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Abstract

:

Computed tomography (CT) scanning has recently assumed a first-pillar role in the preoperative planning of patients undergoing transcatheter structural heart procedures (e.g., transcatheter aortic valve implantation, TAVI; MitraClip; Triclip; left atrial appendage occlusion, LAAO). A careful preprocedural assessment is crucial for achieving the best possible result, and, currently, CT represents the paramount technique to obtain morphological data on cardiac and vessel structures, thus allowing to choose the most appropriate vascular approach, the type and size of devices, and all the required steps to meet procedural expectations. The image reconstruction accuracy also provides information to predict potential complications such as misplacements and leakages. This review aims to describe the role of CT in the decision-making approach of patients undergoing structural heart interventions and expand the clinicians’ understanding of the benefits and drawbacks of this imaging technique.
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1. Introduction


In recent years, cardiac computed tomography (CT) has become a useful tool for morphological cardiac imaging and has complemented echocardiography for evaluating structural heart diseases [1]. Due to its high spatial resolution, CT provides relevant morphologic information concerning chamber size, myocardial mass, and vascular and valvular structures [2,3]. In this regard, CT can determine the presence of disease and estimate the significance of dysfunction. Furthermore, it allows the morphological evaluation of other organs, by scanning through different planes, identifying potential related diseases worthy to be considered [4,5,6,7,8,9]. For these reasons, CT has become crucial for the heart team to decide on the intervention’s suitability, both surgical and, even more, percutaneous [10]. Furthermore, as demonstrated by our group, CT is very useful for a better assessment of valves’ morphology in order to provide a proper preinterventional planning [11,12,13]. In transcatheter heart valvular interventions (THVI), CT is also capable of providing accurate measurements for vascular access and device choice, assisting with landing zone characterization, defining patient-specific risk, and potentially reducing cardiac and peripheral procedural complications [14]. Thus, this review aims to retrace the main fields of CT application in structural heart diseases and related transcatheter interventions by demonstrating that this kind of imaging technology has become a cornerstone for clinicians and interventional cardiologists in the decision-making approach and management of complications.




2. Computed Tomography and Aortic Valve


2.1. Anatomy of the Aortic Valve


The three sinuses of Valsalva, the aortic leaflets, or cusps and the three fibrous interleaflet triangles compose the aortic root, including the aortic valve. The first correspond to the luminal surface of the three bulges of the aortic root, which support their respective valvular leaflets. The right and left sinuses house the corresponding coronary arteries (right and left), while the third sinus does not. Because of this, the third sinus is usually described as the noncoronary sinus [15].



The leaflets include the free edge, the closing edge attached to the aortic root, the lunulae, the belly, and the leaflet attachments or hinges. The hinges of each cusp join with those of the other two at the level of the sinotubular junction and run in parallel for a short stretch, forming the three aortic valve commissures. On the other side, the three interleaflet triangles are formed, owing to the semilunar fashion of the aortic leaflets’ attachment to the wall of the aortic root. Each triangle represents a triangular region between the attachments of two adjacent leaflets and sinuses of Valsalva. The superior attachment of aortic leaflets (thus, the acute angles of the interleaflet triangles) is represented by the sinotubular junction, which demarcates the aortic root from ascending aorta, whereas the inferior boundary is demarcated by the ventricular–aortic junction. In detail, the peripheral attachments of the three aortic leaflets join to create a “crown-like” annular ring. The crown’s base is represented by a virtual ring formed by joining the inferior attachment points (nadir) of the leaflets within the left ventricle (Figure 1a,b). The semilunar hinges then cross another true ring, the anatomic ventricular–aortic junction [16].




2.2. Aortic Stenosis and TAVI (Transcatheter Aortic Valve Implantation) Indication


Aortic stenosis (AS) is the most prevalent valvular heart disease in Europe and the second most common in the United States. The progression of aortic stenosis depends on the severity of the condition at baseline [17]. Mean aortic valve gradients increased an average of 4, 6, and 10 mmHg/year in elderly patients with mild, moderate, and severe AS, respectively. Other factors that were associated with a faster hemodynamic progression included advanced aortic valve calcification, severe chronic renal failure, and anemia [18]. Without treatment, the average survival is only 2–3 years, with an increased risk of sudden death [18].



Transcatheter aortic valve implantation (TAVI) is a procedure that is now being recommended in older patients ( ≥ 75 years) or in those who are high risk (STSPROM/EuroSCORE II > 8%) or unsuitable for surgery. However, its indications are rapidly growing and progressively extending to younger patients with lower surgical risk [19]. Regarding aortic regurgitation, due to the difficult sealing and grasping of valves caused by the absence of calcium spots and the probable coexistence of dilated aortic root or ascending aorta, no clear recommendations exist, and the use of TAVI has been largely off-label [20,21,22].




2.3. CT Assessment of the Aortic Valve for Transcatheter Procedures


Multidetector computed tomography (MDCT) is considered crucial for the assessment of aortic valve defects (stenosis and regurgitation) and the preprocedural planning of TAVI [23].



On the technical side, TAVI CT assessment comprises two scans: an EKG-synchronized computed tomographic angiography (CTA) of the heart and aortic root, followed by a high-pitch non-EKG-synchronized CT multislice (CTM) for the evaluation of the access vessels. The two scans are combined into a complete protocol with a single contrast bolus through a peripheral vein. The amount of contrast medium should be calibrated to its concentration, patient’s BMI, and kidney function (three thresholds should be considered:  ≥ 60 mL/min/body surface area (BSA), 30–59 mL/min/BSA and <30 mL/min/BSA). Furthermore, for high-quality studies, according to the Cardiovascular Computed Tomography Society (SCCT), imaging should cover the entire cardiac cycle, and ALARA principles (as low as reasonably achievable) should be followed [24]. This means that the radiation dose that a patient could receive will vary depending on their weight or body mass index (BMI): 100 kV for patients with a BMI of 30 or less (or weight of 90 kg or less) to 120 kV for patients with a BMI of more than 30 kg (or weight more than 90 kg). Three scans are necessary to obtain useful parameters: the first is a basal one without contrast employed to calculate calcium scoring; a second one is used for cardiac evaluation with the administration of iodine contrast agent (after retrospective ECG synchronization); the last one should be extended from clavicles to the thigh’s proximal portion in order to evaluate femoral and axillary accesses [24,25].



