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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.




    

      Prof. Simcha Yagel


      Division of Obstetrics and Gynecology


      Hadassah-Hebrew University Medical Centers


      Jerusalem
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    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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      Abstract




      The in utero progression of congenital heart diseases (CHDs) can be observed in almost all CHDs during the first, second, and third trimesters of pregnancy. The progression of a cardiac disease can be associated with worsening of structural defects, new onset of foramen ovale restriction, decreased ventricular inflow or outflow, or worsening arch obstruction. The role of contemporary fetal cardiologists is to not only diagnose CHDs but also foresee the condition of the newborn after delivery and plan potential treatment in the first hours-or even minutes-of life. For this reason, pregnancy and delivery management of newborns with a prenatal diagnosis of CHD requires a multidisciplinary team composed of fetal and pediatric cardiologists, obstetricians and maternal–fetal specialists, neonatologists, and other pediatric specialists. The potential progression of CHD severity in utero and changes occurring during the transition from fetal life to infancy led to the creation of new classifications of CHDs dedicated to fetuses only. Severest heart defects are defined as CHDs in fetuses whose treatment results in death in nearly all cases, and potential treatment is needed immediately after birth; severe urgent heart defects are defined as CHDs in fetuses who need to undergo an invasive cardiologic treatment or cardiologic surgery within the first hours of postnatal life; severe planned heart defects are defined as CHDs in fetuses who need to undergo cardiologic surgery within the first month after birth, usually with ductal-dependent circulation and prostaglandin infusion to prolong prenatal physiology; and planned heart defects are defined as CHDs in fetuses who do not need to undergo cardiologic surgery within the first month after birth (usually surgery may be postponed to infancy). The only tool for the proper qualification of fetuses to one of the groups in the new classification system is fetal echocardiography.
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      INTRODUCTION




      Congenital heart diseases (CHDs) are the most common congenital defects in fetuses and neonates. They are responsible for the mortality and morbidity of newborns in 3 of 10 cases [1-3]. CHDs develop in fetuses three times more often than in neonates; prenatal CHDs are more complex and frequently coexist with chromosomal abnormalities, extracardiac anomalies (ECAs), and extracardiac malformations (ECMs) [4-8]. Fetal cardiologists performing fetal scanning must be aware of this association with ECMs, especially the defects that may affect the management of pregnancy or prognosis for surgery [9]. Recent studies have shown that infants with a prenatal diagnosis of high-risk CHD and adequate postnatal management have better preoperative outcomes compared with those diagnosed postnatally, especially in areas with limited pediatric resources [10-14]. Prenatal cardiologists have three main clinical aims that go beyond parental counseling: (1) diagnose the specific cardiac defect; (2) plan perinatal management by identifying the fetuses at risk of postnatal hemodynamic instability, which may require medical intervention in a delivery room (DR) or within the first days of life; and (3) identify fetuses who may benefit from fetal cardiac interventions [14-16]. The aim of prenatal cardiology consultation is to provide perinatologists, neonatologists, cardiologists, and parents with the right information rather than provide fetuses with medical therapies [9]. Several studies have proved the high sensitivity of prenatal diagnosis in referral centers and almost 100% correlation with postnatal diagnosis [2, 17, 18]. The specificity of prenatal cardiology results in pediatric cardiology classifications is useless in terms of managing and observing fetuses with CHDs. For example, tetralogy of Fallot (TOF) and dextro-transposition of the great arteries (d-TGA) are cyanotic diseases developing in the neonatal period. Without the differentiation between these CHDs in fetuses, the condition of newborns after delivery could be extremely different. TOF is usually a planned CHD that requires surgery in the first 6 months of life, whereas d-TGA is a CHD that requires surgery in the first days of life. Sometimes an invasive procedure needs to be performed in the first hours of life. The classification based on ductal-dependent lesions was useful before the era of prenatal cardiology. Nowadays, with prenatal detection of CHDs and prostaglandin administration immediately after birth, only ductal-dependent lesions are not critical anymore. In the case of a CHD that is additionally foramen ovale (FO) dependent, prostaglandin administration may be insufficient to stabilize the newborn. None of the pediatric cardiology classifications differentiate this malformation. Nor do they consider the changes occurring during the transition from fetal life to infancy, which is one of the most important aspects of CHDs in fetuses. All these dimensions have led to the creation of new classifications of CHDs dedicated to fetuses only (Table 1) [8, 17, 19-21].




      

        Table 1 New classification system of congenital heart disease (CHD) dedicated only for fetuses.




        

          

            

              	Classification



              	

            




            

              	



              	Berkeley et al., 2009



              	
Respondek-Liberska and


              Słodki, 2012




              	Donofrio et al., 2013



              	
Pruetz et al.,


              2014




              	

            


          



          

            

              	Low risk



              	Care plan 2



              	Planned CHD



              	LOC 1



              	ENCI 1



              	Shunt lesions,


              Mild valve disease,


              TOF, AVSD


              Cardiology consultation and


              telemedicine, with outpatient cardiology


              evaluation

            




            

              	Medium risk



              	Care plan 3



              	Severe planned CHD



              	LOC 2



              	ENCI 2



              	Mostly ductal-dependent lesions


              Neonatologist in the DR:


              PGE if indicated and transport to the cardiac center for catheterization/surgery

            




            

