arterial system.

• Cannula malposition.
• Hematoma.
• Hemothorax.
• Thrombosis of arterial system.

TTE = transthoracic echocardiography, TEE = transesophageal echocardiography, CCT = cardiac computed
tomography, LV = left ventricular.

2.3.1. Selection of LVAD Potential Candidates

TTE has a central role in the selection of the optimal candidate for LVAD implants,
since it allows for evaluating (see also Table 5) [73]:

1. LVEF (particularly the demonstration of an LVEF < 25%), ventricular size and cardiac
output. It may be difficult to implant patients with small LV size, especially with
increased LV trabeculation.

2. The presence of intracardiac thrombi; this is not an absolute contraindication to LVAD
implants, but it increases the risk of stroke during the LV cannulation procedure.

3. RV function. It is essential to evaluate the presence of signs of RV dysfunction (such
as TAPSE < 18 mm, s′ < 9.5 cm/s, FAC < 35%), RV dilation, dilation of inferior vena
cava, and moderate or greater tricuspid regurgitation. The presence of preoperative
severe RV dysfunction may suggest the use of a biventricular MCS.

4. Valve diseases. Before LVAD implantation, it is important to detect and quantify
valvular regurgitation, valvular stenosis, and prosthetic valve dysfunction. The
presence of moderate to severe mitral stenosis can prevent LV cannula inflow. The
presence of aortic stenosis of any severity does not affect LVAD function. In fact, LVAD
bypasses the native LVOT. It is important to exclude significant aortic regurgitation
(AR) before LVAD implantation because it can create a vicious cycle in which blood
pumped into the aorta regurgitates into the LV. Of note, in patients with advanced HF
and severe stroke volume reduction, it may be difficult to quantify aortic regurgitation.
The presence of pre-operatory severe mitral regurgitation is often markedly improved
after the initiation of LVAD support because of reduced LV size, reduced filling
pressure and improved coaptation of MV leaflets; for these reasons, any grade of
mitral regurgitation is not a contraindication to LVAD implantation. Conversely, the
presence of pre-operative moderate or severe tricuspid regurgitation may indicate RV
dysfunction. In patients with AV mechanical valve prostheses, reduced blood flow
through the prosthesis after an LVAD implant may increase the risk of thrombosis;
therefore, biological valve replacement may be considered. Finally, it is also important
to exclude moderate or severe pulmonary regurgitation and pulmonary stenosis.

5. Congenital heart diseases. Some congenital common anomalies require correction
before LVAD implantation. The presence of ventricular septal defects should be also
excluded [73].
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Table 5. Parameters to be evaluated in LVAD candidates and their influence on LVAD placement.

Parameter Influence on LVAD Placement

EF (Ejection Fraction) <25% indicates consideration for LVAD placement

LV Size An adequate volume is essential to LVAD placement.

Intra-cardiac Thrombi Exclude LVAD placement.

RV Function Severe RV dysfunction may suggest biventricular support.

Valve Abnormalities Significant aortic regurgitation, moderate to severe mitral stenosis, and moderate to severe
tricuspid regurgitation exclude LVAD.

Congenital Heart Disease Shunt lesions exclude LVAD placement.

LVAD = left-ventricular assist device, EF = ejection fraction, LV = left ventricle, RV = right ventricle.

2.3.2. LVAD Surveillance Echocardiography

Periodic standard TTE exams are recommended after an LVAD implant [59]. The
first one is performed 2 weeks after the implant; then, they are conducted at 1, 3, 6,
and 12 months post-implant and every 6 to 12 months thereafter. During the standard
echocardiographic exam, it is important to evaluate and report [73]:

1. LV size and function. The most reproducible is the LV internal diameter end diastole
(LVIDd) from the 2D parasternal long-axis image. The LVIDd might paradoxically be
smaller than the LV internal diameter at the end of systole (LVIDs). This is a significant
observation, as it is linked to excessive unloading of the LV supported by LVADs
and/or severe RV dysfunction [73]. The evaluation of LVEF can demonstrate possible
LV worsening or recovery. A possible complication to evaluate is LV suction with
induced ventricular ectopy; this condition can be due to LV underfilling that causes
the impact of inflow cannula with LV endocardium, and the solution may be speed
turndown, or fluid administration in case of hypovolemia.

2. Position of interventricular septum (IVS) and cannulas. The end-diastolic IVS position
may be neutral, leftward-shifted or rightward-shifted. A leftward shift can be due to
elevated RV end-diastolic pressures, reduced LV preload, or LV over-decompression
resulting from excessive LVAD speed. A rightward IVS shift is generally due to
elevated LV end-diastolic pressures resulting from an inadequate LVAD speed setting,
pump dysfunction, severe AR, or an increased LV afterload. The inflow cannula can
be evaluated in the parasternal or apical TTE views. It is important to reveal the
cannula’s location and orientation in relation to IVS and other LV structures. The
color Doppler interrogation should demonstrate a one-directional laminar flow from
LV to inflow cannula without turbulence or regurgitation. At continuous Doppler
interrogation, the flow should have a peak velocity between 1 and 2 m/s; a higher
velocity may suggest inflow obstruction.

3. Aortic valve (AV) opening and AR severity. It is important to evaluate the presence
and the degree of AV opening because it is determined by different parameters like
LVAD speed, LV native function, volume status and peripheral vascular resistance.
LVAD types differ in aortic valve opening pattern, especially for the intermittent
low-speed phase (e.g., 9 s for Jarvick) [74]. It is recommended that LVAD speed is set
to allow at least one intermittent opening of the AV. The AV opening is assessed with
M-Mode. In patients with very depressed LVEF, AV opening may not occur. When
the AV remains closed, the aortic root thrombus should also be excluded. Another
risk in LVAD patients is the development of AR, which is not uncommon after LVAD
implantation. The assessment of its severity is partly based on careful color Doppler
analysis in the parasternal long-axis view.

4. RV size and function. During TTE follow-up, RV function must be carefully evaluated.
The shift of the IVS to the left side by LVADs may reduce the IVS contribution to the
RV contraction. Furthermore, increased venous return created by increased cardiac
output from the LVAD may worsen the RV function. This increased workload is a
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concern for worsening RV function that LVAD patients may already have. The classi-
cal criteria for RV dysfunction included the following parameters: TAPSE < 17 mm,
tricuspid annulus systolic peak velocity (S’) velocity < 10 cm/s and RVFAC < 35% [22].
Nevertheless, the evaluation of RV function is also challenging because the correlation
between RV systolic function and TAPSE and/or S’ should be considered weaker after
cardiothoracic surgery.

5. Evidence of intracardiac thrombi. Recent studies on patients implanted with new-
generation LVADs suggest that the LV may be a relevant site of local thrombosis and
cardioembolism. Pump speed, AV opening, cannula location, and orientation are
important determinants of LV flow that are drastically disrupted in LVAD patients,
leading to blood stasis or abnormally large shear stresses (Figure 5) [73].

Figure 5. Evaluation after left ventricle assist device (LVAD) (A) Transthoracic echocardiography
(TTE) evaluation parasternal long axis (PLAX) shows normal position of interventricular septum (IVS)
and the inflow cannula; (B) TTEPLAX view of LVAD patient, showing incorrect right-convex position
of the interventricular septum; (C) TTE evaluation (PLAX) of LVAD patient, showing incorrect left-
convex position of the IVS; (D) Cardiac computed tomography (CCT) showing hematoma around LV
cannula; (E) CCT showing small left ventricular apical thrombus.

2.3.3. Advanced Echocardiography in LVAD Patients

Some patients with LVADs have very difficult acoustic access in the traditional
transthoracic view. Several factors influence poor image quality in LVAD patients. First,
LVAD inflow and outflow cannula limit the acoustic window. Furthermore, the device
may cause artifacts, and due to the device, the probe positioning during the examina-
tion may not be optimal. In such cases, ultrasound-enhancing agents (UEAs) are a good
alternative—they are feasible, safe, and reproducible [75]. UEAs allow for a better defini-
tion of endocardial borders; this is useful for better quantification of the LV end-diastolic
diameter and residual function. It also increases the possibility of detecting intracavitary
thrombi. Moreover, it permits better visualization of the RV and helps to identify RV dys-
function and recognize patients at higher risk of RV failure. Finally, during the follow-up,
UEAs can reveal the presence of pseudoaneurysms demonstrating a bidirectional flow
between the pseudoaneurysm and the LV [73].

TEE is utilized to exclude right-to-left shunting and to monitor air trapping caused by
the LVAD coring of the LV apex during implantation and to direct subsequent de-airing
movements. TEE is also recommended in the setting of a bloodstream infection to assess
vegetations and abnormal flow across the LVAD [76].

37



J. Clin. Med. 2023, 12, 7641

2.3.4. Role of Cardiac Computed Tomography and Nuclear Imaging in LVAD Patients

CMR is contraindicated in patients with LVADs; therefore, a CCT scan represents an oppor-
tunity for a noninvasive evaluation of the function of the device and its complications [76–78].
A limitation of echocardiography in patients with LVADs is the incomplete visualization of the
outflow cannula; the latter is well seen with the help of the CCT scan. During the follow-up,
CCT can reveal complications such as compression of the right ventricle (due to pericardial
clots), thrombosis, malposition, and kinking of the outflow cannula. Indications for CCT in
LVAD patients include suspicion of:

(1) inflow-cannula malposition (i.e., in case of unexplained frequent LVAD suction events,
recurring ventricular dysrhythmias, or residual HF due to only partial LV unloading).

(2) Pump thrombosis involving the inflow cannula or outflow tract with evidence
of hemolysis.

(3) LVAD malfunction due to outflow-graft kinking, excluding an intracardiac and/or
aortic root clot in patients with an unexplained transient ischemic attack or stroke.

Pre-implantation cannula placement can be optimized using CT-derived anatomy, 3D
printing, and virtual modeling; nonetheless, this method needs further research [77]. Finally,
whenever poor acoustic windows prevent appropriate assessment of ventricular size and
function, it is possible to use either multiple-gated acquisition equilibrium radionuclide
angiography or electrocardiographically gated CCT as a second-line alternative test [76].

One-fifth of LVAD recipients experience driveline infections, which can cause sepsis
and/or death [78]. It has been suggested to use CT and ultrasound to detect infections in
the driveline, pump, and cannula; however, due to general discoveries of metal artifacts,
the usefulness of these modalities has been severely constrained. Recently, it has been
shown that 18F-fluorodeoxyglucose (18F-FDG) PET/CT may be used to diagnose driveline
infections in LVAD patients. Moreover, SPECT imaging has been validated to assess
myocardial viability, the extension of fibrosis, and the recovery of LV function [76]. Table 6
provides the timing and role of different imaging modalities in LVAD patients.

Table 6. Timing and role of transthoracic echocardiography (TTE), advanced echocardiography,
and cardiac computed tomography (CCT) and nuclear imaging in left ventricle assist device
(LVAD) patients.

TTE TTE with Echocontrast CT Nuclear Imaging

Role

• LV volume and function.
• Position of interventricular

septum and cannula.
• RV size and function.
• Assessment of AV and MV

• Better definition of
endocardial border for
quantification of LV
volume and
residual function.

• Identification of patients
at higher risk of
RV dysfunction.

• Identification of
specific complications.

• Identification of
specific complications.

Identification of
complications

• Evidence of the
intracardiac thrombi.

• Increases the
possibility to detect
intracavitary thrombi.

• Compression of RV.
• Thrombosis.
• Malposition and kinking

of outflow cannula.

• Driveline, pump and
cannula infection (PET).

• Assessment of myocardial
viability (SPECT).

PET = Positron Emission Tomography, SPECT = Single-Photon Emission Computed Tomography.

2.4. Imaging in Orthotopic Cardiac Transplant (OTC)

TTE is essential in the follow-up of OTC patients. It has a role both in the immediate
post-operative period and in the surveillance of short- and long-term complications [79].

Over the initial three-month period, there is an elevation in ventricular thicknesses and
mass, attributed to the infiltration of inflammatory cells and graft-related edema. Prolonged
persistence of ventricular hypertrophy beyond this phase could be associated with either
immunosuppressive treatment or recurrent instances of acute rejection. Generally, within
the first decade, LV function and regional wall motion remain intact [77]. Indeed, according
to data provided by the 2019 report from the International Society for Heart and Lung
Transplantation (ISHLT) registry, the occurrence of CAV after OTC was recorded at 8% after
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1 year, 29% after 5 years, and 47% after 10 years [80]. An early decline in LV EF might signal
either the rejection of the transplanted organ or the development of vasculopathy [79].

Diastolic function can be difficult to evaluate since cardiac denervation and the sub-
sequent high heart rate can cause E and A wave fusion. E’ and a’ waves are of smaller
amplitudes than in the normal population. A restrictive filling pattern may be present in the
early post-transplant stages. Its persistence can be linked to inflammation, fibrosis and the
vasculopathy of the allograft [28]. Elevated pulmonary capillary wedge pressure (PCWP)
can be accurately predicted by echocardiographic signs of increased right atrial pressure
(RAP) or with three out of five specific parameter values (E/A, DT, IVRT, E/E′ lateral, and
Doppler PASP) exceeding cut-off values, with positive likelihood ratios between 9 and 15.3,
while normal RAP or parameters below cut-off values effectively rule out elevated PCWP,
supported by negative likelihood ratios ranging from 0.07 to 0.19 [81].

After cardiac surgery, the longitudinal parameters are abnormal; therefore, they are
not considered sensitive parameters (including TAPSE and RV TVI). As for the atrial
morphology, in the historical bi-atrial technique, an atrial enlargement and the presence
of a ridge at the anastomosis are visualized. In the more recent technique, bi-caval atrial
reservoir function is significantly diminished in OCT recipients, primarily associated with
increased PCWP and LA enlargement, while in the RA, it is correlated with impaired
longitudinal RV function [28].

Normally, valve morphology and the function of transplanted hearts are normal.
There may be mild tricuspid and mitral regurgitation. Mitral regurgitation can be linked to
papillary muscle edema and tends to decrease over time [63]. Tricuspid regurgitation can
be detected during the first phase due to the increased pulmonary pressures, while in more
advanced stages it can be linked to valve damage due to frequent biopsies or the dilatation
of right chambers [79].

The presence of severe pericardial effusion leading to cardiac tamponade is rare and may
be related to the presence of hearts that are smaller compared to the body surface. When a
pericardial effusion is found, it is important to perform serial echocardiographic examinations
(every 1–3 months) to evaluate the size, extent, and hemodynamic impact of the effusion [82].

2.4.1. Advanced Echocardiography

STE may help in identifying acute cell rejection (ACR) [83]. Several studies have
explored the potential of STE in detecting acute cell rejection (ACR) grade ≥2R in heart
transplant recipients [84]. Promising findings include the identification of specific strain
measurements, such as LV GLS and RV FWLS, as well as LV radial strain, which have
shown high negative predictive values for ACR grade ≥2R [85]. Further validation in
prospective trials could potentially reduce the need for frequent biopsies, especially for
patients with ACR grade 2R or greater. Moreover, it has been shown that the reduction of
LV torsion by at least 25% predicts, with high specificity and a high negative predictive
value, ACR of at least a second degree [86].

Stress echocardiography (SE), mainly with dobutamine, is recommended in patients
with a prohibitive risk for invasive coronary angiography, according to the ISHLTV guide-
lines. Commonly, it is acknowledged that dobutamine SE (DSE) offers initial evaluations
that can help determine whether further invasive follow-up procedures are necessary [84].
A recent meta-analysis demonstrated that SE has a very low sensitivity (about 60%) in
the detection of CAV and mostly cannot detect mild and moderated CAV degrees [87]).
The Post-Systolic Strain Index (PSI) has been also used to evaluate CAV through DSE. To
calculate PSI using specialized software, it is essential to calculate end-systolic (e-sys) and
peak strain (peak-s). The PSI is calculated by finding the ratio of [peak-s–e-sys] to peak-s.
If this ratio is greater than 34%, it suggests a potential presence of CAV in the patient’s
heart. A study by Eroglu et al. found that this threshold has a high sensitivity of 88% in
identifying patients with CAV [88].

Doppler echocardiography can be employed to gauge the velocity of blood flow within
the coronary arteries and evaluate CAV, as outlined in a study by Tona et al. [89]. Coronary
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flow reserve (CFR) is a useful parameter, representing the maximum increase in blood flow
observed between periods of rest and stress. A CFR value below 2.9, as determined by
research [87], is indicative of CAV with a notably high sensitivity.

2.4.2. Cardiac Magnetic Resonance

CMR enables the early identification of rejection and CAV in patients who have under-
gone OCT. Emerging mapping techniques might play a role in OCT rejection diagnosis [89–91].
A recent study [74] showed that combining GLS > −16% and T1 time ≥ 1060 ms defined
grade 1 rejection with 91% sensitivity and 92% negative predictive value, providing a potential
noninvasive alternative to guide endomyocardial biopsies. Moreover, T1-mapping has demon-
strated a reduction after successful treatment, serving as an excellent indicator with a negative
predictive value for noninvasive rejection detection [90]. Indeed, research has demonstrated
that a combined CMR strategy, incorporating both T2 mapping and extracellular volume
fraction (ECV) quantification, shows a strong ability to accurately diagnose acute rejection,
potentially leading to a reduction in the necessity for routine endomyocardial biopsies in
these patients [91]. This multiparametric approach serves to enhance the diagnostic precision
of CMR in identifying ACR [92], as shown in Figure 6. These findings were confirmed by
Dolan et al. [93], who found that a combination of CMR-derived myocardial T2 and ECV
holds potential as a noninvasive tissue biomarker for detecting ACR, suggesting its promise
as an alternative to endomyocardial biopsy. Nevertheless, the advancement of multipara-
metric CMR for surveillance in transplant recipients requires additional extensive studies,
particularly during instances of ACR.

Finally, stress perfusion CMR offers promise in the assessment of microvascular disease
through the estimation of myocardial perfusion reserve (MPR). This CMR-based approach
addresses microvasculopathy and explores its connection with myocardial perfusion re-
serve (MPRI) and diastolic strain rate [92]. This interesting study’s outcomes underscore
the potential of CMR as a noninvasive tool for the early detection of transplant-related
microvasculopathy, preceding the onset of epicardial CAV, which could potentially enhance
surveillance strategies and ultimately contribute to improved patient outcomes [92].

2.4.3. Cardiac Computed Tomography Angiography and Nuclear Imaging

CCT has increasingly been used to detect CAV in OTC patients [94–96]. Wever-
Pinzon et al. in a meta-analysis of 13 studies evaluated 615 HTx patients, demonstrating a
high diagnostic specificity, sensitivity, and accuracy of CCT in comparison with invasive
coronary angiography (ICA) for the detection of any CAV and significant CAV using 16-
and 64-slice CCT [95]. In addition, CAC > 0 was associated with an increased risk of
MACE, death, and graft loss. Moreover, the absence of CAC predicted a low prevalence of
International Society for Heart and Lung Transplantation (ISHLT) CAV 2–3 grade [96].

Newer CCT technologies, such as dual-source CT and multidetector CT, increasing
temporal and spatial resolution, allow for a better acquisition even at higher rate—as in
the denervated transplanted heart [94–96]. More recently, Nous et al. [97] in a prospective
observational study on 129 OTC patients demonstrated that CCT (using 2◦ and 3◦ generation
dual-source CT) could be a safe and accurate alternative to ICA in CAV evaluation (Figure 7).

SPECT is a nuclear imaging method utilizing gamma-ray emissions. Several research
studies have provided a range of sensitivity values (from 21% to 92%) and specificity values
(from 55% to 100%) for CAV diagnosis [98]. Recent studies have generally shown improved
diagnostic accuracy [99,100].

Moreover, a recent study aimed [101] to assess the effectiveness of using cadmium-
zinc-telluride (CZT) SPECT with 99mTc and 201Tl tracers to measure myocardial blood flow
(MBF) and myocardial flow reserve (MFR) for diagnosing CAV. The results were further
compared and validated against 13 N-NH3 PET. Key findings included a strong correlation
between CZT SPECT-derived stress MBF and MFR values, obtained with both 201Tl and
99mTc tracers, and those from 13 N-NH3 PET. CZT SPECT was effective in detecting low
MFR (<2.0) and moderate-to-severe CAV, with results comparable to 13 N-NH3 PET.
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Figure 6. Representative case of use of CMR (cardiac magnetic resonance) in OTC (orthotopic
cardiac transplantation) patients. (A,B) Immuno-mediated rejection with pericardial and pleural
effusion (diastolic frame on A and B, respectively, four and three long-axis views); (C) Post-contrast
sequences (short-axis view) demonstrated the absence of late gadolinium enhancement (LGE) and
the T2-mapping was negative for inflammation (D). The absence of late gadolinium enhancement
(LGE) and normal mapping confirmed their prognostic role since the patient demonstrated a full
recovery after modification of immunosuppressive therapy.

 
(A) (B) 

 
(C) (D) 

Figure 7. Evaluation of cardiac plaques in OTC (orthotopic cardiac transplantation) patients by CCT
(cardiac computed tomography). The squares represent details of the extent of coronary stenosis.
(A) Mild LAD (left anterior descending artery) circumferential soft plaque (white arrow); (B) Occlu-
sion of LCx (left circumflex) artery (blue arrow); (C) Mild RCA (right coronary artery soft plaque
(red arrow); (D) Increased pericoronary fat attenuation index values suggestive of coronary artery
inflammation. Pictures from our archive.
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Additionally, it is important to note that the use of PET has been investigated for
CAV diagnosis, and these studies have yielded positive results [102,103]. A study by
Wu et al. focused on evaluating the effectiveness of PET as a noninvasive method for
detecting early stages of CAV [103]. MBF was assessed using dynamic PET, both at rest
and during adenosine-induced hyperemia [103]. The researchers calculated myocardial
perfusion reserve (MPR) by comparing hyperemic MBF to resting MBF. They also used a
scoring system for regional PET assessments. Key findings from the study included strong
correlations between MBF and MPR in different coronary artery territories. The summed
stress score and summed difference score showed a moderate inverse correlation with MPR
but not with intravascular ultrasound (IVUS) measurements. MPR was inversely related to
plaque volume but not to maximal luminal stenosis, as determined by IVUS.

Another study [104] aimed to ascertain the simultaneous involvement of both the
epicardial and intramyocardial arteries during the initial stages of CAV, highlighting
that CAV is a progressive condition affecting both the epicardial and microvascular
coronary systems.

One of the most clinically robust modalities used in the OTC population to screen
for CAV is nuclear imaging with Rubidium-PET (Rb-PET). A recent study [105] revealed
that in patients who have OTC for an extended period, there is an elevated level of resting
MBF), coupled with a diminished coronary flow reserve (CFR), indicating a reduced
ability to respond to stress, likely due to impaired vasodilation. This impairment is further
exacerbated by the presence of CAV. Rb-PET was also shown to have prognostic significance,
as serial evaluation of CFR independently predicted late mortality in OTC patients [106].

Interestingly, in a small retrospective study, quantitative coronary wall assessment and
plaque analysis allowed for the early detection of CAV not detected by ICA [107]. Finally,
Budde et al. demonstrated that 25% of OTC patients with focal stenosis >30% showed a
low value of FFR-CT. Even without a focal stenosis, FFR-CT values were often found to be
abnormal in Htx patients [108]. Table 7 describes the timing and role of different imaging
modalities in OCT.

Table 7. Timing and role of TTE (transthoracic echocardiography), advanced echocardiography, and
CCT (cardiac computed tomography) in HT (heart transplant) patients.

TTE Advanced Echo CMR CT Nuclear Imaging

Role

LV wall thickness and mass.
LV volume and function.

Diastolic function.
Valve morphology

and function.
Pericardium.

LV torsion (speckle tracking).
Cardiac ischemia (stress

echocardiography).

LV wall thickness and mass.
LV volume and function.

Myocardial perfusion
reserve (stress).

Coronary stenosis.
Coronary plaque.

Myocardial blood flow
Myocardial blood flow reserve

Timing
Immediate post-operative.

Short-term period.
Long-term period.

Short-term period.
Long-term period.

Short-term period.
Long-term period

Short-term period.
Long-term period.

Short-term period.
Long-term period.

Identification of
complications

Allograft rejection.
Primary or

secondary valvopathies.
Pericardial effusion.

Acute cell rejection.
Cardiac allograft vasculopathy.

Acute cell rejection.
Cardiac allograft vasculopathy. Cardiac allograft vasculopathy. Cardiac allograft vasculopathy.

Microvascular vasculopathy

TTE = transthoracic echocardiography, TEE = transesophageal echocardiography, CCT = cardiac computed
tomography, LV = left ventricular.

3. Conclusions (Take Home Messages) and Future Perspectives

This paper aims to highlight the steady advances in multimodality imaging techniques
in AHF, which offer a unique opportunity for a comprehensive evaluation of such complex
scenarios. In this literature review, we aim to suggest a practical, stepwise algorithm with
an integrative multimodality imaging approach for the better assessment of underlying
mechanisms, patterns of progression and possible complications in patients with end-
stage HF and supported with short- or long-term MSD. Finally, we did not include in the
present review BiVAD and TAH, aiming to provide some reflections on this future direction.
Device-based therapies for HF with preserved or mildly reduced EF, encompassing atrial
shunts, LV expanders, electrical and neurostimulators, and MCS devices, are still under
development or used in clinical trials. These innovative approaches show promise in
potentially revolutionizing HF management, offering hope for enhanced patient survival
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and improved quality of life. Moreover, the role of new imaging markers such as the
pericoronary fat attenuation index (pFAI) in predicting cardiovascular outcomes and CAV
in TCO patients should be investigated in prospective studies.
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Abstract: The Ross procedure is gaining recognition as a significant option for aortic valve replace-
ment (AVR), and is particularly beneficial in specific patient groups. Although categorized as a class
IIb recommendation in the 2020 American College of Cardiology (ACC)/American Heart Associ-
ation (AHA), and the European Society of Cardiology (ESC) management guidelines on valvular
heart disease, recent studies bolster its credibility. Research, including a propensity-matched study,
underlines the Ross procedure’s association with enhanced long-term survival and reduced adverse
valve-related events compared to other AVR types. This positions the Ross procedure as a primary
option for AVR in young and middle-aged adults within specialized centers, and potentially the
only choice for children and infants requiring AVR. This review meticulously examines the Ross
procedure, covering historical perspectives, surgical techniques, imaging, and outcomes, including
hemodynamic performance and quality of life, especially focusing on pediatric and young adult
patients. It explores contemporary techniques and innovations like minimally invasive approaches
and tissue engineering, underscoring ongoing research and future directions. A summarization of
comparative studies and meta-analyses reiterates the Ross procedure’s superior long-term outcomes,
valve durability, and preservation of the left ventricular function, accentuating the crucial role of
patient selection and risk stratification, and pinpointing areas for future research.

Keywords: Ross procedure; prosthetic aortic valve; aortic valve replacement; valvular heart disease;
adverse valve-related events; surgical techniques; valve imaging; valve hemodynamics; contemporary
surgical techniques and innovations; tissue engineering

1. Introduction

The Ross procedure, also known as pulmonary autograft replacement of the aortic
valve, is a surgical technique by which the patient’s diseased valve is replaced by their
own pulmonary valve (autograft). The used pulmonary valve is replaced by a pulmonary
allograft or other suitable valve prosthesis. The rationale behind this procedure stems from
the many advantages it offers. These include superior durability, better hemodynamics
than any other aortic valve substitute, the potential for growth in younger patients and
not requiring anticoagalation therapy with its well-known limitations. This translates into
improved long-term outcomes and better quality of life [1,2].

The Ross procedure has gained significant attention as an alternative to other aor-
tic value substitutes, particularly in young and active patients. The growth potential of
the autograft valve makes it an attractive option for pediatric patents including infants
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and neonates requiring aortic valve replacement, potentially avoiding the need for repeat
surgeries [3,4]. However, the Ross procedure is not without limitations. It is technically a
demanding surgery that requires a skilled surgical team. It is associated with longer aortic
cross-clamp and operative times compared to other aortic valve replacement procedures.
Additionally, there is the risk of a replaced pulmonary valve dysfunction long-term, poten-
tially necessitating a reoperation or percutaneous reintervention in some patients [5]. As a
result of these concerns and despite the growing body of evidence showing the excellent
long-term outcomes, the Ross procedure remains a class IIb recommendation in the most
recent 2020 ACC/AHA and 2021 ESC guidelines on valvular heart disease [6,7].

The Ross procedure’s usefulness has gained renewed interest after the publication
of many studies including a propensity-matched study showing that it is associated with
better long-term survival and freedom from adverse valve-related events compated to
bioprosthetic or mechanical AVR. Therefore, in specialized cardiac centers with expertise,
the Ross procedure can be considered the optimal option for adult and middle-aged adults
undergoing AVR [8,9]. Needless to say, it may be the only option for infants and neonates
requiring AVR for non-repairable aortic valve disease [4].

By examining the existing literature and synthesizing the available evidence, this
review aims to shed light on the benefits, limitations, and appropriate patient selection for
the Ross procedure. We hope that this will ultimately assist clinicians in making informed
decisions regarding the utilization of the procedure in their clinical practice.

2. Historical Perspective

2.1. Overview of the Development and Evolution of the Ross Procedure

The Ross procedure, named after its pioneering surgeon Donald Ross, has under-
gone significant development and evolution since its inception. It was first introduced
in the 1960s as a novel technique for aortic valve replacement using the patient’s own
pulmonary valve. In his original paper describing the technique, Ross also suggested that
the pulmonary autograft can be used to replace the mitral valve as well (later referred to
as the Ross II procedure) [10,11]. Over the years, advancements in surgical techniques,
perioperative management, and excellent long-term outcomes have led to considerable
interest in the procedure. Initially, it was primarily offered to adults and older patients
with various aortic valve pathologies, including patients with rheumatic aortic valve dis-
ease manifesting as aortic valve regurgitation/stenosis or both [12]. Its application was
expanded to include younger patients with congenital aortic valve disease and metabolic
diseases such as familial hypercholesterolemia [13].