CT is almost universally accepted as a standard of care since its use has demonstrated a positive impact on clinical decision-making, favoring better post-TAVI clinical outcomes (Table 1) [26]. Therefore, Corcione et al. proposed a CT-based score called TAVI CT score, including the presence of nodular subvalvular calcium, the elliptical index (defined as the ratio of minimum aortic valve annulus diameter to maximum aortic valve annulus diameter), the aortic isthmus angle, the aorta ventricle angle, the presence of bicuspid valve, the coronary height, the detection of iliofemoral calcification, the access size, and the type of planned access, to predict outcomes. Notably, an increased risk of vascular complications was associated with higher scores [27]. Additionally, in a subanalysis of the WIN-TAVI registry, Spaziano et al. found that moderate or severe left ventricle outflow tract (LVOT) calcification detected by CT scan was an independent predictor of 1-year mortality or stroke [28]. The authors also reported that new pacemaker implantation (PMI) was independently associated with calcium volume of the right coronary cusp. In contrast, a protective effect on the same outcome was observed with the calcium volume of the noncoronary cusp. Lastly, according to this study, severe calcification of the noncoronary/right-coronary commissure can independently predict new atrial fibrillation onset [28]. In a study by Gama et al., it was demonstrated that membranous septum length measured at CT showed strong discriminatory ability for PMI [29]. Furthermore, Gegenava et al. highlighted that MDCT-derived global left ventricular longitudinal strain was a powerful predictor of all-cause mortality. As shown with the Kaplan–Meier curves, MDCT-derived LV GLS > −14% was related to higher cumulative rates of all-cause mortality than MDCT-derived LV GLS ≤−14% [30]. In the following paragraphs, we discuss all specific parameters obtained using CT that are considered of interest in the preprocedural planning for aortic valve replacement.



2.3.1. Peripheral Access


Femoral access is the preferred access for TAVI. MDCT imaging identifies patients with complex vasculature anatomies, which may impact the decision to use an alternative vascular approach (i.e., transapical, transaxillary, or direct aortic) [31]. Vessel size and diameters, degree of calcification, vessel tortuosity, and high-risk features can be properly identified by CT through multiple projections (Figure 2a,b).



In a prospective study of 130 patients undergoing TAVI, Hayashida et al. found that vascular complications and 30-day mortality were associated with a sheath-to-femoral artery ratio (SFAR) of 1.05 or higher [32]. Later, Okuyama et al. proposed a change in this cut-off value, believing that this was too strict, providing high sensitivity but poor specificity, and 1.12 may be more appropriate (Table 1) [33].



Interestingly, the most recent valve delivery systems have a size ranging between 14 and 20 Fr, depending on the specific prosthesis valve type and size. While some years ago, a minimal lumen of femoral arteries of 6.0–6.5 mm was required, currently, with reduced delivery profiles, TAVI might also be indicated in patients with peripheral vessels as small as 5.0 mm [34].




2.3.2. Aortic Annulus


The aortic annulus for implanting percutaneous prostheses is not directly visible. It is a virtual ring that passes over a plane via the basal insertions (nadir) of the aortic valve cusps. It has an oval shape that varies during the cardiac cycle, even in patients with severe calcific AS. While the size of the aortic annulus was initially determined almost exclusively via two-dimensional transesophageal echocardiography (TEE), it has been proven that the aortic annulus is a dynamic measure during the cardiac cycle. Thus, 2D imaging could not be precise enough, and only 3D imaging can display a correct measurement. Furthermore, compared with a two-dimensional assessment of the annulus, MDCT-based measures have been proven to be highly reproducible and provide a deeper understanding of annular geometry [35]. Jurenkak et al. found that, during the cardiac cycle, the aortic root varies its shape, suggesting that an MDCT evaluation during the early systole phase is the best choice for TAVI planning [36].



Annular dimension can be quantified with multiple methods: cubic spline interpolation, polygon, attenuation/Hounsfield-unit-based contour detection, and freehand contour. ECG-synchronized, ideally multiphasic, dataset should be used for proper measurement, identifying the reconstruction phase with the largest annular dimensions, thus ensuring accurate device sizing [24]. MDCT sizes the aortic annulus using annular area and perimeter measurements. In the Pivotal Trial of Medtronic Corevalve and the PARTNER 3 trial, it was demonstrated that annulus sizing based on CT measurements reduces the risk of complications such as paravalvular leakages. Moreover, the aortic annulus perimeter or cross-sectional area is superior to the annulus diameter for reducing the likelihood of paravalvular aortic regurgitation (PAR) [37,38] (Figure 3).



Another goal of current CT sizing algorithms is to calculate a certain degree of oversizing of the transcatheter heart valve (THV) to avoid the post-implantation occurrence of paravalvular leaks (PVLs). It depends on the type of THV and the measurement used (perimeter/area). Self-expandable devices need more oversizing than balloon-expandable prostheses. Conversely, severe oversizing using balloon-expandable devices might increase the annular damage. Additionally, a 10 per cent perimeter oversize does not equal a 10 per cent area oversize, but it is closer to 20 per cent [39].




2.3.3. Aortic Leaflets


Three major parameters regarding aortic leaflets should be carefully considered during the preprocedural planning for TAVI: the number of cusps, the degree of leaflet calcification, and the height of the leaflets to the coronary ostia. MDCT has been proven to be superior to trans thoracic echocardiogram to discriminate aortic valvular morphology and the exact location and quantification of calcifications [40] (Figure 4a,b).



The bicuspid aortic valve (BAV) is an important risk factor for premature aortic stenosis and challenging anatomy for percutaneous interventions. Thus, patients with bicuspid valves were excluded in the largest trials regarding TAVI due to complex anatomic features (i.e., more calcified, and asymmetrical leaflets, annular eccentricity, and associated aortic dilation). However, in recent years, the interest in this topic has rapidly grown, and the first data appear to be quite satisfactory [41]. BAV has historically been diagnosed with echocardiography that, compared with pathologic analyses obtained from cardiac surgery, can detect this kind of valve morphology in a range between 54 and 93%. Nevertheless, CT was found to be superior to transthoracic echocardiography, especially in patients with extensively calcified aortic valves [42] (Figure 5). In fact, taking into account echocardiographic and tomographic images of fifty patients with AS plus probable bicuspid aortic valve and comparing with surgical findings, Tanaka et al. found that CT data were not significantly different from the intraoperative ones, but the echocardiographic were [42].



MDCT images should assess several anatomical aspects in the setting of bicuspid aortic valves: the location of raphe by reviewing the commissures symmetry from the basal plane to the sinotubular junction, the specific morphology according to the Sievert classification, the extent of leaflet asymmetry, the degree of calcification, and the length and width of the raphe into the lumen. Indeed, more paravalvular regurgitation due to incomplete valve expansion could be associated with longer calcified raphe and calcium impingement > 4 mm [43].



Quantifying aortic valve calcification by noncontrast CT (CT-AVC) has demonstrated good accuracy in defining the valvular calcification burden (location, extent, and severity), demonstrating satisfactory concordance with echocardiography, and providing incremental prognostic information. CT-AVC has been reported to correlate significantly with peak velocity, mean gradient, and the aortic valvular area measured by echocardiography [44]. AVC is typically assessed by analyzing 1.5–3 mm slice thicknesses CT scans using prospective or retrospective electrocardiogram (ECG) gating and at lower tube current than contrast-enhanced CT studies, thus resulting in a low radiation dose of approximately 1 mSv. AVC can be measured by numerous methods, including Agatston, mass, and volumetric scores. Among these, the first method is more frequently employed.



