

  

    

      

    

  




  




  

    Perinatal Cardiology


    


    Part 2


    Edited byEdward Araujo Júnior


    Department of Obstetrics, Discipline of Fetal Medicine,


    Paulista School of Medicine,


    Federal University of São Paulo (EPM-UNIFESP),


    São Paulo-SP,


    Brazil


    


    Nathalie Jeanne M. Bravo-Valenzuela


    Department of Obstetrics, Discipline of Fetal Medicine, Paulista School of Medicine,


    Federal University of São Paulo (EPM-UNIFESP),


    São Paulo-SP,


    Brazil


    


    Alberto Borges Peixoto


    Discipline of Gynecology and Obstetrics,


    University of Uberaba (UNIUBE),


    Uberaba-MG,


    Brazil

  




  




  




  

    


    


    


    


    


    


  




  

    

      BENTHAM SCIENCE PUBLISHERS LTD.




      

        End User License Agreement (for non-institutional, personal use)




        This is an agreement between you and Bentham Science Publishers Ltd. Please read this License Agreement carefully before using the book/echapter/ejournal (“Work”). Your use of the Work constitutes your agreement to the terms and conditions set forth in this License Agreement. If you do not agree to these terms and conditions then you should not use the Work.




        Bentham Science Publishers agrees to grant you a non-exclusive, non-transferable limited license to use the Work subject to and in accordance with the following terms and conditions. This License Agreement is for non-library, personal use only. For a library / institutional / multi user license in respect of the Work, please contact: permission@benthamscience.net.


      




      

        Usage Rules:




        

          	All rights reserved: The Work is the subject of copyright and Bentham Science Publishers either owns the Work (and the copyright in it) or is licensed to distribute the Work. You shall not copy, reproduce, modify, remove, delete, augment, add to, publish, transmit, sell, resell, create derivative works from, or in any way exploit the Work or make the Work available for others to do any of the same, in any form or by any means, in whole or in part, in each case without the prior written permission of Bentham Science Publishers, unless stated otherwise in this License Agreement.




          	You may download a copy of the Work on one occasion to one personal computer (including tablet, laptop, desktop, or other such devices). You may make one back-up copy of the Work to avoid losing it.




          	The unauthorised use or distribution of copyrighted or other proprietary content is illegal and could subject you to liability for substantial money damages. You will be liable for any damage resulting from your misuse of the Work or any violation of this License Agreement, including any infringement by you of copyrights or proprietary rights.


        




        

          Disclaimer:




          Bentham Science Publishers does not guarantee that the information in the Work is error-free, or warrant that it will meet your requirements or that access to the Work will be uninterrupted or error-free. The Work is provided "as is" without warranty of any kind, either express or implied or statutory, including, without limitation, implied warranties of merchantability and fitness for a particular purpose. The entire risk as to the results and performance of the Work is assumed by you. No responsibility is assumed by Bentham Science Publishers, its staff, editors and/or authors for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products instruction, advertisements or ideas contained in the Work.


        




        

          Limitation of Liability:




          In no event will Bentham Science Publishers, its staff, editors and/or authors, be liable for any damages, including, without limitation, special, incidental and/or consequential damages and/or damages for lost data and/or profits arising out of (whether directly or indirectly) the use or inability to use the Work. The entire liability of Bentham Science Publishers shall be limited to the amount actually paid by you for the Work.


        


      




      

        General:




        

          	Any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims) will be governed by and construed in accordance with the laws of Singapore. Each party agrees that the courts of the state of Singapore shall have exclusive jurisdiction to settle any dispute or claim arising out of or in connection with this License Agreement or the Work (including non-contractual disputes or claims).




          	Your rights under this License Agreement will automatically terminate without notice and without the need for a court order if at any point you breach any terms of this License Agreement. In no event will any delay or failure by Bentham Science Publishers in enforcing your compliance with this License Agreement constitute a waiver of any of its rights.




          	You acknowledge that you have read this License Agreement, and agree to be bound by its terms and conditions. To the extent that any other terms and conditions presented on any website of Bentham Science Publishers conflict with, or are inconsistent with, the terms and conditions set out in this License Agreement, you acknowledge that the terms and conditions set out in this License Agreement shall prevail.


        




        

          

            	

              Bentham Science Publishers Pte. Ltd.