2.2. Milestones and Key Contributors in Advancing the Technique

Several milestones and key contributors have played a significant role in advancing
the Ross procedure. Donald Ross first described the technique and performed the initial
series of surgeries [10]. His pioneering work laid the foundation for the procedure and
demonstrated the potential benefits of using the patient’s own pulmonary valve to replace
the aortic or mitral valve. Subsequently, other cardiac surgeons worldwide further refined
the surgical technique, expanding its indications and improving outcomes. The emphasis
was on AVR. Mitral valve replacement using the pulmonary valve (Ross II) did not gain as
much attention [14].

Notable contributors include Dr. Magdi Yacoub, who contributed to the advancements
in the Ross procedure and its widespread adoption. His work included the only randomized
controlled trial comparing Ross with a homograft aortic root replacement in adults with
aortic valve disease, demonstrating the superiority of the Ross procedure [15]. It took about
20 years for the Ross procedure to catch on in the United States and Canada. But then,
North American surgeons including Ronald Elkins, Paul Stelzer, Tirone David, John Oswalt,
and many others made significant contributions to the understanding and refinement of
the Ross procedure [16,17]. Zohair Al Halees, who performed one of the largest series
worldwide, highlighted the importance of candidate selection in the long-term results of

50



J. Clin. Med. 2024, 13, 630

the Ross procedure, emphasizing the need for careful patient selection to achieve optimal
outcomes [18].

3. Surgical Technique

The Ross procedure involves several key steps. First, the patient is placed on the
cardiopulmonary bypass and the aorta is cross-clamped and cardioplegia is given. The
aortic valve is then carefully examined and if not repairable is excised and the aortic
annulus is sized. There should not be much discrepancy in size between the aortic and the
pulmonary annuli. Not more than a 2–3 mm discrepancy should be accepted. Very little RV
muscle is kept below the pulmonary valve and only a few mms of the pulmonary artery
are kept above pulmonary valve commissures. The pulmonary valve is then sutured to
the aortic annulus, creating a new normally functioning neoaortic valve. There are several
techniques to implant the autograft However, the technique of a freestanding aortic root
with a coronary transfer is the most commonly used today. Subsequently, a pulmonary
allograft or a prosthetic valve is implanted in the pulmonary position. Finally, the aorta is
unclamped, and the patient is weaned off a cardiopulmonary bypass [19].

Surgeon’s Expertise

The Ross procedure necessitates a high level of surgical expertise due to its complexity
and technical demands. Surgeons must possess specialized experience in aortic root surgery,
as the techniques required for the Ross procedure are similar to those used in complex root
surgeries, such as familiarity with root anatomy and replacement as well as homograft
root replacement. In centers with experience of and a high volume in performing the Ross
procedure, long-term survival and freedom from valve-related complications are better
than alternative procedures in young and middle-aged patients [20].

4. Patient Selection Criteria

Patient selection for the Ross procedure requires careful consideration. The procedure
is most suitable for younger patients with aortic valve disease, in whom stenosis is the
predominant hemodynamic manifestation, particularly those who desire freedom from
lifelong anticoagulation therapy or who are engaged in high-impact physical activities [21].
Patients with a rheumatic aortic valve disease should be carefully assessed as it has been
demonstrated that the pulmonary autograft becomes susceptible to rheumatic fever [22].
In general, patients with severe aortic valve regurgitation and with a dilated aortic root
of more than 27–28 mm may not be as good candidates as those with aortic stenosis and
normal aortic roots [23]. Additional measures to stabilize the aortic root and prevent
progressive dilatation need to be undertaken. Patients with connective tissue disorders
such as Marfan and Loeys–Dietz syndrome are not good candidates for the procedures [24].

Candidates should have a normally functioning pulmonary valve without a significant
pathology. It is not advisable to use a bicuspid or a quadricuspid pulmonary valve or a
pulmonary valve with too many large fenestrations [19].

The Ross procedure may not be suitable for older patients and those with significant
comorbidities, as they may have a higher risk of complications. The procedure may still be
an option in patients with combined mitral and aortic valve disease if a good mitral valve
repair can be accomplished [25].

Therefore, careful patient selection and consideration of the procedure’s technical
challenges and potential drawbacks are crucial factors in achieving optimal outcomes.

5. Outcomes and Complications

5.1. Analysis of Short-Term and Long-Term Survival Rates

The Ross procedure has demonstrated favorable short-term and long-term survival
rates in various studies. Regarding short-term outcomes, several studies have reported
low operative mortality rates ranging from 0% to 4% [25]. Long-term survival rates after
the Ross procedure have also been encouraging. Long-term outcomes showed 10-year
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survival rates ranging from 81% to 94%, while 20-year survival rates ranged from 65%
to 92% [26]. These results suggest that the Ross procedure can provide durable survival
benefits for appropriately selected patients. In a propensity-matched study, the Ross
procedure demonstrated conferring a survival advantage when compared with mechanical
valve replacement [27]. In a more recent study, the procedure was associated with better
long-term survival when compared to patients with mechanical or bioprosthetic AVR.
Therefore, in cardiac centers with expertise, the Ross procedure is considered the primary
option for young and middle-aged adults undergoing AVR [28]. Table 1 summarizes the
short- and long-term outcomes of the Ross procedure.

Table 1. Short- and long-term outcomes of the Ross procedure in different studies. N denote number
of patients, date denote date of study publication.

Relevant Study Ross Procedure Outcomes

El-Hamamsy et al., RCT n(228) 2010 [9] 10 Year Survival 97%

Ryan et al., 2021 n(225) [26]
20 Year Survival 81.3% (74.8–88.3%)

Mortality (In-hospital) 0.9% (30 day) 2.2%

Pergola et al., n(536) 2020 [18]
15 Year Freedom from all Re-operation 83%

Freedom from Autograft reoperation 81%

David et al., n(212) 2019 [23] 20 Year Mortality 10.8%

Stelzer et al., n(702) 2021 [25] Perioperative Mortality 1%

Aboud et al., n(2444) 2021 [28]
25 Year Survival 75.8%

Early mortality 1%

5.2. Evaluation of Postoperative Complications and Their Management

Early complications include technical issues causing autograft malfunction, bleeding,
infection, arrhythmias, and coronary artery problems leading to left ventricular dysfunction.
Later complications include valve-related issues, such as autograft dysfunction and/or
pulmonary valve substitute dysfunction. Autograft dysfunction can occur due to valve
regurgitation, stenosis or both or due to annular or aortic root dilatation. Progressive
aortic root dilatation was observed frequently in the early series, particularly in young
adults (Figures 1 and 2). This actually at one stage dampened the enthusiasm for the
procedure [29]. Strict blood pressure control to avoid hypertension particularly early is
very important in avoiding this complication. Techniques to prevent this were introduced,
including aortic root reinforcement ± sino-tubular junction reinforcement or placing the
autograft inside a cylinder Dacron vascular graft with or without sinuses of Valsalva
(Figure 3) [30,31].

Recently, a personalized external aortic root support (PEARS), a custom-made macro-
porous mesh, was used to stabilize a dilated aortic root (Exstent limited®). This approach
was adapted to the Ross procedure (ROSS-PEARS) (Figure 4) [32]. However, the long-term
outcome of such modifications is yet to be validated. [33]. Pulmonary valve substitute
dysfunction can be stenosis, regurgitation, or both. This remains the weak link in the
procedure to the extent that some call it “turning a single-valve disease into a double-valve
disease”. The management of this complication may require surgical or percutaneous
intervention. The increased interventional cardiologists’ experience and the availability
of many percutaneous pulmonary valve substitutes reduced apprehension about this
potential problem.
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Figure 1. Transthoracic echocardiography Parasternal short axis view; Panel (A): Degenerative
homograft cusps (yellow arrow, diastolic phase); Panel (B): Degenerative homograft cusps (yellow
arrow, systolic phase); Panel (C): color Doppler showing the regurgitation originating from the right
pulmonary artery suggestive of severe regurgitation; Abbreviations: RVOT: Right ventricular outflow
track, RA: Right atrium, AoV: Aortic valve, MPA: Main trunk of pulmonary artery, RPA: Right main
branch of pulmonary artery.

 

Figure 2. Panel (A) Parasternal short-axis (PSAX) view at aortic valve level short-axis (PSAX) view
showing severe homograft stenosis with degenerative homograft cusps (yellow arrow) RVOT and
MPA. Panel (B); color Doppler demonstrating systolic flow acceleration starting at the level of
pulmonic homograft (yellow arrow) indicating pulmonic valve stenosis (PS). Panel (C); Continuous-
flow (CW) Doppler across the pulmonic valve showing severe PS with peak and mean gradients of
69 and 42 mmHg, respectively; Abbreviations: AoV: aortic valve, RVOT: right ventricle out-flow tract,
MPA: main pulmonary artery.
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Figure 3. Cardiac magnetic resonance (CMR) with oblique sagittal stack cine cuts at different level
showing pulmonic homograft stenosis. Green arrow showing defacing (showing significant stenosis);
Abbreviations: PV: pulmonary valve, RVOT: right ventricular outflow track, RA: right atrium. RV: right
ventricle, LA: left atrium.

Figure 4. This figure presents a systematic review encompassing three distinct patient populations from
studies reporting outcomes in adult patients aged between 18 and 55 years who have undergone the Ross
procedure [34], bioprosthetic aortic valve replacement [35], and mechanical aortic valve replacement [36].
Panel (A) illustrates the aggregated early mortality rates, represented on the Y-axis, across different
cohorts subjected to the three aforementioned surgical procedures. Panel (B) displays the aggregated
annual late mortality rates as percentages. Panel (C) delineates the lifetime risk percentages for re-
intervention in the Ross procedure, with separate data for the autograft in the aortic position and right
ventricular outflow tract (RVOT) surgical interventions, as well as for bioprosthetic and mechanical aortic
valve replacements. Panel (D) involves pooled data input into a microsimulation model, estimating the
life expectancy, in years, of a 45-year-old patient following different aortic valve replacement surgeries.
These estimates are compared (highlighted in red) with the projected life expectancy, post-45 years, of
the general population that has not undergone any surgical interventions.
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The autograft must function perfectly or “unfortunately the patient will end up with a
different valve in the aortic position and lose the original pulmonary valve to a substitute
requiring life-long surveillance” [37]. Valve sparing reoperations are possible for failed
pulmonary autografts. Although this depends on the mechanism of autograft failure, still
up to 50% salvage rates can be achieved in experienced hands [38].

5.3. Comparison of Outcomes with Alternative Procedures

When comparing the outcomes of the Ross procedure with alternative procedures,
such as a mechanical valve, bioprosthetic or homograft aortic root replacement, several
factors need to be considered. A mechanical valve replacement provides excellent durability
but requires lifelong anticoagulation therapy, which may increase the risk of bleeding
complications. A bioprosthetic AVR or homograft aortic root replacement avoids the need
for anticoagulation therapy but has limited durability due to degeneration. The younger
the patient is, the faster will be the degeneration and need for re-intervention.

Comparative studies have shown similar or improved survival rates and lower rates
of valve-related complications with the Ross procedure compared to other aortic valve
replacement options. One study comparing the Ross procedure to a mechanical valve
replacement in young patients demonstrated similar long-term survival rates but signifi-
cantly lower rates of reoperation in the Ross group [39]. Another study comparing the Ross
procedure to a homograft aortic root replacement found comparable long-term survival
rates but a higher incidence of valve-related complications in the homograft group [15].

In propensity-matched studies, the Ross procedure was associated with better long-
term survival and freedom from adverse valve-related events compared with mechanical
or bioprosthesis AVR [9].

Today, dealing with the durability, when comparing the Ross procedure with the
bioprosthetic valve replacement, we have to take in consideration the possibility of treating
the bioprosthetic valve dysfunction by a transcatheter valve in the procedure. It is true that
this is not a surgical reintervention but nevertheless another procedure with an incurred
cost. At present, a valve in valve therapy is not an option for a failed autograft.

In terms of quality of life, the Ross procedure has been shown to provide better
functional outcomes and higher patient satisfaction compared to a mechanical valve re-
placement, likely due to the avoidance of anticoagulation therapy and an optimal autograft
function. Additionally, the Ross procedure has been associated with lower rates of throm-
boembolic events compared to a mechanical valve replacement. This translates to a better
survival [40].

It is important to note that the choice of procedure should be individualized based on
patient characteristics, including age, comorbidities, lifestyle, and surgeon expertise. Long-
term follow-up and further research are necessary to continue evaluating and comparing the
outcomes of the Ross procedure with alternative procedures in different patient populations.
It is therefore imperative to consider the creation of Ross centers of excellence for achieving
the best results.

5.4. Comparison of Outcomes with Alternative Procedures Entered in Microsimulation

Etnel and colleagues performed an extensive meta-analysis and systematic review fo-
cusing on patients younger than 55 years who underwent the Ross procedure (Figure 4) [34],
bioprosthetic aortic valve replacement [35], and mechanical aortic valve replacement [36].
The rates of various events were compiled and fed into a microsimulation model, which
was utilized to calculate both the life expectancy and the aggregate rate of events over a
lifetime. Observations indicated that patients undergoing the Ross procedure exhibited a
reduced incidence of perioperative mortality. Comparative analysis suggested more favor-
able long-term outcomes for the Ross procedure compared to a bioprosthetic or mechanical
aortic valve replacement. When incorporated into the microsimulation, the probability of
requiring re-operation over a lifetime was found to be low, and the projected life expectancy
aligned closely with that of the general population.
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6. Imaging in Ross Procedure

The Ross procedure imaging scenario necessitates a dedicated professional figure
with specific expertise in this procedure. Multimodality imaging is paramount in the Ross
procedure. As its clinical application grows, knowledge of the various imaging modalities
used is required for the imager and beneficial for the interventional and surgical teams.
The purpose of this review is to describe the key steps of the procedural imaging pathway.

6.1. Pre-Procedural Imaging

Pre-procedure cardiac multimodality imaging in the candidate selection, screening
and planning for the Ross procedure is the guidelines recommended pathway in valvular
and congenital heart disease. It includes a multimodality comprehensive assessment
of cardiac pathologies and functions and associated great vessels anomalies like patent
ductus arteriosus and coarctation of the aorta, which are sometimes challenging in the
clinical arena [18,41,42]. It can determine patient eligibility based on anatomic features and
measurements, provide measurements for appropriate homograft sizing, predict the risks of
potential procedural complications and their likelihood of success. In this phase, the whole
imaging armamentarium plays a role. In sizing, the AV and PV annulus, echocardiography
represents the technique of choice even though cardiac CT allows a more precise sizing.

6.2. Intraoperative Imaging

Intraoperative imaging includes the use of transesophageal echocardiography able to
confirm the preprocedural features and postoperatively detect the normal functioning of
both the autograft and homograft as well as the ventricular function.

Multimodality imaging follow-up evaluations, including echocardiography and mag-
netic resonance imaging (MRI), allow early detection of any potential issues, optimizing
reintervention decision-making and improving long-term outcomes.

6.3. Post-Operative and Long-Term Follow-Up Imaging

In the follow-up imaging pathway, echocardiography represents the first step. It is
able to diagnose and follow over time the autograph and homograft behavior as well as
the cardiac function. However, MRI and cardiac computed tomography are paramount
tools in the imaging pathway in order to better assess the right ventricular function, the
degree of the regurgitation as well as assessing both the coronary arteries and the great
vessels (Figures 1–3).

7. Hemodynamic Performance

Hemodynamic performance is a crucial aspect of evaluating the success of the Ross
procedure. Studies have shown favorable hemodynamic outcomes in patients who have
undergone the procedure. The pulmonary autograft, when used as an aortic valve replace-
ment, has demonstrated excellent hemodynamic properties, including low transvalvular
gradients, larger effective orifice areas, and improved left ventricular function [1,3]. These
findings indicate that the Ross procedure provides favorable hemodynamic outcomes and
contributes to optimal cardiac function.

8. Quality of Life and Functional Outcomes

8.1. Postoperative Quality of Life Measures

Several studies have investigated the impact of the Ross procedure on postoperative
quality of life. These studies have utilized various validated instruments, such as the SF-36
Health Survey and the EuroQol-5D, to assess physical, emotional, and social well-being.
Overall, these studies have consistently reported favorable postoperative quality of life
outcomes in patients who have undergone the Ross procedure. Patients often experience
improvements in symptoms, functional capacity, and overall satisfaction with their cardiac
health [43,44].
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8.2. Assessment of Functional Outcomes and Exercise Capacity

Functional outcomes and exercise capacity are important indicators of the success
of the Ross procedure. Studies evaluating these aspects have shown that patients who
undergo the Ross procedure often exhibit excellent functional outcomes and have the ability
to engage in regular physical activities. Exercise stress testing, including peak oxygen
consumption (VO2 max) measurements, has demonstrated good exercise capacity in these
patients, comparable to or even superior to other valve replacement options [44]. While
most valve prostheses will have an increase in AV gradient during exercise, the autograft
exhibits hemodynamic characteristics similar to normal human AV even under conditions
of enhanced cardiac output [45].

8.3. Comparison of Quality of Life and Functional Outcomes with Alternative Procedures

When comparing the quality of life and functional outcomes of the Ross procedure
with alternative procedures, such as mechanical valve replacement and bioprosthetic valve
replacement, several factors need to be considered. Mechanical valve replacement, while
durable, may impact the quality of life and restrict certain activities. Bioprosthetic valve
replacement avoids the need for anticoagulation but has limitations in terms of durability
and hence the need for future re-intervention. Comparative studies have shown that the
Ross procedure can provide similar or superior quality of life and functional outcomes
compared to alternative procedures.

9. Patient Selection and Risk Stratification

Optimal patient selection is crucial for achieving successful outcomes with the Ross
procedure. Several patient characteristics have been identified as favorable for considering
the Ross procedure. These include a younger age, an absence of significant coronary
artery disease, an absence of aortic root dilatation with aortic stenosis, and an absence
of significant left ventricular dysfunction. Patients with these characteristics are more
likely to benefit from the Ross procedure due to their potential for long-term durability
and improved quality of life [18,46]. Table 2 summarizes candidates that do better and
do worse.

Table 2. Summarizing patient who will do better or worse after the Ross procedure.

Candidate Selection

Better Worse

Congenital etiology Rheumatic

Aortic stenosis Pure Aortic regurgitation

Aortic root diameter < 15 mm/m2 Older age (homograft re-intervention)

Studies evaluating the outcomes and long-term follow-up of the Ross procedure
in pediatric and young adult patients have reported promising results. These studies
have demonstrated excellent survival rates, favorable hemodynamic performance, and
low rates of reoperation. Additionally, long-term follow-up studies have shown low
incidences of valve-related complications such as neoaortic regurgitation and neoaortic
root dilatation [47,48].

Performing the Ross procedure in pediatric patients including infants and neonates
presents unique challenges and considerations. The smaller size of pediatric hearts requires
the adaptation of surgical techniques and the use of appropriately sized homografts to
replace the used pulmonary valve. Careful assessment of the aortic annulus and root
dimensions is crucial to ensure proper matching of the autograft and the aortic root.
Usually, under such circumstances, the autograft is larger than the aortic root as the
most common lesion in this age group is aortic stenosis with a generally smaller aortic
annulus. Enlarging the aortic annulus should be done just enough to match the size of the
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autograft. The autograft will grow with the child’s growth and most of the time match the
somatic growth [49]. Ongoing growth and development necessitate long-term follow-up as
reoperation to change the pulmonary valve substitute is inevitable.

The management of pediatric patients also requires multidisciplinary collaboration
involving pediatric cardiac surgeons, pediatric cardiologists, and other specialists experi-
enced in treating congenital heart diseases. Preoperative evaluation and risk stratification,
as well as postoperative care and follow-up, should be tailored to the unique needs of
pediatric patients.

While the Ross procedure has demonstrated favorable outcomes in the pediatric and
young adult population, further studies with larger cohorts and longer follow-up are
needed to assess the durability and long-term benefits in this specific patient group.

Aortic valve pathology and hemodynamic manifestations are important in selecting
patients for the Ross procedure. Patients with dilated aortic roots and pure aortic valve
regurgitation do not do as well, particularly if this is related to rheumatic heart disease
and associated with mitral valve involvement. Patients with aortic valve disease related to
connective tissue disorders are generally not good candidates for the procedure [50].

The Ross Procedure for the Treatment of Infective Endocarditis

Traditionally, management of infective endocarditis (IE) has involved the utilization of
biologic homografts or mechanical valves. However, the Ross procedure emerges as a viable
alternative for young adults. It offers a reduced reoperation incidence compared to biologic
homografts and eliminates the need for anticoagulation required by mechanical valves—a
significant consideration for younger patients, who may exhibit lower compliance. In the
absence of randomized controlled trials, small clinical series provide the most reliable
evidence. An early series of 28 patients [51], where 14 of the cases were emergency
surgeries, reported an in-hospital mortality of 10.7%. The 10-year survival stood at 47%,
with three cases of recurrent IE documented. Another cohort of 20 patients [52], including
10 with bicuspid aortic valves, showed only one early mortality and no IE recurrence over
a 47-month follow-up, with stable postoperative hemodynamics. A more recent series by
Loobuyck et al. [53] encompassed 38 patients with a mean age of 33.9 years, yielding an
in-hospital mortality of 5.3% and an overall survival of 82%. Recurrent IE was observed
in two patients, and six required reinterventions due to autograft or homograft failure.
Despite the limited evidence from small clinical series, the procedure’s favorable outcomes
are underscored by relatively low in-hospital mortality and a decent long-term survival
rate. Nevertheless, there remains the need for larger, randomized studies to further validate
these findings and establish more definitive treatment guidelines for this population.

10. Contemporary Techniques and Innovations

In recent years, there have been significant advances in cardiac surgical techniques,
including the development of minimally invasive, endoscopic and robotic approaches.
Such techniques aim to reduce surgical trauma, shorten the hospital stay and enhance post-
operative recovery. These approaches may be utilized in performing the Ross procedure,
though this is a complex surgical procedure requiring special expertise. Nevertheless,
potential benefits for patients undergoing the Ross procedure are there [54].

Tissue engineering is another area of innovation in cardiac surgery. Researchers are
exploring strategies to develop bioengineered grafts and valves using a combination of
synthetic materials and patient-specific cells. These bioengineered constructs have the po-
tential to improve the durability and functionality of the pulmonary valve substitutes after
the Ross procedure, reducing the need for reoperations and long-term complications [55,56].
Additionally, development of durable patch material may result in improvements in aor-
tic valve repair and reconstruction techniques including the neo-cuspidization (Ozaki)
procedure reducing the need for aortic valve replacement in general [57].

Future directions in valve surgery include the exploration of tissue-engineered scaf-
folds and valve substitutes and the integration of regenerative medicine approaches, aiming
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to further enhance the outcomes and long-term success and ultimately improving the qual-
ity of life of patients requiring a valve replacement.

Ongoing research in the field of the Ross procedure focuses on several areas. Re-
searchers are investigating novel imaging techniques, such as 3D echocardiography and
cardiac magnetic resonance imaging, to improve preoperative planning, intraoperative
guidance, and postoperative follow-up [58]. Additionally, long-term studies are being
conducted to evaluate the durability and outcomes of contemporary Ross procedures,
particularly in high-risk patient populations [25,59].

11. Conclusions

In conclusion, the Ross procedure, one of the most scrutinized surgical procedures in
literature, has emerged as a viable excellent option for aortic valve replacement offering
unique advantages in certain patient populations. The pulmonary autograft as an aortic
valve substitute is probably currently the closest to an ideal valve substitute. It provides
excellent long-term survival matching the normal population, favorable and durable
hemodynamic performance and proven potential for growth in the pediatric age group,
including neonates and infants (Table 3).

Table 3. Table demonstrating the characteristics of the autograft as an ideal valve. the number of +++
denotes more benefits relative other procedures.

Features Benefit

Silent ++++

Non-thrombogenic ++++

Normal Hemodynamic ++++

Readily Available–Low cost ++++

Has Potential for growth +++

Infection Resistant +++

Easy to Implant ++

Durable-Non-Rheumatics
-Rheumatics

++++
++

The strength of evidence supporting the benefits of the Ross procedure comes from
a combination of retrospective observational studies, prospective registries, and meta-
analysis. While the level of evidence varies between studies, there is a consistent trend
showing favorable outcomes. Nevertheless, direct head-to-head randomized controlled
trials comparing the Ross procedure to alternative aortic valve replacement options are
limited. It is important, however, to acknowledge that the procedure does have some
limitations. Further research, including well-designed prospective studies, is needed to
validate and strengthen the current evidence base.

The Ross procedure should be considered a valuable option in the armamentarium
of adult and congenital cardiac surgeons. Careful selection is of utmost importance for
a successful long-lasting outcome and should be individualized based on the patient’s
characteristics and preferences.

In that regard, we support “a hard look at current practices and a call for re-evaluation
of the current guidelines” [60,61].
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Abstract: The interventricular septum (IVS) is a core myocardial structure involved in biventricular
coupling and performance. Physiologically, during systole, it moves symmetrically toward the center
of the left ventricle (LV) and opposite during diastole. Several pathological conditions produce
a reversal or paradoxical septal motion, such as after uncomplicated cardiac surgery (CS). The
postoperative paradoxical septum (POPS) was observed in a high rate of cases, representing a unicum
in the panorama of paradoxical septa as it does not induce significant ventricular morpho-functional
alterations nor negative clinical impact. Although it was previously considered a postoperative event,
evidence suggests that it might also appear during surgery and gradually resolve over time. The
mechanism behind this phenomenon is still debated. In this article, we will provide a comprehensive
review of the various theories generated over the past fifty years to explain its pathological basis.
Finally, we will attempt to give a heuristic interpretation of the biventricular postoperative motion
pattern based on the switch of the ventricular anchor points.

Keywords: postoperative paradoxical septum; abnormal septal motion; cardiac imaging

1. Introduction

Following cardiac surgery (CS), patients often exhibit a new abnormal motion of the
interventricular septum (IVS) during echocardiographic follow-up. This issue has been
reported since the early 1970s [1–5]. Although other imaging techniques can detect it,
echocardiography remains the most common method [6–11]. This abnormal septal motion
is known by different names, such as reversed septal movement, pseudo-paradoxical
septum, or simply abnormal septal motion (ASM). In this review, we will use “ASM” to
indicate generic alteration of septal movement and “postoperative paradoxical septum”
(POPS) for specific postoperative septal kinetic alterations. The definition of POPS has
evolved with technology advancements and imaging techniques. It can be comprehensively
defined as a new-onset postoperative non-respirophasic flat or centrifugal systolic motion of
the IVS with normal septal wall thickening, preserved left ventricular geometry, unchanged
global systolic function, and normal septal perfusion and metabolism. POPS represents a
unicum in the panorama of paradoxical septa as it does not induce significant ventricular
morpho-functional alterations nor negative clinical impact. However, a dyskinetic IVS can
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be observed in various pathological conditions, such as myocardial ischemia or necrosis,
intraventricular conduction delays, pre-excitation, constriction physiology, pericardial
effusion, right heart overload, or congenital absence of the pericardium (CAP) [12–16].
Some of these conditions can complicate the postoperative period [10,17–19]. Furthermore,
changes in the lateral wall can also occur, complicating the overall assessment of the
postoperative systolic function of the left ventricle (LV) [20–23].

The pathophysiological basis of postoperative septal behavior is still debated, and
several theories have been proposed over the years, including intraoperative myocardial
damage and altered wall synchrony. However, current theories focus on extrinsic factors
related to increased heart mobility and new anatomical relationships with the thoracic
walls during the cardiac cycle [3,20,21,24]. Postoperative changes in the morphological and
systolic function patterns of the right ventricle (RV) are also believed to play a pathogenetic
role [25–28]. In this article, we provide a comprehensive review of the current state-of-the-
art knowledge about POPS, tracing its essential stages from the initial observations to the
most recent developments.

2. Epidemiology

A paradoxical septal bouncing is observed in a relatively large number of cases during
the postoperative period. The reported incidence ranges from 29% to 100% in the early
perioperative follow-up. Most studies have primarily focused on male adult or elderly
patients undergoing various types of CS. Notably, a significant number of studies have
specifically investigated coronary artery bypass graft surgery (CABG) [29], while there is
limited data available on other types of cardiac interventions (Table 1).

In the largest population examined, consisting of 3292 cases, an overall POPS incidence
of 39% was reported. Valvular heart surgery (VHS), particularly mitral valve surgery (MVS),
showed the highest rate of POPS (60% of cases). Multivariate analysis indicated that the
development of POPS was independently associated with the type of surgical approach,
patient’s age, and cross-clamp time (p < 0.001), while gender had no significant impact [9].
A cohort of 256 subjects undergoing VHS had a similar overall incidence, although aortic
valve surgery (AVS) had a significantly higher POPS incidence than MVS (64% vs. 36%,
p < 0.01) [30]. Other authors also reported no statistically significant differences in the
POPS incidence between CABG and VHS. They also reported a notable improvement in
septal dyskinesia after a 12-month follow-up [31]. In a prospective study of 165 patients,
the type of surgery and approach did not influence the development of POPS, with a
decrease in prevalence from 73% to 25% during the late follow-up [24]. Similarly, previous
studies based on small cohorts in the 70s and 80s consistently described a progressive POPS
resolution during follow-up [3,20,32].