Electron-beam and multidetector row CT studies demonstrate that the severity of AVC is a robust prognostic predictor in asymptomatic patients with severe AS (Table 1) [45]. Therefore, worse outcomes have been experienced by asymptomatic patients with severe AS and high calcium scores compared with those with low scores [46]. Moreover, preoperatively AVC assessment is crucial for TAVI because it has been demonstrated to negatively affect procedural success and outcomes given the greater presence of paravalvular regurgitation, conduction abnormalities, aortic annulus rupture, coronary ostia occlusion, and stroke. Furthermore, Leber et al. found that, in an analysis of 68 patients undergoing TAVI, calcium score significantly correlated with 30-day major adverse cardiac events (MACE) and 1-year mortality and with the incidence and severity of post-procedural aortic regurgitation. Patients with calcium scores > 750 experienced a significantly lower 1-year survival rate than those with <750 [47]. Haensig et al. confirmed these findings in a series of 120 patients receiving an Edwards SAPIEN prosthesis via a transapical approach [48].



Extensive calcification of the aortic cusps also represents a risk factor for obstruction of the left main coronary artery during THV deployment [31]. Additionally, Lee et al. found that subjects with at least mild–moderate post-procedural aortic regurgitation had higher AVC scores than patients with no PAR on follow-up [49]. Unbehaun et al. evaluated the amount of calcifications of the aortic landing zone, including the left ventricle outflow tract (LVOT), aortic annulus, and valvular cusps in 307 patients undergoing transapical TAVI, using a semiquantitative (4-point scale) and quantitative (Agatston calcium score) CT method. They found that an increased risk of PAR was strongly related to each 100-unit increment of the Agatston calcium score. Furthermore, a higher risk of AR was reported in patients with asymmetric cusp calcification and severe calcification of the landing zone [50]. Interestingly, Feuchtner et al. recently showed that paravalvular AR increased with the protruding rather than the “adherent” calcifications of the aortic valve and root [51].




2.3.4. Coronary Ostia


MDCT is crucial to identify the distance from the annulus/leaflet hinge point to the left main and right coronary ostia and the length of the corresponding coronary cusp (Figure 6a,b). Multiplanar, three-dimensional techniques allow better visualization and assessment of these complex structures and their relationships. For this reason, CT represents the preprocedural imaging gold standard for the evaluation of the risk of coronary occlusion. Even if there is no threshold value contraindicating the procedure, an increased risk of coronary occlusion was reported in patients with a coronary ostial height from the annulus < 12 mm and a sinus of Valsalva mean diameter < 30 mm. To ensure reproducibility, the height of the coronary ostia perpendicular to the plane of the annulus should be measured with an electronic caliper from the plane of the ring to the bottom of the ostium. No recommendations exist as to whether these measurements should be performed in systole or diastole [24].



Ribeiro et al. found that coronary occlusion most commonly affects the left coronary (88.6 per cent) and occurs more commonly in women and following balloon expandable TAVI. In a systematic review, several parameters were found to be possible predictors of procedural complications: a low-lying coronary ostium < 10 to 12 mm from the basal leaflet insertion to the coronary ostium as measured by MDCT, mean sinus of Valsalva diameter of <30 mm, and sinus of Valsalva diameter/annular diameter ratio of <1.25. Furthermore, according to this analysis, women appear to be more subjected to coronary occlusion because of smaller aortic root dimensions and lower coronary ostial height [52]. Probably, significantly oversized THV or aortic root dissection, the displacement of native bulky aortic leaflets, impingement of the coronary ostia by the THV support structure, the embolization of calcium, thrombus, etc., are the mechanisms underlying coronary obstruction.




2.3.5. Sinotubular Junction (STJ) and Proximal Aorta


An inaccurate measure of the sinotubular junction and its degree of calcification may be associated with the incidence of prosthesis–patient mismatch (PPM) [53]. Small and severely calcified sinotubular junctions may also predispose to several complications: THV embolization, aortic root rupture during implantation of the THV, and balloon migration. In addition, using longer balloon-expandable valves, the sinotubular junction could be damaged with a transcatheter device.



The accuracy of MDCT imaging of the sinotubular junction depends on the measurement method. Compared with axial methods, double-oblique imaging yields similar findings to planimetry, and measurements obtained by double-oblique imaging are generally smaller, as was demonstrated in a study of patients with thoracic aortic aneurysms [54]. The height of the sinotubular junction should be measured perpendicular to the ring’s plane using an electronic caliper from the annulus to its lowest point [24] (Figure 7a,b).




2.3.6. Left Ventricular Outflow Tract (LVOT) and Septum


Both self-expandable and balloon-expandable THVs extend their lower extremity into the left ventricular outflow tract (LVOT). A careful assessment of this region should be performed to minimize complications (Figure 8a,b).



The proper seating of the THV and the risk of spontaneous repositioning after deployment can be affected by marked upper septal hypertrophy protruding in LVOT. Furthermore, prominent septal hypertrophy is associated with atrioventricular blocks and the need for post-TAVI PMI [55]. Accordingly, Jilaihawi et al. showed that MDCT-based measurements of septal thickness predict the post-TAVI occurrence of AV blocks [56]. Septal hypertrophy causing significant LVOT obstruction is a contraindication to TAVI; however, as demonstrated by Moreno et al., proper modifications to THVs can allow successful implantation in this kind of patients [57]. Notably, Stolzmann et al. found that echocardiography tends to overestimate interventricular septum thickness compared with MDCT (up to 2.2 mm) [58] (Table 1).



Furthermore, the risk of significative residual aortic regurgitation and second valve implantation can be affected by moderate or severe LVOT calcification. In this regard, Okuno et al. proposed a specific classification based on the severity of LVOT calcification: mild was detected in the presence of one nodule extending <5 mm in any dimension and covering <10% of the perimeter of the LVOT; moderate was documented in the presence of two nodules or one extending >5 mm in any direction or covering >10% of the perimeter of the LVOT; and severe was considered in the case of multiple nodules of single focus extending >10 mm in length or covering >20% of the perimeter of the LVOT. Additionally, patients with moderate or severe LVOT calcification and treated with earlier-generation THVs suffered from an increased risk of annular rupture. The difference was not statistically significant among patients treated with newer generation prosthetic valves. Concordantly, it was observed that patients with moderate or severe LVOT calcification have an increased risk of death for all-cause mortality at one year [59].
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Table 1. Main studies investigating the predictive role of CT-derived variables on related outcomes.
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	Study
	CT-Derived Variable
	Predicted Outcomes





	Corcione et al. [27]
	Valvular calcium score, elliptical index, aortic isthmus angle, aorta-ventricle angle, bicuspid valve, coronaries height, ilio-femoral calcifications, access size, type of planned access
	Vascular complications