              80 Robinson Road #02-00


              Singapore 068898


              Singapore


              Email: subscriptions@benthamscience.net


            



            	[image: ]

          


        


      


    


  




  




  




  

    PREFACE




    


    


    


    


    


  




  

    This first edition of the Perinatal Cardiology book is the culmination of concerted efforts of experts in the field of fetal cardiology. Congenital heart disease (CHD) accounts for the most common birth defects and is the leading cause of mortality associated with birth defects in infants. Critical CHD is defined as a condition that necessitates surgical intervention during the first year of life and accounts for approximately 25% of all CHD cases. Advances in prenatal diagnosis and surgical interventions/therapeutic in utero have improved the management and outcomes of CHD. Rapid technological advances in fetal echocardiography and prenatal cardiac ultrasonography (US) screening facilitate the early and accurate diagnosis of CHD, thereby ensuring prompt and optimal treatment. In accordance with the concepts and themes associated with this field, Perinatal Cardiology provides a comprehensive overview of the key learning points with regard to CHD. The authors have outlined strategies to improve prenatal diagnosis and management of this condition, which would benefit the following specialties: obstetricians, perinatal and pediatric cardiologists, general cardiologists, sonographers, and other allied health professionals. This book highlights the features of cardiac development, fetal cardiovascular hemodynamics, genetic factors associated with CHD, and fetal echocardiography/cardiac US evaluation, focusing on the prenatal diagnosis and perinatal management of CHD. The introductory chapters describe in detail the development of the cardiovascular and uteroplacental circulation, beginning with early gestation. This anatomical background will provide a better understanding of the pathogenesis/pathophysiology of cardiac malformations. The authors have described the US/echocardiographic features that would aid in the prenatal diagnosis of CHD and also highlighted features of fetal cardiac dysfunction correlated with their clinical applicability. Environmental exposures that can lead to cardiovascular malformations and the genetic aspects of CHD, including chromosomal abnormalities and extracardiac anomalies are discussed, for enhancing parental counseling. Additionally, this book provides updated information regarding in utero management and treatment of CHD, as well as postnatal clinical and surgical approaches to the management of most commonly occurring conditions categorized as CHD. Furthermore, the book describes interesting aspects of the cardiac rhythm in utero following the development of the cardiac conduction system, the characteristics of regular and irregular heart rhythms, and the important features of the different types of arrhythmias observed in these patients, as well as their perinatal management. The chapters in this book have been added after careful consideration and are subdivided into sections after thoughtful deliberation. These include various topics such as fetal cardiology, including the classification of prenatal CHD, cardiovascular and uteroplacental circulation development, fetal echocardiography evaluation, normal cardiac rhythm and arrhythmias, structural and functional defects, prenatal cardiac interventions, extracardiac cardiac defects in fetuses with CHD, genetic and environmental factors associated with cardiac defects, parental genetic counseling in cases of CHD, prenatal management and planned delivery of a fetus with CHD, and a systematic postnatal approach to the management of CHD. The anatomical classification of CHD is subdivided into the following topics: malpositions and abnormal situs, septal defects, right heart malformations, left heart malformations, conotruncal anomalies, aortic arch anomalies, myocardial and pericardial diseases, fetal cardiac tumors, and ventricular inflow anomalies. In recent years, significant technological progress in fetal echocardiography has enabled the diagnosis of various types of CHD, and it is possible to evaluate cardiac function in fetuses with CHD and in those without anatomical malformations. The following conditions (among several others) may affect fetal cardiac function: functional cardiac malformations such as premature closure of ductus arteriosus and foramen ovale and extracardiac conditions, such as maternal diseases (diabetes mellitus and chronic hypertension), fetal tumors, twin-to-twin transfusion syndrome, and fetal anemia. The Cardiovascular Profile Score is a useful tool for the assessment of fetuses with heart failure (HF). This tool utilizes US markers to monitor fetal cardiovascular unwellness based on univariate parameters, which are correlated with perinatal mortality. This instrument is used to record the “heart failure score” and is potentially useful in much the same way and in combination with the biophysical profile score. The chapters discussing fetal heart function comprise one of the differential topics of this book in the field of fetal cardiology. These chapters describe objective and important information regarding the clinical parameters for the evaluation of cardiac function. Chapters explaining the analysis of cardiac function discuss hemodynamic and cardiovascular fetal adaptations that enable optimization of outcomes and prediction of the risk in a fetus with HF or the one at risk of HF. Currently, the role of contemporary fetal cardiologists is not limited to the diagnosis and management of CHD in utero. These specialists also predict the risk of CHD in the newborn after delivery and participate in planning potential treatment after birth. Thus, a new classification system of prenatal CHD has been proposed based on risk stratification to identify an appropriate level of care. Critical CHD may progress in utero, and fetal echocardiography is an important tool to identify high-risk fetuses of mothers who require obstetric care at specialized centers to ensure optimal perinatal, obstetric, cardiology, and cardiothoracic surgery services. In conclusion, we hope this book serves as a comprehensive compendium of the latest optimal clinical approaches to the diagnosis, management and delivery planning for fetuses with CHD.
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    In Perinatal Cardiology, Edward Araujo Júnior, Nathalie Jeanne M. Bravo-Valenzuela, and Alberto Borges Peixoto have compiled a concise textbook, encompassing the fascinating, and demanding, study of the developing human heart. Malformations and disorders affecting the cardiovascular system are both the most commonly occurring in fetuses and neonates, and the most frequently missed in prenatal scanning. They contribute significantly to neonatal morbidity and mortality and impact on all stages of obstetric and neonatal management. Prenatal diagnosis of congenital heart disease (CHD) can improve neonatal and later outcomes. With the ongoing improvements in perinatal and pediatric care of patients with congenital heart defects, their impact will be evinced in later life stages, in reproductive care of women with CHD as well as genetic counseling for affected families.