In contrast, Okada et al. reported the presence of POPS in all subjects during peri-
operative control and in the late follow-up using gated blood-pool scans with technetium-
99m-pyrophosphate (Tc-99m-PYP-GBPS) [33]. Moreover, using rest-gated single photon
emission computed tomography (SPECT), POPS was observed in over two-thirds of the
subjects during routine 2-year imaging follow-up after CABG [22]. Patients undergoing
AVS showed similar findings after 19 months of follow-up using radionuclide angiocar-
diography (RNA) [34]. Therefore, the choice of imaging tool may affect the assessment of
septal kinesis. However, there is a lack of comparative data between echocardiography and
other imaging techniques. For example, in a qualitative assessment using Nuclear Magnetic
Resonance (NMR), the presence of POPS was observed after 3 months from CABG, with
different results reported between the echocardiographic evaluation and NMR [26]. De
Nardo et al. found consistent results evaluating 34 patients after 10 days of uncomplicated
CABG, with both echocardiography and RNA showing POPS, although RNA detected a
higher prevalence. They also highlighted a high rate of postoperative increase in segmental
ejection fraction in the posterolateral wall using RNA, without significant differences in
the systolic thickening fraction of the posterior wall (PW) examined by echo-Motion-Mode
(M-mode) [35]. It seems that techniques other than ultrasound tend to overestimate wall
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displacement when compared to echocardiography. This difference could be due to the
varying definitions of POPS used. Ultrasound techniques often use quantitative assessment,
while other methods rely on a qualitative approach. However, recent echocardiographic
studies have reported a high prevalence of POPS using both qualitative and quantitative
approaches during late follow-up [36].

It is worth noting that the method of approach can impact the diagnosis of POPS, even
when using the same imaging tool. Lehman et al. discovered that the incidence of POPS
was 100% and 76% when using qualitative and quantitative approaches, respectively [21].
Additionally, the visibility of POPS can be affected by the choice of tomographic cut. Recent
echocardiography evaluations have identified POPS in approximately 43% and 50% of
patients using apical and parasternal windows, respectively [37]. However, ultrasound-
based studies in this area used different cut plans for wall motion assessment and definitions
of POPS, leading to variability in the results.

In summary, POPS can be predicted in about half of the patients, regardless of gender
and type of CS. The prevalence of POPS is significantly influenced by various factors,
including the timing of surgery and examination, the imaging technique used, and the
definition applied.

Table 1. Characteristics of patients in previous studies. AVR: Aortic Valve Replacement; IVS: Inter-
ventricular Septum; CABG: Coronary Artery Bypass Graft; CPB: Cardiopulmonary Bypass; GBPS:
Gated Blood Pool Scintigraphy; MVR/Rep: Mitral Valve Replacement/Repair; M-Mode: Motion-
mode imaging; NMR: Nuclear Magnetic Resonance; POPS: Post-operative Paradoxical Septum;
PTV: Parasternal Views; PW: Posterior Wall; RV: Right Ventricle; SPECT: Single Photon Emission
Computed Tomography; TEE: Transoesophageal Echocardiogram; VHS: Valve Heart Surgery; VVI:
Velocity Vector Imaging; 4CHV: Four-chamber Apical View.

Author/Year N. TOT Male (%)
Mean Age
of Patient

Type of
Surgery

% POPS * Imaging other than
TTE M-Mode and 2d

Explanation
Theories<3 Months ** Follow-Up

Burggraf,
1975 [2] 50 50 38

19 AVR
17 MVR

14 Other VHS
51 § 15 - Related to CPB

Righetti, 1977
[3] 40 77 57 40 CABG 57 20 Radionuclide

angiography

Transient ischemic
injury and

exaggerated cardiac
mobility due to
pericardiotomy

Vignola, 1979
[4] 45 - 51

7 CABG
14 AVR
14 MVR

10 Others

53 - GBPS Related to CPB

Matsumoto,
1980 [5] 24 67 58

12 CABG
7 AVR
5 MVR

10 - Intraoperative TEE
Exaggerated cardiac

mobility due to
pericardiotomy

Waggoner,
1982 [38] 17 56 56 ± 13

12 CABG
3 AVR

2 Others
60 -

Intraoperative
direct-M-Mode
post-operative

2D TTE

Exaggerated cardiac
mobility due to
pericardiotomy

Rubenson,
1982 [23] 20 90 62 ± 15 20 CABG 58 - TTE 2D -

Kerber, 1982
[32] 25 - -

4 AVR
14 MVR
6 Others

56 28 TEE 2D

Exaggerated cardiac
mobility due to

limited RV free wall
mobility

Gourdier, 1982
[30] 256 / / 256 VHS 44 - - Exaggerated cardiac

mobility

Force, 1983
[39] 20 20 59

17 CABG
2 AVR +
CABG
1 AVR

68 -
TTE 2D (floating axis)

radionuclide
ventriculography

Exaggerated cardiac
mobility

Akins, 1984
[40] 22 68 52 22 CABG 50 -

Resting
GBPS or ventricular

angiography

Related to CPB
and/or myocardial

preservation
techniques.
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Table 1. Cont.

Author/Year N. TOT Male (%)
Mean Age
of Patient

Type of
Surgery

% POPS * Imaging other than
TTE M-Mode and 2d

Explanation
Theories<3 Months ** Follow-Up

Schroeder,
1985 [31] 324 / / 110 CABG

214 HVS 69 14 -
Exaggerated cardiac

mobility due to
pericardiotomy

Schnittger,
1985 [41] 21 - -

14 CABG
6 HSV

1 Other
76 - Intraoperative direct

M-Mode

Exaggerated cardiac
mobility due to
pericardiotomy

Feneley, 1987
[20] 16 87 52 15 CABG

1 Other 56 0
Intraoperative direct

M-Mode
post-operative TEE

Exaggerated cardiac
mobility

De Nardo,
1989 [35] 34 88 55.2± 7.0 34 CABG

41
(Radionuclide
angiocardiog-

raphy)
29 (echocardio-

graphy)

- Radionuclide
angiocardiography

Exaggerated cardiac
mobility due to
pericardiotomy

van der Wall,
1990 [34] 12 75 41 12 AVR - 92 Radionuclide

angiography

Rigid ring of
prosthesis limiting

septal excursion

Lehmann,
1990 [21] 21 76 59.6 ± 9.6

18 CABG
2 HVS

1 Other

100
qualitatively

76
quantitatively

- Intraoperative TEE Related to CPB

Okada, 1992
[33] 16 100 59 16 CABG 100 100

Thallium-201
Scintigraphy

Gated blood pool scan
Tc 99m

Excluded ischemic
injury

Wranne, 1993
[25] 19 52 54

4 CABG
4 CABG +

HVS
6 MVR/Rep

3 AVR
2 Others

29 (before
chest closure)
84 (after chest

closure)

- Intraoperative TEE
Recruitments of IVS

to maintain RV global
performance

Gigli, 1995 [42] 10 80 60 ± 9 10 CABG 50 -
TEE

cyclic gray-level
variation study

Excluded ischemic
injury

Giubbini, 2004
[22] 82 86 67.8 ± 9.6 82 CABG - 93 SPECT Tc 99 Excluded ischemic

injury

Hedman, 2004
[43] 99 86 65 ± 9 99 CABG - 96 -

Recruitments of IVS
to maintain RV global

performance
Toyoda, 2004

[44] 12 83 62 ± 11 12 CABG 75 (not specified the interval
time from the intervention) TDI Exaggerated cardiac

mobility

Reynolds,
2007 [9] 2979 - -

1808 CABG
687 AVR

759 MVR/Rep
45 Others

40 (not specified the interval
time from the intervention) None

Related to the type of
surgery and surgical

approach

Joshi, 2008 [26] 23 73 64 23 CABG - 100 NMR
Recruitments of IVS

to maintain RV global
performance

Roshanali,
2008 [36] 240 79 58.3 ± 11.3 240 CABG - 97 TDI

Recruitments of IVS
to maintain RV global

performance

Choi, 2010 [45] 18 56 58 ± 12 18 CABG - 56 NMR rest/stress
Exaggerated cardiac

mobility due to
pericardiotomy

Codreanu,
2011 [46] 18 100 67 ± 7 18 CABG - 100

NMR
high temporal

resolution tissue phase
mapping

Adhesion limiting the
rotational motion of

LV pushing IVS
anteriorly during

systole

Michaux, 2011
[47] 50

65 ±8
cohort A
61 ± 9

cohort B

50 CABG 32 - TDI No correlation
with CPB

Kang, 2014
[24] 165 56 60 ± 13

59 CABG
99 VHS
7 Other

73 25 TOE-VVI
Related to subtle

conduction
disturbance

Moya Mur,
2018 [37] 30 60 69.9 ± 13.3

7 CABG
11 AVR
2 MVR

10 Other

50 in PTV
43 in 4CHV - TTE-STI

Exaggerated cardiac
mobility due to
limited RV free
wall mobility

* The percentage refers to the actual cases studied that do not always correspond to the starting number of subjects,
mainly during the follow-up. ** The early evaluation varies a lot among studies. Some studies performed early
and late follow-ups within three months after the intervention. In this case, we reported the higher incidence
observed in the period. § They performed the early follow-up within two months and the late beyond.
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3. Normal and Paradoxical Interventricular Septum

The IVS represents the keystone for interventricular coupling and the biventricular
performance [27,48]. Unlike the other ventricular walls, IVS is directly exposed to both
intraventricular pressures and influenced by the systolic and diastolic trans-ventricular
gradients. Under normal conditions, it thickens during systole, increases its curvature,
moves towards the LV center, and returns to its original position during diastole [49].
Breathing patterns can influence IVS motion during diastole, with inspiration displacing
it posteriorly and expiration moving it in the opposite direction. This breathing-related
effect on IVS motion is minimal under normal circumstances but can be more significant
in pathological conditions [8,19]. When the IVS moves in the opposite direction to the
physiological motion, it is called a “paradoxical” septum (Figure 1). A differential diagnosis
is important for interpreting other paradoxical septa (Table 2) [50], but a comprehensive
discussion of them is beyond the scope of this review.

 
Figure 1. (a) Normal septal motion pattern (b) Postoperative paradoxical septal motion (Motion-
mode imaging).

Table 2. Characteristics and types of abnormal septal motion. IV: Intraventricular; IVS: Interventricu-
lar Septum; LBBB: Left Bundle Branch Block; LV: Left Ventricle; POPS: post-operative paradoxical
septum; RV: Right Ventricle; (*) could also be diastolic (**) could be systolic and/or diastolic.

Characteristics of
Abnormal Septal

Motion

Common Causes of Abnormal Septal Motion

POPS
LBBB/RV

Pacing
Rhythm

Ischemia
Rv Pressure/

Volume
Overload

Constrictive
Pericarditis

Pericardial
Tamponade

Obstructive
Pulmonary

Diseases/Mechanical
Ventilation

Systolic + + + (*) + (**) − − −
Normal Iv Conduction + − + + + + +
Preserved Ivs Perfusion + + − + + + +
Normal Ivs Metabolism + + − + + + +
Normal Lv Geometry + − − − − − −

Normal Lv Global
Systolic Function + + +/− +/− +/− +/− +/−

Respirophasic Motion − − − − + + +
Stress Related − +/− +/− − − − −

4. The Septal Injury Theory

During the perioperative period, patients may experience complications such as type
5 acute myocardial infarction (MI) and procedure-related myocardial injury, particularly
during cardiopulmonary bypass (CPB) [51–53]. Burggraf and Craige, in 1975, were the
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first to suggest that CPB-related myocardial injury may contribute to the development
of POPS [2]. Studies conducted in the 70s and 80s confirmed a higher incidence of POPS
when CPB was performed, with different possible explanations being speculated, such as
transient CPB-related damage and graft-related coronary steal phenomenon [3,4,30,54]. It
is important to note that in these studies, evidence of ischemia was primarily based on a
reduction in wall thickening as observed in M-Mode. In many cases, there was no other
evidence of myocardial injury.

However, recent literature has criticized the ischemic hypothesis, as there is no electro-
cardiographic or laboratory evidence supporting the myocardial damage required to cause
such acute and localized kinetic alterations [21,25,30,32]. Moreover, the presence of POPS
in patients undergoing uncomplicated CS with patent coronary arteries in the pre-surgical
angiographic control makes the ischemic hypothesis unlikely [32,34]. Additionally, studies
using 2D imaging found no significant reduction in septal systolic wall thickening (SSWT)
in the POPS subgroup [24,35,37,41,45]. However, a stunning localized effect with minimal
release of myocardial enzymes, such as in Takotsubo syndrome, should be considered [51].
Anyway, no differences in ventricular deformation pattern, perfusion, and late gadolinium
enhancement (LGE) in the POPS group were reported [24,26,45,46].

There is also conflicting evidence on the role of CPB in causing damage during CS.
A prospective study on 22 patients found that POPS incidence was significantly higher
after uncomplicated on-pump CABG compared to off-pump CABG (p < 0.0005) [40]. Other
studies also reported a higher incidence of POPS in on-pump CABG and found that
POPS was independently associated with the CPB time and preoperative septal perfusion
on multivariate analysis [9,55,56]. However, some studies have found no differences in
postoperative septal motion patterns between the two cohorts [24]. In a recent study,
Michaux et al. randomized 50 patients for on-pump vs. off-pump CABG and found no
differences in POPS incidence after 3 months [47].

To summarize, myocardial ischemia is considered an unlikely cause of septal dysk-
inesia after uncomplicated CS and POPS seem to involve a dissociation between wall
thickening and displacement.

5. The Timing

The temporal aspect of POPS is significant, as it occurs after CS. Typically, it is observed
on transthoracic echocardiography (TTE) performed within a week after the procedure.

Intraoperative imaging studies helped to define the timing and shed light on the
underlying pathophysiological mechanism. Early studies using intraoperative M-Mode
echocardiography from an anterior approach yielded intriguing results. In a 1982 study,
17 patients undergoing CS were examined before and after pericardiotomy and just before
chest closure. Surprisingly, no patients exhibited ASM at the end of the operation, including
those with preoperative paradoxical IVS on TTE. However, after a week, approximately
60% of patients showed POPS, with no significant changes in LV dimensions or func-
tion [38]. Similar findings were observed in a subsequent study involving a comparable
population [41]. Feneley et al. reported normal IVS motion during all intraoperative
stages in 16 patients undergoing uncomplicated CS. However, about 50% of a subgroup
of patients exhibited POPS when assessed by transoesophageal echocardiography (TEE)
within two hours after surgery [20]. These findings indicated that POPS developed early
after chest closure, but the precise moment remained to be determined.

In a shift of perspective, Lehmann et al. employed intraoperative TEE in a cohort
of 21 patients undergoing their first CS. They quantitatively assessed LV motion during
various intraoperative steps, comparing them with the baseline. Interestingly, they ob-
served a sudden onset of ASM and compensatory lateral hyperkinesis immediately after
discontinuation of CPB in 76% of subjects. No significant changes were noted in regional
or global ventricular kinetics during previous steps. This discovery demonstrated the
intraoperative detectability of POPS, reinforcing the association with CPB while dismissing
myocardial injury as a probable cause [21]. Similar partially overlapping observations were
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made by Wranne et al. using a similar intraoperative approach, where ASM appeared
either after CPB discontinuation or soon after chest closure [25]. Other authors confirmed
the intraoperative development of ASM [42].

In summary, the timing of POPS is crucial, occurring after CS and typically detectable
on TTE within a week post-surgery. Intraoperative imaging studies have provided valuable
insights, revealing the early development of POPS after chest closure or CPB discontinuation.

6. The Reference System

The choice of observation system significantly affects the assessment of postoperative
septal motion. Contact-based imaging methods remove the relative motion between the
heart and the probe, which could affect the detection of POPS. In line with this observation,
a study by Waggoner et al. revealed that intraoperative evaluation did not show any
alterations in patients with preoperative ASM, which was due to previous CS. In contrast,
patients who had right-side overload showed paradoxical IVS until the atrial defect was
corrected [38]. Reoperated patients with POPS have been less studied, but the presence of a
true paradoxical IVS should be evident regardless of the imaging technique used or external
factors [25]. In 1973, Miller et al. first described POPS in patients after uncomplicated MVR.
Moreover, they found unexpectedly that patients with significant residual mitral or aortic
regurgitation had normal septal motion. After correcting the LV volume overload, those
patients paradoxically developed an ASM [1]. It seemed that after CS, the normal IVS
motion could be reversed. Consequently, some authors have suggested excluding the IVS
from postoperative LV kinetic evaluations.

The “floating system method” overcomes the limitations of M-mode imaging by
superimposing traced endocardial end-diastolic and end-systolic 2D images using a defined
intraventricular point of reference known as the “centroid”.

Various approaches have been employed (Figure 2). In their study, Waggoner et al.
used the centroid (Figure 2a) to show a significant anteriorization of the LV after CS
compared to unoperated healthy subjects. However, their method, which was similar to
M-Mode imaging, did not provide information on the LV geometry [38]. To address this
limitation, a more advanced approach was introduced, which defined both a center and an
axis of reference (Figure 2b). Patients with POPS exhibited a notable anterior shift in the
centroid, coupled with decreased septal kinesis and augmented kinesis of the lateral wall
using an external reference. On the contrary, there were no noticeable differences in the
kinetics of the LV walls when utilizing the floating system method [39].

 
Figure 2. Schematic representation of left ventricular centroids used in the literature for post-operative
septal motion assessment: (a) intermediate point between the IVS and the PW endocardium from
short-axis view. (b) intermediate point between the apex and the mitral valve plane midpoint from
the apical four-chamber view. (c) center of two perpendicular lines bisecting the cross-sectional
area from a parasternal short-axis view. (d) the intermediate point between the IVS and the PW
epicardium from a short-axis view. (e) intermediate point between the IVS and the PW endocardium
from a short-axis view. ATW: Anterior Thoracic Wall; C: Centroid.
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Subsequent studies using TEE and NMR further supported the use of mobile ref-
erence systems. Intraoperative studies described the simultaneous appearance of wall
kinetics anomalies and the significant increase in anteromedial translation of the centroid
(Figure 2c) [21]. This finding was also corroborated by NMR in a subsequent study using a
similar Waggoner’s approach after uncomplicated CABG (Figure 2d). They measured a
significant increase in the postoperative systolic anterior displacement of the IVS, LV lateral
wall, and LV centroid after intervention (p = 0.001) [26]. Other studies corroborated this
evidence, showing decreased postoperative septal displacement in the ASM group, while
SSWT remained unchanged (Figure 2e) [45].

In cases of uncomplicated CS, these findings suggest that LV experiences an increased
postoperative anteromedial translational motion. The translation motion and wall thicken-
ing in the same range of values support the development of an appreciable optical effect
explained by the composition of motions (Figure 3).

Figure 3. Schematic representation of the systolic left ventricular anterior translation movement
(above) and corresponding mono-dimensional echocardiography pattern (below). In the orange box:
schematic representation of the anterior-medial translation of the left ventricle from a parasternal-
short axis view. The combined ventricular movement of anteromedial translation and radial contrac-
tion produces a hypokinetic septum and hyperkinetic posterior wall in the Motion-Mode scan. ATW:
Anterior Thoracic Wall; C: Centroid; IVS: interventricular septum; L: Lateral side; M: Medial side;
M-Mode: Motion-mode Imaging; PW: posterior wall; T: centroid translational vector.

7. Curvature and Deformation

In addition to the floating system method, 2D imaging offers another way to evaluate
kinetic independent of any translational motions. The LV has an approximately conical
shape and physiologically maintains a concave shape throughout the cardiac cycle. When
dealing with paradoxical IVS, such as in pulmonary hypertension, the curvature radius of
the IVS increases [57]. However, studies have shown that the curvature of the LV and the
LV’s eccentricity index remain unchanged after uncomplicated CS [20,21,32,58].

To obtain objective results and address the challenges posed by translation and traction
motions when evaluating the postoperative LV regional kinetics, the study of LV curvature
and a floating system have been used.

Additionally, tissue characterization and deformation evaluation techniques have
emerged as valuable tools to differentiate between IVS function and mere displacem-
ent [15,22,59–62]. In this regard, Giubbini et al. retrospectively compared subjects with
previous anterior MI (all with pre-operative hypokinetic IVS) and others with stable
angina (with pre-operative normokinetic LV) after CABG. After the intervention, both
cohorts expressed a similarly high incidence of ASM. However, only patients with pre-
vious MI showed a significant reduction in normalized septal thickening and perfusion
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(p < 0.0001) [22]. Similarly, one study found that patients with previous anterior MI had a
reduction in strain parameters compared to those with stable angina after CABG, despite
both groups having a similar rate of ASM. The CABG group also demonstrated significant
anteromedial displacement of the LV, resulting in reduced tissue Doppler septal velocity
when sampled from an apical approach or inverted when sampled from a parasternal
approach [44]. Moreover, others have shown intact septal thickening and similar defor-
mation parameters between cohorts with and without POPS, supporting the idea of a
preserved septal function in both cases [37,46]. In a prospective study of 165 patients, LV
global and regional peak circumferential strain and strain rate remained similar pre- and
post-operatively. However, the POPS cohort showed significantly reduced radial systolic
velocities of IVS. The authors ruled out the possibility of IVS injury based on intact septal
thickening and similar deformation parameters between the groups [24]. While some
authors suggested that the differences in segmental rotation velocities were due to friction
to the anterior thoracic wall [46], others proposed that minor postoperative conduction
disorders could be the reason for POPS [63]. However, the absence of intraventricular
conduction delays on postoperative electrocardiograms casts doubt on this explanation [24].
Moreover, no correlation between LV dyssynchrony and previous CABG was observed in a
large, heterogeneous cohort using SPECT or positron emission tomography (PET) [64].

The lack of alterations in LV geometry and function reported in various studies has
shifted attention toward extrinsic factors as potential contributors to POPS. The exaggerated
anterior motion of the LV during systole has been suggested as a possible mechanism,
although the underlying cause of this translation motion is still subject to debate after many
years of research.

8. The Role of the Pericardium

The pericardium plays a crucial role in stabilizing the heart and facilitating its phys-
iological movements without friction. After CS, it was often left open, leading some
researchers to suggest that the lack of pericardial integrity may contribute to postoperative
exaggerated heart mobility [5,25,31,35,41,45]. In agreement with this assumption, patients
who have had CS or those with CAP exhibit similar echocardiographic features, including
ASM, excessive heart mobility, and increased PW displacement [17,65]. Consistently, the
development of post-pericardiectomy ASM was described in [66]. However, the absence
of intraoperative changes in septal kinetics after pericardiotomy has led to reevaluating
the pericardium’s role [21,25,58]. Additionally, closure of the pericardium after CS does
not appear to affect the development of ASM, as evidenced by a study by Lindqvist et al.,
which found no significant differences in bi-ventricular function and morphology during
follow-up after pericardial repair at the end of AVS [67].

Other factors, such as the removal of the anterior mediastinal tissue, have been
proposed as potential contributors to the development of exaggerated heart motion [39].

Over time, researchers have moved from thinking that excessive cardiac mobility was
due to the pericardiotomy to believing that friction between the heart and surrounding
tissues can lead to POPS.

9. The Right Ventricle: The Other Side of The Coin

It has been observed that RV longitudinal function (RVLF) tends to decrease after
surgical procedures. There is an intriguing relationship between postoperative RV function
adaptation, excessive heart motion, and POPS.

Kerber et al. first speculated on the role of RV in the POPS genesis. In their hy-
pothesis, the RV attached to the anterior thoracic wall drags the entire heart anteriorly,
contracting [32]. Friction between the heart and anterior mediastinum may explain the
reduction of rotational and radial septal velocities described after uncomplicated CS [24,46].
Consistently, post-interventional systolic anteriorization of the heart has been observed
using NMR [26]. Moreover, STI studies have demonstrated a postoperative shift of the
ventricular longitudinal static reference point from the LV apex to the RV-free wall [37].
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This resulted in a postoperative reduction of RV basal longitudinal velocity, strain, and
displacement while bi-ventricular global systolic function remained stable [37].

The return to normal values of tricuspid annular plane systolic excursion (TAPSE)
after adhesiolysis in patients who underwent a second cardiac intervention supports these
findings [25].

However, the traction of the heart due to adhesions and containment of the anterior
thoracic wall fails to explain the intraoperative ASM development [21].

In 1993, Wranne et al. demonstrated that RVLF impairment and POPS occurred during
the same intraoperative phases [25]. Several subsequent studies reported similar findings,
leading to the hypothesis that postoperative reduced RVLF may lead to compensatory
movement of the IVS to maintain stable ventricular function [25,28,58]. This is supported
by studies that show a significant correlation between septal systolic anterior motion and
reduced TAPSE (r = 0.60; p < 0.001) [67], as well as between septal systolic anterior motion
and RV ejection fraction (r = 0.47; p = 0.023) [26]. Moreover, patients with normokinetic
IVS showed preserved RVLF [36]. Some experimental models with a dysfunctional RV-free
wall showed that IVS compensates for RV-impaired systolic function [68].

The RV contraction comprises three mechanisms: the base-apical displacement (the
most important in the normal setting, contributing to up to two-thirds of the output), the ra-
dial contraction, and the traction of the free wall by the twisting-LV [48,69]. Postoperatively,
the RV shows a peculiar functional adaptation consisting of reduced longitudinal displace-
ment with increased radial wall displacement and unaltered global function [28,37,45,58,70].
Some authors have also reported a relative RV distension [4,71]. Postoperative changes in
RV morphology and function occur rapidly but may persist for a prolonged period [36,43].

While there are commonalities between excessive heart motion, POPS, and RVLF
impairment, they are not always interconnected, and the degree of RV dysfunction required
for POPS development remains unclear. The hypothesis of adaptive IVS compensation
for RV function aligns with the intraoperative development of POPS and excessive heart
motion and the maintenance of RV global function [72].

10. A New Heuristic Hypothesis for POPS

The postoperative kinetic pattern of the LV characterized by anteroseptal hypo- and
posterolateral hyperkinesis can be interpreted in different ways. One possibility is that it
represents septal dysfunction compensated by PW hyperkinesis, resulting in an unchanged
LVEF. However, this pattern is not consistent with the nature of injury-related postoperative
complications, as there is a lack of significant markers of injury and normal ventricular
perfusion and wall thickening [22,24,35,37,46]. Another interpretation is that the combined
systolic displacement of the entire heart and LV walls produces the observed motion pattern
when viewed from a fixed observational system like TTE. This scheme may account for the
apparent discrepancy between LV function and motion. The anterior displacement of the
centroid and PW associated with an unchanged SSWT supported this view [20,21,38,39].
The septal kinetics abnormalities observed in patients with POPS may be reversible during
a second CS and tend to resolve over time [25]. Moreover, the return to a normal centroid
displacement range during follow-up also reinforces this idea [38,39]. However, despite
knowing when it manifests during surgery, when and how it resolves remains debated. In
an uncomplicated setting, POPS does not seem to have significant clinical consequences,
and changes in pharmacological management are not currently recommended since data
on the negative clinical impact of POPS are lacking [36,43,73].

Impaired RVLF after CS has been proposed as a possible cause of POPS. Both POPS
and RVLF impairment develop intraoperatively and can normalize over time [25,26,28,36].
Postoperatively, the RV motion’s pattern and geometry change, while LV morphology does
not, leading to speculation that the RV plays a central role in the biventricular motion
pattern changes. The POPS may represent a compensative mechanism for the impaired
RVLF [25,26,58,67]. The exact trigger for RVLF impairment and its transmission to the LV is
not fully understood, but it appears to be linked to the surgery itself, independent of other
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variables [74]. Biventricular motion patterns change rapidly after CS without significant
ventricular dysfunction. The possibility of an acute postoperative myopathic state of the
endocardial fibers has been considered. However, several studies have demonstrated the
preservation of ventricular contractility using strain parameters [28,37,46,67]. Moreover,
most reports indicate that global ventricular function and clinical status remain unchanged
or improve after CS despite the impaired RVLF [26,28,36,43,58,67]. These findings chal-
lenge the idea of compensatory mechanisms due to abrupt functional asymmetry between
the ventricles.

A heuristic geometric explanation for the biventricular kinetic pattern changes is
proposed. The contraction of the LV involves twisting, shortening, and thickening mo-
tion, with myocardial fibers arranged in a specific pattern moving from one to another
coplanar point on the cardiac fibrous skeleton [27,48,49]. During contraction, they move
centripetally towards the base and the central axis. Yet, there is a prevailing movement
of the base towards the apex due to the relative fixation of the phrenic cardiac surface
and the apex cordis. We wonder how the kinetics of a normal heart hanging on its hilum
vary. It could be different than a heart in situ, despite maintaining normal function. In the
described condition, the medial ventricular segments remain longitudinally static, and the
contraction of the RV-free wall drags the LV anteriorly, eliminating the need for any friction
mechanism (Figure 4). The postoperative increase in anteromedial LV rotation supports
our conjecture [20,39]. This mechanism may explain the intraoperative development and
its correlation with the CPB of both the POPS and the RVLF impairment. Additionally, it
does not indicate any functional asymmetry between the ventricles.

Figure 4. The connection between postoperative paradoxical septum (POPS) and right ventricu-
lar longitudinal function (RVLF). (A) Schematic representation of normal bi-ventricular motion.
(B) Post-operative bi-ventricular motion according to our hypothesis. After surgery, the reduced
relative apical fixation produces an anterior heart displacement (green arrow) accounting for POPS
and a reduced basal-apical tricuspid annular displacement. An accentuated rotation (red arrow)
could contribute to the post-operative reduction of TAPSE and septal MAPSE. The blue and yellow
arrows indicate the prevailing longitudinal direction displacement of the left ventricle during systole.
IVS: interventricular septum; M-Mode: Motion-mode Imaging; LV: Left Ventricle; MAPSE: mitral
annular plane systolic excursion; PW: posterior wall; RV: Right Ventricle; TAPSE: tricuspid annular
plane systolic excursion.