	Spaziano et al. [28]
	Left ventricle outflow tract calcium score
	1-year mortality and stroke



	Gama et al. [29]
	Membranous septum length
	Pacemaker implantation



	Gegenava et al. [30]
	Left ventricle global longitudinal strain
	All-cause mortality



	Hayashida et al. [32]
	Sheath-to-femoral artery ratio > 1.05
	Vascular complications and 30-day mortality



	Okuyama et al. [33]
	Sheath-to-femoral artery ratio > 1.12
	Vascular complications and 30-day mortality



	Rosenhek et al. [46]
	Aortic calcium score
	Paravalvular regurgitation, conduction abnormalities, aortic annulus rupture, coronary ostia occlusion and stroke



	Leber et al. [47]
	Aortic calcium score
	30-day major adverse cardiac events, 1-year mortality and post-procedural aortic regurgitation



	Haensig et al. [48]
	Aortic calcium score
	30-day major adverse cardiac events, 1-year mortality and post-procedural aortic regurgitation



	Lee et al. [49]
	Aortic calcium score
	Para-aortic regurgitation



	Unbehaun et al. [50]
	Aortic calcium score
	Para aortic regurgitation



	Ribeiro et al. [52]
	Low coronary ostium <10 to 12 mm, mean sinus of Valsalva diameter < 30 mm, sinus of Valsalva diameter/annular diameter ratio < 1.25
	Coronary occlusion



	Jilahawi et al. [56]
	Septal thickness
	Atrioventricular blocks











3. Computed Tomography and Mitral Valve


3.1. Anatomy of the Mitral Valve


The mitral valve (MV) apparatus is composed of different parts: valvular annulus, two leaflets, chordae tendineae, and papillary muscles (Figure 9a,b).



The MV annulus has a saddle shape. Its anterior flat portion, thus, the superior “horn”, is connected by collagen fibers with the aortic annulus at the level of the noncoronary and the left aortic valve cusps. This fibrous part is called the aortomitral junction [60]. The posterior part of the mitral annulus includes the low saddle points in proximity to the lateral and medial commissures and the posterior saddle horn. This posterior part of the annulus is in continuity with the flexible, less fibrotic endocardium and may be subject to dilation. For this reason, it follows the myocardial contraction and relaxation, accentuating saddle height and decreasing circumferential area [61]. Notably, the MV annulus is surrounded by critical vascular structures, particularly by the coronary sinus (CS) posteriorly and the left circumflex artery laterally.



The anterolateral and posteromedial commissures separate the anterior and the posterior MV leaflets. The two MV leaflets are significantly different in size. The anterior leaflet, during systole, configures the posterior part of the left ventricular outflow tract, occupies one-third of the annulus, and is longer than the posterior leaflet, which sticks to two-thirds of the annulus. The posterior leaflet typically has two indentations which divide it into three individual scallops: a P1 lateral scallop (adjacent to the left atrial appendage), a larger central P2, and a medial P3 scallop according to Carpentier’s classification. Contrarywise, the anterior leaflet is not anatomically divided into scallops, but its segments are referred to as A1, A2, and A3, corresponding to P1–3 [60].



The subvalvular apparatus of the MV includes chordae tendineae and papillary muscles. The primary cords anchor to the free edges of the leaflets, the secondary ones to the ventricular surface of the leaflets, and the tertiary ones originate from the left ventricular wall or muscle trabeculae at the posterior leaflet of the VM. Their function is to maintain, during systole, both leaflets in a position that allows their coaptation in systole without protrusion into the left atrium [62,63]. As far as the papillary muscles are concerned, the anterolateral muscle arises from the apical-lateral third of the left ventricle. In contrast, the posteromedial muscle derives from the middle of the lower wall of the left ventricle. From their apex, the papillary cords take origin [64]. Their vascularization is important to understand some complications of infarction: notably, the left anterior descending and diagonal or marginal coronary branches feed the anterolateral papillary muscle; instead, in most cases, only one coronary artery (depending on the dominance, circumflex or right coronary artery) feeds the posteromedial papillary muscle. The different vascularization allows us to understand the susceptibility of the latter to ischemia and rupture.




3.2. Mitral Regurgitation and Transcatheter Interventions


Mitral regurgitation (MR) is the most common valvular pathological condition in the Western world [65]. It can be classified as primary or secondary. Therefore, a primary valve defect such as a flail or prolapse causes a primary MR. Secondary MR is due to the incomplete coaptation of the valve leaflets caused by the malposition of the subvalvular apparatus; it can be both ischemic and not [66].



Today, surgery remains the standard gold treatment for symptomatic MR patients. However, in recent years, transcatheter mitral valve surgery (TMVI) has emerged as a safe option for patients with high surgical risk [67]. According to the latest ESC 2021 guidelines on valvulopathies, transcatheter mitral valve repair can be considered in patients with chronic mitral regurgitation, symptomatic, with high surgical risk or inoperable, carefully avoiding futile treatments (IIA for secondary mitral regurgitation and IIB for primary mitral regurgitation) [19].



Recently, various techniques for the transcatheter mitral valve have been devised, often with reference to pre-existing surgical techniques. The MitraClip NT® System (Abbott Vascular, Santa Clara, CA, USA) is a repair system that conceptually emulates the “edge-to-edge” repair described by Maisano et al. [68]. It consists of a clip that hooks the two mitral leaflets simultaneously, reducing the width of the regurgitant orifice. Several randomized trials demonstrated the benefit of MitraClip in reducing mortality and hospitalization rate in patients with primary and functional MR [69,70,71]. Some other devices have been designed for the percutaneous treatment of MR, such as the Cardioband System® (Valtech Cardio, Or Yehuda, Israel) and the CARILLON Mitral Contour System® (Cardiac Dimensions, Inc., Kirkland, WA, USA), which mimic annuloplasty procedures. Unlike the MitraClip system, the latter technique can only be used for secondary etiology [72]. Finally, great interest revolves around transcatheter mitral valve replacement (TMVR); however, the growth of this technique, due to the complex anatomy of the mitral valve apparatus, the heterogeneity of pathology, and mitral annular dynamism, is undoubtedly slower than the explosive development of TAVI. As anticipated, several devices have been developed for this purpose, each with a different valve-anchoring mechanism (e.g., native flap engagement, mitral annulus clamping, apical tether, mitral annulus clamping, radial force, outer anchorage, flaps annular, subannular mitral annulus).




3.3. CT Assessment of the Mitral Apparatus for Transcatheter Procedures


Imaging modalities are necessary to provide information on mitral valve anatomy complexity and obtain a detailed plan for transcatheter procedures. Although echocardiography has represented the gold standard for pre- and post-treatment grading, diagnosis, and monitoring, MDCT has become widespread for interventional planning in patients who are candidates for TMVI. It allows rapid image acquisition time and wide availability, excellent spatial resolution, allowing high-quality 2D and 3D reconstructions of the entire mitral apparatus at any moment of the cardiac cycle, high reproducibility and relative operator independence, visualization, quantification of calcifications, and a complete view of the heart in its entirety and the chest wall [72]. CT provides relevant information on mitral leaflet pathology. Compared with echocardiography, CT provided the highest accuracy in identifying prolapse (sensitivity of 96%; specificity of 93%) [73].