    Perinatal Cardiology comprises all these aspects of CHD, not overlooking the development of the uteroplacental circulation and the placenta itself, integral parts of the fetal cardiovascular system. The editors have enlisted an international cast of contributing authors who offer their expert guidance on fetal echocardiographic evaluation, and the particular nuances of fetal echocardiography performed early in gestation. Chapters are also devoted to the genetic investigation necessary in CHD, as well as the environmental factors that may be associated with CHD. This volume provides an overview of the anatomic malformations and disordered cardiovascular function that clinicians might encounter, and the pre- and post-natal interventions that can be offered.




    Perinatal Cardiology will be of interest to everyone, including obstetricians, midwives, maternal-fetal medicine specialists, pediatric cardiologists, sonographers, and others dedicated to improve health and wellness of mothers and their babies.
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      Abstract




      Congenital heart diseases (CHDs) are largely known as an important cause of fetal perinatal mortality. Currently, the accuracy of fetal echocardiography enables the detailed diagnosis of a significant variety of congenital cardiac anomalies, and it has also been demonstrated that prenatal outcomes may improve in critical CHDs. Accordingly, this chapter provides a detailed overview of the important anatomic aspects of some of the ventricular inflow anomalies, focusing on currently available information, to enable the prenatal diagnosis of such CHDs by ultrasound or echocardiography. Information regarding prenatal management, delivery plan strategies, and differential diagnosis of such anomalies is presented. The chapter also discusses the parental counseling and fetal and neonatal therapeutic management of such congenital cardiac anomalies. Univentricular atrioventricular (AV) connections, straddling and overriding of AV valves, and crisscross hearts are described in the current chapter. The concept of “functionally single ventricle” encompasses a group of CHDs in which the dominant ventricular chamber is responsible for maintaining the systemic and pulmonary circulations and not suitable for a biventricular repair. The central feature of such hearts is the univentricular AV connection. Regarding the type of the straddling of an inlet valve, it is based on the insertion of the tension apparatus of the AV valve into the crest of the ventricular septum or in the contralateral ventricle. Meanwhile, overriding of an inlet valve is related to the annulus of the AV valve and may interfere in the AV connection. Depending on the degree of the overriding of the straddled valve, the ventricles are in a dominant and rudimentary relationship, and a double-inlet AV connection, primarily the double-inlet left ventricle is the most frequent type of AV connection. In general, straddling and overriding of an AV valve requires a ventricular septal defect, and straddling may occur alone or in the presence of an overriding. In “crisscross” hearts, the ventricular inlet flows are in a cross shape and the ventricles are arranged in a superoinferior relationship. During an ultrasound examination, the crossed AV valves produce false images of the mitral valve or tricuspid atresia in a standard 4-chamber view, which makes the diagnosis difficult. In fact, the knowledge about the detailed anatomy, the assessment of the ventricular outflow tracts, and the identification of other possible associated cardiac anomalies are




      important for improving In Utero and postnatal management in ventricular inlet anomalies described in the current chapter.
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      INTRODUCTION




      Congenital heart diseases (CHDs) are an important cause of perinatal morbidity and mortality around the world; however, the risks of complications may vary according to the type of cardiopathy and health care assessment. Among CHDs, 50%–60% of them will require surgical correction, of which 25% are critical [1, 2]. In this setting, the survival, extensive medical care, and developmental disabilities depend on the time of the diagnosis, the delay of the treatment, and the severity of the CHD. Therefore, it has been observed that prenatal diagnosis of a treatable CHD reduces the risk of perinatal morbidity and mortality [3, 4]. Currently, fetal echocardiography allows an accurate diagnosis of univentricular atrioventricular (AV) connections and more complex ventricular inflow anomalies, which may influence prenatal and postnatal management and outcomes [4].




      Traditionally known as a “single ventricle,” the term univentricular heart is a generic term that includes a group of cardiac abnormalities in which there is only one “functionally single ventricle” [3]. Considering this concept of “functionally single ventricle,” the following CHDs may be considered in such group: tricuspid atresia, hypoplastic left heart syndrome (HLHS), and unbalanced AV septal defect. However, it has been generally agreed that tricuspid atresia and HLHS are preferably described independently. In fact, stenoses of AV valves (mitral and tricuspid) among some other valve anomalies are not discussed in this chapter as they are included in the topics on right and left heart malformations.