Removal of anterior mediastinal tissue and the CBP-related impairment of the right
atrium may also contribute to this mechanism [38,39,67].

After chest closure, friction and adhesions between the heart and thoracic tissues
could further enhance this pattern by fixing the mid-basal sternal cardiac surface [32,37,46].
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11. Conclusions

In conclusion, after uncomplicated CS, there are changes in the bi-ventricular kinetic
pattern without negative clinical impact, maintaining preserved systolic function. Various
theories intended to explain this phenomenon. Selective IVS damage and significant con-
duction disturbances are considered unlikely causes of POPS. Currently, the most widely
accepted hypothesis is that a combination of left ventricular contraction and anterior transla-
tion is responsible for increased cardiac motility. Although it was initially believed that the
absence of pericardial constrictions was the primary cause, recent evidence suggests that it
may increase friction with the surrounding mediastinum. Early studies focused primarily
on the LV and interpreted its motion as that of the entire heart. However, the RV appears
more static postoperatively with impaired longitudinal performance. Some researchers
have suggested that POPS compensates for impaired RVLF, but the idea of significant
functional asymmetry between the ventricles is criticized. We conjecture that postoperative
bi-ventricular kinetic changes could be related to a shift in anchor ventricular points from
the apex toward the anteromedial basal portion. Intraoperatively, anterior mediastinal
tissue removal and CPB may contribute, while adhesions with the anterior thorax appear to
be the main determinant after chest closure. According to this perspective, the paradoxical
motion pattern may express normal biventricular kinetics in the postoperative period.
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Abstract: Coronary arteries have a wide range of anatomical variability, and their spectrum ranges
from asymptomatic cases to those predisposed to hemodynamic compromise or even sudden cardiac
death. This paper aims to review the classification of coronary artery anomalies (CAAs) and illustrate
their imaging characteristics by highlighting the important role of CT coronary angiography. Some of
the coronary anomalies usually met in current practice are the high origin coronary artery, multiple
ostia, aberrant origin from the opposite/non-coronary Valsalva sinus, single coronary artery, ALCAPA
syndrome, duplications of the left anterior descending artery, coronary fistulas, and extracardiac
terminations. CT coronary angiography is a non-invasive diagnostic modality for CAAs. The complex
anatomy of these anomalies can be accurately described by employing 3D reconstructions and post-
processing techniques. Knowledge of the imaging characteristics and potential functional impact of
these anomalies is essential for accurate diagnosis and therapeutic planning of patients.

Keywords: coronary arteries; anomalies; variants; anatomy; CT coronary angiography

1. Introduction

The frequency of coronary artery anomalies in the general population ranges from 1%
(identified by classic coronary angiography) to 5.8% (incidental findings on CT coronary an-
giography) [1]. Besides supplying various anatomic details of coronary anatomy, computed
tomography angiography can detect myocardial bridging, which involves identifying
the partial intramyocardial course of a coronary artery, an aspect that cannot always be
delineated on invasive coronary angiography [2]. CT coronary angiography (CTCA) has
become the primary examination used for the diagnosis of these anomalies, providing data
regarding the origin of the arteries, their course, and their anatomical relationships with
the adjacent cardiac and mediastinal structures [3–5].

2. Embryology

The process of coronary artery development is highly complex and involves elaborate
mechanisms of signaling, cell differentiation, and tissue development. The coronary vessels
develop initially in the form of a vascular plexus that further matures into a vascular
bed. During the first stages of embryogenesis, the heart does not require distinct vessels
due to the myocardial thickness, which allows for luminal blood to oxygenate the cells.
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However, with a thicker muscular layer, coronary arteries develop to allow for adequate
vascularization, growing, and branching throughout the myocardial layer. The expansion
is finalized by fusing with the aorta and a subsequent remodeling process transforms the
vascular plexus into a vascular coronary system capable of addressing the oxygenation of
the entire heart [6].

The pathophysiology of coronary artery anomalies has been thoroughly researched; a
specific reason causing each type of anomaly is yet to be established, given the intricate
mechanisms of development.

Coronary artery (CA) anomalies of origin: These anomalies stem from a shared defect:
the capillary plexus cells around the aorta and pulmonary artery fail to reach and infiltrate
their intended sites on these vessels. Multiple molecular mechanisms are involved in CA
anomalies. Studies have shown that a deficiency in vascular endothelial growth factor
C (VEGF-C) can lead to a scarcity of aortic cardiomyocytes at the aortic root, reduced
peritruncal vessels, and malpositioned coronary ostia [7]. Similarly, T-box transcription
factor (Tbx1) mutant mice exhibit abnormal coronary ostial development, with either the
left ostium forming at the right ventral sinus or the left coronary artery originating from a
single ectopic trunk with a proximal intramural course [8]. Connexin43 (Cx43) mutations
disrupt proper CA development, causing abnormal origin, course, and intramural tunnel-
ing [9]. Regarding the aberrant origin of coronary arteries from the pulmonary artery, this
anomaly is frequently seen in the aortopulmonary window, probably as a failure to close
the embryonic aortopulmonary foramen [10].

Single coronary artery: The absence of a major coronary vessel might be explained
by the failure of one of the two coronary arteries to undergo complete muscularization.
Embryonic coronary artery remodeling is followed by a crucial stabilization step mediated
by arterial muscularization and disruption of this process could lead to the absence of a
major vessel [11].

Mechanisms underlying myocardial bridges and fistulae remain elusive: Vangl2 mutant
models, exhibiting disrupted cell polarity, display coronary anomalies such as myocardial
bridges and fistulae [12]. Moreover, anomalies in the distribution of myocardial growth
factors or signaling molecules across the myocardial wall, from epicardial to endocardial
layers, could also be involved. Disruptions in these pathways might influence the growth
patterns of the ventricular wall, ultimately compromising the precise positioning of embry-
onic coronary vessels relative to the ventricular cavity [11]. Persistence of sinusoids has
also been associated with coronary artery fistulae [13].

Further understanding of coronary vessel development holds promise for break-
throughs in reparative treatments, cardiac revascularization, and stem cell therapies for
coronary artery disease [14–16]. In general, arterial vascularization variants become clini-
cally significant when the luminal flow is altered due to local or systemic conditions, or
when surgical procedures are indicated and there is an inarguably high risk of bleeding
in critical regions where hemostasis may be difficult and the hemodynamic impact is
severe [17–21].

3. Anatomy of the Coronary Arteries

The coronary arteries originate at the level of the coronary sinuses (or Valsalva sinuses),
represented by three main vessels: the right coronary artery, the left anterior descending
artery, and the circumflex artery. The latter two arteries arise from a common trunk: the
left coronary artery or left coronary trunk.

Emerging from the right Valsalva sinus of the ascending aorta, the right coronary artery
(RCA) (Figure 1) descends vertically through the right atrioventricular groove to reach
the heart’s diaphragmatic surface. It consists of three segments: proximal, middle, and
distal. Its collaterals are represented by the conus, acute marginal, and posterior descending
branches. The posterior descending artery is located in the posterior interventricular groove
and its origin from the right coronary artery or circumflex artery will determine the type of
cardiac dominance [22].
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Figure 1. Volume rendered (a,c) and curved multiplanar reformat (b) images showing the right
coronary artery (RCA) course from its origin from the right Valsalva sinus, through the right atrioven-
tricular groove, dividing distally into the postero-lateral branch (PLB) and posterior descending artery
(PDA). RCA—Right coronary artery. D1—first diagonal branch. LAD—Left anterior descending
artery. PLB—postero-lateral branch. PDA—posterior descending artery.

Arising from the left Valsalva sinus, the left main coronary artery (LMCA) courses for a
variable length of 2 to 4 mm [23], before bifurcating into the left anterior descending artery
and the circumflex artery.

The left anterior descending (LAD) artery (Figure 2) has an oblique course descending
towards the cardiac apex through the anterior interventricular groove. It divides into three
segments and gives rise to diagonal branches (that supply blood to the left ventricular
myocardium) and to septal branches (tributary to the interventricular septum).

 

Figure 2. Volume rendered (a,c) and curved multiplanar reformat (b) images demonstrating the left
main coronary artery (LMC) arising from the left aortic coronary sinus, with subsequent bifurcation
into the left circumflex (LCX) and left anterior descending (LAD) arteries. The left anterior descending
artery courses towards the cardiac apex within the anterior interventricular groove. RCA—right
coronary artery. LMC—left main coronary artery. LAD—left anterior descending artery. LCX—
circumflex artery.
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The circumflex artery (LCX) (Figure 3) has a course along the left atrioventricular groove
towards the diaphragmatic surface of the heart. The circumflex artery, unlike the right
coronary artery and anterior descending artery, has only two segments—proximal and
distal—separated by the first obtuse marginal branch’s origin. The collateral branches
emerging from the circumflex artery are the left marginal artery, obtuse marginal branches,
and, sometimes, the postero-lateral branch.

Figure 3. Volume rendered (a,c) and curved multiplanar reformat (b) images demonstrating the
origin of the circumflex artery (LCX) as a branch of the left main coronary artery (LMC) and its course
within the left atrioventricular sulcus towards the diaphragmatic surface of the heart. LMC—left
main coronary artery. LAD—left anterior descending artery. LCX—circumflex artery.

The left main coronary artery may exhibit variations such as trifurcation and quadri-
furcation. The intermediate branch is an inconstant branch that arises from the trifurcation
of the left coronary trunk and has a distribution similar to that of a diagonal or obtuse
marginal branch [24] (Figure 4a).

Quadrifurcation of LMCA is a rare anatomic variant of left main coronary artery dis-
tribution with an incidence of approximately 5% in cadaveric studies [25]. The left main
coronary artery gives rise to the left anterior descending artery, the circumflex artery, and
two additional vessels that are usually referred to as diagonal, median, or intermediate
branches (Figure 4b). While the presence of additional branches can complicate percuta-
neous coronary interventions, they also contribute to the formation of collateral circulation,
which is essential for maintaining blood flow to the heart in the presence of coronary artery
disease [26].

Even though a wide range of variability was described regarding the vasculature of the
heart muscle via coronary arteries, the AHA recommends using a standardized numbering
system to describe each coronary artery segment and its associated territory (Figure 5).
The anterior descending artery, for instance, supplies the basal and middle segments of
the anterior and anteroseptal walls, together with the apical, apical anterior, and apical
septal segments. The right coronary artery supplies the inferior and infero-septal basal and
mid segments, as well as the apical inferior segment. The circumflex artery, meanwhile,
supplies the anterolateral and inferolateral basal and mid segments, along with the apical
lateral segment [27].
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Figure 4. Volume rendering images showing variants of left main coronary artery (LMC) branching:
(a) trifurcation of LMC into LAD, LCX, and RI; (b) quadrifurcation of LMC into LAD, LCX, and
two intermediate branches. LMC—left main coronary artery. LAD—left anterior descending artery.
LCX—circumflex artery. RI—intermediate branch (ramus intermedius). RI 1—first intermediate
branch. RI 2—second intermediate branch.

Figure 5. (a,b) Volume rendering images used for depicting the segmental anatomy of the coronary
arteries. (a) 5: left main coronary artery; 6, 7, and 8: proximal, mid, and distal left anterior descending
artery; 9 and 10: first and second diagonal branches; 11: proximal left circumflex artery; 12: first
obtuse marginal branch; 13: mid and distal circumflex artery; 14: second marginal branch; and 16:
intermediate branch. (b) 1, 2, and 3: proximal, mid, and distal right coronary artery; 4: posterior
descending artery; and 15: postero-lateral branch. Yellow lines separate adjacent segments.
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The pattern of coronary arterial dominance is determined by the vessel of origin for
the posterior descending artery (PDA) and postero-lateral branch (PLB). This pattern can
manifest in three distinct forms: right dominance (70% of cases), left dominance (10% of
cases), and codominance (20% of cases) [28].

Right dominance is characterized by the posterior descending artery (PDA) and
postero-lateral branch (PLB) both originating from the right coronary artery (Figure 6a),
whereas left dominance involves the two vessels arising from the circumflex artery (Figure 6b).
In the case of codominance, the PDA is supplied by the right coronary artery, while the
postero-lateral branch arises from the left circumflex artery (Figure 6c).

Figure 6. Volume-rendered images illustrating coronary arterial dominance. (a) Right dominance:
with the posterior descending artery (PDA) and postero-lateral branch (PLB) arising from the right
coronary artery (RCA). (b) Left dominance: both the posterior descending artery (PDA) and postero-
lateral branch (PLB) originate from the distal segment of the circumflex artery (LCX). (c) Codominance:
the right coronary artery (RCA) gives rise to the posterior descending artery (PDA), whereas the
circumflex artery (LCX) supplies the postero-lateral branch (PLB). RCA—right coronary artery.
PDA—posterior descending artery. PLB—postero-lateral branch. LMC—left main coronary artery.
LAD—left anterior descending artery. LCX—circumflex artery. D1—first diagonal branch. OM—
obtuse marginal branch.

4. Considerations of the Scanning Protocol

While each medical center follows specific guidelines to obtain high-quality images in
conditions of patient safety and comfort, there are certain common features of the scanning
protocol approach.

If there are no contraindications for beta-blockers, patients with a heart rate (HR)
greater than 70 beats per minute (bpm) may receive beta-blockers to lower their heart
rate. In order to familiarize patients with the procedure, breathing exercises should be
performed immediately before the CTCA.

The examinations should be performed on imaging platforms that are recommended
for cardiology applications, using CT scanners with a higher number of detector rows that
allow for significantly improved images. A 512-slice CT scanner acquires the images in a
single breath-hold using ECG-modulated acquisition.

A dose of iodinated contrast agent ranging from 60 to 100 mL is usually injected
intravenously at a rate of 4.5 to 5 mL per second, followed by a saline flush of 20 to 30 mL
injected at the same rate.

The scan is performed in the systolic phase of the cardiac cycle, followed by retro-
spective reconstruction to generate ECG-modulated images of the cardiac cycle at 10%
intervals.

3D processing and post-processing are commonly employed methods and generate
the following images:
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• Maximum intensity projections (MIP): these images highlight the most intense areas
of contrast.

• Curved multiplanar reformats (cMPRs): allowing for visualization of the coronary
arteries in any plane.

• Volume rendering technique (VRT): images provide a three-dimensional view of the
coronary arteries (Videos S1–S3).

The quality of post-processing is dependent on slice thickness and pitch, so it is rec-
ommended to obtain a thickness of 0.6 mm or lower with very low pitch values (0.2–0.4)
allowing for high-quality reconstructions and further processing of data for other applica-
tions such as 3D printing or segmentation [29–31].

5. Pictorial Review of Coronary Artery Anomalies

There is a broad range in the reported frequency of coronary artery anomalies in the
literature. The rise in non-invasive diagnostic methods has resulted in more incidental
detections, with some studies citing an incidence of about 2–3%. [32–36].

There are multiple proposed classifications for coronary artery anomalies, but no single
standard approach is universally adopted. Most authors advocate for an anatomically
based system, based on the vessel’s origin, course, and termination [37–40]. Within the
context of origin anomalies, several types of courses of the aberrant artery have been
described, prepulmonic, retroaortic, trans-septal, or interarterial, the latter being able to
predispose to a decrease in blood flow by compression between the pulmonary trunk and
the aortic root.

Very few authors focus on a distinct classification, based on the hemodynamic impact
of the coronary artery anomalies, more or less dividing them into “major” or “minor”,
“malignant” or “benign”, and hemodynamically significant or insignificant [41–44].

Hemodynamically significant anomalies can cause myocardial perfusion disturbances
with increased risk of myocardial ischemia or sudden cardiac death [45] and include the
following:

• Ectopic origin of a coronary artery arising from the pulmonary trunk or directly from
the right or left pulmonary arteries;

• Anomalous proximal course with the vessel running between the aorta and the pul-
monary trunk (interarterial course), when arising from the opposite or non-coronary
sinus of Valsalva;

• Coronary artery fistulae; however, only when resulting in a steal phenomenon (im-
paired myocardial perfusion due to the diversion of blood flow) or a substantial
shunt.

Anomalies of origin from the pulmonary artery: Anomalous origin of the left coronary
artery from the pulmonary artery is nearly always fatal within the first year of life if left
untreated, with 90% of the cases resulting in death [46]. Treatment typically involves either
reimplantation of the left main coronary artery into the aorta (Figure 7) or ligation of the
artery followed by an aorto-coronary bypass graft.

The abnormal origin of a coronary artery from the opposite coronary sinus or non-coronary
sinus, following one of the four described trajectories, depends on the anatomical relation-
ships with the aorta and the pulmonary trunk—interarterial, retroaortic, prepulmonic, or
trans-septal (Figure 8). Aberrant origin of a coronary artery from the opposite coronary
sinus has an incidence reported in the literature of approximately 1% [47].
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Figure 7. (a) cMPR image of the left main coronary artery (LMC) originating from the main pulmonary
artery (PA). (b) Volume rendering reconstruction of post-operative imaging, following reimplantation
of left main coronary artery (LMC) into the aorta (red arrow). PA—pulmonary artery. LMC—left
main coronary artery. LAD—left anterior descending artery. LCX—left circumflex artery. RCA—right
coronary artery.

Figure 8. Schematic representation illustrating variants of arterial course in case of aberrant origin of
the coronary arteries. PT—pulmonary trunk. AO—aorta. MV—mitral valve. TV—tricuspid valve.

The most common anomalies of origin of a coronary artery from the opposite sinus of
Valsalva are as follows:

Origin of the circumflex artery from the right coronary sinus (Figure 9c,d), with an inci-
dence reported to be 0.37% to 0.7% [48] and the retroaortic course having no hemodynamic
implications [49].

Origin of the right coronary artery from the left sinus of Valsalva with an incidence of
0.23% [50], where the interaortic–pulmonary course (Figure 9a) can result in diminished
blood supply to the myocardial territory served by this artery [47].
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Figure 9. (a) The maximum intensity projection image shows the right coronary artery (RCA)
originating from the left sinus of Valsalva and its interarterial course (arrow). (b) Curved multiplanar
reformat image depicting the left main coronary artery (LMC) arising from the right coronary
sinus with a prepulmonic course, passing anteriorly to the pulmonary artery (PA) (arrow). Volume
rendering (c) and curved multiplanar reformat (d) image illustrating the origin of the circumflex
artery (LCX) emerging from the right coronary sinus and its retroaortic course, posterior to the aortic
root (arrow). (e) Maximum intensity projection image demonstrating left main coronary artery (LMC)
originating from the right coronary sinus with a proximal trans-septal (or subpulmonic) course
(arrow). AO—aorta. PA—pulmonary artery. RCA—right coronary artery. LMC—left main coronary
artery. LAD—left anterior descending artery. PDA—posterior descending artery. PLB—postero-
lateral branch. D1—first diagonal branch. D2—second diagonal branch. ADA—anterior descendent
artery.

The interarterial course is considered to be a particularly dangerous anomaly, espe-
cially when it involves the origin of the left main coronary artery from the right coronary
sinus. This anomaly has been implicated in approximately 33% of sudden cardiac death
cases [51].

Hemodynamically insignificant coronary artery anomalies are, for the most part, in-
cidental findings that do not require treatment and do not expose patients to the risk of
any adverse effects. However, they can lead to complications of coronary catheterization or
surgical interventions involving the aortic root or ascending aorta. They can also make it
difficult to clamp the aorta below the origin of a high-origin coronary artery, thus resulting
in the unsuccessful induction of cardioplegia. For these reasons, their recognition is of
particular importance [41,52–54]. Additional anomalies of origin, course, and termination
without hemodynamic relevance include the following:

I. Anomalies of origin

Presence of multiple ostia: can be caused by congenital absence of the left main coronary
artery. In this case, the left anterior descending artery and circumflex artery can have a
common or separate origin from the left coronary sinus (Figure 10d). It is considered a
benign anomaly, usually discovered incidentally through invasive coronary angiography or

87



J. Clin. Med. 2024, 13, 3920

CT coronary angiography. Rarely, patients may experience exertional angina, palpitations,
syncope, and arrhythmias [45]. Another situation is generated by the separate origin of the
conus artery from the right sinus of Valsalva (Figure 10e). The conus artery is responsible
for the vascularization of the right ventricular infundibulum and plays an important role
in the formation of collateral circulation in proximal obstructions of the right coronary
artery. When it has a separate emergence from the right coronary sinus, it can be injured in
ventriculostomies or other surgical maneuvers [55].

 

Figure 10. Volume rendering (a,b) and curved multiplanar reformat (c) images showing high origin
of the right coronary (RCA) and left main coronary (LMC) arteries (arrows). (d) Curved multiplanar
image illustrating the absence of the left main coronary artery (LMC), with separate origins of left
anterior descending (LAD) and circumflex (LCX) arteries from the left coronary sinus. (e) Curved
multiplanar reformat image demonstrating separate origin of the conus branch from the right sinus
of Valsalva. RCA—right coronary artery. LMC—left main coronary artery. LAD—left anterior
descending artery. LCX—left circumflex artery. PDA—posterior descending artery. PLB—postero-
lateral branch. D1—first diagonal branch. D2—second diagonal branch. AO—aorta. OM1—first
marginal obtuse branch. Conus A.—conus branch. ADA—anterior descendent artery.

Regarding the high origin of the coronary arteries, the right coronary artery is the most
commonly affected vessel [32] (Figure 10a–c). Even if hemodynamically insignificant, it
is important because it can complicate coronary catheterization and should be identified
prior to surgical interventions [39].

The separate emergence of the three coronary arteries through distinct ostia from the right
coronary sinus is extremely rare (Figure 11a). The right coronary artery usually follows its
trajectory along the right atrioventricular groove despite common variation in the course
of the coronary arteries [56].

88



J. Clin. Med. 2024, 13, 3920

 

Figure 11. (a) Virtual endoluminal navigation image identifying the three separate ostia of the left
anterior descending artery (LAD), right coronary artery (RCA), and left circumflex artery (LCX) from
the right coronary sinus. (b) Virtual rendering image showing the prepulmonic course of the left
anterior descending artery (LAD). (c) Curved multiplanar reformat image depicting the retroaortic
course of left circumflex artery (LCX)—red arrow. LAD—left anterior descending artery. RCA—right
coronary artery. LCX—left circumflex artery. AO—aorta. PA—pulmonary artery.

The circumflex artery often has a retroaortic course (Figure 11c), but it can also lie
anterior to the pulmonary trunk. The left anterior descending artery may exhibit prepul-
monic (Figure 11b), trans-septal, or interarterial courses. In terms of their hemodynamic
significance, patients with coronary arteries with an interaortic course may experience
myocardial ischemia, while variants with prepulmonic or retroaortic courses are generally
benign [57].

A single coronary artery is a rare congenital anomaly in which there is a single main
coronary artery stemming from either the right, left, or non-coronary sinus. This anomaly is
estimated to occur in less than 0.04% of the population [58,59]. There are several subtypes,
depending on the sinus from which the artery branches off and its path, one of the rarest
being L II A-V2 (Figures 12 and 13), where the right coronary artery arises from the proximal
segment of the left anterior descending artery and arches over the pulmonary trunk. This
subtype is infrequently observed in the medical literature, with fewer than 50 reported
cases [60]. There might be other congenital cardiovascular malformations associated, such
as transposition of the great vessels, coronary fistulas, bicuspid aortic valve, and tetralogy
of Fallot [47,61].

II. Anomalies of course

Myocardial bridging is a congenital anomaly in which a segment of a coronary artery
is embedded in the myocardium (Figure 14) [62]. The most commonly affected segment
is the second segment of the left anterior descending artery [63,64]. Typically, coronary
arteries are surrounded by epicardial fat. However, in some cases, they may have an
atypical intramyocardial course that can lead to extrinsic compression of the vessel during
systole. Most patients with myocardial bridges are asymptomatic. Nonetheless, some
individuals may experience atypical symptoms of angina, depending on the length of the
embedded segment and the thickness of the overlying myocardium. Because the initial scan
acquisition is performed in diastole, it is necessary to reconstruct the images in the systolic
phase and the radiologic report should mention the following information: the involved
coronary arterial segment, its length and depth, and, additionally, the hemodynamic
significance, determined by comparing the vascular diameter during systole and diastole.
In symptomatic cases, surgical de-bridging or stent implantation should be considered [65].
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Figure 12. Volume rendering (a) and curved multiplanar reformat (b) images depicting single
coronary artery type LII A—V2, with the right coronary artery (RCA) originating from the proximal
segment of the left anterior descending artery (LAD), following a prepulmonic course towards the
right atrioventricular groove. PA—pulmonary artery. RCA—right coronary artery. AM—acute
marginal branch. LAD—left anterior descending artery. OM—obtuse marginal branch. LCX—left
circumflex artery.

 

Figure 13. Virtual rendering (a) and curved multiplanar reformat (b) images showing Type R II A
single coronary artery, emerging from the right sinus of Valsalva, bifurcating in its proximal segment
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into the right coronary (RCA) and left main coronary (LMC) arteries, the latter with a proximal
prepulmonic course, branching afterward into left anterior descending (LAD) and left circumflex
(LCX) arteries. Curved multiplanar reformat (c) and volume rendering (d) images demonstrating
a type R III LAD-A, LCX-P single coronary artery, originating from the right sinus of Valsalva,
branching after a short course into the right coronary (RCA), left anterior descending (LAD—with a
prepulmonic course), and left circumflex (LCX—with a retroarotic course) arteries. PA—pulmonary
artery. AO—aorta. RCA—right coronary artery. LAD—left anterior descending artery. LCX—left
circumflex artery. PDA—posterior descending artery. PLB—postero-lateral branch.

 

Figure 14. Curved multiplanar reformat images showing (red arrows) myocardial bridging of left
anterior descending artery (LAD) (a), right coronary artery (RCA) (b), and left circumflex artery
(LCX) (c). AO—aorta. LAD—left anterior descending artery. LCX-OM—left circumflex artery and
obtuse marginal branch. MB—myocardial bridging.

Duplication of the left anterior descending artery (LAD) includes a group of anomalies
subdivided into 10 types, in which the LAD either originates from the left main coronary
artery (LMCA) and bifurcates into two branches, both with the same distribution terri-
tory, or with separate origins from two different sources (LMCA and, respectively, the
right coronary artery or the right coronary sinus) but vascularize the same myocardial
territory [66]. Type 1 duplication is the most common type found in the literature [67].
In this case, both branches originate from a common trunk of the LAD, the short branch
having a course towards the proximal third of the interventricular septum, and the long
branch lying on the left ventricular side of the interventricular septum, re-entering the distal
portion of it (Figure 15a,b). Adequate identification of this anomaly is crucial to prevent
misinterpretation of segmental occlusion, especially for patients seeking revascularization
procedures [51]. The differential diagnosis with a diagonal branch should be considered,
which is recognized by the fact that the former does not re-enter the distal portion of the
anterior interventricular groove [68].
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Figure 15. Volume rendering (a) and curved multiplanar reformat (b) images showing Type I LAD
duplication: two branches of LAD originating from a common trunk, short-LAD inserting into the
interventricular septum, while long-LAD has an epicardial course on the left ventricular side of the
proximal anterior interventricular groove, re-entering its distal portion. Volume rendering (c) and
maximum intensity projection (d) images showing Type V LAD duplication: short-LAD originated as
a branch of the left main coronary artery, while the long-LAD arose from the right coronary sinus and
followed an intramyocardial course before reaching the distal interventricular groove. RCA—right
coronary artery. L-LAD—long branch of left anterior descending artery. S-LAD—short branch of left
anterior descending artery. LCX—left circumflex artery. AO—aorta. LMC—left main coronary artery.
PDA—posterior descending artery. PLB—postero-lateral branch.

III. Anomalies of termination

Coronary fistulas have a reported prevalence of approximately 0.002% [69] and rep-
resent abnormal communication between a coronary artery and the pulmonary arteries,
superior vena cava, coronary sinuses, or the left atrium (Figure 16a,b), most with a right-to-
left vascular shunt. Patients with small coronary fistulas remain asymptomatic, while in
the case of fistulas of considerable size, myocardial ischemia may occur due to arterial steal
phenomena [70]. The location of the fistula’s drainage point rather than the origin artery
plays a more significant role in determining the artery’s vascular caliber and tortuosity.
Cases with symptomatic coronary fistulas are indicated for surgical correction by ligation
of the aberrant vascular branch at the drainage site [41,54,71,72].
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Figure 16. Maximum intensity projection images (a,b) illustrating coronary fistula: an aberrant
vascular branch (red arrows in images a,b) connects the middle third of the left anterior descending
artery (LAD) to the pulmonary artery (PA). Virtual rendering images (c,d) depicting extracardiac
termination—aberrant communication between the circumflex artery (LCX) and an intercostal branch
(IB) arising from the descending thoracic aorta (red arrow in image c). AO—aorta. PA—pulmonary
artery. LAD—left anterior descending artery. RCA—right coronary artery. LCX—left circumflex
artery. IB—intercostal branch.

Extracardiac termination of the coronary arteries is an abnormal coronary connection
with extracardiac vessels—bronchial, internal mammary, pericardial, anterior mediastinal,
diaphragmatic, intercostal (Figure 16c,d), and esophageal [73]. These are functionally
significant in the case of different pressure gradients between the two arterial systems [74].
In the circumstances where extracardiac termination is suspected, it is advised to expand
the scanning field to encompass the aortic arch and the entire thoracic descending aorta to
facilitate accurate diagnosis.

The coronary arcade is an extremely rare termination anomaly, with a prevalence of
approximately 0.02% in the general population [41,75,76]. It consists of a wide arterial
communication between the right and left coronary arteries, in the absence of significant
coronary stenoses. These intercoronary communications manifest as prominent, linear
collaterals between the two unobstructed arteries, usually formed in the vicinity of the crux
cordis. The differential diagnosis includes tortuous collaterals developed between a patent
and an obstructed vessel [73,77].