Furthermore, cardiac CT is an excellent technique for diagnosing annular disjunction, a remodeling process associated with mitral valve prolapse, since observation of the entire cardiac cycle allows us to evaluate not only the degree of disjunction but also the dynamics of the ring [74]. In the context of secondary or functional MR, CT also provides essential information regarding the geometry of the valve and the remodeling process (including flap tenting heights and coaptation depth). Knowing that these data are essential for docking the device, CT provides details on the anatomy of the left ventricle, which is also crucial in assessing feasibility. A ventricular diameter greater than 70 mm is often considered an exclusion criterion for transcatheter procedures [75].



Exact measurements of the mitral annulus are critical for choosing the correct device size and, consequently, for an effective TMVI procedure [76]. Equally important is the understanding of the modifications of the annulus during the various phases of the cardiac cycle (modifications that vary according to the type of etiology of the insufficiency); based on this, the landing zone and the type of device are decided [77]. It appears evident that the annulus is larger in patients with mitral regurgitation than in controls, with a greater remodeling in an anterior–posterior, rather than lateral, direction [76]. Furthermore, in functional MR, the annulus reduces movement compared to primary MR [78]. According to Palmisano et al., some annular geometry changes in patients with severe mitral regurgitation were detected using CT. They demonstrated that the mitral valve annulus was larger in patients with severe MR, especially in patients with prolapse (Carpentier type II). It is curious how, in these patients, the largest dimensions were found in the systolic phase, unlike controls in which the largest area is found in the early diastolic phase [79].



3.3.1. Annulus Sizing


Measurement of the mitral annulus is of primary importance since inaccurate sizing has devastating consequences. Moreover, given the complex mitral annulus 3D shape, collecting annular sizing could be challenging [80]. A direct calculation method involves tracing the edges of the annulus on conventional two-, three-, four-chamber, and short-axis views along the posterior mitral leaflet insertion and fibrous continuity. However, this method is time-consuming and can lead to an oversized device, increasing the risk of left ventricular outflow tract obstruction (LVOT). Blanke et al. developed a more straightforward method that assumes assimilating the mitral annulus to a planar D shape; given these premises, the two fibrous trigones are connected along a virtually straight line, effectively excluding the anterior horn [81]. Since the dimensions of the mitral annulus change during the cardiac cycle, the calculations are performed in the cardiac cycle phase in which the annulus is larger. Area and perimeter are the most used measures. However, other parameters are developed, such as the trigone–trigone distance; the intercommissural distance, which corresponds to the maximum diameter of the annulus parallel to the trigone–trigone distance; the septum-lateral distance, which corresponds to the maximum diameter of the annulus perpendicular to the IC. It must be emphasized that each device refers to different parameters for sizing [79].




3.3.2. Predicting LVOT Obstruction


The LVOT lies between the mitro-aortic continuity and the interventricular septum. The placement of a transcatheter mitral valve prosthesis could extend and narrow the LVOT (neo-LVOT) due to anterior deflection of the AML [82]. Indeed, LVOT obstruction is a significant cause of mortality and morbidity following TMV replacement procedures (TMVR) [83]. CT can predict the size of anticipated neo-LVOT, thus predicting potential obstruction. A recent study demonstrated that a CT neo-LVOT area measuring 1.7 cm2 or smaller predicts LVOT obstruction with a sensitivity of 96% and a specificity of 92% [84]. Notably, the neo-LVOT size is also dynamic; for this reason, it is usually measured throughout systole.



Notably, LVOT changes the cardiac cycle; therefore, this measurement is made in systole. Several device- and patient-specific factors could influence the size of the neo-LVOT. The former include stent protrusion, flare, and skirt size [85]. A more ventricular position of the mitral prosthesis, defined as a ventriculo-atrial offset of 80:20 (i.e., 80% of the device is positioned on the ventricular side and the remaining 20% on the atrial side), increases the risk of neo-LVOT obstruction. On the other hand, patient-specific characteristics include aortomitral angle, basal septal thickness, and anterior mitral leaflet length. The aortomitral angle is defined as the internal angle between the central axis of the mitral and aortic annulus; in particular, the risk of obstruction increases when the measurement of this angle approaches or exceeds 90°. Another factor influencing the risk of obstruction is the thickness of the interventricular septum, particularly a value greater than 14 mm [86]. Finally, longer anterior leaflet lengths (>30 mm) are associated with the possibility of neo-LVOT obstruction [87]. All these parameters should be carefully evaluated before proceeding with percutaneous mitral valve replacement to reduce complications and improve procedure success.




3.3.3. Landing Zone


CT provides information about the potential landing zone, defined as the site where the mitral prosthetic device should be deployed. It varies according to the device used and the specific mitral defect (functional MRI or mitral prolapse). As mentioned, a landing zone of 80/20 should be achieved. This means that, after deployment, about 80% of the device should be located on the ventricular side, whereas the remaining 20% on the atrial side. However, many factors may affect landing zone definition, such as the presence of mitral annulus (MAC) calcification, annular disjunction, and atrioventricular platform (abnormal atrial displacement of the mitral valve leaflet hinge point). In those devices that are anchored by friction and radial force, the MAC in the landing zone is essential [80]. Hence, CT accurately estimates gravity, density, and magnitude. Furthermore, an atrioventricular shelf of the LV myocardium can often be found near the junction point of the posterior mitral leaflet in patients with basal myocardial remodeling [88]. The presence of this shelf is more relevant for those mitral devices that use the inferolateral basal myocardium for anchoring. Finally, in these patients, the measurements must be performed in the physiological position [80].




3.3.4. Mitral Anulus Calcification


MAC is crucial when considering TMVI; it has been demonstrated to be an independent predictor of an elevated mean diastolic gradient after the MitraClip procedure [89]. It also contraindicates the use of some valve replacement devices. CT is the gold standard for its diagnosis and characterization, demonstrating a higher diagnostic performance than MRI and echocardiography. Degenerative annular mitral calcification (MAC) is a common finding in the elderly, with an incidence of about 6% [87]. It is the consequence of a progressive calcification of the fibrous part of the mitral annulus. Although typically confined to the posterior border of the annulus, its extension may circumferentially involve the annulus. Another cause of MAC is caseous calcification of the mitral annulus (CCMA). CCMA has a different territory of distribution (typically the area close to the posterior mitral leaflet) and a different composition (with calcium disposition only in the periphery and a central zone of variable attenuation without contrast enhancement). Therefore, CT can accurately describe these formations and the exact distinction between MAC and CCMA [90].