    




    

      UNIVENTRICULAR ATRIOVENTRICULAR CONNECTION




      Univentricular atrioventricular connection is a rare cardiac anomaly that occurs in 2.3 cases per 10,000 live births with CHDs [5]. It has been believed that a “single ventricle” results from a failure of the development of the trabecular component at the bulboventricular loop stage. It has been previously known as “univentricular heart” or “single” or “common ventricle” in the 1960s and 1970s [6]. It is a condition in which one of the ventricular chambers is a large dominant ventricle and the other one is a small rudimentary chamber and functionally inadequate ventricle. Therefore, the term “single ventricle” is polemic as it alludes to the presence of a solitary ventricular chamber, which theoretically should exclude a second ventricular chamber even if it is rudimentary. Despite the controversy, the term “single ventricle” encompasses hearts in which there is a small nonfunctional ventricle with only one functional ventricle (dominant ventricle). It has been generally agreed that the univentricular atrioventricular connection is central in defining univentricular hearts. Consequently, in such cases, the dominant ventricle is responsible for maintaining the systemic and pulmonary circulations and not suitable for a biventricular repair.




      Van Praagh et al. described a “single ventricle” as the heart with one ventricular chamber that receives a common or both AV valves, excluding mitral or tricuspid atresia [6]. Subsequently, Anderson et al. unified the criteria of univentricular heart by including all cases in which the AV junction is connected to one ventricular chamber [7]. Therefore, absent AV connections, double-inlet AV connections, and common AV valve such as an unbalanced atrioventricular septal defect in which one ventricle is hypoplastic and not suitable for biventricular repair could be considered as a “functionally single ventricle” (Fig. 1). In this setting, other complex CHDs in which one of the ventricles is hypoplastic or absent may also be considered as a “functionally single ventricle.” However, in cases of HLHS, in addition to the rudimentary left ventricle chamber, the other left-sided cardiac structures are also hypoplastic, and such cardiac malformation is classified separately (Fig. 2).
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Fig. (1))


      Fetal echocardiogram at 27 weeks of gestation demonstrating an unbalanced complete atrioventricular septal defect. In this fetus, the right morphologically right dominant ventricle is the dominant and the left ventricle is the rudimentary one. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle; Ao: aorta.
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Fig. (2))


      Fetal echocardiogram at 27 weeks of gestation demonstrating a fetus with hypoplastic left heart syndrome (HLHS) with mitral stenosis and aortic atresia (*) The structures of the left heart (LA, mitral valve and LV) are hypoplastic. LA: left atrium; M: mitral valve; LV: left ventricle; RA: right atrium; RV: right ventricle; T: tricuspid valve.



      

        Morphology




        In the 2000s, authors described the features of a normal ventricle, focusing on the nomenclature of univentricular hearts [8, 9]. Normal ventricles have three components as follows: 1- inlet component that contains the AV valve and its tension apparatus, 2- outlet component with the VA valves, and 3- trabecular component that constitutes the space between the papillary muscles and the outlet component (apical trabecular part). In hearts described as a “functionally single ventricle,” one of the ventricles is hypoplastic or even more rarely could be absent. The rudimentary (hypoplastic) ventricle may have one or more components absent, which renders it unable to function.




        Considering the characteristics of the dominant ventricular chamber, four categories of a “functionally single ventricle” were described as follow: type A–single left ventricle, type B - single right ventricle, type C - common ventricle, and type D - indeterminate ventricle [10]. Hitherto, three of them are used to describe the dominant ventricle: dominant morphologically left ventricle, dominant morphologically right ventricle and single indeterminate ventricle (mixed or indeterminate ventricular morphology) [9, 11] (Fig. 3). Posteriorly, Anderson et al. subclassified the types of univentricular AV connections as follows: 1- double-inlet ventricle (both valves connect to a main chamber), 2- single-inlet or absent AV connection (complete obstruction to the flow from the left atrium or from the right atrium to the ventricular chamber), and 3- common AV connection or common inlet (single AV valve) [12] (Figs. 4 and 5). Focusing on the relationship among the great arteries, Van Praagh et al. included the following four subgroups of double-inlet LV: I- normally related great arteries, II- right anterior aorta, III- left anterior aorta, and IV- left posterior aorta (inverted great artery relationship) [10].
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Fig. (3))


        This figure shows the types of “univentricular AV connection” hearts considering the morphological characteristics of the dominant chamber: A- dominant left ventricle, B- dominant right ventricle and C- solitary ventricular chamber (indeterminate ventricle). RC: rudimentary chamber; LV: left ventricle; RV: right ventricle; IV: indeterminate ventricle.
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Fig. (4))


        Types of univentricular atrioventricular (AV) connection: 1- double-inlet (both valves connect to a main ventricular chamber); 2- single-inlet (absent left AV connection or absent right AV connection, the latter one is demonstrated in this figure); 3- common inlet (single AV valve). LA: left atrium; RA: right atrium; V: dominant ventricle.
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Fig. (5))


        Fetal echocardiogram demonstrating: (A) an univentricular AV connection with double-inlet LV in a fetus with 34 weeks of gestation and (B) an univentricular AV connection with single-inlet RV at 28 weeks’ gestation. DC: dominant chamber; LA: left atrium; RA: right atrium; DV: dominant ventricle; *: rudimentary ventricle; R: right; L: left: P: posterior; A: anterior.