Recognizing the heterogeneity of the coronary artery anomaly spectrum and under-
standing that the correct diagnosis implies both anatomical and functional characterization,
the authors of this review propose a combined approach for a more effective evaluation, as
illustrated in Table 1.
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Table 1. Proposed combined classification of the coronary artery anomalies.

Hemodynamically Significant Hemodynamically Insignificant

Anomalies of origin

Anomalous origin of the left coronary artery
from the pulmonary artery (ALCAPA) Multiple ostia

Abnormal origin of a coronary artery from the
opposite coronary sinus or non-coronary sinus

with an interarterial course
High take-off

Abnormal origin of a coronary artery from the
opposite coronary sinus or non-coronary sinus
with:

• Retroaortic;
• Trans-septal/subpulmonic;
• Prepulmonic course.

Separate emergence of the three coronary
arteries through distinct ostia from the right

coronary sinus

Single coronary artery

Anomalies of course

Myocardial bridging *

Duplication

Anomalies of termination

Coronary artery fistula *

Coronary arcade

Extracardiac systemic termination
* Coronary artery anomalies that may have hemodynamical significance.

6. Conclusions

Classical coronary angiography has long been the gold standard method for evaluating
coronary arteries. However, CT coronary angiography has proven its usefulness in the
diagnosis of coronary artery anomalies.

The identification of hemodynamically significant (or malignant) anomalies, includ-
ing ALCAPA syndrome, the single coronary artery anomaly, coronary fistulae, and the
interarterial course in the case of aberrant origin from the opposite or non-coronary sinus,
highlights the importance of CT coronary angiography as a non-invasive diagnostic tool
for coronary artery anomalies. The intricate anatomy can be rendered with remarkable
clarity using 3D reconstructions and advanced post-processing techniques.

A comprehensive understanding of the imaging characteristics and potential func-
tional implications of these vascular anatomical variations serves as the foundation for
accurate diagnosis and informed therapeutic decision-making for patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm13133920/s1, Video S1: VRT of the heart and major vessels
with a clear view of the emergence and course of the coronary arteries on the cardiac surface; Video S2:
VRT of the proximal aorta and coronary origins with increased transparency of the heart for better
clarity; Video S3: cut-out VRT of the proximal aorta and emergence of the coronary arteries.
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Abbreviations

ALCAPA Anomalous left coronary artery from the pulmonary artery
AM Acute marginal branch
AO Aorta
CAA Coronary artery anomalies
cMPR Curved multiplanar reformat
CONUS A Conus artery
CTCA CT coronary angiography
D1 First diagonal branch
D2 Second diagonal branch
IB Intercostal branch
LAD Left anterior descending
LCX Left circumflex artery
L-LAD Long branch of left anterior descending
LMC Left main coronary artery
LPA Left pulmonary artery
MIP Maximum intensity projections
OM Obtuse marginal branch
PA Pulmonary artery
PDA Posterior descending artery
PLB Postero-lateral branch
RCA Right coronary artery
RI Ramus intermedius
RPA Right pulmonary artery
S-LAD Short branch of left anterior descending
VEGF Vascular endothelial growth factor
VR Volume rendering
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26. Tyczyński, P.; Pręgowski, J.; Skowroński, J.; Wojtkowska, I.; Brutkiewicz, A.; Witkowski, A. Left main coronary artery quadrifurca-

tion and acute coronary syndrome. Pol. Heart J. 2017, 75, 398. [CrossRef]
27. Cerqueira, M.D.; Weissman, N.J.; Dilsizian, V.; Jacobs, A.K.; Kaul, S.; Laskey, W.K.; Pennell, D.J.; Rumberger, J.A.; Ryan, T.; Verani,

M.S. Standardized Myocardial Segmentation and Nomenclature for Tomographic Imaging of the Heart. Circulation 2002, 105,
539–542. [CrossRef]

28. Ispas, V.; Iliescu, D.; Baz, R.; Bordei, P. Specific morphological characteristics of the coronary arteries. ARS Medica Tomitana 2013,
2, 112–116. [CrossRef]

29. Sun, Z.; Choo, G.H.; Ng, K.H. Coronary CT angiography: Current status and continuing challenges. Br. J. Radiol. 2012, 85,
495–510. [CrossRef]

30. Timofticiuc, I.-A.; Călinescu, O.; Iftime, A.; Dragosloveanu, S.; Caruntu, A.; Scheau, A.-E.; Badarau, I.A.; Didilescu, A.C.; Caruntu,
C.; Scheau, C. Biomaterials Adapted to Vat Photopolymerization in 3D Printing: Characteristics and Medical Applications. J.
Funct. Biomater. 2024, 15, 7. [CrossRef]

31. Sun, Z.; Ng, K.H. Multislice CT angiography in cardiac imaging. Part II: Clinical applications in coronary artery disease. Singap.
Med. J. 2010, 51, 282–289.

32. Graidis, C.; Dimitriadis, D.; Karasavvidis, V.; Dimitriadis, G.; Argyropoulou, E.; Economou, F.; George, D.; Antoniou, A.;
Karakostas, G. Prevalence and characteristics of coronary artery anomalies in an adult population undergoing multidetector-row
computed tomography for the evaluation of coronary artery disease. BMC Cardiovasc. Disord. 2015, 15, 112. [CrossRef]

96



J. Clin. Med. 2024, 13, 3920

33. Gräni, C.; Benz, D.C.; Schmied, C.; Vontobel, J.; Possner, M.; Clerc, O.F.; Mikulicic, F.; Stehli, J.; Fuchs, T.A.; Pazhenkottil, A.P.;
et al. Prevalence and characteristics of coronary artery anomalies detected by coronary computed tomography angiography in
5634 consecutive patients in a single centre in Switzerland. Swiss Med. Wkly. 2016, 146, w14294. [CrossRef]
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Abstract: Background: Aortic coarctation (CoA) is a congenital heart disease affecting 5–8% of pa-
tients, with long-term complications persisting despite successful correction. Stress echocardiography
(SE) is increasingly used for evaluating cardiac function under stress, yet its role in repaired CoA
remains under-explored. Objective: This study aimed to assess the predictive value of SE and my-
ocardial strain in repaired CoA patients with a history of hypertension without significant gradients
or with borderline gradients at rest. Methods: Between June 2020 and March 2024, we enrolled
35 consecutive CoA patients with successful repairs and either a history of hypertension or border-
line Doppler gradients. Baseline and peak exercise echocardiographic measurements, including left
ventricular mass index (LVMi) and global longitudinal strain (LVGLS), were recorded. Patients were
followed for up to 4 years. Results: At baseline, the positive SE group had higher systolic blood
pressure (SBP) and diastolic blood pressure (DBP) compared to the negative SE group. The positive
SE group also exhibited significantly higher basal and peak trans-isthmic gradients. Positive SE was
found in 45.7% of patients, with 68.7% of these requiring re-intervention during follow-up. A peak
trans-isthmic gradient > 61 mmHg during exercise predicted recoarctation with 100% sensitivity
and 71% specificity (AUC = 0.836, p < 0.004). Conclusions: SE identifies at-risk patients post-CoA
repair, aiding in early intervention. A peak trans-isthmic gradient > 61 mmHg during exercise is a
strong predictor of recoarctation. These findings support incorporating SE into routine follow-up
protocols for CoA patients, particularly those with a history of hypertension and borderline gradients,
to improve long-term outcomes and quality of life.

Keywords: coarctation; stress echocardiography; hypertension

1. Introduction

Aortic coarctation (CoA) is a well-known congenital heart disease (CHD), representing
approximately 5–8% of all congenital heart diseases, with a higher prevalence in males [1].
Despite successful correction, this population experiences reduced life expectancy due to
mid- and long-term complications [1]. CoA is also considered a general arteriopathy due
to modifications to aortic wall elastic properties since the fetal period [2]. Even with early
repair, hypertension remains a frequent complication [3], and aortic elastic abnormalities
persist into adulthood despite neonatal correction [4]. Recoarctation is one of the most
feared complications, often necessitating re-intervention to reduce left ventricular (LV)
pressure overload [5]. Abnormal myocardial deformation indices, such as strain and strain
rate, are reduced even in patients with successful CoA repair [6]. Recoarctation is defined
as: hypertension with a clinical gradient between upper and lower limbs > 20 mmHg
confirmed with invasive measurement (peak to peak > 20 mmHg) [6]. However, in clinical
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practice, CoA patients who are hypertensive but without a significant gradient, or with a
borderline gradient without hypertension, are frequent [7]. The decision-making in this
borderline situation is unclear and the role of non-invasive tests is debated [7].

Stress echocardiography (SE) is a widely used tool to assess various cardiac dis-
eases in the adult population [8–10]. Recently, it has gained consensus as part of the
diagnostic–prognostic work-up in adult congenital heart diseases [10]. SE allows for si-
multaneous assessment of myocardial function and hemodynamics under physiological or
pharmacological conditions, including in CoA patients. However, data on cardiac function
and on trans-isthmic gradient during exercise in repaired CoA patients remain limited.

Thus, the aim of our study is to assess the predictive value of SE and myocardial strain
in repaired CoA patients with a history of hypertension without a significant gradient or
with a borderline gradient at rest.

2. Methods

2.1. Study Population

Between June 2020 and March 2024, we prospectively enrolled 35 consecutive CoA
patients, regularly followed at our pediatric cardiology and adult congenital heart dis-
ease tertiary center. Inclusion criteria included isolated coarctation and successful repair
(surgical or interventional), defined as a post-procedure invasive gradient ≤ 20 mmHg,
with no significant valvular heart disease (only mild cases were included), either a history
of hypertension in the presence of a trans-isthmic Doppler mean gradient ≤ 20 mmHg,
or without hypertension but with a borderline Doppler gradient at rest > 20 mmHg and
≤40 mmHg, without diastolic drugs and without clinical gradient. Exclusion criteria in-
cluded arrhythmias, paced rhythm, valvulopathy more than mild, and a height below
130 cm (required to use the semi-supine bicycle).

Anthropometrical and clinical data were collected at the time of stress echocardiog-
raphy evaluation, including age, gender, body surface area (BSA), systolic and diastolic
arterial pressure at rest and during exercise, history of systolic hypertension, type and
timing of correction (surgical vs. endovascular), and symptoms at rest and during physical
activity. The definition of systolic hypertension at rest and at peak exercise in children and
adults is based on the respective current guidelines.

The study was performed in line with the principles of the Declaration of Helsinki and
was approved by the institutional ethics committee. As this study involved the retrospective
analysis of data collected during clinical activity, the institutional review board waived the
need for patients to provide written informed consent.

2.2. Baseline Echocardiography and Stress Echocardiography Study

All patients underwent a basal transthoracic echocardiography using a GE Vivid
E95 machine (GE Healthcare, Wauwatosa, WI, USA) with an M5S ultrasound transducer.
Standard parasternal short- and long-axis, apical 2-3-4-dimensional chambers, suprasternal
view of the arch, and color-guided pulsed- and continuous-wave Doppler images were
acquired at rest in the left lateral decubitus or supine position. Blood pressure at rest was
measured at pre- and post-ductal sites before performing the basal echocardiography.

Stored images were analyzed and post-processed using EchopacTM software (EchoPac
version 204, GE Healthcare). Measurements included LV wall thicknesses, LV mass index,
LV systolic function through Simpson’s biplane method, LV diastolic function (E/A and
E/E′ index), aortic valve gradient and/or regurgitation, and peak and mean gradient
across the descending aorta, following European Association of Echocardiography and
European Association of Cardiovascular Imaging (EACVI) guidelines. An expert operator
performed speckle tracking echocardiography (STE) on stored DICOM echo clips using
the EchoPac software (EchoPac version 206, GE Healthcare). LV GLS was analyzed on
standard gray-scale images in the apical 2-chamber, 3-chamber, and 4-chamber views with
a frame rate of 50–80/s. Echocardiographic measurements were repeated at peak effort.
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Patients underwent an exercise test according to the Bruce protocol to study cardiac
performance during maximal exercise. This protocol involves using a semi-supine bicycle
with increasing cycling power of 25 watts every 2 min. During the exam, a 12-lead ECG and
blood pressure were continuously monitored non-invasively. Systolic–diastolic pressure
values were detected every two minutes by a sphygmomanometer connected to a cuff
positioned at the right arm (pre-ductal site), and heart rates were recorded simultaneously.

We defined a positive stress echocardiographic exam [8] as an average trans-isthmic
gradient under stress ≥ 30 mmHg (major criterion), associated with at least one of the minor
criteria: hypertensive response to effort, appearance of diastolic run-off at the descending
aorta, and/or abdominal level.

2.3. Follow-Up

Patients were followed for up to 4 years (range 6–48 months). Recoarctation was
defined according to ESC guidelines [6] as: hypertension with a clinical gradient be-
tween upper and lower limbs > 20 mmHg confirmed with invasive measurement (peak to
peak > 20 mmHg).

2.4. Statistical Analysis

Statistical analysis was performed using MedCalc® Statistical Software version 22.023
(MedCalc Software Ltd., Ostend, Belgium; https://www.medcalc.org; 2024).

Categorical variables were reported as percentages (%), while continuous variables
were presented as mean ± standard deviation. The Shapiro–Wilk test and histogram were
used to verify normality for each variable. Student′s t-test was performed for normally
distributed continuous variables, while the Mann–Whitney U test was used for nonpara-
metric continuous variables. The chi-square test was used for categorical variables to test
for significant differences between groups. ROC analysis was performed to identify the
best cut-off value. Statistical significance was attributed to p-values < 0.05.

3. Results

3.1. Baseline Characteristics

The study population consisted of 35 children and young adults with an average
age of 23.8 ± 12.8 years, of which 24 (68.6%) were male (Table 1). The average body
surface area (BSA) was 1.69 ± 0.24 m2. Baseline systolic blood pressure (SBP) was
127.63 ± 14.99 mmHg, and baseline diastolic blood pressure (DBP) was 72.17 ± 8.8 mmHg.
Common associated defects included bicuspid aortic valve in 24 (68.6%) patients, ven-
tricular septal defect (VSD) in 12 (34.3%) patients, and various mitral valve anomalies.
Mitral dysplasia was observed in three (8.6%) patients. The average age at correction
was 2.36 ± 4.19 years. The primary types of correction were end-to-end anastomosis in
23 (65.7%) patients, percutaneous dilation with stent in 6 (17.1%), and percutaneous aor-
toisthmoplasty in 3 (8.6%).

Table 1. General Characteristics of the Studied Sample.

Patients = 35

Age at Evaluation (years) 23.8 ± 12.8

Sex (male) 24 (68.6%)

Height (cm) 169.3 ± 11.6

Weight (kg) 61.8 ± 15

BSA (m2) 1.69 ± 0.24

BMI (kg/m2) 21.5 ± 4.3

SBP Basal (mmHg) 127.6 ± 14.9

DBP Basal (mmHg) 72.2 ± 8.8
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Table 1. Cont.

Patients = 35

Associated Defects Bicuspid Aortic Valve 24 (68.6%)

Aortic Subvalvar Membrane 3 (8.6%)

VSD 12 (34.3%)

Mitral Valve Anomalies

Parachute Mitral Valve 2 (5.7%)

Mitral Arcade 1 (3.5%)

Mitral Dysplasia 3 (8.6%)

Isolated Cleft 1 (3.5%)

Tricuspid Dysplasia 1

Age at Correction (Years) 2.4 ± 4.2

A history of systolic hypertension was present in 20 (57%) patients, with anti-
hypertensive therapy including beta-blockers (n = 4), ACE inhibitors (n = 2), ARI (n = 5),
and calcium channel blockers (n = 1), or life-style recommendations (n = 9). None of the
studied patients had a clinical gradient between right arm and right leg > 20 mmHg.

3.2. Baseline Echocardiographic Measurements

The baseline echocardiographic characteristics of the studied sample are presented in
Table 2.

Table 2. The Baseline and Peak Exercise Echocardiographic Characteristics of the Studied Sample.

Basal
(n = 35)

Peak-Exercise (n = 35) p Value

SBP (mmHg) 127.6 ± 15 168.5 ± 31.5 <0.0001

DBP (mmHg) 72.2 ± 8.8 87.4 ± 19.4 <0.0001

HR (bpm) 73.8 ± 17.7 141.0 ± 21.6 <0.0001

Trans-Isthmic Gradient Mean (mmHg) 17.9 ± 9.2 34.5 ± 15.5 <0.0001

Trans-Isthmic Gradient Peak (mmHg) 30.6 ± 9.9 64.9 ± 27.2 <0.0001

Olo-Diastolic Run-Off at Descending Aorta 0 17 (48.6%) 0.0001

LVEDD (mm) 46.6 ± 5.2

IVSDD (mm) 9.8 ± 2.9

PWDD (mm) 8.6 ± 1.6

LVMi (g\m2) 88.5 ± 26.5

E\E′average 8.1 ± 4.9 NA

LVEF (%) 62.5 ± 5.7 65 ± 5.1 0.05

LVGLS (−%) −18.5 ± 1.7 −18.8 ± 1.9 0.30
Legend: SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; HR: Heart Rate; LVEDD: Left Ventricular
End Diastolic Diameter; IVSD: Interventricular Septum Diastolic Diameter; Posterior Wall Diastolic Diameter;
PWDD: Posterior Wall Diastolic Diameter; LVMi: Left Ventricular Mass Index; LVEF: Left Ventricular Ejection
Fraction; LVGLS: Left Ventricular Global Longitudinal Strain.

The left ventricular mass index (LVMI), as per the ASE guidelines, was increased
(88.54 ± 26.92 g/m2). Twenty patients (55%) showed left ventricular hypertrophy. All
patients presented normal systolic function at rest. Diastolic function at rest was within the
normal range (8.1 ± 4.9). The baseline mean trans-isthmic gradient was 17.9 ± 9.2 mmHg,
no patient had a olodiastolic drag at rest.
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3.3. Echocardiographic Findings at Peak Exercise (Table 2)

Twenty-two patients reached at least 80% of the target heart rate (220-age), while
in the remaining 13 patients the exam was stopped because of leg pain. None of the
studied patients had symptoms like angina, dyspnea, or palpitations. ECG did not show
any significant modification in the ST-T segment. No arrythmias, other than sporadic
premature atrial beats, occurred during the exam.

In the studied sample, blood pressure and trans-isthmic gradient significantly in-
creased at peak exercise (64.9 ± 27.2 mmHg, p < 0.0001). At peak exercise, diastolic run-off
in the descending aorta became apparent in 48.6% of the population, while no run-off was
seen in the abdominal aorta. Global systolic function, as assessed by LVEF, significantly
increased at peak exercise. No changes were observed in LV GLS.

According to the guidelines, in our studied sample, 16 (45.7%) patients had a positive
stress echocardiographic (PSE) evaluation [8]. Comparing baseline clinical and echocar-
diographic characteristics (Table 3), PSE patients showed higher basal SBP, were more
frequently under hypertensive therapy (50% vs. 21%, p = 0.03). Left ventricular mass index
(LVMi) was similar between groups (88.1 ± 28.8 g/m2 vs. 88.9 ± 24.4 g/m2, p = 0.93). The
basal trans-isthmic gradient was significantly higher in the PSE group (22.6 ± 8.6 mmHg)
compared to the NSE group (12.6 ± 6.2 mmHg, p = 0.002).

Table 3. Comparison of Clinical and Echocardiographic Data Between Patients with a Positive Stress
Echo (PSE) and Patients with a Negative Stress Echo (NSE).

PSE (n = 16) NSE (n = 19) p Value

Age at Study (Years) 25.5 ± 14.1 22.4 ± 11.1 0.489

Age at Correction (Years) 2.26 ± 3.0 2.44 ± 4.9 0.905

Basal SBP mmHg 133.6 ± 12.7 122.6 ± 14.6 0.03

Basal DBP mmHg 72.9 ± 6.4 76.6 ± 19.1 0.03

Basal HR bpm 70.4 ± 14.3 76.6 ± 19.1 0.34

Hypertensive Therapy (%) 8 (50%) 4 (21%) 0.03

Peak SBP mmHg 178.9 ± 25.9 159.8 ± 32.3 0.07

Peak DBP mmHg 94.1 ± 18.2 81.2 ± 17.9 0.05

Peak HR bpm 142.3 ± 20.5 139.9 ± 21.8 0.77

LVMi g\m2 88.1 ± 28.8 88.9 ± 24.4 0.93

Rest-Trans-Isthmic Gradient (Peak) mmHg 43.3 ± 19.1 24.6 ± 8.5 0.003

Rest-Trans-Isthmic Gradient (Mean) mmHg 22.6 ± 8.6 12.6 ± 6.2 0.002

Peak-Exercise Trans-Isthmic Gradient (peak)
mmHg

81.7 ± 24.9 45.8 ± 13.9 <0.0001

Peak-Exercise Trans-Isthmic Gradient (mean) mmHg 45.1 ± 12.1 22.4 ± 7.3 <0.0001

Basal LVEF (%) 63.2 ± 6.4 61.6 ± 4.2 0.37

Peak LVEF (%) 66.1 ± 5.4 64.1 ± 4.4 0.279

Basal LVGLS (−%) −17.6 ± 1.9 −18.1 ± 2.1 0.63

Peak LVGLS (−%) −18.7 ± 2.3 −18.9 ± 1.9 0.75
Legends: SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure; HR: Heart Rate; LVMi: Left Ventricular
Mass Index; LVEF: Left Ventricular Ejection Fraction; LVGLS: Left Ventricular Global Longitudinal Strain.

Peak SBP and DBP tended to be higher in the PSE group compared to the NSE group,
although this difference was not statistically significant (p = 0.05).

Similarly, the peak trans-isthmic gradient was significantly higher in the PSE group
(45.1 ± 12.1 mmHg) compared to the NSE group (22.4 ± 7.3 mmHg, p < 0.0001).

There were no significant differences in basal left ventricular ejection fraction (LVEF)
between the PSE (63.2 ± 6.4%) and NSE groups (61.6 ± 4.2%, p = 0.37), nor in peak
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LVEF (66.1 ± 5.4% for PSE vs. 64.1 ± 4.4% for NSE, p = 0.279). Basal left ventricular
global longitudinal strain (LVGLS) was also similar between the PSE (−17.6 ± 1.9%)
and NSE groups (−18.1 ± 2.1%, p = 0.63), as was peak LVGLS (−18.7 ± 2.3% for PSE
vs. −18.9 ± 1.9% for NSE, p = 0.75). Diastolic function (E\E′average) was not included in
the analysis because at peak exercise the pattern was frequently fused.

Among the 35 studied patients, there were 11 cases (31.4%) of recoarctation during
follow-up, (mean duration (18 ± 14 months)) requiring percutaneous stent implantation
(Figure 1). Two cases refused treatment and were left on anti-hypertensive medications
and close follow-up. All 11 cases belonged to the PSE group (68.7%).

Figure 1. Flow chart displaying the stratification of patients based on positive response to stress
echocardiography. CoA, coarctation of the aorta.

A peak trans-isthmic gradient at peak exercise > 61 mmHg showed a sensitivity of
100% and specificity of 71% (AUC of 0.836, p < 0.004) in terms of predicting recoarctation
(Figure 2). A mean trans-isthmic gradient > 34 mmHg showed a sensitivity of 77.8% and
specificity of 71% (AUC of 0.765, p < 0.006) in terms of predicting recoarctation.

Figure 2. ROC curve analysis for peak trans-isthmic gradient at peak exercise and recoarctation. Red
circles are coa patients, 0 without recoarctation, 1 with recoarctation.
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4. Discussion

Our study demonstrates that approximately 45% of children or young adults with
apparently successfully repaired CoA have a positive stress echocardiographic evaluation.
Notably, 68.7% of the patients with a positive stress echo required percutaneous interven-
tion. Stress echocardiography plays a crucial role in the long-term monitoring of patients
with various cardiac diseases [6]. However, its role in the follow-up of patients who have
undergone successful repair of CoA remains unclear [7]. CoA patients, despite initial
successful intervention, are at risk for complications such as recoarctation, hypertension,
and heart failure, affecting long-term survival [1–5]. Thus, a better non-invasive test to
identify at-risk groups could be beneficial.

The gradient observed during exercise is predictive of recoarctation [6]. This finding is
critical as it provides a quantifiable measure that can be monitored over time, allowing for
timely identification and management of recoarctation, preventing adverse outcomes and
preserving long-term cardiovascular health in these young patients. At rest, an isthmus
gradient may be absent due to collaterals, but during exercise, the increased cardiac output
may overwhelm the collaterals, revealing the isthmus gradient.

Our findings of a mean trans-isthmic gradient at peak exercise > 34 mmHg predictive
of recoarctation are in keeping with guidelines that suggest a cut-off of 30 mmHg [6].
However, in our study, a peak trans-isthmic gradient at peak exercise > 61 mmHg showed
a better accuracy. However, measurements of peak velocity, especially at peak exercise, can
be challenging and more subjective.

Patients with a history of hypertension and higher baseline isthmus gradient were
more frequently positive at stress echo. Previous studies using pharmacological or physical
stress echo have demonstrated a positive correlation between systolic blood pressure and
trans-isthmic gradient in CoA patients [10,11].

A recent study demonstrated that hypertensive response to exercise in CoA patients is
not predictive of cardiovascular events [12]. Interestingly, in our study, a positive stress echo
was found in all patients who developed during follow-up an indication for percutaneous
treatment. These findings suggest that it is not the hypertensive response per se, but the
combination between peak exercise trans-isthmic gradient and hypertensive response, that
may hold a prognostic value.

At peak exercise, LV GLS was not different between PSE and NSE patients. This finding
is somehow surprising since several papers demonstrated LV GLS to be able to early detect
subclinical dysfunction [5]. This is likely due to technical limitations in measuring LV GLS
at peak exercise. The speckle-tracking software processes video at a frame rate between
50 and 100 bpm, which is suitable for resting heart rates but inadequate for peak exercise
heart rates, leading to under-sampling and less accurate measurements [13]. However, LV
GLS in both groups did not show a physiological increase at peak exercise in both groups.
This finding may suggest an early subclinical endocardial damage affecting longitudinally
oriented fibers. The value of LV GLS, even in the presence of normal or recovered LVEF, in
terms of predicting the deterioration of LV EF over time or cardiovascular events, has been
consistently observed in several studies on congenital heart disease, regardless of whether
patients had right or left heart lesions, suggesting LV GLS is a robust imaging tool for risk
stratification [14]. The use of advanced echocardiography could be beneficial to also predict
outcomes in CoA patients; however, some technical limitations for its application at higher
heart rates need to be implemented [15,16].

Limitations of the study. This study carries several limitations. First, the sample size
may seem small; however, it is in the range of previous studies on the same topic [7,17,18]
and it reflects the selection criteria. Some of the results (LV GLS at peak exercise) may be
influenced by technical challenges, but this reflects the limits of the current technology.

In conclusion, stress echocardiography in our experience has an important role in the
follow-up of young patients with repaired CoA. It helps identify patients at higher risk for
recurrence. This proactive approach may ensure timely intervention and improve long-
term outcomes and quality of life for these patients. Our findings support the inclusion of
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stress echo in routine follow-up protocols for patients with repaired CoA, especially those
with a history of hypertension and borderline baseline gradients.
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Abstract: Heart failure (HF) remains a critical global health challenge, necessitating advancements in
diagnostic and therapeutic strategies. This review explores the evolution of imaging technologies and
their impact on HF management, focusing on three-dimensional echocardiography (3DE), myocardial
strain imaging, and vortex dynamics imaging. Three-dimensional echocardiography enhances
traditional echocardiography by providing more accurate assessments of cardiac structures, while
myocardial strain imaging offers the early detection of subclinical myocardial dysfunction, crucial in
conditions such as chemotherapy-induced cardiotoxicity and ischemic heart disease. Vortex dynamics
imaging, a novel technique, provides insights into intracardiac flow patterns, aiding in the evaluation
of left ventricular function, valve diseases, and congenital heart anomalies. The integration of
these advanced imaging modalities into clinical practice facilitates personalized treatment strategies,
enabling the earlier diagnosis and more precise monitoring of disease progression. The ongoing
refinement of these imaging techniques holds promise for improving patient outcomes and advancing
the field of precision medicine in HF care.

Keywords: heart failure; advanced cardiac imaging; three-dimensional echocardiography; myocar-
dial strain imaging; vortex dynamics

1. Introduction

Heart failure (HF) remains a critical global health issue, affecting millions of patients
worldwide. The evolution of imaging technologies has significantly impacted HF man-
agement, providing clinicians with advanced tools to assess cardiac function and tailor
treatment strategies. Two-dimensional echocardiography (2DE) uses sound waves to create
images of the heart. It is widely available and provides essential information about the
cardiac structures and function. However, it has limitations in detecting subtle myocar-
dial changes and complex flow dynamics [1,2]. Despite these limitations, 2DE remains a
cornerstone for the initial cardiac assessment [3,4]. Cardiac magnetic resonance imaging
(MRI) utilizes magnetic fields to produce detailed images of the heart. It offers excellent
structural and tissue characterizations, making it invaluable for diagnosing various cardiac
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conditions. However, the cost and limited availability can restrict its use [1,2]. Traditional
imaging techniques have been complemented by innovations such as three-dimensional
echocardiography (3DE), myocardial strain imaging, and vortex analysis, which offer
deeper insights into cardiac function and dysfunction (Table 1) [5,6]. This review explores
these advancements and their implications for HF management.

Table 1. Overview of traditional and advanced echocardiography techniques.

Imaging Technique Description Key Benefits

2D Echocardiography Sound waves to create 2D images of the heart Widely available, provides basic structural
information.