3.3.5. Vascular Structures


Preprocedural planning for TMVI includes careful evaluation of surrounding vascular structures using CT. Therefore, a fundamental part of the evaluation concerns the course and patency of the circumflex artery (Cx) due to its proximity to the posterior mitral annulus. When this distance is too short, some transcatheter procedures are contraindicated due to the risk of vessel closure during the fixation of the device. The distance between these two structures should be measured on multiple views to avoid the risk of dissection, closure, or perforation of the coronary sinus (CS) during or after the procedure [91,92]. In particular, the relationship between the distance and angle between these two structures and the procedural success of patients undergoing transcatheter annuloplasty with the Carillon device has been demonstrated [93]. Consistently, a distance of CS to Cx of <8.6 mm in the distal device landing zone has been shown to be predictive of complications on the circumflex artery [94].





3.4. Other Potential Use of CT in Transcatheter Mitral Valve Interventions


Choosing the optimal approach for TVMI is also essential in procedural planning, and CT plays a crucial role in this context. Thus, in patients undergoing a transapical procedure, CT can be used to understand which intercostal space is close to the apex of the left ventricle and could allow the device to be deployed perpendicular to the mitral annulus, thus avoiding obstruction, perivalvular leaks, and canting [80]. Although most mitral procedures require intraprocedural transesophageal echocardiography guidance, CT can determine the optimal site for the septal puncture in those with the transseptal approach. Although there are no specific guidelines, it is preferred to puncture the inferoposterior section to obtain good coaxiality to the mitral annulus [95]. Moreover, it is very useful to calculate the distance from the puncture site to the mitral valve.



CT is also helpful in determining the optimal fluoroscopic viewing angle of the mitral annulus for device deployment, which should be perpendicular to the mitral annulus (coplanar angle) [80]. Knowledge of this angle is fundamental for interventionists for accurate coaxial device positioning. Indeed, any change from this fluoroscopic angle can translate into inaccurate deployment, potentially increasing procedural complications.



In patients undergoing mitral valve-in-valve (VIV), CT can identify patients at higher risk of complications, providing information on the pre-existing prosthesis and thus predicting the risk of LVOT obstruction [90].



Finally, CT has a role in the follow-up of patients undergoing TMVI, especially in assessing the presence of any subclinical thrombosis. Although the clinical significance of the latter is not yet known, CT can diagnose this complication by highlighting it as a thickening of the hypodense flap with the decreased movement of the prosthetic flaps [96]. CT also has a role in predicting the risk of mitral stenosis after the MitraClip procedure. In a study by Kaewkes et al., annulus diameters (both anteroposterior and medial–lateral), annulus area, and mitral valve orifice area were inversely associated with transvalvular gradients [97].





4. Computed Tomography and Tricuspid Valve


4.1. Anatomy of the Tricuspid Valve


The tricuspid valve (TV) is the heart’s largest and most anterior valve, with a mean orifice area of 8 cm2 [98]. Its functional anatomy comprises four main parts: annulus, leaflets, chords, and papillary muscles (Figure 10).



Even upon surgical inspection, the annulus is slim and difficult to identify; it has a nonplanar D shape and forms a 45-degree angle to the sagittal plane. Moreover, its structure changes during the various phases of the cardiac cycle, reaching an increase of 30% during the early phase of diastole [99]. The leaflets broadly vary among individuals. Three flaps (anterior, medial, and septal) are distinguishable in 54% of cases, but four or more flaps are often present. The anterior leaflet is the most extensive and mobile, while the posterior is the shortest in the circumferential plane. The septal leaflet is the shortest in the radial plane and the least mobile [100]. The tendinous cords are redundant, ranging from 17 to 36 [101]. Accessorial cords arise from the right ventricular free wall. The chordal insertion in the TV is variable and consists of rough zone chords, free edge chords, deep chords, basal chords (the most common type), and fan-shaped chords (which are attached mainly to the commissures) [11]. The cords emerging from the anterior papillary muscle attach to the anterior and posterior leaflets. In contrast, from the posterior papillary muscle, which can be bifid, the cords depart for the posterior and septal leaflets. The septal papillary muscle, usually smaller than the previous ones, instead supplies the cords for the anterior and septal leaflets [101]. Other anatomical structures are fundamental in all procedures performed on TV and in the right ventricle (RV). The noncoronary aortic valve cusp, the atrioventricular nodule, and the bundle of cords are in proximity to the anteroseptal commissure. Moreover, the coronary sinus is anatomically close to the posterior septal commissure, while the right coronary artery is close to the TV annulus [98,102].




4.2. Tricuspid Regurgitation and Transcatheter Interventions


Tricuspid valve disease has consistently been underestimated. However, in recent years there has been important progress in percutaneous repair techniques, which has shifted the focus to this pathology. An important study in Olmsted County reported an age- and sex-adjusted prevalence of 0.55% of greater or equal to moderate tricuspid regurgitation (TR), mostly women [102]. The mortality of those patients was significantly higher than that of the matched cases with trivial TR [102]. Similar findings were reported by another large cohort study, where long-term, higher functional TR severity was associated with considerably worse survival independently of baseline characteristics [103]. The development and successful results of transcatheter aortic valve implantation, followed by transcatheter therapies for mitral valve disease, have also opened many opportunities for transcatheter treatment of TR [104]. For this reason, the need to develop adequate imaging techniques for preoperative planning in this type of procedure has become increasingly urgent.




4.3. CT Assessment of the Tricuspid Apparatus for Transcatheter Procedures


The multiphasic, contrast-enhanced, retrospective cardiac-gated CT acquisition enables multiplanar reconstruction of the entire heart silhouette, including the proximal main vessels, allowing a comprehensive understanding of the right heart anatomy (Figure 11) [105].



The amounts of contrast and radiation required have been considerably reduced with the new CT scanners, as well as the duration of the acquisition phase. It is also possible to perform more precise reconstructions even in elevated heart rates, such as atrial fibrillation, a widespread pathology in patients with significant TR [106]. Notably, a dedicated protocol for tricuspid valve CT acquisition is necessary; it requires opacification of the right heart cavities by a monophasic or biphasic injection with a mixture of saline and contrast in different percentages and following bolus tracking in the right ventricle or the pulmonary artery [107].