        In univentricular hearts, any type of the following ventriculoarterial connections can exist: concordant connection, discordant connection, double-outlet from the dominant chamber or from the rudimentary chamber, and single outflow. In the setting of univentricular hearts with LV morphology, the double-inlet ventricle is almost always associated with a dominant morphologic LV. In such situation, the double-inlet LV with the discordant ventriculoarterial connection is the most common type (classical form of a “functional single ventricle”) [13]. Subaortic obstruction, pulmonary outflow tract obstruction, and conduction abnormalities are common associations with double-inlet LV. In rare cases of double-inlet LV, the ventriculoarterial connection is concordant, which is known as “Holmes’s heart” as it was first published by Andrew F. Holmes in 1901 [14]. In univentricular hearts with RV morphology, the double-inlet right ventricle is extremely rare and the double-outlet is instead common. In hearts with a common-inlet AV connection, the dominant ventricle is almost always of right ventricular morphology. Common-inlet right ventricle occurs much less frequently (12%) than double-inlet LV (88%) [15]. In cases of an absent (single-inlet) AV connection, the most frequent type is the tricuspid atresia in which the pulmonary artery arises from the morphologically right chamber and the left ventricle gives origin to the aorta.


      




      

        Prenatal Diagnosis




        For diagnosing the univentricular heart by an ultrasound, the four-chamber view is the most important plane. In normal hearts, the size of the left and right chambers is similar; however, in the third trimester, mild right–left asymmetry can be a normal variant (RV/LV ratio < 1.5). In cases of a “functionally single ventricle,” the ventricles are asymmetric, one being dominant and the other being small and unfunctional. In rare cases, there is only one ventricular chamber (classically a “single ventricle”). The ventricular septum is absent or rudimentary.




        Using the four-chamber view, the morphological characteristics of each ventricular chamber can be analyzed, enabling the assessment of the morphological characteristics of the dominant ventricle (LV, RV, or indeterminate) and the type of atrioventricular connection (double-inlet, single-inlet or absent AV connection, and common inlet). The best morphological criteria for identifying the dominant ventricle as an RV chamber is the presence of the moderator band crossing the ventricular cavity. The LV has fine trabeculations and in general is positioned posteroinferiorly. Rarely, the ventricular mass is a truly solitary chamber with indeterminate morphology [16, 17]. Qualitative assessment of the AV valve(s) should be done using the four-chamber view. In addition, the cardiac axis can be calculated on such view of the fetal heart during the first trimester of gestation and is considered as normal at 45+/−20° (Fig. 6). An abnormal axis is associated with several CHDs, especially in univentricular hearts and conotruncal anomalies [18].
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Fig. (6))


        Image showing how to measure the cardiac axis in the four-chamber view by fetal echocardiogram. The cardiac axis is obtained by measuring the angle between a line drawn from the spine (S) to the anterior chest wall and a second line drawn through the interventricular septum. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle.



        Identifying the type of ventriculoarterial connections is possible by the outflow tract view, and PW and/or color Doppler should be used to detect if there is any outflow tract obstruction (aortic or pulmonary atresia or of stenosis). If the great arteries are normally related, the pulmonary artery crosses over the ascending aorta. However, when the great arteries are in a transposed or a malposed relationship, the aorta and pulmonary arteries run in parallel. In addition, the three-vessel view (3VV) may demonstrate the relationship and the size of the pulmonary artery, the aorta, and the superior vena cava. The presence of two vessels instead of three in the 3VV should draw attention to a transposed relationship of the great arteries (anterior aorta) or some forms of double-outlet RV with malposed great arteries [19, 20]. In normal hearts, the pulmonary artery trunk is larger than the aorta and the superior vena cava (SVC) is smaller than the latter; therefore, the reduced caliber of the pulmonary artery or the aorta should raise the suspicion of stenosis or even hypoplasia if the diameter expressed by Z-score is below −2.0 (Fig. 7). The presence of a reversed flow in the pulmonary trunk or the aorta shown by a color Doppler in 3VV indicates critical stenosis or atresia [20, 21] (Fig. 8).




        
[image: ]


Fig. (7))


        The three-vessels view showing the relationship and the size of pulmonary artery, aorta and superior vena cava (three vessels). The pulmonary artery, to the left is smaller than aorta and the size of superior vena cava is smaller than aorta in case of univentricular connection with pulmonary stenosis and a normal relationship of the great arteries. SVC: superior vena cava; Ao: aorta; PA: pulmonary artery.



        The Z-scores are in fact a very helpful tool to screen RV or LV hypoplasia and outflow tract anomalies, with values < −2.0 being considered as hypoplasia. The RV and LV widths and lengths should be measured at the end of diastole in a four-chamber cardiac view and can be expressed as Z-scores for gestational age. The maximal ventricular width should be measured from the inner edge-to- inner edge of such ventricle at the end of diastole. The maximal length of a ventricle is measured from the AV valve to the apex of such ventricle (Fig. 9) [22, 23].