3D Echocardiography
Provides three-dimensional images of cardiac

structures
Enhanced visualization and accurate

volumetric measurements.

Myocardial Strain Imaging
Measures myocardial deformation during the

cardiac cycle
Sensitive to subtle myocardial changes,

useful for the early detection of dysfunction.

Vortex Analysis
Analyzes swirling patterns of blood flow in

the heart
Offers insights into cardiac flow dynamics

and function.

MRI: magnetic resonance imaging.

2. Three-Dimensional Echocardiography

Three-dimensional echocardiography has expanded the capabilities of traditional 2DE
by providing a presentation of the cardiac structure from any spatial point of view. To
create larger volumetric data, multiple beat 3DE acquisition acquires narrow volumes of
information over several heartbeats that are then stitched together. This compensates for
the poor temporal resolution of single beat full volumetric real-time 3DE acquisition but
has the disadvantage of having a stitch artifact. The presence of respiratory motion or
irregular cardiac rhythms can create artifacts [7].

2.1. Clinical Applications

1. Left ventricular function: This technology allows for a more accurate evaluation
of the left ventricle (LV) function, avoiding geometric assumptions regarding the
LV shape. It provides faster, more accurate, and reproducible measurements of
ventricular volumes, compared to traditional 2DE (Figure 1).

The accuracy of 3DE is comparable to a cardiac MRI; however, the variability in the
results may be greater due to differences in the image quality and operator expertise.
Two primary approaches can be used: the first one utilizes a “full-volume” data set to
generate standard 2DE images, with the careful optimization of the cut planes to ensure
they are aligned “on axis” (Figure 2). This method is particularly effective for assessing
the segmental wall motion and for tracing the LV borders to calculate the volumes. In
segmental imaging, obtaining orthogonal views offers the advantage of confirming wall
motion abnormalities in any given segment. This is important in conditions such as HF,
cardiomyopathies, and cardio-oncology, where the precise quantification of the cardiac
function is essential for guiding treatment decisions and monitoring disease progression.
The second approach involves the visualization of rendered 3DE images, which provide a
comprehensive impression of cardiac structures, such as the LV mass [7].
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Figure 1. Two-dimensional and three-dimensional LVEF valuation. In presence ofminimal differ-
ences in the ejection fraction measurement, the indications for medical therapy or possible resyn-
chronization therapy can shift. In this case, the volumes were measured both with the 2D and 3D
Simpson’s methods of disks (MODs). Panels (A,B): the left ventricular (LV) ejection fraction is 38%,
measured with the MODs. The volumes in diastole and systole are 110 mL and 67 mL. Panels
(C,D): the MODs in the two-chamber view. In diastole and systole, the volumes are, respectively,
107 mL and 66 mL. Panels (E,F): LV ejection fraction of 40% with volumes of 73 mL and 122 mL.
Although the ejection fraction was similar, there was a difference in the volumes, underscoring a
likely systematic error in measuring the volumes in two-dimensional method.

 

Figure 2. Possible applications of 3DE. Panel (A) shows a 3DE image “full volume” for the left
ventricular volume; the orthogonal views confirm wall motion abnormalities in any given segment.
Panel (B) shows the 3D left ventricular volume and function. Panel (C) shows the 3D right ventricular
volume and function. Panel (D) shows the 3D left atrium volume and function.

2. LV desynchrony: For this assessment, the segmental LV volumes are tracked through-
out the cardiac cycle. This temporal analysis allows for the identification of differences
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in the timing of each segment reaching its minimal volume, which corresponds to the
maximal contraction. Under normal physiological conditions, all the LV segments
reach their minimal volume simultaneously during ventricular systole. However, in
the presence of dyssynchrony, there is a temporal dispersion, with diseased segments
achieving the minimal volume later in systole. The systolic dyssynchrony index (SDI)
quantifies dyssynchrony by calculating the standard deviation of the times to the
regional minimal volume across all the segments. Studies have demonstrated that the
SDI is a strong predictor of cardiac resynchronization therapy (CRT) response, with
significant predictive power observed at 48 h [8], as well as at 6-month and 1-year
follow-ups [9]. Additionally, the importance of the optimal LV pacing lead placement
has been highlighted in studies using 3DE. Patients with pacing leads positioned at the
site of the maximal mechanical delay experienced significantly greater improvements
in the LV function, reverse remodeling, and peak oxygen consumption compared to
those with leads placed distal to the optimal site [10].

3. Valve assessment: Three-dimensional echocardiography offers detailed visualization
of the heart valves, which is crucial for diagnosing and planning surgical interventions
in patients with valve diseases, such as stenosis or regurgitation (Figure 3). The ability
to visualize the valves in three dimensions allows clinicians to measure the exact
size and shape of the valve orifice, the extent of leaflet prolapse, and the severity
of regurgitation or stenosis. This detailed assessment helps in selecting the most
appropriate treatment strategy, whether it be surgical repair, valve replacement, or
percutaneous interventions.

 

Figure 3. Three-dimensional image of mitral valve surgical atrial view. Panel (A) shows normal
mitral valve with 3D echocardiography evaluation; panel (B) showsprolapse of mitral valve scallop
P2; panel (C) shows normal mitral valve with TrueVue view modality; and panel (D) GlassVue view
of normal mitral valve (LAA, left atrial appendage; AV, aortic valve; IAS, interatrial septum; AML,
anterior mitral leaflet; and PML, posterior mitral leaflet).

4. Interventional procedure and cardiac surgery: It is used for intraoperative monitor-
ing during complex cardiac surgeries, providing real-time visual guidance that can
improve surgical outcomes. In procedures such as transcatheter aortic and mitral
valve replacements, mitral valve repairs, or the closure of atrial septal defects, real-
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time 3DE imaging provides invaluable guidance. It allows for the accurate positioning
of catheters and devices, ensuring optimal procedural outcomes and reducing the risk
of complications. The ability to visualize the heart and the devices in three dimensions
enhances the precision of these interventions and improves patient safety.

5. Assessment of atrial function: It allows for the detailed evaluation of the atrial size,
shape, and function, which is important in conditions such as atrial fibrillation and
atrial septal defects. The ability to visualize the atria in three dimensions provides a
better understanding of their pathophysiology and helps in planning interventions
such as catheter ablation or the surgical closure of defects [11–13].

2.2. Limitations

One of the main limitations of 3D echocardiography, in addition to being an operator-
dependent technique, is the trade-off between spatial and temporal resolutions. Achieving
a higher spatial resolution requires the acquisition of a greater number of scan lines per
volume, which in turn increases the time required for the image acquisition and processing,
ultimately reducing the temporal resolution. To maintain an adequate temporal resolution,
it is often necessary to compromise by acquiring smaller volumes. Additionally, the
presence of arrhythmias poses another significant challenge, because they complicate
reliable recording R-R intervals. In such cases, increasing the number of cardiac cycles
while reducing the acquisition volume can serve as a feasible compromise to enhance the
temporal resolution. Lastly, optimal 3D imaging relies on high-quality 2D images, with
efforts to minimize respiratory artifacts during acquisition. In 3D color Doppler imaging, it
can be difficult to strike an optimal balance between spatial and temporal resolutions with
existing technology. Opting for a smaller acquisition volume can be a beneficial strategy to
overcome this limitation.

3. Myocardial Strain Imaging

Strain imaging is an advanced echocardiographic technique that has greatly improved
the assessment of myocardial function. By measuring the deformation of the cardiac muscle
during the cardiac cycle, strain imaging provides detailed insights into the myocardial
mechanics (Table 2) that traditional measures of cardiac function, such as the ejection
fraction, cannot provide [11,14]. In clinical practice, myocardial deformation is typically
described using three orthogonal components: longitudinal, radial, and circumferential.
The circumferential–longitudinal LV shear strain is expressed as rotation, twist, or torsion,
though, like other shear strain components, it is rarely applied in clinical settings. My-
ocardial fibers contribute to both longitudinal and circumferential shortening, depending
on their orientation. Radial deformation results from fiber shortening across all layers,
enhanced by the thickening and inward movement of the myocardium. Due to the intricate
architecture of the LV, a fiber shortening of just 15% can translate into a 60% reduction in the
LV volume. This structure also means that regional pathology often affects all three strain
components, allowing clinicians to select the most reliable component for measurement.
Longitudinal strain is the most commonly used deformation measure, as it is relatively
uniform along the LV wall and enables the comprehensive assessment of the entire LV
from just three apical views, making it simple and reliable to use [15]. Global strain, most
often assessed as global longitudinal strain (GLS), evaluates only one of the deformation
components. Studies have demonstrated that strain imaging is more effective at identifying
subtle systolic dysfunction than the left ventricular ejection fraction (LVEF). This is likely
because the heart can compensate for early longitudinal dysfunction by increasing other
strain components, allowing the LV to maintain a normal ejection fraction despite early
impairment [16].
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Table 2. Key applications of myocardial strain imaging.

Application Description Clinical Impact

Cardiac Function Assessment
Evaluates myocardial deformation to

identify dysfunction
Enhances the early detection of cardiac

impairment

Risk Stratification
Uses strain metrics to predict adverse

outcomes
Improves risk assessment and management

strategies

Treatment Monitoring
Assesses changes in strain to evaluate

therapy effectiveness Provides insights into treatment responses

3.1. Clinical Applications

1. Left ventricular function: One of the main uses of strain imaging is to detect early sub-
clinical myocardial dysfunction. For instance, in patients undergoing chemotherapy,
strain imaging can detect early signs of heart damage before a significant reduction in
the LVEF occurs. This allows for prompt intervention and adjustments to the cancer
treatment to prevent further harm to the myocardium [17,18]. The current definitions
of cancer therapy-related cardiac dysfunction primarily rely on a reduction in the
LVEF and/or a relative decrease in the GLS beyond a specific threshold [19]. As a re-
sult, baseline cardiac assessments are recommended for all patients prior to initiating
cardiotoxic cancer treatments. GLS assessment using speckle tracking, particularly
from three apical views, is strongly advised at the baseline, especially for patients at
a moderate-to-high risk. It is important to acknowledge that strain measurements
may vary between different vendors. Therefore, to ensure consistency, serial GLS
evaluations for each patient should be conducted using the same equipment and soft-
ware. A median GLS reduction of 13.6% has been identified as a predictor of future
LVEF decline, with an upper limit of 15% recommended as the threshold for GLS
reduction during cancer therapy to enhance specificity [19,20]. These measurements
help stratify the risk of cancer treatment-related cardiovascular toxicity and identify
significant changes during therapy. Notably, a normal LVEF does not exclude the
presence of cancer treatment-related cardiac dysfunction; GLS, instead, can reliably
detect early systolic impairment. For instance, Muckiene et al. demonstrated that a
reduction in GLS is significantly linked to early anthracycline-induced cardiotoxicity
in patients undergoing anthracycline-based chemotherapy. This finding suggests that
GLS could potentially serve as a predictor for any subsequent declines in the LVEF
associated with this chemotherapy regimen [21]. In the assessment of ischemic heart
disease, strain imaging provides valuable information about regional myocardial
function [16]. During an ischemic event, specific areas of the myocardium may show
reduced strain, indicating impaired contractility. This technique can help identify a
viable but hibernating myocardium, which can benefit from revascularization pro-
cedures. Strain imaging is also useful in evaluating the effectiveness of reperfusion
therapies following acute myocardial infarction by assessing the recovery of myocar-
dial function in the affected regions [22–24]. Furthermore, the management of HF
patients benefits significantly from strain imaging. It offers a more sensitive mea-
sure of myocardial function compared to traditional echocardiographic parameters
(Figure 4). GLS has been shown to correlate better with outcomes in heart failure
patients, providing prognostic information that aids in clinical decision-making. In
patients with HF with mildly reduced ejection fraction (HFmrEF), strain imaging can
uncover subtle myocardial dysfunction that is often missed by conventional measures.
Chang et al. demonstrated that in patients with HFmrEF, a LV GLS cut-off value of
−11% effectively differentiated the subsequent risk of cardiovascular death [25]. This
enhances the understanding and management of this complex condition [26].
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Figure 4. Myocardial strain valuation. Panel (A) shows the auto ejection fraction calculation with a
good quality apical acoustic window of the endocardial edges with artificial intelligence technology
that allows semi-automatic recognition; in this image, the LVEF = 60%. Panels (B,C) show a 2D left
ventricular echocardiography with speckle tracking with a normal global longitudinal strain (GLS)
in the range of −21.7%. Panel (D) shows a normal global longitudinal strain (GLS) of −20% and a
normal myocardial work index of 1548 mm Hg%.

2. Cardiomyopathies: In hypertrophic cardiomyopathy (HCM), strain imaging can iden-
tify areas of abnormal myocardial mechanics that are indicative of the disease [27,28].
Reduced strain in the thickened segments of the LV, usually correlated with the extent
of late gadolinium enhancement in a cardiac MRI, can signal the presence of fibrosis
and assist in assessing the risk of sudden cardiac death [29]. Similarly, in dilated
cardiomyopathy (DCM), strain imaging allows for a detailed evaluation of the global
and regional myocardial function, aiding in the monitoring of disease progression and
response to therapy [30]. Moreover, the relative apical sparing of the GLS ratio (the
average of the apical longitudinal strain/the average of the combined mid and basal
longitudinal strain > 1) is typically presented in cardiac amyloidosis, both associated
with light chain and transthyretin deposits [31]. A reduced longitudinal strain with
an apical sparing pattern is therefore considered a typical red flag disease [32].

3. LV dyssynchrony: This technique evaluates the mechanical function of various seg-
ments of the LV to identify patients who are suitable for CRT and to monitor their
response to the therapy [33,34]. Although cardiac imaging has not yet been proven to
be effective for selecting candidates for CRT, there is emerging evidence supporting
the use of strain imaging to identify the optimal placement of the pacing lead on the
LV free wall [35]. Several studies have shown that positioning the lead in the area of
the latest mechanical activation leads to better clinical outcomes [36]. Additionally, it
is crucial to avoid placing the lateral lead over regions of transmural scarring. A peak
radial strain value of less than 10% has been suggested as a marker for identifying the
scar tissue [37].

4. Valve assessment: Strain imaging provides additional insight into the effect of valvu-
lar lesions on myocardial function. For example, in aortic stenosis, strain imaging
can detect early myocardial dysfunction before the onset of obvious HF symptoms,
helping to determine the optimal timing for surgical intervention [38,39]. Likewise,
in mitral regurgitation, it assists in evaluating the compensatory mechanisms and
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identifying the point at which myocardial function starts to deteriorate, thereby aiding
in the decision-making process for valve repair or replacement [40]. Characteristically,
the longitudinal strain impairment detected in individuals with mitral valve prolapse
is more regional than global, with a distinct involvement of the left ventricular basal
inferolateral segments and a relative sparing of the apical region [41].

5. Congenital heart disease: Strain imaging is being used more and more in this field.
It provides detailed functional assessments that are crucial for managing complex
congenital anomalies. In patients with repaired congenital heart defects, strain imag-
ing can monitor long-term myocardial function and detect early signs of dysfunction
that may require further intervention [42]. A recent meta-analysis demonstrated that
myocardial deformation parameters can be used for risk stratification in congeni-
tal heart disease (CHD) follow-ups, with an added clinical value over conventional
echocardiography [43]. Indeed, in CHD, the anatomy of the ventricles is frequently
distorted by the congenital abnormalities, the different surgeries, and the percu-
taneous procedures, with abnormal loading conditions related to the disease and
surgical sequels, as well as residual lesions. In these conditions, the use of parameters
that are independent by geometrical assumption, less affected by loading conditions,
and not influenced by tethering provides obvious advantages over any geometric- or
volumetric-based functional parameter [44]. Single ventricle strain was predictive of
outcomes in hypoplastic left heart syndrome during the interstage period [45].

In Tetralogy of Fallot patients, the use of speckle tracking to assess longitudinal strain
in the meta-analysis showed both RV global longitudinal strain and LV longitudinal strain
to be prognostic of MACEs, independent of other conventional parameters, including the
QRS duration and RV ejection fraction measured by an MRI [43]. This finding is particularly
relevant, because the current volumetric cut-offs for pulmonary valve replacements are
not well established [46]. Thus, biventricular strain should be included in the current risk
stratification criteria, to better identify the proper timing for pulmonary valve implantations.
In adult patients with repaired coarctation of the aorta (CoA), myocardial deformation
properties of the left ventricle are frequently impaired despite a normal LVEF [47]. It
has been demonstrated that this reduced LV GLS has a strong association with all-cause
mortality and cardiovascular mortality and provided a superior prognostic performance
compared with the LVEF [48]. Of note, in CoA patients with a normal LVEF, the coexistence
of a reduced LV GLS is associated with a higher risk of all-cause mortality, compared with
CoA patients with a normal LVGLS and LVEF [48].

3.2. Limitations

In clinical practice, speckle-tracking echocardiography has several limitations as it
may be suboptimal in patients with poorly defined subendocardial borders, particularly
in cases with near-field artifacts. These artifacts can reduce the accuracy of endocardial
visualization, leading to errors in the automated tracing of the myocardium by the software.
Moreover, automated software packages designed to trace the endocardium can be prone
to error and, as a result, the manual verification of automated tracings is often required,
which can be time-consuming. The most critical challenge is the variation between different
vendors’ software, as differences in the algorithms used for the temporal and spatial
smoothing can affect the accuracy of the strain measurements. The variability of normal
values, assessed through different software packages, complicates the interpretation of
the results, especially when comparing the results across different populations or using
different software packages.

4. Vortex Dynamics Imaging

Vortex imaging is an innovative echocardiographic technique that provides a detailed
visualization of intracardiac blood flow patterns. Unlike conventional Doppler imaging,
which focuses on linear velocity measurements, vortex imaging captures the complex,
swirling blood flow within the heart chambers, offering a more comprehensive under-
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standing of hemodynamics [49]. The presence of vortices appears to play a key role in
preventing the energy loss that would occur with a chaotic distribution of flow within
the cardiac chambers [50]. During diastole, two distinct vortices can be observed within
the LV. The first vortex, positioned anteriorly, exhibits a clockwise rotation across the LV
inflow–outflow region, while the second vortex, located posteriorly, rotates counterclock-
wise [50]. The geometrical properties of the vortex in the LV are quantified by several key
measures. These include the vortex area, which is scaled relative to the overall LV area, and
the vortex intensity, which is the integral of the vorticity within the vortex, normalized by
the total vorticity of the LV. Additionally, the vortex depth, defined as the distance from
the vortex center to the LV base, and the vortex length, measured along the base–apex axis,
are both normalized by the total length of the LV. The energy dynamics of the vortex flow
are assessed by calculating the total kinetic energy dissipation (KED), which represents the
amount of kinetic energy lost through viscous friction during the cardiac cycle. The total
KED is integrated across the entire LV and is typically normalized by the average kinetic
energy to ensure it is not directly influenced by variations in the LV size. This allows for a
more consistent comparison across different heart sizes [50].

The evaluation of intracardiac flow dynamics has traditionally been limited by the
need for a phase contrast cardiac MRI or contrast echocardiography with particle imaging
velocimetry [51]. These methods are impractical for widespread use in patients. In recent
years, color Doppler-based ultrasound techniques such as Vector Flow Mapping (VFM)
have been developed to analyze organized vortical structures in the heart more practi-
cally [52]. VFM can detect and measure the flow motion in all directions within a scan plane
by applying a series of mathematical equations to the color Doppler data [53]. This tech-
nique enables the visualization and quantification of complex flow patterns, such as those
in cardiac chambers, where the vortices are believed to significantly reduce energy loss
and optimize cardiac function. HyperDoppler is another non-invasive advanced echocar-
diographic technique that enhances the visualization of intracardiac vortices, providing a
detailed assessment of the complex blood flow dynamics within the heart chambers, which
is crucial for optimizing the understanding of cardiac function and energy efficiency [54].
Vortices appear to contribute to atrioventricular coupling and the redirection of ventricular
blood inflow toward the outflow tracts, while maintaining blood motion and preventing
the potential effects of stasis [55].

4.1. Clinical Applications

1. LV function: Vortex imaging helps clinicians visualize and measure the vortices
within the LV, which are crucial for the efficient blood ejection and filling. By analyzing
these flow patterns, clinicians can identify early signs of LV dysfunction that might
not be obvious using standard measures. Two vortex components were consistently
observed following each transmitral filling wave. The anterior vortex was analyzed
due to its greater relevance in the cardiac cycle, occurring after early filling and atrial
contraction. The vortex generated after early filling appears to aid LV inflow and
plays a more prominent role in individuals with impaired relaxation. The vortex
formed after atrial contraction seems to store kinetic energy and redirect the flow
toward the outflow tract, facilitating ejection and contributing to the mitral valve
closure [56]. Diastolic vortices are especially important for assessing the left atrial
function and ventricular filling pressures. This is particularly valuable in conditions
like heart failure with a preserved ejection fraction, where vortex dynamics can
reveal underlying diastolic dysfunction [56]. Moreover, a reduced vortex formation
time (VFT), a dimensionless index used to quantify the vortex development, strongly
correlates with LV dysfunction and predicts adverse outcomes in patients with HF [57].
As an example, the VFT ranged between 3.3 and 5.5 in healthy subjects, but decreased
to values < 2.0 in patients with dilated cardiomyopathy [58].

2. Valve disease: In mitral regurgitation, vortex imaging can depict the altered flow
patterns caused by the regurgitant jet, helping to quantify the severity of the lesion
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and its effect on the LV filling. Restoring normal intracardiac LV flow patterns, as
observed primarily after mitral valve replacements, may help preserve kinetic energy
momentum, thereby reducing the LV workload and shear stress. A recent study
revealed that intracardiac blood flow patterns are restored after mitral valve repairs,
regardless of the repair technique used. In contrast, a mitral valve replacement
with either biological or mechanical prostheses in non-anatomical orientations is
associated with persistent alterations in the blood flow. A transcatheter edge-to-
edge repair completely disrupts the LV vortices, while a transcatheter mitral valve
replacement with a Tendyne valve has an effect similar to a mitral valve repair in
restoring normal flow patterns [59]. Similarly, in aortic stenosis, the technique can
illustrate the turbulent flow distal to the stenotic valve, offering a visual representation
of the hemodynamic burden on the LV (Figures 5 and 6). This information aids
in the decision-making process for valve repairs or replacements by providing a
more nuanced understanding of the disease’s impact on cardiac function [60,61].
Some studies have reported that aortic stenosis is associated with reduced LV filling
efficiency, resulting in decreased VFT values. However, in patients with aortic stenosis
and moderate aortic insufficiency, the VFT significantly increases, suggesting that the
VFT may be an unreliable index of LV filling efficiency when competitive diastolic
flows into the LV are present [62].

3. Congenital heart diseases: CHDs often involve complex intracardiac flow abnormal-
ities that can be challenging to assess with traditional imaging techniques. Vortex
imaging is particularly effective in this area, providing a detailed visualization of
abnormal flow patterns, which is essential for accurate diagnosis and surgical plan-
ning. For instance, in conditions such as the Tetralogy of Fallot or the transposition
of the great arteries, vortex imaging can depict the intricate flow dynamics and help
in understanding the physiological consequences of the defects. In patients with
transposition of the great arteries, an increased flow across the pulmonary valve
secondary to a large ventricular septal defect may be responsible for a Doppler gra-
dient at the level of the pulmonary valve, mimicking a pulmonary stenosis. In this
case, the differentiation between a real valvular stenosis and a gradient secondary to
volume overload is extremely important in defining the surgical timing and the type
of surgery (arterial switch and ventricular septal defect closure vs. Rastelli operation).
These are the kinds of situations where the traditional Doppler and color Doppler
techniques demonstrate all their limitations. The use of blood speckle imaging to
study flow dynamics has proven to be helpful in formulating the correct diagnosis,
especially in this difficult context [63]. Post-surgical follow-ups in CHD patients also
benefit from vortex imaging, as it can monitor the restoration or alteration of normal
flow patterns [60].

4. LV dyssynchrony: Vortex imaging can assess the changes in intracavitary flow pat-
terns before and after the CRT implantation, providing insights into the therapy’s
effectiveness. Goliasch et al. utilized vortex imaging to assess the impact of an acute
interruption and reactivation of the CRT. Deactivating the CRT significantly disrupted
the LV filling, resulting in the reduced mitral inflow acceleration and increased total
diastolic volume. This, in turn, led to the formation of an underdeveloped diastolic
vortex, which impaired the transfer of kinetic energy from diastole to systole, delayed
the redirection of the blood flow toward the aorta, and hindered the timely opening of
the aortic valve, thereby prolonging the isovolumetric contraction period [64]. Upon
the reactivation of the CRT, the LV filling improved immediately, and the total diastolic
volume decreased. This restored the optimal timing of the diastolic vortex formation
and shortened the isovolumetric interval [64]. By visualizing the improvement in flow
efficiency and the reduction in dysfunctional vortices, clinicians can better evaluate
the success of a CRT and make adjustments as needed to optimize patient outcomes.

5. Cardiomyopathies: In DCM, vortex imaging helps to evaluate the impact of dilated
chambers on intracardiac flow and to pinpoint the regions of flow stagnation that may
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contribute to thrombus formation. Furthermore, vortex patterns are used to gauge
the severity of HF, as fragmented or abnormal patterns are associated with increased
cardiac dysfunction [65].

Figure 5. Vortex geometric analysis. A normal (one the right) versus a pathological (on the left)
subject with aortic stenosis. The geometric values to consider are area, depth, and length. The area is
identical in both the normal and pathological subjects. The depth varies between the two, with the
normal subject having a smaller depth. This suggests that the aortic stenosis pushes the structure
towards the tip in the normal subject. The length is the same in both subjects.

 

Figure 6. Normal vs. pathological subjects with aortic stenosis. The vortex’s energetic values to
consider are the following: vortex intensity, local dissipation, and kinetic energy. The vortex intensity
varies, with the normal subject exhibiting a higher intensity, compared to the pathological subject,
who shows a greater local dissipation.

4.2. Limitations

One of the main limitations of vortex analysis is the need for specialized software,
which is often expensive and not always readily available. Furthermore, this technique has
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not yet been fully validated in large-scale populations, highlighting the need for future
studies to confirm its reliability and broader applicability.

5. Multimodality Imaging

5.1. Integrative Approach

Multimodality imaging combines various imaging techniques, such as echocardiog-
raphy and a cardiac MRI, to provide a comprehensive view of the cardiac structure and
function. This integrated approach enhances diagnostic accuracy and treatment plan-
ning [1]. By combining different modalities, clinicians achieve a holistic view of cardiac
health, which is particularly beneficial in complex HF cases. When used together, strain
imaging, 3DE, and vortex analysis provide a comprehensive assessment of cardiac function.
Strain imaging identifies early myocardial dysfunction; 3D echocardiography provides
more precise volumetric and structural assessments of the cardiac chambers, offering im-
proved accuracy in evaluating heart size, shape, and function; and vortex analysis offers
a deeper understanding of intraventricular flow dynamics. This multimodal approach
can better define a patient’s cardiac condition, allowing for more tailored and accurate
clinical decision-making. This approach also aids in monitoring the treatment by observing
structural and functional changes over time (Table 3).

Table 3. Specific contributions of each imaging modality across various clinical scenarios, emphasiz-
ing their complementary roles in enhancing cardiac diagnosis and treatment.

Clinical Scenario 3D Echocardiography Myocardial Strain Imaging Vortex Imaging

Left Ventricular
Function

Accurate evaluation of LV function,
avoiding geometric assumptions.
Reproducible measurements of
volumes and ejection fraction.
Visualization of rendered 3DE images
for comprehensive cardiac structure
analysis.

Detects early subclinical myocardial
dysfunction, especially in conditions like
chemotherapy-induced cardiotoxicity.
Offers a sensitive measure of myocardial
function, correlating well with outcomes
in heart failure.

Visualizes and measures the
intracardiac vortices crucial for
efficient blood ejection and filling.
Diastolic vortices assess left atrial
function and ventricular filling
pressures, valuable in HFpEF.

LV Dyssynchrony

Tracks segmental LV volumes
throughout the cardiac cycle.
The SDI predicts response to CRT.
Optimal pacing lead placement
guided by 3DE improves CRT
outcomes.

Assesses desynchrony in CRT patients.
Guides optimal pacing lead placement
to improve outcomes.

Assesses changes in intracavitary flow
patterns before and after CRT
implantation.
Visualizes improvement in flow
efficiency post-CRT.

Valve Assessment

Detailed visualization of heart valves.
Measures valve orifice size, leaflet
prolapse, and severity of regurgitation
or stenosis.

Detects early myocardial dysfunction in
valvular diseases like aortic stenosis and
mitral regurgitation.
Helps determine timing for surgical
intervention.

Depicts altered flow patterns in valve
diseases like mitral regurgitation and
aortic stenosis.
Visualizes hemodynamic burden on
the LV.

Atrial Function

Detailed evaluation of atrial size,
shape, and function.
Valuable in atrial fibrillation and atrial
septal defects.

Provides global insight into cardiac
function, which can include atrial
contribution.

Not directly used in assessing atrial
function but could offer insights into
atrioventricular coupling dynamics.

Cardiomyopathies

Assists in the detailed assessment of
LV structure and function in
hypertrophic and dilated
cardiomyopathy.
Important for risk stratification and
management.

Identifies abnormal myocardial
mechanics in HCM.
Assesses global and regional myocardial
function in DCM, aiding in disease
monitoring.
Apical sparing as red flag in cardiac
amyloidosis.

Evaluates the impact of dilated
chambers on flow in DCM.

Congenital Heart
Diseases

Provides comprehensive views
essential for surgical planning.
Monitors structural changes
post-repair.

Monitors myocardial function in
repaired congenital heart defects.
Detects early signs of dysfunction
post-surgery.