The comprehensive assessment of the right heart and the adjacent anatomical structures, which the tricuspid defect could significantly remodel, provides an appropriate evaluation for TR severity, patients’ clinical risk stratification, anatomical suitability for tricuspid interventions, and preprocedural planning in patients undergoing TV therapies [105]. Specifically, several fundamental parameters might be obtained by CT imaging in order to design the optimal procedure and achieve the highest success rate during transcatheter tricuspid valve interventions (TTVI), such as dimensions and morphology of the TV annulus, location of commissures, tethering parameters, anatomical regurgitant orifice area, right atrium (RA) and RV dimensions, surrounding structures, device landing zone, and vascular access routes [11]. Using multiplanar reconstruction, tricuspid cross-sectional area, perimeter, septolateral (SL), and anteroposterior (AP) diameters can be obtained by a short-axis view on the annular level. The SL diameter refers to the maximal distance in septal to the lateral direction (that corresponds to the anulus measurement in the four-chamber view at the transthoracic echocardiography), whereas the AP diameter is orthogonal to the previous one. Due to the complex saddle-shaped structure of the tricuspid annulus, a 2D approach does not precisely address the valvular anatomy. Therefore, 3D semiautomated software can help in this setting [108]. Moreover, dimensions are usually obtained both at end-systole and mid-diastole because of the dynamic variability in annular size. Interestingly, in a study by Praz et al., there was a good correspondence between TEE and CT for tricuspid annulus sizing and valve area in patients with severe TR [109]. Finally, distances between commissures (anteroseptal, posteroseptal, and anteroposterior) and distances between the centrum of the TV and commissures can also be measured [12].



The leaflet tethering is another important parameter to consider in TTVI planning. In a study by Van Rosendael et al. [110], in patients with TR ≥ 3+, CT exhibited greater tricuspid annulus and RV dimensions and marked tethering of the anterior and septal tricuspid leaflets compared to those with mild valvular defects. Of note, the grade of functional TR was independently correlated with the anteroposterior annulus diameter. The features of leaflet tethering, including tenting height, angle, and area, can be obtained with CT scan and compared to the ones visualized with echocardiography. The edge-to-edge repair using the Triclip (Abbott Vascular, Santa Clara, CA, USA) or PASCAL systems (Edwards Lifesciences, Irvine, CA, USA) allows bringing the TV leaflets closer, thus reducing the grade of regurgitation. The role of CT in the edge-to-edge repair is less important than the other techniques, even if viable information about the coaptation gap, annulus, and right chamber remodeling can be obtained [111].



Moreover, as described for the mitral valve, measuring the anatomical regurgitant orifice area (AROA) by CT is also feasible. It may be an additional grading tool for TR severity in patients with contradictory echocardiographic parameters [112]. Notably, this flow-independent parameter of TR severity provided by CT has been reported to strongly correlate with the 3D measurement of vena contracta (thus with three-dimensional assessment of the narrowest flow region of the tricuspid regurgitant volume), using transesophageal echocardiography [108]. The dimensions of the RV and RA are also crucial for evaluating the anatomic feasibility of transcatheter therapies. RA must allocate the delivery catheter and be large enough for various maneuvers during the procedure [11]. Furthermore, with the promising results of the trials regarding transcatheter TV replacement, assessing the right chambers is more important than ever. Some valves are used in high-risk patients, such as NaviGate bio prosthesis (NaviGate Cardiac Structures, Lake Forest) or EVOQUE valve (Edwards Lifesciences). In this setting, RV volume, the distance between the RV apex and the tricuspid annular plane, the location of the papillary muscles, the moderator band, and the presence of prominent trabeculae must be assessed with regard to the protrusion of the prosthesis into the RV, most notably to avoid RV outflow tract obstruction [111].



Tricuspid valve replacement is also challenging due to the lack of calcifications at the level of the tricuspid annulus [113]. The Melody prosthesis (Medtronic, Minneapolis) is usually used in transcatheter tricuspid valve-in-valve and valve-in-ring procedures. In this setting, 3D CT measurement of the effective inner diameters of the ring is fundamental to bypass the differences reported in the nominal size documented by surgical report [114]. Annuloplasty devices, such as Cardioband™ (Valtech Cardio, OrYehuda, Israel), use a transfemoral ring or suture-based approach to reduce the diameter in cases where annular dilation is the major pathophysiological mechanism. Therefore, in this type of transcatheter repair procedures, it is also essential to evaluate the structures surrounding the tricuspid annulus, particularly the course of the right coronary artery, that could be damaged. The vessel course in relation to the annulus is variable. An RCA course at the annular level was shown in 65% of patients, a superior (i.e., atrial) course in 10%, and a crossing course in 25% [115]. Finally, measurement of the inferior vena cava plays a role in some interventional procedures aiming to reduce TR. In the heterotopic implantation of valves in the caval veins, balloon-expandable transcatheter aortic valve prostheses such as Sapien XT (Edwards Lifesciences) are placed to reduce blood backflow and prevention of venous congestion. Other systems, such as the TricValve system (P&F, Vienna) or the Tricento (NVT AG, Muri), are deployed top-down from the superior to the inferior vena cava, improving pressure’s profile in the right atrium. In these procedures, it is of crucial importance to calculate the distance between the junction plane of the inferior vena cava, the right atrium, and the first hepatic vein to avoid hepatic vein obstruction [12].





5. CT and Left Atrial Appendage


5.1. Anatomy of Left Atrial Appendage (LAA)


The left atrial appendage (LAA) is a finger-like projection from the body of the left atrium (LA). The junction is well defined by the presence of an orifice [116]. It is located on the anterior wall of the LA, and it extends to the lateral part of it, with the tip directed anterosuperiorly, with overlapping on the right ventricular outflow tract or the pulmonary trunk and the left main coronary vessel or the circumflex artery. The appendage overlies the atrioventricular groove and the left phrenic nerve courses over its covering fibrous pericardium [116]. Its orifice is usually elliptical, sometimes round, triangular, or water-drop shaped. The left ridge divides the orifice from the left pulmonary veins, whereas the muscular wall of the LA vestibule stands between the orifice and the mitral annulus [116]. LAA varies in size and shape; however, it is usually classified into four main types: “chicken wing” (the most common), “cactus” (30%), “windsock”, and “cauliflower”. The last one is the rarest but most associated with embolic events; it has a short overall length but a variable number of lobes without a dominant one [117]. Oppositely, the “chicken wing” shape is composed of a more prominent lobe that folds back on itself after it emerges from the orifice and could have secondary lobes [117]. The “cactus” shape has a dominant central lobe and secondary lobes emerging from it superiorly and inferiorly [118]. Finally, the “windsock” has a prominent lobe with multiple secondary and tertiary lobes with many variations in terms of localization [119].




5.2. Left Atrial Appendage Closure (LAAC)


In atrial fibrillation (AF), the LAA loses its contraction capability and undergoes a remodeling process that transforms it into a static pouch, with an increased risk of stagnation and thrombosis [120]. The risk of thrombosis is also higher in patients with left ventricular dysfunction and elevated left ventricular end-diastolic pressures, even without AF [121]. Traditionally, oral anticoagulation therapy has been the cornerstone of therapy for stroke prevention in patients with nonvalvular AF [122]. However, in some frailty patients, the increased bleeding risk associated with anticoagulation therapy might overcome the benefit of stroke prevention. Percutaneous left atrial appendage closure (LAAC) is a validated procedure that excludes the appendage with the use of dedicated devices. Two main devices are currently used in clinical practice: the Watchman (Boston Scientific), a parachute-shaped nitinol device with a permeable membrane over the atrial side and fixation barbs to secure it between the LAA walls, and the Amulet device, a self-expanding flexible nitinol mesh with a distal lobe, keeping hooks, and a proximal disk for sealing the LAA orifice. Both these devices have reported high post-procedural and long-term success rates of LAAC [123,124,125].