        
[image: ]


Fig. (8))


        Image showing by color Doppler the presence of reversed flow (red arrow) in aorta (critical aortic stenosis) and a with small size of such vessel in 3VV view. SVC: superior vena cava; AO: aorta; PA: pulmonary artery.
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Fig. (9))


        Image demonstrating how to measure the ventricular chamber width and the ventricle length in the four-chamber view at the late diastole. Note the hypoplastic LV in this figure. A- ventricle width: from the inner edge to inner edge of each ventricle at the end of diastole. B- ventricle length: from the midpoint of the atrioventricular (AV) valve to the endocardial border at the apex of each ventricle at the end of diastole. LA: left atrium; LV: left ventricle; RA: right atrium; RV: right ventricle; M; mitral valve; T: tricuspid valve; Ao: aorta.



        Advanced sonographic technologies such as three- and four-dimensional spatiotemporal image correlation (STIC) acquisition or fetal intelligent navigation echocardiography (FINE or 5D-heart) may improve the prenatal diagnosis of such complex CHDs. The novel method FINE automatically generates nine standard fetal echocardiography views from volume datasets obtained by spatiotemporal image correlation that reduces operator dependency. In both techniques, the cardiac volumes can be obtained and reanalyzed offline or even by consulting experts using the internet [24, 25].


      




      

        In Utero and Postnatal Management




        In utero, the existence of a “single ventricle” per se generally does not present a significant hemodynamic change in the fetus. If the diagnosis of univentricular AV connection is made during the first trimester, termination of pregnancy may be chosen in countries where legal abortions can be performed. The parental counseling should include the steps of planning of postnatal surgical procedures that are performed for such fetuses. However, some of the ventricular inflow anomalies may be progressive in utero, resulting in hypoplasia of the AV valve and consequently ventricular hypoplasia, which will result in a univentricular circulation after birth.




        After birth, the hemodynamics of the univentricular heart depends on other associated anomalies. Perinatal cardiologists not only diagnose CHDs, but should be able to plan the delivery management of newborns with a prenatal diagnosis of cardiac malformations [26-28]. Depending on the outflow tracts, the newborns may require palliative surgery with PA banding or systemic-pulmonary shunt (Blalock–Taussig operation) (Fig. 10 and 11). A surgical anastomosis between the SVC and pulmonary arteries (the Glenn operation) is performed between 3 and 6 months of age, and the final stage is completed by directing the flow of the inferior vena cava to the pulmonary circulation (the Fontan operation), generally at 2–4 years of age (Fig. 12 and 13) [29].


      


    




    

      ATRIOVENTRICULAR VALVES: STRADDLING AND OVERRIDING




      Straddling is the condition in which the tension apparatus of the AV valve is attached to the crest of the ventricular septum or crosses the ventricular septal defect to attach the septum or the papillary muscle of the opposite ventricle. The classification of the anatomic severity of straddling is based on the chordal insertions in the contralateral ventricle as follows: A- into the crest of the ventricular septum, B- along the body of the ventricular septum, and C- onto the ventricular free wall (Fig. 14). In general, the straddling of the AV valve requires a malalignment or an inlet ventricular septal defect.
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Fig. (10))


      Pulmonary artery banding is a palliative surgical procedure that involves the insertion of a band around the pulmonary artery (black arrows) to reduce blood flow in lungs in cases of “univentricular AV connection” in which the pulmonary flow is unrestricted. RA: right atrium; LA: left atrium; PA: pulmonary artery; Ao: aorta; M: mitral valve; T: tricuspid valve; DV: dominant ventricle.



      
[image: ]


Fig. (11))


      Modified Blalock–Taussig surgical procedure is shown in black arrow (systemic-pulmonary shunt: anastomosis between the left subclavian artery and the pulmonary artery with a polytetrafluoroethylene graft). LSCA: left subclavian artery; Ao: aorta; PA; pulmonary artery; LPA: left pulmonary artery; RPA: right pulmonary artery; BT: Blalock–Taussig.
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Fig. (12))


      Glenn procedure: an end-to-side anastomosis of the divided superior vena cava to the undivided pulmonary artery. IVC: inferior vena cava; Ao: aorta; PA; pulmonary artery; RA: right atrium; LA: left atrium; DV: dominant ventricle.
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Fig. (13))


      Fontan operation (anastomosis between the inferior vena cava and pulmonary circulation) by an extracardiac tube. T: extracardiac tube; SVC: superior vena cava; Ao: aorta; PA: pulmonary artery; IVC: inferior vena cava; RA: right atrium; LA: left atrium; RV: right ventricle; LV: left ventricle.
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Fig. (14))


      Schematic illustration of the types of straddling of an atrioventricular (AV) valve based on the chordal insertions (red arrows): A- into the crest of the ventricular septum; B- along the septum of the contralateral ventricle and C- onto the opposite ventricle (papillary muscle). The other three figures show examples of: overriding of an AV valve without straddling, straddling without overriding and overriding with straddling. RA: right atrium; LA: left atrium; M: mitral valve; T: tricuspid valve; LV: left dominant ventricle; RV: right rudimentary ventricle.