Visualizes complex flow abnormalities
in congenital heart disease.
Monitors restoration of normal flow
patterns post-surgery.

CRT: cardiac resynchronization therapy; DCM: dilated cardiomyopathy; HCM: hypertrophic cardiomyopathy;
HFpEF: heart failure with a preserved ejection fraction; LV: left ventricle; and SDI: systolic dyssynchrony index.
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5.2. Emerging Technologies

Emerging technologies such as video-based artificial intelligence (AI) are revolution-
izing HF management. Video-based AI allows for the real-time evaluation of cardiac
function, improving early detection and intervention [66]. This technology provides a
detailed beat-to-beat assessment, enhancing the precision of cardiac evaluations.

As an example, high frame rate imaging offers the enhanced visualization of intracar-
diac vortices, providing deeper insights into cardiac flow and function [67]. Blood speckle
tracking may be used to understand and quantify intra- and extra-cardiac flow patterns,
improving our understanding of cardiac physiology. Compared to conventional Doppler
imaging, high frame rate imaging is an ultrafast technique, which generates up to thou-
sands of frames per second and which is independent of the angle of insonation [67].
This advancement improves the analysis of vortex dynamics, contributing to a better
understanding of cardiac performance and potentially leading to more effective treatments.

5.3. Advanced Imaging in Clinical Practice

The integration of advanced imaging technologies into clinical practice has enabled
more personalized treatment strategies for HF patients. By providing detailed and ac-
curate assessments of cardiac function, these technologies allow for tailored therapeutic
approaches, improving patient outcomes. Unfortunately, vortex analysis is not yet in rou-
tine clinical practice, as it primarily remains a research tool with ongoing studies to assess
its clinical relevance. However, GLS and 3DE have already been integrated into standard
clinical use. GLS is particularly valuable in the assessment of cardiomyopathies, where it
helps to detect the subclinical dysfunction or fibrosis and to monitor disease progression.
Additionally, 3DE has proven beneficial for the more accurate evaluation of valve struc-
tures and function, offering a more comprehensive analysis compared to traditional 2DE.
These advancements have improved diagnostic accuracy and patient management in daily
practice. For instance, myocardial strain imaging can identify patients who would benefit
most from CRT, while vortex analysis can pinpoint those at risk for diastolic dysfunction.
One of the key benefits of advanced imaging is the ability to detect cardiac abnormalities
early, before they manifest as clinical symptoms. Advanced imaging techniques, such as
3DE and high frame rate imaging, provide more detailed views of cardiac structures and
flow dynamics, leading to enhanced diagnostic accuracy. This precision is crucial for diag-
nosing complex cases where traditional methods may fall short. However, difficult cases to
interpret, where the risk of false positives or false negatives remains high, often require a
collegial evaluation, where the echocardiographer must consult with the radiologist or the
hemodynamic specialist who is about to perform or has performed a procedure.

6. Future Directions and Research

As technology continues to evolve, further advancements in imaging techniques are
expected. These may include improvements in AI algorithms for better real-time analysis,
higher resolution imaging for more detailed assessments, and the development of new
modalities that can provide even deeper insights into cardiac function. The integration of
advanced imaging technologies with wearable devices holds promise for the continuous
monitoring of cardiac function in HF patients. This could enable real-time data collection
and analysis, leading to more dynamic and responsive treatment strategies. The future of
HF management lies in personalized medicine, where treatment is tailored to the individual
patient’s genetic makeup, lifestyle, and specific cardiac abnormalities. Advanced imaging
will play a pivotal role in this approach, providing the detailed information needed to
customize treatments effectively.

7. Conclusions

The integration of advanced imaging technologies, such as 3DE, myocardial strain
imaging, and vortex analysis, has significantly transformed HF management. These ad-
vancements provide more detailed and accurate assessments of cardiac function, facilitating
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earlier diagnosis, improved risk stratification, and personalized treatment strategies. As
these technologies continue to evolve, they promise to further enhance HF management
and patient outcomes. The ability to detect subtle myocardial changes, analyze complex
flow dynamics, and integrate various imaging modalities equips clinicians with a compre-
hensive toolkit to address the multifaceted nature of HF. The continued refinement and
development of these technologies will undoubtedly lead to significant improvements in
patient care and outcomes.
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Abstract: Background/Objective: The impact of subpulmonary left ventricle (LV) dysfunction in
patients with a systemic right ventricle (SRV) is insufficiently characterized, with only a few studies
suggesting its prognostic significance. Additionally, its evaluation through imaging techniques is a
challenge. To assess the correlation between quantitative cardiac magnetic resonance-feature tracking
(CMR-FT) data and the risk of clinical events related to the natural history of SRV failure. Methods:
In this cross-sectional study, 21 patients with a diagnosis of transposition of the great arteries (TGA)
and atrial switch operation (AtSO) or congenitally corrected transposition (ccTGA) were recruited.
All participants underwent CMR-FT analysis. Considered clinical events included NYHA class
deterioration (from I-II to III-IV), increased diuretic therapy, arrhythmias, sudden cardiac death, and
hospitalizations. Results: The cohort consisted of 52.4% males (mean age: 25.4 ± 11.9 years). Eleven
patients were diagnosed with ccTGA. Of the 10 patients with TGA post-AtSO, 50% had undergone
Mustard repair. Clinical events occurred in 11 patients, with 47.6% experiencing hospitalizations and
28.6% developing arrhythmias. Left ventricular global longitudinal strain (LV GLS) was significantly
associated with event-risk in both univariate and multivariate analyses (p = 0.011; p = 0.025). A cut-off
value of LV GLS > −19.24 was proposed to stratify high-risk patients (p = 0.001). Conclusions: Our
study confirms the role of subpulmonary LV function in determining outcomes of SRV patients. The
assessment of LV GLS by using CMR-FT could significantly enhance clinical management during
follow-up.

Keywords: subpulmonary left ventricle; systemic right ventricle; global longitudinal strain; cardiac
magnetic resonance; feature tracking

1. Introduction

Patients with a systemic right ventricle (SRV) and biventricular physiology, like those
with congenitally corrected transposition of great arteries (ccTGA) or transposition of the
great arteries (TGA) following an atrial switch operation (AtSO), such as a Mustard or
Senning operation, represent ≈10% of all congenital heart diseases (CHDs), and their
prognosis remains inadequately understood [1–3].

While the role of SRV function in the outcome and exercise capacity is well established,
the impact of subpulmonary left ventricular (LV) dysfunction is less clear, with only a few
studies suggesting a possible role in the outcome of these patients [4,5]. In addition, because
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of geometrical distortion, reduced afterload and ventricular interactions, the method of
evaluating subpulmonic LV function in patients with SRV is not fully established.

Cardiac magnetic resonance (CMR) is considered the gold standard for volume quan-
tification and ejection fraction (EF) for both left and right ventricles in CHDs [6].

Feature tracking (FT) techniques allow for the measuring of myocardial strain in CMR
images. Myocardial strain is a geometry independent index that is not affected by tethering
from adjacent segments or ventricular interaction and less affected by loading conditions
compared with EF [7,8].

The primary objective of this study was to calculate CMR-FT derived strain of both
the systemic right ventricle and sub-pulmonary left ventricle in patients with SRV and
biventricular physiology. The secondary objective was to assess the correlation between
these data and the risk of clinical events related to the natural history of SRV failure.

2. Materials and Methods

2.1. Study Population

This cross-sectional study was conducted on 21 patients with SRV and biventricular
physiology, who were regularly followed at the Pediatric Cardiology Unit of the University
Hospital of Padua (Department of Women’s and Children’s Health). They were invited
to participate in the study and provided their informed consent. Data collection occurred
consecutively between November 2022 and May 2024.

Patients were considered eligible for this study in the presence of SRV and biventricular
physiology (TGA post-atrial switch operation and ccTGA). Only patients who underwent a
CMR study with feature tracking analysis were included in the study.

Patients with pacemakers (PM), implantable cardioverter defibrillators (ICD), or any
other devices incompatible with CMR were excluded from the study. Patients suffering
from claustrophobia were excluded. Patients who had never undergone CMR due to
compliance issues were also excluded from the study.

Patients’ records were reviewed from the medical platform of Padua University Hospi-
tal. Clinical data extracted from medical records included height, weight, body surface area
(BSA) according to the Mosteller formula, body mass index (BMI), New York Heart Associ-
ation (NYHA) class, history of previous clinical events (as will be defined in Section 2.2),
and pharmacological treatment, including β-blockers, ACE inhibitors, sartans, diuretics,
sacubitril/valsartan, gliflozins, antiarrhythmics, anticoagulants, and antiplatelets.

All data were collected while maintaining confidentiality and were anonymized for
statistical analysis. All the information collected was part of routine care. The study was
submitted to the attention of the HIT Research Centre Ethical Committee of the University
of Padua (Protocol No. 2024_247, 2 May 2024).

2.2. Clinical Events

Considered clinical events related to SRV failure were defined as follows: (a) hospital-
izations; (b) arrhythmic events (detected either as clinical events requiring hospitalization
or during routine Holter ECG monitoring); (c) worsening of NYHA class to III-IV; (d) im-
plementation of diuretic therapy [9–11]; (e) sudden cardiac death.

2.3. CMR Imaging

Each examination was conducted by a pediatric cardiologist specialized in CMR
imaging (ER) and a pediatric radiologist (AC); the investigation was carried out at the
Pediatric Neuroradiology Unit of the University Hospital of Padua.

The images were acquired using the same MRI machine (Achieva 1.5T, Philips Health-
care Medical System; Best, The Netherlands).

The standard CMR protocol for evaluating patients with SRV and biventricular physi-
ology includes the following sequences: real-time localization imaging in three axes, non-
ECG-gated and free-breathing; cine steady-state free precession (SSFP) sequences, ECG-
and respiratory-gated; phase contrast; whole-heart isotropic 3D SSFP imaging; magnetic
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resonance angiography sequences. Moreover, all patients were administered gadolinium
at a dose of 0.2 mmol/kg to detect ventricular wall fibrosis using LGE in both 4-chamber
long-axis (4C BTFE) and short-axis views (SA BTFE) [12,13].

The analysis of volumes and biventricular ejection fraction was performed using
Philips Intellispace Cardiovascular software (Version 7.0). The endocardial and epicardial
borders of the SRV and the sub-pulmonary left ventricle (LV) were manually traced in the
cineSSFP short-axis sequences, in both the end-diastole and end-systole. Trabeculations
and papillary muscles were excluded from the calculation (Figure 1). Measurements were
conducted by the same operator (ER) to ensure data consistency.

(a) (b)

Figure 1. Quantification of the volumes of the sub-pulmonary left ventricle (a) and systemic right
ventricle (b). Calculation of end-diastolic volumes (EDV) and myocardial mass in short axis view (SA
BTFE). Trabeculae and papillary muscles were excluded from the calculation. Green line: endocardial
border LV; Yellow line: epicardial border LV; Orange line: endocardial border sRV; Blue line: epicardial
border sRV.

The following parameters were calculated for both SRV and LV: end-diastolic volume
(EDV), end-diastolic volume indexed to BSA (EDVi), end-systolic volume (ESV), end-
systolic volume indexed to BSA (ESVi), ejection fraction (EF), stroke volume (calculated as
the difference between end-diastolic and end-systolic volume), stroke index (calculated
as the difference between indexed end-diastolic and end-systolic volumes), cardiac index
((stroke volume × heart rate/BSA)/1000), and the ratio between SRV and LV EDV.

Additionally, the presence of systemic tricuspid regurgitation (TR) was evaluated in
cineSSFP short-axis sequences. The severity of TR was quantified based on the percentage
of regurgitant fraction (RF): mild TR for RF < 20%; moderate TR for RF 20–40%; severe TR
for RF > 40%.

For both ventricles, myocardial strain was assessed using feature tracking (FT) applied
to SSFP cine images during post-processing with dedicated software (Qstrain, Medis Suite
Version 4.0.38.4, Leiden, The Netherlands). All calculations were performed by the same
operator (SP) to enhance data consistency.

Global longitudinal strains were assessed in 4C BTFE, while global circumferential
and radial strains were assessed in SA BTFE.

Images where the walls of both ventricles were clearly delineated were selected to
ensure accurate myocardial strain calculation.

The endocardial and epicardial borders were manually traced in end-diastole and then
applied to all cardiac cycle phases using an automatic detection algorithm. The accuracy
of the borders was checked in all cardiac phases and manually adjusted if necessary.
Trabeculations and papillary muscles were excluded.
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2.4. Statistical Analysis

Normally distributed continuous variables are reported as mean ± standard deviation,
while non-normally distributed variables are expressed as the median and interquartile
range (IQR). The Shapiro–Wilk test was used to assess the normality of continuous variables.
Categorical variables were expressed as percentages.

Initially, a linear regression model was employed. Subsequently, a univariate analysis
was conducted. Student’s t-test for independent samples was used if normality and
homogeneity of variances (tested with Levene’s test) were confirmed, Welch’s test when
normality was confirmed but homogeneity of variances was not, and the Mann–Whitney
U test when normality was not confirmed. Fisher’s exact test was employed to analyze
categorical variables.

Significant variables from the univariate analysis were subjected to a multivariate
analysis using the MANCOVA test.

The level of statistical significance for all tests was set at p ≤ 0.050.
Data were analyzed using the statistical software Jamovi Version 2.5.5 (2024).
Significant parameters from both the univariate and multivariate MANCOVA tests

were used for binary logistic regression. Then, ROC curves were generated to determine
the optimal cut-off values. The cut-off point was calculated according to the Youden index
to optimize sensitivity (Se) and specificity (Sp); subsequently, the AUC (Area Under the
Curve) value and the corresponding real cut-off values were calculated using automated
software. This part of the analysis was performed using MedCalc software (MedCalc
Software Ltd., version 22.023, Ostend, Belgium).

3. Results

3.1. Population

According to our selection criteria, we identified 31 patients with SRV and biventricular
physiology. Of these, 10 were excluded: five patients because they did not undergo
CMR; four patients had complete atrioventricular block and were fitted with non-CMR-
compatible pacemakers; one patient was lost to follow-up.

Consequently, the study population comprised 21 patients.
Feature tracking (CMR-FT) was technically feasible in all 21 patients for both the

systemic right ventricle and the subpulmonary left ventricle.

3.2. Clinical Data

In our cohort, 11 patients were male (52.4%) and 10 female (47.6%).
Ten patients were diagnosed with TGA at birth and underwent AtSO (47.6%, 5 Mustard

and 5 Senning), while 11 were affected by ccTGA (52.4%). The median age at which the
AtSO was performed was 5.5 months (IQR 4.3–11.3).

At the last visit, the mean age was 25.4 ± 11.9 years. The median age of patients with
ccTGA was lower compared to those who underwent the AtSO (19 years (IQR 16.0–30.0)
vs. 30 years (IQR 22.5–35.8)). Furthermore, a significant percentage of the patients in the
study (n = 15, 71.4%) were aged between their second and third–fourth decades of life at
the last visit.

Nine patients were found to be overweight (42.9%), defined as having a BMI between
25 and 30 kg/m2, while one patient suffered from mild to moderate obesity (4.8%).

Anamnestic and clinical features of the patients are summarized in Table 1.
Thirteen patients (61.9%) were on pharmacological therapy at the last visit. The most

frequently used medications were beta-blockers (n = 5, 23.8%), ACE inhibitors (n = 6,
28.6%) and angiotensin II receptor blockers (n = 4, 19.0%). In our cohort, two patients
were on diuretic therapy (9.5%). Two patients (9.5%) included in the study were treated
with sacubitril/valsartan. Two patients (9.5%) were on antiarrhythmic therapy, both with
cordarone, for complex ventricular arrhythmias. Two patients (9.5%) were on anticoagulant
therapy and two patients (9.5%) were on antiplatelet therapy.
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Table 1. Anamnestic and clinical features of the population.

Anamnestic and Clinical Data Sample Size (n = 21)

Age at last visit (years) 25.4 ± 11.9

Gender, n (%)
Male 11 (52.4%)

Female 10 (47.6%)

Primary cardiac diagnosis
ccTGA, n (%) 11 (52.4%)
TGA, n (%) 10 (47.6%)

s/p Mustard 5 (23.8%)
s/p Senning 5 (23.8%)

Age at operation (months) 5.5 (IQR 4.3–11.3)

Associated cardiac abnormalities
ASD at birth, n (%) 2 (9.5%)
VSD at birth, n (%) 9 (42.9%)

Pulmonary stenosis at birth, n (%) 7 (33.3%)
Pulmonary atresia at birth, n (%) 3 (14.3%)

DORV, n (%) 1 (4.8%)
Ebstein’s anomaly, n (%) 2 (9.5%)

Straddling tricuspid valve, n (%) 1 (4.8%)

Cardiac situs, n (%)
Levocardia 17 (81.0%)

Dextrocardia 4 (19.0%)

Anthropometric measurements
Height (m) 1.7 (IQR 0.9–1.8)
Weight (kg) 66.6 ± 21.7

BSA (m2) 1.8 (IQR 0.6–2.3)
BMI (kg/m2) 24.4 ± 0.4

Pharmacological treatments at the last visit are summarized in Table 2.

Table 2. Pharmacological therapies administered at the last visit.

Pharmacological Therapies Sample Size (n = 21)

Ongoing therapy, n (%) 13 (61.9%)
Beta-blockers 5 (23.8%)

ACE-inhibitors 6 (28.6%)
Sartans 4 (19.0%)

Diuretics 2 (9.5%)
Sacubitril/valsartan 2 (9.5%)

SGLT2 inhibitors 0 (0%)
Antiarrhythmics 2 (9.5%)
Anticoagulants 2 (9.5%)

Antiplatelets 2 (9.5%)

3.3. Clinical Events

Eleven out of twenty-one patients (52.4%) had clinical events, and seven patients
experienced multiple events.

Hospitalizations (n = 10, 47.6%) and arrhythmic episodes (n = 6, 28.6%) comprised
most of the clinical events.

The reasons for hospitalization included arrhythmic episodes (n = 7), post-AtSO
complications (n = 2), and heart failure (n = 1). Among the patients with post-AtSO
complications, one experienced an occlusion of the pulmonary venous baffle, while the
other had a minor baffle leak in association with pulmonary arterial hypertension with a
mixed pre- and post-capillary component.
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The main arrhythmic events recorded included atrial flutter (n = 3) and ventricular
arrhythmias (n = 3). Additionally, one patient had an episode of paroxysmal supraven-
tricular tachycardia, one patient had atrial fibrillation, and one patient had a complete
atrioventricular block.

No patients were classified in NYHA class III or IV. Ten patients were classified as
NYHA I (47.6%) and eleven patients as NYHA II (52.4%).

One patient had an episode of sudden cardiac arrest, after which an ICD was implanted.
Three patients adjusted their heart failure therapy by either increasing the dose of

diuretics (n = 1) or adding HF medications (n = 2).
The clinical events are summarized in Table 3.

Table 3. Clinical events related to SRV failure in our cohort.

Clinical Events Sample Size (n = 21)

Events, n (%) 11 (52.4%)
Hospitalizations 10 (47.6%)

Arrhythmias 6 (28.6%)
Sudden cardiac death 1 (4.8%)

Implementation of anti-failure therapy 3 (14.3%)
NYHA III-IV 0 (0%)

3.4. CMR Imaging Data

All patients (n = 21) underwent CMR imaging between May 2019 and November 2023.
The mean age of the participants at the time of the examination was 25.1 years ± 11.7.
Quantitative CMR imaging data are summarized in Table 4.

Table 4. Quantitative CMR imaging data: mean values and univariate analysis. The first column
reports the mean values of the following parameters in the study population. The second and third
columns display the mean values for the subpopulations with and without events, respectively. The
fourth column presents the p-value associated with the univariate analysis.

All
(n = 21)

Patients with
Previous Events

(n = 11)

Patients without
Previous Events

(n = 10)

p-Value *
(p ≤ 0.050)

SRV EDV (mL) 183.0 ± 59.1 192.0 ± 58.5 173.8 ± 61.5 0.496
SRV EDVi (mL/m2) 105.0 ± 20.3 110.7 ± 20.1 98.4 ± 19.4 0.169

SRV ESV (mL) 93.2 ± 37.8 102.9 ± 38.9 82.4 ± 35.4 0.223
SRV ESVi (mL/m2) 52.7 ± 14.9 58.7 ± 15.5 46.1 ± 11.7 0.050

SRV EF (%) 50.2 ± 7.61 47.4 ± 7.4 53.4 ± 6.9 0.068
SRV stroke index (mL/m2) 52.1 ± 11.0 52.0 ± 9.4 52.3 ± 13.0 0.952

SRV stroke volume (mL) 90.2 ± 27.1 89.0 ± 24.1 91.4 ± 31.5 0.847
SRV cardiac index (L/min/m2) 3.7 ± 0.9 3.0 ± 0.6 4.0 ± 1.0 0.077

LV EDV (mL) 122.0 ± 46.5 119.4 ± 47.6 124.4 ± 47.7 0.812
LV EDVi (mL/m2) 69.3 ± 20.9 68.3 ± 25.0 70.4 ± 16.4 0.822

LV ESV (mL) 47.1 ± 24.7 44.0 ± 26.3 50.5 ± 23.6 0.559
LV ESVi (mL/m2) 26.5 ± 12.3 26.8 ± 14.3 29.6 ± 8.7 0.587

LV EF (%) 62.9 ± 7.9 65.0 ± 7.4 60.6 ± 8.1 0.210
LV stroke index (mL/m2) 42.8 ± 10.7 45.7 ± 8.5 43.3 ± 10.6 0.853

LV stroke volume (mL) 74.7 ± 25.3 75.4 ± 23.6 73.9 ± 28.4 0.896
LV cardiac index (L/min/m2) 3.0 ± 0.9 2.8 ± 0.8 3.3 ± 1.0 0.207

SRV EDV/LV EDV 1.5 (IQR 0.8–3.4) 1.6 (IQR 1.5–1.9) 1.4 (IQR 1.2–1.6) 0.173

* Bold p-value indicates statistically significant.

Patients with previous clinical events had larger SRV EDV and ESV and lower EF
compared to patients without events (SRV EDV 192.0 mL ± 58.5 vs. 173.8 mL ± 61.5,
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p = 0.496; SRV ESV 102.9 mL ± 38.9 vs. 82.4 mL ± 35.4, p = 0.223; SRV EF 47.4% ± 7.4 vs.
53.4% ± 6.9, p = 0.068). This finding aligns with the natural history of the SRV.

The only significant parameter in the univariate analysis was SRV ESVi (p = 0.050). It
can be observed that patients who experienced clinical events appear to have a higher SRV
ESVi compared to patients without events (58.7 mL/m2 ± 15.5 vs. 46.1 mL/m2 ± 11.7).

LV EDV and LV ESV values were reduced in patients who had experienced previous
clinical events compared to those who had not (LV EDV 119.4 mL ± 47.6 vs. 124.4 ± 47.7,
p = 0.812; LV ESV 44.0 mL ± 26.3 vs. 50.5 ± 23.6, p = 0.559).

Moreover, patients with events had a higher LV EF compared to the group without
events (LV EF 65% ± 7.4 vs. 60.6% ± 8.1, p = 0.210).

Comparisons of stroke volume, stroke index, and cardiac index for both the systemic
right ventricle and the left ventricle among the groups did not yield statistically significant
results. Similarly, there were no significant differences in the SRV EDV/LV EDV ratio.

The study did not reveal any correlation between the presence of fibrosis in the
systemic right ventricle (p = 0.696) and/or left ventricle (p = 0.835) and the risk of major
events. However, a higher presence of LV fibrosis was observed in both patient groups.

Additionally, no significant correlation between moderate and severe tricuspid regur-
gitation (RF > 20%) and the risk of major events was demonstrated (p = 1.000).

Qualitative CMR imaging data are summarized in Table 5.

Table 5. Qualitative CMR imaging data: absolute frequencies and univariate analysis. The first
column reports the absolute frequency and the relative percentage of the following qualitative data
in the study population. The second and third columns display the absolute frequencies and relative
percentages in the subpopulations with and without events, respectively. The fourth column presents
the p-value associated with the univariate analysis.

All (n = 21)
Patients with

Previous Events
(n = 11)

Patients without
Previous Events

(n = 10)

p-Value
(p ≤ 0.050)

SRV fibrosis, n (%) 5 (23.8%) 3 (27.3%) 2 (10.0%) 0.696

LV fibrosis, n (%) 10 (47.6%) 5 (45.5%) 5 (50.0%) 0.835

TR, n (%) 13 (61.9%) 8 (72.7%) 5 (50.0%)

0.284
Mild 7 (33.3%) 5 (45.5%) 2 (20.0%)

Moderate 4 (19.0%) 3 (27.3%) 1 (10.0%)
Severe 2 (9.5%) 0 (0%) 2 (20.0%)

Moderate-severe TR, n (%) 6 (28.6%) 3 (27.3%) 3 (27.3%) 1.000

3.5. Feature Tracking Data

Results of the analysis are reported in Table 6.

Table 6. Feature tracking data. Mean values in the study population and in the subpopulations with
and without events, respectively. Univariate analysis and p-values.

All
(n = 21)

Patients with
Previous Events

(n = 11)

Patients without
Previous Events

(n = 10)

p-Value *
(p ≤ 0.050)

SRV GLS (%) −20.2 ± 5.3 −18.6 ± 5.6 −22.0 ± 4.5 0.145
SRV GCS (%) −22.0 ± 4.3 −21.6 ± 5.3 −22.4 ± 3.1 0.655
SRV GRS (%) 80.2 (IQR 60.1–134.0) 69.0 (IQR 58.7–116.0) 109.1 (IQR 69.2–138.4) 0.605

LV GLS (%) −21.1 ± 6.8 −17.7 ± 6.3 −24.9 ± 5.3 0.011
LV GCS (%) −24.8 ± 5.4 −26.5 ± 6.2 −23.1 ± 3.9 0.156
LV GRS (%) 60.1 ± 27.6 51.2 ± 20.3 69.9 ± 32.1 0.137

* Bold p-value indicates statistically significant.
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Data analysis indicates that the only parameter significantly associated with the risk
of events in the univariate analysis is left ventricle global longitudinal strain (LV GLS).

In the studied population (n = 21), the mean LV GLS value was −21.1 ± 6.8, and
patients who experienced clinical events related to SRV failure had a less negative LV GLS
value compared to those without events (−17.7 ± 6.3 vs. −24.9 ± 5.3, p = 0.011).

In Figure 2a,b, two distinct LV GLS measurements and their associated strain curves
are presented.

(a)

(b)

Figure 2. (a) LV GLS measurement obtained from a 4C BTFE view is presented for a patient who has
undergone AtSO, along with the corresponding strain curve. This patient experienced clinical events:
atrial flutter and subsequent hospitalization. (b) LV GLS measurement obtained from a 4C BTFE
view is presented for a with ccTGA, along with the corresponding strain curve. The patient did not
experience clinical events. In both figures (a,b), the curve representing the mean LV GLS value is
depicted in white. The analysis included the average peak strain value of all curves.

3.6. Multivariate Analysis

SR ESVi and LV GLS were found to be significant in the univariate analysis. These
variables were then used to perform the MANCOVA test, which yielded a p-value of
0.025 from the multivariate analyses. Given the borderline significance for SRV ESVi, the
decision was made to focus the analysis on LV GLS. In Table 7, a comparison of values in
the univariate and MANCOVA multivariate analyses is presented.

Table 7. Comparison of values in univariate and MANCOVA multivariate analyses. The results are
statistically significant, with a borderline significance noted for SRV ESVi (p = 0.050).

Univariate Analysis Dependent Variables p-Value

Events SRV ESVi 0.050
LV GLS 0.011

Multivariate Analysis Dependent Variables p-Value
Events SRV ESVi, LV GLS 0.025
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3.7. ROC Curve and Interactive Dot Diagram

For LV GLS, a cut-off value of >−19.24% is proposed. Patients with LV GLS values
less negative than this cut-off are at a higher risk for clinical events associated with SRV
failure. This threshold demonstrates a Youden’s index of 0.6364, with a sensitivity (Se)
of 63.64% (95% CI 30.8–89.1), a specificity (Sp) of 100% (95% CI 69.2–100.0), and an Area
Under the Curve (AUC) of 0.818 (p = 0.001). These results are reported in Figure 3.

(a) (b)

Figure 3. (a) LV GLS ROC curve; (b) LV GLS interactive dot diagram: the values above the horizontal
line are suggested to be associated with a higher risk of clinical events.

4. Discussion

This study is the first to use CMR-FT to analyze the myocardial function of the
subpulmonary LV in patients with SRV.

To the best of our knowledge, only a few studies have focused on the subpulmonary
LV in patients with SRV and these have primarily used echocardiographic results. In 2021,
Surkova et al. (n = 157) observed that subpulmonary LV dysfunction detected by echocar-
diography is associated with increased severity of SRV dysfunction and worsening of the
NYHA class [5]. In 2023 (n = 180), the same group demonstrated that echocardiographic
parameters of the left ventricle (LV-ESDi, LV-FAC) can predict mortality risk and need for
transplantation [4]. These studies appear to inaugurate a new perspective on the role of
the subpulmonary LV, which has been largely neglected. In detail, these findings raise
important questions about the role of the subpulmonary left ventricle and whether its
assessment should be included in routine follow-up care.

However, the assessment of subpulmonic LV by using those echo parameters may
be limited by geometrical assumption and poor visualization of the morphologically left
ventricle. In addition, the used echo parameters are affected by tethering from adjacent
segments and ventricular–ventricular interaction. Thus, they may just reflect on the sub-
pulmonic LV and the SRV dysfunction, rather than measure an objective subpulmonic LV
dysfunction. Thus, an approach that is not limited by poor visualization, is not affected
by geometrical confounder, independent from ventricular interaction, and not affected
by loading conditions, may be of value to fully assess the role of the subpulmonic LV.
To overcome all these limitations, we used CMR, which is not affected by poor image
quality, and we used an FT-derived strain, a parameter that is not affected by geometry,
load conditions or ventricular interactions.