5.3. CT Assessment in LAA Transcatheter Closure


Multimodality imaging is essential for LAAC. MDCT allows a great resolution of LAA due to its minimal motion [126]. For patients in sinus rhythm, prospective electrocardiographic (ECG) gating is necessary by identifying either atrial systole/ventricular diastole or atrial diastole/ventricular systole. For patients in AF, retrospective ECG gating may be required, and the optimal reconstruction phase depends on the ventricular rate [127].



Computed tomography is particularly important in three phases regarding patients undergoing LAAC: the preprocedural exclusion of LA thrombosis, the preprocedural planning, taking into account LAA morphology and dimensions, and the surveillance after the procedure [126]. CT can easily exclude thrombi in the LAA, even if transesophageal echocardiography (TEE) remains the gold standard. A major strength of computed tomography is the high capability to exclude LAA thrombosis (96–100%) [128]. Delayed imaging allows the differentiation between the slow-flow sluggish and the thrombi; thus, the filling defect that persists after one minute of contrast injection is more suggestive of a real thrombus [129].



In the preprocedural planning of LAAC, the MDCT helps acquire information about LAA shape, size, and surrounding structures. Few studies compared computed tomography, transesophageal echocardiography, and angiography for LAA assessment. Most of them are retrospective, single-center studies, reporting larger dimensions with CT than 2D/3D-TEE and angiography. Rajwani et al. found that in 73 Watchman implantations, 2D-TEE and MDCT maximum diameter agreed on device size only in 25.4% of cases, mainly due to significative eccentricity of the orifice [130]. Notably, the LAAC device size choice depends on these measurements [126]. Computed tomography allows for determining LAA ostia and landing zones (the LAA zone where the LAAO device will ideally seat) and providing the minimum LAA diameter, maximum diameter, perimeter, and area. These measurements should be assessed at maximal LAA diastole or mid to late left ventricular systole, corresponding to maximum LAA end-diastolic filling. In this phase, the LAA is largest, thus reducing the risk of device undersizing and subsequent peri-device leaks. In a study by Wang et al., the CT-detected diameter of the LAA ostium calculated from the perimeter resulted in the best parameter for sizing the LAA occluder device [131]. It is essential to point out that different devices require different modalities of LAA ostium measurement [126]. For the Watchman, the landing zone is measured from the circumflex artery inferiorly to a superior point that is established at 1–2 cm within the left upper superior pulmonary vein ridge. For the Amplatzer Cardiac Plug (ACP) or the Amulet (second-generation ACP), the landing zone is usually placed 10 mm and 12–15 mm inward of the LAA orifice, respectively [126]. Once the LAA orifice diameters have been established, the LAA’s depth must also be determined in the CT sagittal and coronal views. It is measured from the central point of the orifice to the apex of the main lobe, and the chosen device should have the same diameter as the LAA depth [126]. From a technical view, the assessment of the LAA shape is a valuable aid in predicting the level of difficulty of device implantation. The “chicken wing” shape is usually considered to be the most complicated, particularly in case of a proximal and sharp bend. “Cactus” and “cauliflower” shapes may be challenging compared with the “wind-sock” shape (Figure 12) [126].



Finally, MDCT has an important role in post-procedural follow-up, which can be performed 1–6 months after the device implantation. The primary role of computed tomography in this context is the exclusion of device-associated thrombus, post-implant device orientation, pericardial effusion, and peri-device leaks. Jaguszewski et al. found that CT detected leaks in 62% of cases in patients implanted with ACP, whereas TEE revealed only 36% [132]. A perpendicular position of the lobe in relation to the LAA neck has been reported to be a good predictor of the absence of residual leakage after the procedure; moreover, device compression of more than 10% is associated with complete sealing [133].





6. Conclusions


CT is a crucial imaging tool for structural cardiac disease interventions. Due to its high temporal and spatial resolution, cardiac CT has become fundamental for the preprocedural planning of THVI, allowing precise device sizing and vascular access assessment, helping with landing zone characterization, and reducing procedural complications. Ongoing indications for preprocedural computed tomography in cardiac interventional procedures include transcatheter aortic valve implantation, percutaneous interventions of the mitral, tricuspid, pulmonary valves, and left atrial appendage occlusion. The role of multimodality imaging will undoubtedly continue to grow because of the development of new software technologies that will allow integration of CT with other techniques [134,135,136], such as fluoroscopy in the catheterization laboratory. These advances will improve accuracy and safety in planning and guiding these interventions while reducing the dose of contrast volume, radiation exposure, and procedural duration.
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Figure 1. (a) Schematic representation of aortic valve anatomy. The dotted blue line indicates the sinotubular junction, the dotted green one depicts the virtual basal ring, and the dotted red one shows the ventricular aortic junction. (b) Graphic representation of an opened aortic root with its anatomical components. 
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Figure 2. (a) Preoperative measurements of peripheral accesses for TAVI feasibility. (b) Preoperative femoral and iliac courses evaluation. 
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Figure 3. CT measurements of perimeter and area of aortic annulus. 
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Figure 4. (a) Calcium degree and morphology evaluation of the aortic valve by CT. (b) LAO–cranial view for calcium location assessment. 
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Figure 5. CT image of bicuspid valve. 
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Figure 6. (a) Right and (b) left coronary ostia height assessment by CT images. 
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Figure 7. (a) Sinotubular junction and (b) proximal ascending aorta evaluated by CT for TAVI. 
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Figure 8. (a) LVOT calcium degree evaluation. (b) Preoperative LVOT measurements. 
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Figure 9. (a) Transverse and (b) sagittal planes of the mitral valve. 
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Figure 10. Graphic representation of tricuspid valve anatomy. 
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Figure 11. CT assessment of the tricuspid annulus using a semiautomated software-based approach (3mensio Structural Heart; Pie Medical Imaging, Maastricht, The Netherlands): (A) Transverse plane (short-axis) at level of tricuspid annulus that is delineated by the red line. The centroid of the tricuspid valve (Ce) and the three main commissures (SA: septal anterior, SP: septal posterior, AP: anteroposterior) are identified according to specific anatomical landmarks. (B) Coronal plane (long axis) at level of the anteroposterior diameter of the tricuspid annulus. (C) Fluoroscopic and angiographic simulation showing the three-dimensional position of the tricuspid annulus and commissures within the right heart chambers. (D) Three-dimensional recontraction by the volume rendering of the right chambers showing the geometrical spatial relationship of the tricuspid annulus and surrounding structures. RA: right atrium; RV: right ventricle; MV: mitral valve; AV: aortic valve. 
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Figure 12. CT imaging for the assessment of left atrial appendage’s conformation. Example of “chicken wing” shape. 
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