      Overriding of inlet valves may be defined as a condition in which an atrioventricular valve opens astride the septum with biventricular emptying. In this condition, the atrium and ventricular septa are misaligned due to a lateral shift, a rotational shift, or a combination of both. Depending on the degree of commitment of the AV valve with the opposite ventricle, overriding may be minor (<50%), major (50%), or double-inlet left or right ventricle (>50%). For determining the atrioventricular connections, an atrium is considered to join the ventricle when more than 50% of an AV valve empties in only one of the both ventricles (double-inlet AV connection) [30, 31]. However, in cases of a common AV valve, the double-inlet ventricle is considered when the atrioventricular junction is shared by >75% to one ventricle [30, 31]. Although hearts with a double-inlet ventricle have some relationships between the dominant and rudimentary ventricles, the most frequent pattern is a double-inlet to a dominant LV with rudimentary RV. Double-inlet LV with concordant ventriculoarterial connection is an important pattern, namely Holmes’s heart [14, 31].




      The ultrasound diagnosis of straddling and overriding of an AV valve in fetuses is based on the four chamber view and the features are as follows: 1- atrial and ventricular septa malalignment (no linear relationship between atrial and ventricular septa), 2- overriding: AV valve cusps are connected to both ventricles with a large inlet ventricular septal defect, 3- ventricular asymmetry, 4- straddling: anomalous insertions of the chordae tendineae of an AV wave into the ventricular septum or the papillary muscle of the contralateral ventricle, and 5- color Doppler enables the assessment of the emptying mode of the atrium into ventricles (Fig. 15).
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Fig. (15))


      Illustration of the determination of the atrioventricular (AV) connection based on the 50% rule. When an AV valve overrides >50% there is a double-inlet AV connection. RA: right atrium; RV: right ventricle; LV: left ventricle.



      The cardiac anomalies most frequently associated with the straddling of an AV valve are ventricular double-outlet, malposition of great arteries, and L- or D-transposition of great arteries. In addition, overriding may or may not coexist with straddling.




      Sequential fetal cardiac ultrasound or echocardiogram evaluation is recommended due to the hypoplastic left or right ventricle depending on which AV valve has straddling and/or overriding. After delivery, patients with straddling and/or overriding of an AV valve may require surgery, and the delivery must be planned at term in a hospital with pediatric cardiology and cardiac surgery team [26-28, 30]. Depending on the severity of the hypoplasia of the left or right ventricle chamber and the degree of obstruction of the ventricular outflow tract, these patients will require catheter or surgical intervention during the neonatal period. Commonly, patients with straddling of the left or right AV valve into the contralateral ventricle and/or major overriding are subjected to a univentricular surgical approach.


    




    

      CRISSCROSS HEART




      Crisscross heart is a rare CHD occurring in <0.1% of full-term live births [32, 33]. It results from an abnormal rotation of the ventricular mass along its longitudinal axis, during early cardiogenesis [32, 33]. As a result, the ventricles have a superoinferior relationship, in which the right morphologically ventricle (RMV) is often the superior ventricle and the left morphologically ventricle (LMV) is the inferior one, resulting in a crossing flow through the AV valves [32-34]. In normal hearts, the ventricular inlet flows are in a parallel relationship, whereas crisscross hearts are characterized by a crossing through the AV valves. In patients with atrial situs solitus and D-looped ventricles, the right atrium opens into the RMV (superior) and the left atrium opens into the LMV (inferior) with AV concordance. In contrast, in patients with situs solitus of the atria with L-looped ventricles, the systemic venous return (right atrium) is related to a LMV that is located superiorly, and the pulmonary venous return (left atrium) drains into the RMV (AV discordance). As the ventricles are arranged in a superoinferior relationship, it produces a crossed spatial atrioventricular arrangement (Fig. 16). The VA connections may be discordant, double-outlet right ventricle, and discordant. In general, the subpulmonary infundibulum is deficient and the subaortic infundibulum is present when the great arteries are transposed [35].
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Fig. (16))


      In “criss-cross hearts” the ventricular inlet flows are crisscrossed and the ventricles are arranged in a superoinferior relationship. In D-looped ventricles: the right ventricle is superior and the left one is the inferior. In contrast, in L-lopped ventricles, there is atrioventricular (AV) discordance as the left ventricle is located superiorly. RA: right atrium; RV: right ventricle; LA: left atrium; LV: left ventricle.



      This anomaly was first described by Lev and Rowaltt; however, the term crisscross heart was introduced subsequently [34, 36]. The cause of such complex CHD remains unknown; however, some studies have demonstrated a link between Cx43 gene mutation and its pathogenesis [37]. In general, this complex CHD is associated with other cardiac anomalies such as large ventricular septal defect, straddling of mitral or tricuspid valve, subaortic stenosis, arch aortic obstruction, mitral stenosis, and ventriculoarterial (VA) connection abnormalities (such as discordant VA connection or double right ventricular outflow tract) [38, 39]. In rare cases, the great arteries are normally related and even more rarely the ventricular septum is intact [40]. Conversely, hypoplasia of the tricuspid valve and the right ventricle associated with pulmonary stenosis are common associated cardiac anomalies [41].