Both univariate and multivariate analyses demonstrated a statistical significance of LV
GLS (p = 0.011; p = 0.025) in predicting the risk of clinical events.

Our findings indicate that, even with preserved ejection fraction, a LV GLS > −19.24
could identify latent left ventricle dysfunction. This may be due to the load dependency and
influence of geometry in the assessment of EF even by CMR, the gold standard. Santens et al.
(2022) have also noted that standard follow-up parameters often fail to detect preclinical
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dysfunction and deterioration [14]. Our data suggest incorporating the evaluation of the
subpulmonary LV in the routine follow-up of these patients, including an evaluation of LV
GLS by CMR-FT or by echo in the presence of a good acoustic window.

Our results showed that SRV patients with clinical events had smaller LV EDV and
ESV (119.4 ± 47.6 mL vs. 124.4 ± 47.7 mL). This finding is in contrast with the results
of Santens et al. In their study (n = 33), higher values of LV EDVi and LV ESVi (assessed
by CMR both at rest and under stress) were associated with an increased risk of SRV
failure, arrhythmias, and death [14]. However, compared with our study, Santens’ group
included a larger proportion of patients with Mustard/Senning repairs (58%), older age
(37 ± 8 years) and a higher number of cases with moderate/severe tricuspid regurgitation
(63%). Thus, the results from Santens et al. reflect a more advanced stage of the disease
compared to our study. In this regard, our data suggest that subpulmonary LV dysfunction
is associated with events even in an earlier stage of the disease and thus plays an important
role in risk stratification.

Moreover, we noted that patients with events had a higher LV EF compared to the
group without events (65.0 ± 7.4% vs. 60.6 ± 8.1%). It is known that ejection fraction
may not be a sufficiently sensitive parameter to detect changes in ventricular function,
being affected by afterload and geometry [15]. For this reason, myocardial strain has
been introduced as an intrinsic index of myocardial contractility and function, and our
data confirm the higher sensitivity of myocardial strain in detecting early subclinical
abnormalities [16–18].

Limitations

The primary limitation of this study is the relatively small sample size of the studied
cohort. However, this reflects the prevalence of the disease (10% of all CHDs) and the
selection criteria that were applied.

The calculation of myocardial strain using feature tracking software can be relatively
time-consuming. However, this process can be significantly expedited with experience.

Furthermore, these results require both intra-operator and inter-operator evaluations
to assess data concordance. Therefore, we call for multicenter studies with larger sample
sizes to pool expertise and compare results. Such studies will clarify the reproducibility of
this parameter and further validate these findings. Additionally, long-term follow-up is
necessary to confirm the prognostic significance of this parameter.

5. Conclusions

This study has identified an important parameter, the left ventricular global longi-
tudinal strain (LV GLS), which may have significant prognostic value for patients with
a systemic right ventricle (SRV). Feature tracking software may overcome some struc-
tural limitations often associated with echocardiography in assessing subpulmonary left
ventricle function, so its use could be suggested as part of routine follow-ups.

The proposed cut-off value of LV GLS > −19.24 provides a promising reference
threshold to identify patients at high risk of SRV failure-related events. Early recognition of
LV dysfunction could lead to improved therapeutic strategies, thereby optimizing clinical
management and outcomes in this population.
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Abbreviations

CHDs congenital heart diseases
SRV systemic right ventricle
LV left ventricle
ccTGA congenitally corrected transposition of the great arteries
TGA transposition of the great arteries
AtSO atrial switch operation
ASD atrial septal defect
VSD ventricular septal defect
DORV double outlet right ventricle
CMR cardiac magnetic resonance
CMR-FT cardiac magnetic resonance-feature tracking
LGE late gadolinium enhancement
SRV EDV systemic right ventricle end-diastolic volume
SRV EDVi systemic right ventricle end-diastolic volume indexed to BSA
SRV ESV systemic right ventricle end-systolic volume
SRV ESVi systemic right ventricle end-systolic volume indexed to BSA
SRV EF systemic right ventricle ejection fraction
LV EDV left ventricle end-diastolic volume
LV EDVi left ventricle end-diastolic volume indexed to BSA
LV ESV left ventricle end-systolic volume
LV ESVi left ventricle end-systolic volume indexed to BSA
LV EF left ventricle ejection fraction
TR tricuspid regurgitation
SRV GLS systemic right ventricle global longitudinal strain
SRV GCS systemic right ventricle global circumferential strain
SRV GRS systemic right ventricle global radial strain
LV GLS left ventricle global longitudinal strain
LV GCS left ventricle global circumferential strain
LV GRS left ventricle global radial strain
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Abstract: Background: Right ventricular thrombosis (RVT) is rarely detected in clinical
practice. Depending on its aetiology, RVT may originate from a deep venous thrombosis
(type A) or in situ (type B). Type A is characterized by increased mobility and frequent
pulmonary embolization, whereas type B is nonmobile and is associated with significant
right ventricular (RV) dilatation and dysfunction. Methods: A type B RVT complicated by
subsegmental pulmonary embolism (PE) was diagnosed in a 46-year-old man with acute-
on-chronic respiratory failure secondary to acute exacerbation of interstitial lung disease.
He underwent a multimodality imaging assessment of the RV mass that comprehensively
incorporated TTE, TEE, contrast-enhanced chest CT, and LGE-CMR. Results: During
the clinical course, a serial echocardiographic assessment of the RV mass allowed for a
dynamic evaluation of its features and cardiac haemodynamics. Conventional TTE was
implemented with colour tissue Doppler imaging (TDI) and pulsed wave (PW) TDI to
improve the visualization of the RV mass and to objectively measure its mobility. The
increased RVT mass peak antegrade velocity (>10 cm/s) was predictive of subsequent RVT
fragmentation and PE. Conclusions: Colour TDI and PW-TDI may aid in the differential
diagnosis of RV masses and may improve the prognostic risk stratification of patients with
right-sided intracardiac masses.

Keywords: right ventricular thrombosis; pulmonary embolism; multimodality imaging
assessment; tissue Doppler imaging; prognosis

1. Introduction

Right ventricular thrombosis (RVT) is a rare and frequently underdiagnosed life-
threatening condition [1]. It can be detected in 2.6–18% of patients with pulmonary em-
bolism (PE) [2–4].

The main risk factors for RVT are the following: a younger age, previous bleeding
events, congestive heart failure, intracardiac procedures, cancer, episodes of syncope, a
transient systolic blood pressure <100 mmHg, and arterial oxyhaemoglobin saturation
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<90% [2]. Hypercoagulability, secondary to Factor 5 Leiden or antithrombin 3 mutations, is
another factor that has been associated with RVT occurrence [5]. In certain cases, hyper-
coagulability may be secondary to occult malignancy [6]. Loeffler’s endocarditis [7] and
takotsubo cardiomyopathy, affecting the right ventricular (RV) apex [8], are other causes of
RVT, which are rarely detected in clinical practice.

Most patients with RVT have significant RV dilatation and dysfunction. Cases of
RVT have also been reported in patients with acute inferior-wall myocardial infarction
complicated by RV infarction [9]. From a pathophysiological point of view, mechanisms
for RVT formation in situ are related to the so-called “Virchow’s triad”, which consists of
blood stasis, endothelial dysfunction, and concomitant hypercoagulability.

Based on its aetiology, RVT is classified in types A, B, and C. Type A is a highly mobile
serpiginous thrombus, which is entrapped within the Chiari’s network and/or in right
heart cavities, that originates from the embolization of a deep venous thrombosis (DVT) and
is commonly associated with PE. Type B is nonmobile, originates in situ, and is associated
with cardiac abnormalities. Type C has intermediate characteristics between type A and
B [10,11].

RVT is generally asymptomatic before the occurrence of complications such as PE or
paradoxical stroke [12]. However, the mortality rate associated with RVT is high, ranging
between 27% and 100% [1,2], especially if it is complicated by PE. Indeed, the prognosis of
these patients is primarily related to the haemodynamic consequences of RVT rather than
its characteristics.

Due to the severity of RVT occurrence and complications, immediate diagnosis and
rapid prognostic risk stratification of RVT patients are mandatory.

Two-dimensional transthoracic echocardiography (TTE) and transoesophageal echocar-
diography (TEE) are the first-line imaging modalities for detecting and monitoring RVT [11].
It is noteworthy that both TTE and TEE have a higher sensitivity and specificity for detect-
ing left ventricular thrombosis rather than RVT. The first assessment of RVT by TTE may be
difficult in an emergency setting and in patients with tachy-arrhythmias, haemodynamic
instability, or poor acoustic windows [13]. Additionally, approximately 50% of RV thrombi
are identified by using off-axis echocardiographic sections [11]. Therefore, RVT presence
may be considerably underestimated in clinical practice.

Given that the echogenicity of thrombotic formation may be indistinguishable from
that of surrounding myocardium, TTE may provide limited information concerning the
differential diagnosis of intracardiac masses [14]. In the setting of poor acoustic windows
and/or suboptimal TTE imaging, contrast echocardiography may considerably improve the
endocardial definition by enhancing the blood pool–myocardial interface, thus facilitating
RVT detection and characterization [15].

Due to its unique capability in providing an accurate and reproducible assessment
of RV structure, function, and tissue characterization, cardiac magnetic resonance (CMR)
with late gadolinium enhancement (LGE) has shown higher sensitivity and specificity than
TTE and/or TEE for detecting RVT [16,17].

Finally, contrast-enhanced chest computed tomography (CT) represents another useful
technique for evaluating RVT, due to its rapid acquisition and high spatial and temporal
resolution [18–20].

Herein, we present a challenging case of type B RVT that was diagnosed by a multi-
modality imaging approach in a 46-year-old man with acute-on-chronic respiratory failure
secondary to acute exacerbation of interstitial lung disease.
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2. Clinical Course

A 46-year-old man (BSA 1.92 m2; BMI 24.5 Kg/m2) without previous cardiovascular
events, who was affected by anti-Mi2 dermatomyositis and lymphocytic interstitial pneu-
monia (LIP) with chronic respiratory failure and was treated with 50 mg of azathioprine
daily, 25 mg prednisone daily, 700 mg of intravenous (IV) rituximab once weekly, and
oxygen therapy (1 to 6 L per minute), was admitted to the Emergency Department (ED) of
our institution due to ongoing dyspnoea, chest pain, and general malaise. At the hospital
admission, the patient’s arterial oxygen saturation (SaO2) in ambient air was 66%, their
blood pressure was 110/70 mmHg, their heart rate was 102 b.p.m., and their body tem-
perature was 36.3 ◦C. A blood gas analysis showed hypoxemia (PaO2 = 39.6 mmHg) and
hypocapnia (PaCO2 = 27.2 mmHg), pH = 7.3, and a lactate level of 7.7 mmol/L (normal
range: 0.36–1.25 mmol/L). Blood tests revealed a serum haemoglobin amount of 12.8 g/dL;
a serum white blood cell count of 13,900 × 106/L (normal range: 4000–11,000 × 106/L); a
serum Neutrophil–Lymphocyte Ratio (NLR) of 18.6; a serum creatinine level of 1.57 mg/dL;
a serum troponin I level of 0.42 ng/mL (normal range 0.00–0.04 ng/mL); a serum C-reactive
protein (CRP) amount of 58 mg/L (normal range: 0–5 mg/L); a serum D-dimer of 4215 mi-
crog/L (normal range: 1–500 microg/L); and a serum N-terminal pro-B-type natriuretic
peptide (NT-proBNP) level of 6474 pg/mL (normal range: <125 pg/mL).

The ECG recorded in the ED showed a sinus rhythm with normal atrio-ventricular
conduction, mild RV conduction delay, and deep T-wave inversion in right precordial leads
and inferior leads, suggesting RV overload (Figure 1).

Figure 1. A 12-lead electrocardiogram showing a sinus rhythm with normal atrio-ventricular conduc-
tion, mild right ventricular conduction delay, and deep T-wave inversion in right precordial leads
and inferior leads, suggesting right ventricular overload.

Chest X-rays showed diffuse fibrosing interstitial lung disease with multiple bilateral
parenchymal opacities, with no clear evidence of inflammatory foci (Figure 2).
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Figure 2. Chest X-rays revealing diffuse fibrosing interstitial lung disease with multiple bilateral
parenchymal opacities, with no clear evidence of inflammatory foci.

An urgent bedside echocardiogram highlighted a significant dilatation of right-
sided cardiac chambers (RV-to-left ventricular basal diameter ratio = 2.4; RV inflow tract
diameter = 60 mm) and mild hypokinesia of the RV lateral wall, as assessed by tricuspid
annular plane systolic excursion (TAPSE) magnitude (17 mm). A moderate tricuspid re-
gurgitation was present. The peak tricuspid regurgitation velocity (TRV) was 3.4 m/s,
indicating a high probability of pulmonary hypertension (PH). The inferior vena cava was
significantly dilated (transverse diameter = 2.8 cm), with inspiratory excursions < 50%.
Accordingly, the estimated systolic pulmonary artery pressure (sPAP) was 60 mmHg. From
the RV-focused apical four-chamber view, a large sessile echogenic formation with hyper-
echoic edges (size: 3.9 cm × 2.6 cm), attached to the mid-apical portion of the RV free
wall and protruding into the RV cavity, was detected (Figure 3A,B). By placing a 5 mm
sample volume of pulsed wave (PW)-tissue Doppler imaging (TDI) at the level of the
mobile portion of the RV mass, an RV mass peak antegrade velocity (Va) of 13 cm/s was
obtained. Moreover, on PW-TDI, the RV mass showed a pattern of incoherent motion,
totally discordant and independent from the surrounding myocardial tissue (Figure 3C).

Careful observation allowed for the detection of akinesia of the RV mid-apical wall.
Therefore, McConnell’s sign was excluded. Compared to the right-sided cardiac chambers,
the left-sided cavity chambers’ size was reduced. The left ventricle showed a D-shaped left
ventricular configuration due to the flattening of the interventricular septum caused by
the significant RV overload. The left ventricular ejection fraction (assessed by a modified
Simpson’s biplane method) was preserved (estimated value = 60%). A first degree of
diastolic dysfunction (E/A ratio < 1 on transmitral PW Doppler) was diagnosed in the
presence of normal left ventricular filling pressure, as measured by the E/average e’ ratio
(estimated value = 5.2). The mitral and aortic valves were normal, whereas a mid-systolic
notch of the RV outflow tract PW-Doppler envelope, compatible with PH, was detected.
The urgent TTE was compared with a previous one, performed electively three months
earlier, which showed normal biventricular cavity sizes, normal biventricular systolic
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function, and normal sPAP (estimated value: 27 mmHg). Accordingly, the actual TTE
findings were considered to be suggestive of acute RV overload due to PH, complicated by
the RV mass of nonunivocal interpretation.

Figure 3. Transthoracic echocardiography. Right-ventricular-focused apical four-chamber view.
(A) Large sessile echogenic formation with hyperechoic edges (red arrow), attached to the mid-apical
portion of the right ventricular free wall and protruding into the RV cavity. (B) Measurement of the
right ventricular mass size. (C) Assessment of the right ventricular mass peak antegrade velocity
by pulsed wave tissue Doppler imaging. The right ventricular mass showed a pattern of incoherent
motion, totally discordant and independent from the surrounding myocardial tissue. LA, left atrium;
LV, left ventricle; RA, right atrium; RV, right ventricle. The symbol * indicates the right ventricular
mass peak antegrade velocity.

Based on the ECG and echocardiographic findings and the patient’s complex history,
the pulmonologist suggested a diagnostic study with a contrast-enhanced chest CT. The
examination confirmed severe RV dilatation with a large filling defect involving the mid-
apical region of the right ventricle (Figure 4).

Figure 4. Axial contrast-enhanced chest computed tomography showing a large filling defect (red
arrow) involving the mid-apical region of the right ventricle. LV, left ventricle; RV, right ventricle.
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A CT scan also confirmed severe interstitial pulmonary fibrosis with diffuse ground
glass opacities and thin-walled cysts and excluded PE.

A venous Doppler ultrasound of the lower extremities excluded concomitant DVT.
The patient was admitted to the Intensive Care Unit (ICU) and underwent high-

flow oxygen therapy (reservoir mask with 10–15 L/min) and medical treatment with
anticoagulants (enoxaparin sodium: 6000 I.U. twice daily by subcutaneous injection),
IV antibiotics (Piperacillin/Tazobactam: 4 g/0.5 g three times daily), IV corticosteroids
(methylprednisolone: 40 mg three times daily), IV antibiotics (ceftriaxone: 2 g daily) and IV
diuretics (furosemide: 40 mg daily).

Even if the patient did not have a fever during hospitalization, aerobic and anaerobic
blood cultures were performed to exclude the infectious origin of the RV mass. However,
blood cultures yielded negative results.

A repeated TTE during the stay in the ICU demonstrated a slight reduction in RV
mass size (3 cm × 2 cm) that changed its echogenicity, being characterized by an anechoic
central space and a hyperechoic border (Figure 5A). The same echocardiographic findings
of the RV mass were confirmed from an RV-focused mid-oesophageal section obtained
during TEE (Figure 5B).

Figure 5. (A) Transthoracic echocardiography. Right-ventricular-focused apical four-chamber view
demonstrating a slight reduction in right ventricular mass size (red arrow), characterized by an
anechoic central space and a hyperechoic border. (B) Right-ventricular-focused mid-oesophageal
section showing the same echocardiographic features of the right ventricular mass (red arrow),
observed from the transthoracic approach. Ao, aorta; LA, left atrium; LV, left ventricle; RA, right
atrium; RV, right ventricle.

A further contrast-enhanced chest CT scan revealed segmental and subsegmental
filling defects in the right upper lobe (Figure 6) and a concomitant mild reduction in RV
mid-apical filling defect.

After a multidisciplinary discussion, late gadolinium enhancement (LGE) cardiac
magnetic resonance (CMR) was performed. LGE-CMR allowed for the detection of an RV
mass with inhomogeneous peripheral enhancement (Figure 7).

After seven days of ICU monitoring, the patient’s clinical conditions gradually im-
proved, and he was transferred to the Division of Pneumology. On the 10th day of hospi-
talization, an echocardiographic control showed the total disappearance of the RV mass
(Figure 8) and concomitantly improved TRV (estimated value: 2.5 m/s).
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Figure 6. Coronal contrast-enhanced chest computed tomography revealing segmental and subseg-
mental filling defects (red arrow) in the right upper lobe.

Figure 7. Axial late gadolinium enhancement cardiac magnetic resonance showing a right ventricular
mass (red arrow) with inhomogeneous peripheral enhancement. LV, left ventricle; RV, right ventricle.
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Figure 8. Transthoracic echocardiography. Apical four chamber view demonstrating the total
disappearance of the right ventricular mass. LA, left atrium; LV, left ventricle; RA, right atrium; RV,
right ventricle.

In light of the favourable echocardiographic evolution, the RV mass was more ap-
propriately considered as a thrombotic formation with peripheral organization and liq-
uefactive central necrosis, originating in situ, at the level of a significantly dilated and
dysfunctional right ventricle, causing subsegmental PE, which was completely resolved
after anti-coagulant treatment.

Repeated blood tests demonstrated the normalization of serum levels of CRP
(2.8 mg/L) and troponin I (0.02 ng/mL) and a significant reduction in serum levels of
both D-dimer (430 microg/L) and NT-proBNP (69 pg/mL). From a repeated blood gas
analysis in ambient air, SaO2 was 91.4%, PaO2 was 59 mmHg, PaCO2 was 43 mmHg, pH
was 7.41, and the lactate level was 1.01 mmol/L. During the hospital stay, the patient also
underwent thrombophilia screening, which produced a negative result. The haematology
consultant recommended anticoagulant therapy at discharge with 5 mg of apixaban twice
daily lifelong.

On the 14th day of hospitalization, the patient was discharged with the diagnosis of
acute-on-chronic respiratory failure secondary to acute exacerbation of interstitial lung
disease, leading to acute RV overload with akinesia of the RV mid-apical segments, com-
plicated by RV thrombosis in situ, causing subsegmental PE. The suggested discharge
medical treatment included 5 mg of apixaban twice daily, oxygen therapy via the nasal
cannula of 1 L/min at rest and 6 L/min on effort, 50 mg of azathioprine daily, and 25 mg of
prednisone daily.

3. Discussion

This challenging clinical case highlights the complexity of the differential diagnosis of
RV masses, involving tumours, vegetations, and thrombi.
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3.1. Right Ventricular Tumors

RV neoplastic lesions may be benign or malignant. The most common benign cardiac
tumours are myxomas, but those originating from the RV free wall are extremely rare,
representing only 5% of cases [21,22]. RV myxomas may have obstructive features, po-
tentially leading to right heart failure with systemic congestion or causing arrhythmias,
syncope, and even sudden death [23]. Depending on their mobility, RV myxomas may be
complicated by PE [24,25]. Rhabdomyomas represent another type of benign RV neoplas-
tic lesion, predominantly detected in children and commonly associated with tuberous
sclerosis complex; they are multiple lesions, that generally regress spontaneously [26].

Primary malignant cardiac tumours are generally right atrial masses that rapidly
infiltrate valves or chamber walls destroy the primary structure of hearts [27]. Other
characteristics of malignant tumours are the wide point of attachment, a size of >5 cm,
pericardial effusion, and extracardiac extension [28]. Among the malignant cardiac tumours,
the most frequent ones are cardiac sarcomas [29], particularly angiosarcomas, representing
30% to 45% of sarcomas [30]. Lymphomas are rare, accounting for 1% to 2% of primary
malignant cardiac tumours, involving the right atrium or the right ventricle. Lymphomas
are more frequently non-Hodgkin type, associated with immunodeficiency syndromes [28].

Distinctive features of primary malignant cardiac tumours assessed by CMR are
heterogeneous enhancement, tumour necrosis, and multiple foci of calcification [31]. Com-
pared with benign tumours, malignant masses have generally non-left localization, have
a greater diameter, are sessile, are polylobate, have an inhomogeneous appearance, are
infiltrating, and are accompanied by pericardial effusion. As opposed to the avascular
nature of thrombi, cardiac tumours have a vascular supply. At LGE, malignant masses are
more frequently hyperintense compared with benign ones [32].

Due to its high spatial and temporal resolution, fast acquisition times, and multiplanar
image reconstruction capabilities, cardiac CT with ECG gating represents a valid alternative
to CMR in many patients, particularly in those with contraindications to CMR. CT may pre-
cisely assess lesion margins, may define the cardiovascular extent of the mass, and exclude
concomitant obstructive coronary artery disease [33]. Additionally, when combined with
18 F-fluorodeoxyglucose (FDG) positron emission tomography (PET), cardiac CT is also
useful for detecting primary malignant cardiac tumours and metastasis, which generally
show a significantly higher glucose uptake than primary benign cardiac tumours [34].

3.2. Right Ventricular Endocarditis

Right-sided infective endocarditis (IE), accounting for 5% to 10% of all IE cases, are
generally associated with intravenous drug use, intracardiac devices, and central venous
catheters, primarily involving the tricuspid valve and rarely, the pulmonary valve [35,36]. On
the other hand, isolated RV mural endocarditis is very rare and generally arises from the RV
moderator band, where trabeculations could act as a facilitating location for infection [37–39].
RV mural endocarditis may be suspected in patients with prolonged fever and RV endocardial
masses, particularly attached to the RV moderator band, even when blood cultures are
persistently negative. Cases of RV mural endocarditis involving the RV free wall have been
reported in individuals who regular used intravenous drugs. These cases have been ascribed
to the coarse trabeculae of the RV acting as a nidus for infection, similar to the RV moderator
band [40,41].

The differential diagnosis between right-sided vegetations and thrombi may be dif-
ficult, because both are generally masses without gadolinium contrast enhancement [42].
However, a number of CMR findings may be suggestive of IE, particularly, delayed en-
hancement involving the cardiovascular structures, indicating endothelial inflammation,
irreversible myocardial damage or fibrosis [43,44], LGE of the endothelial lining, or a
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perivalvular abscess [45]. Multislice CT may contribute to the diagnosis of right-sided
IE, by providing a high-resolution anatomical assessment of vegetations, valvular and
peri-valvular lesions, and also extra-cardiac lesions [46,47].

3.3. Right Ventricular Thrombosis

Given its higher sensitivity and specificity over echocardiographic techniques, CMR
may facilitate the differential diagnosis between intracardiac thrombi and tumours, as
demonstrated in various case reports and case series [13,14,48]. On CMR, first-pass perfu-
sion imaging, early gadolinium enhancement, and delayed gadolinium enhancement with
a prolonged inversion time are commonly used to assess the thrombotic nature of cardiac
masses [49]. RVT is generally visualized as a homogeneously dark mass with no contrast
uptake, characteristics that are consistent with a homogeneous, avascular mass [50]. How-
ever, peripheral enhancement may be occasionally observed in chronic organic thrombotic
formations due to fibrotic components [51].

Another imaging technique commonly employed for the diagnostic study of RV
masses is a chest CT scan, where RVT generally appears as a hypodense mass within
enhanced RV cavity [52].

In the present case, a multidisciplinary evaluation and a dynamic multimodality
imaging approach allowed for the correct differential diagnosis between RVT and both
RV tumours and vegetation. Notably, an RV neoplastic lesion was excluded due to the
absence of pericardial effusion and extracardiac extension and the rapid response to the
anticoagulant treatment. Moreover, the infectious or inflammatory origin of the RV mass
was not considered as a plausible hypothesis for the absence of a septic syndrome, for the
negativity of blood cultures, and for the RV mass location, without any relation with the
RV coarse trabeculae and/or the moderator band, which are generally considered possible
sites for infection.

In our findings, the serial echocardiographic monitoring performed during hospi-
talization appeared to be more effective than contrast-enhanced chest CT and CMR for
clarifying the real nature of the RV mass. During the acute phase, the bedside TTE raised
the suspicion of severe PH complicated by mid-apical RV akinesia and a superimposed RV
mass. The implementation of conventional TTE with PW-TDI provided a precise measure-
ment of the RV mass’s mobility and embolic potential. In the sub-acute phase, TTE showed
a slight reduction in RV mass size and identified a central anechoic area, confirmed by
TEE examination. The subsequent contrast-enhanced chest CT confirmed the diagnosis of
segmental and subsegmental PE, indicating that the reduction in RV mass size and central
echogenicity were likely related to its fragmentation with consequent pulmonary emboliza-
tion. The increased RV mass peak Va, assessed by PW-TDI in the acute phase, predicted its
subsequent embolization early. Finally, after 10 days of hospitalization, TTE demonstrated
the total disappearance of the RV mass, thus confirming its thrombotic nature.

In the present case, the thrombotic nature of the RV mass might have been suspected
by the echocardiographic evidence of the underlying RV mid-apical free wall akinesia
(similar to what has been observed for left ventricular apical aneurysms complicated by
thrombosis) and by its gradual regression after the initiation of anticoagulant treatment.
In light of our findings, the RVT we detected was a type B RVT, originating in situ and
associated with significant RV dilatation and dysfunction.

For improving RV mass detection, we used colour PW-TDI rather than contrast
echocardiography. As has been previously demonstrated [53], colour TDI may improve
the visualization of intracardiac masses characterized by a pattern of motion that is totally
different from that of surrounding myocardial structures. Indeed, these intracardiac masses
are codified with different colours compared to the adjacent myocardium. Additionally, as
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was recently demonstrated by our study group [54], PW-TDI sampling of the free mobile
portion of intracardiac pathological masses allows for the identification of their typical
pattern of incoherent motion (totally asynchronous with respect to the cardiac walls) and
the precise measurement of the mass peak Va. The higher the mass peak Va, the higher the
risk of embolic complications [54]. In the present case, the patient was diagnosed with a
mass peak Va >10 cm/s, thus confirming that this simple PW-TDI-derived parameter may
represent an innovative important predictor of the embolic risk associated with mobile
intracardiac masses.

3.4. Implications for Clinical Practice

PW-TDI is commonly employed for assessing the left ventricular filling pressures
and/or the longitudinal systolic function of both ventricles. For this reason, the sample
volume of PW-TDI is placed in the ventricular myocardium immediately adjacent to the
mitral and/or tricuspid annulus [55]. Moreover, PW-TDI may be used for distinguishing
between right atrial masses, characterized by uncoordinated motion, and pseudomasses,
characterized by concordant motion with the surrounding myocardial tissue [56].

The assessment of cardiac masses’ mobility by PW-TDI is an innovative application
of this imaging modality. To measure the mass peak Va, the sample volume of PW-TDI
should be placed on the free mobile portion of the intracardiac mass. Even if it has not
still been validated by multicentric studies, a mass peak Va > 10 cm/s may represent an
adjunctive marker of the increased risk of systemic or pulmonary embolization, depending
on the cardiac mass location. Accordingly, by analogy with what was demonstrated in
patients with left ventricular apical thrombi [54], the echocardiographic detection of an
RV mass peak Va > 10 cm/s may represent an important marker of increased embolic risk,
thus strengthening the indication for prompt anticoagulant treatment.

4. Conclusions

The differential diagnosis of RV masses is complex, involving thrombi, tumours,
and vegetations.

RVT should always be suspected in young patients with dilated and dysfunctional
right ventricles and with systemic disorders associated with hypercoagulability.

A dynamic multimodality imaging approach, comprehensively incorporating colour
and PW-TDI, may improve the visualization of RV masses, allowing clinicians to identify,
among RV masses, those with an increased embolic potential.
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