      The differential diagnosis of crisscross hearts includes severe forms of Ebstein’s anomaly of the tricuspid valve, in which the tricuspid valve opens into the infundibulum, some forms of straddling of the AV valves, and double-outlet of the atrium where one AV valve appears to cross the other one. In addition, superoinferior ventricles and crisscross are not synonymous. Although the ventricles are in a superoinferior relationship in crisscross hearts, the atrioventricular connections are crisscrossed.




      Prenatal diagnosis of crisscross hearts is possible using fetal echocardiography. An inability to visualize simultaneously the tricuspid and the mitral valves in the standard 4-chamber plane with a transverse section should draw attention of the sonographer to suspect such a diagnosis. When the AV valves are not on the same level, the diagnosis becomes difficult, producing false images of the mitral valve or tricuspid atresia (Fig. 17). By tilting the transducer from the upper abdomen to the chest of the fetus, the four-chamber view can be obtained only with a sagittal section of the fetal chest. Sequentially, the identification of the ventricles’ inlet in a superior–inferior relationship, the horizontal interventricular septum, and the ventricular inlet flow in a cross shape enable making this diagnosis. In addition, the use of color Doppler facilitates better spatial visualization of the two ventricular inflow tracts in a cross shape [42]. Furthermore, the 3- or 4-dimensional ultrasound with color Doppler (HD live flow) shows simultaneously the crossing bloodstreams of the two ventricular inlets in the four-chamber view, facilitating the prenatal diagnosis of “crisscross heart” [43, 44].
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Fig. (17))


      Fetal echocardiogram showing a crisscross heart. Note the inability to visualize simultaneously tricuspid and mitral valve in the 4-chamber view. RA: right atrium; RV: right ventricle; LA: left atrium; LV: left ventricle; M: mitral valve; *: “false tricuspid atresia”; Ao: aorta; S: spine; P: posterior; A: anterior; L: left; R: right.



      In Utero and postnatal management depends on the associated cardiac anomalies. Several cases with pulmonary stenosis may progress to pulmonary atresia during fetal life, and sequential fetal echocardiograms must be performed. After birth, magnetic resonance imaging could add to the anatomic details of echocardiography. Depending on the associated cardiac anomalies, neonates with crossed ventricles may present with cyanosis and a systolic murmur. Postnatally, only a small minority of these patients are suitable for a two-ventricle repair due to the hypoplasia of the tricuspid valve and the right ventricle. In cases of critical pulmonary stenosis or atresia, prostaglandin E1 should be given at birth until the surgical systemic-pulmonary shunt (Blalock–Taussig procedure) is performed because pulmonary blood perfusion is ductal-dependent [26-28, 45]. If biventricular repair is possible, ventricular septal defect can be closed. If the great arteries are transposed, an atrial switch or an arterial switch (Jatene’s procedure) should be added the surgical repair of the ventricular septal defect. In fact, in cases with an intact interventricular septum and in the absence of other associated cardiac anomalies, there will be no symptoms and surgical treatment will not be required [35, 40].


    




    

      CONCLUSION




      - Univentricular atrioventricular connections: 1- one dominant ventricle (RV or LV) and one rudimentary ventricular chamber, rarely solitary (indeterminate ventricle); 2- the types of univentricular AV connections are: double-inlet ventricle (both valves connect to a main chamber), single-inlet or absent AV connection (complete obstruction to the flow from the atrium to the ventricular chamber) and a common AV connection (single AV valve); 3- the double-inlet LV with discordant ventriculoarterial connection is the most common type, in which the LV is located inferiorly and posteriorly; and 5- the four-chamber view is the most important plane for making a prenatal diagnosis, thereby enabling the assessment of the morphological characteristics of the dominant ventricle and the type of the atrioventricular connection.




      - Straddling and overriding: 1- Straddling is the condition in which the tension apparatus of the AV valve straddles the ventricular septum; 2- Overriding of inlet valves is the condition in which an atrioventricular valve opens astride the septum with biventricular emptying. The overriding valve is assigned to the same ventricle (double-inlet ventricle: 50% or >75% in cases of common AV valve); and 3- ultrasound diagnosis of straddling and overriding of an AV valve in fetuses is based on the 4- chamber view.




      - Crisscross: 1- Crisscross hearts are characterized by crossing flow through the AV valves as the ventricles are in a superoinferior relationship; 2- an inability to visualize simultaneously the tricuspid and mitral valves in the standard 4-chamber plane with a transverse section should raise the suspicion of such diagnosis; and 3- ventricles in a superoinferior relationship and the two ventricular inflow tracts (color Doppler) in a cross shape are the clues for this diagnosis.
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