              	High risk



              	Care plan 3 and 4



              	Severe urgent CHD



              	LOC 3



              	ENCI 3



              	HLHS with restricted FO


              D-TGA with restricted FO


              Critical AS


              Referral center, ready for urgent intervention

            




            

              	Extremely high risk



              	Care plan 5



              	Severest CHD



              	LOC 4



              	ENCI 4



              	Ready for immediate intervention in DR


              HLHS with IAS


              TGA with severe RAS and


              abnormal DA shunt


              Obstructed TAPVR


              Severe Ebstein’s anomaly or


              TOF/APV with hydrops

            


          

        




        

          ENCI, emergent neonatal cardiac intervention; LOC, level of care; TOF, tetralogy of Fallot; AVSD, atrioventricular septal defect; DR, delivery room; PG, prostaglandin; HLHS, hypoplastic left heart syndrome; FO, foramen ovale; AS, aortic stenosis; IAS, interatrial septum; TGA, transposition of the great arteries; RAS, restrictive atrial septum; DA, ductus arteriosus; TAPVR, total anomalous pulmonary venous return; APV, absent pulmonary valve.

        




      




      In 1998, Wald and Kennard presented their classification, which is similar to those independently suggested by the Royal College of Obstetricians and Gynaecologists Working Party on Ultrasound Screening for Fetal Abnormalities. They specified four groups: (A) major abnormalities (death inevitable); (B) abnormalities associated with long-term handicap; (C) abnormalities potentially amenable to intrauterine treatment; and (D) fetal conditions that require immediate postnatal investigation and/or treatment. For each abnormality, screening detection and false-positive results need to be estimated together with the medical and financial costs of screening, particularly those arising from findings of uncertain or mild medical consequence that may lead to worry and further unnecessary obstetric intervention [22].




      In 2004, Allan and Huggon suggested grading cardiac lesions on a scale of 1 to 10, with 1 being the least severe (ventricular septal defect [VSD], mild pulmonary stenosis [PS]) and 3 and 6 being lesions where the heart structure can be restored, although with difficulty, to a “normal” or near normal anatomy, for example, d-TGA, coarctation of the aorta (CoA), and double outlet right ventricle (DORV). Then, most “one-ventricle repairs” would fit in the 7 to 10 range, depending on the precise anatomy (hypoplastic left heart syndrome [HLHS], hypoplastic right heart syndrome, tricuspid atresia (TvA), and mitral atresia). Alternatively, they also divided CHDs into “good,” i.e., those that are easily treated and will not affect the child in the long term; “intermediate,” i.e., those that can be successfully repaired surgically but are likely to affect long-term survival; and “bad,” i.e., lesions likely to manifest themselves in childhood and have a profound impact on the chances of reaching healthy adulthood. This classification focuses mainly on the short- and long-term prognosis and lifespan after surgery [9].




      In 2009, Berkeley et al. presented one of the first classifications guiding delivery management in pregnancies complicated with CHD. They proposed five care plans depending on the level of references of the hospital: (1) comfort care, (2) delivery at the local hospital, (3) delivery at a tertiary neonatal intensive care unit (NICU) with medical support, (4) delivery at a tertiary NICU with planned delayed surgery at a tertiary cardiac center, and (5) maternal transport with delivery at a quaternary cardiac center. They conclude that a prenatal diagnosis of CHD may lead to better coordination of care and improved emotional and psychosocial support for the family. Prenatal diagnosis may also improve neonatal surgical and neurological outcomes, and they proved that fetal echocardiography was highly accurate in guiding delivery planning [17].




      In 2011, in Poland, Respondek-Liberska presented her classification in a book titled “Atlas of congenital heart diseases” [19]. She described 24 different cases of CHD with different requirements in terms of management after birth. In her book, Respondek-Liberska discussed a greatly important problem of fetuses with critical CHDs requiring procedures in the first hours of life. In 2012, Słodki, drawing upon her study, expanded the classification to six groups, adding fetuses with coexisting ECAs and ECMs [8]. This classification considers different postnatal treatment and coexistence of ECAs and ECMs. ECAs are defined here as problems that do not require surgical interventions after delivery and are usually markers of a genetic syndrome, e.g., hypoplastic nasal bone, micrognathia, single umbilical artery, ventriculomegaly, choroid plexus cysts, shortening long bones, and pyelectasis. ECMs are defined by Słodki as problems requiring surgical interventions after delivery or lethal malformations, e.g., duodenal atresia, hydrocephalus, Dandy–Walker syndrome, spina bifida, cleft lip and palate, pulmonary hypoplasia, diaphragmatic hernia, acranius, holoprosencephaly, and renal agenesis. The percentage of the coexistence of CHD and ECM and/or ECA was 37%, and this association has a significant influence on postnatal outcomes [23-27]. In fetuses with CHD and ECM, only 14% of infants were discharged home after surgery. Infants who were not required to undergo two separate surgeries had the chance to survive [8]. Atrioventricular septal defects (AVSDs) usually coexist with ECAs, ECMs, and genetic syndromes [8, 28-30]. Moreover, the presence of ECAs that do not require surgery after delivery affects the outcome. Hypoplastic nasal bone, micrognathia, single umbilical artery, ventriculomegaly, choroid plexus cysts, and shortening long bones are not directly life-threatening, but their presence increases the risk of genetic syndromes or complications after delivery. The survival rate in fetuses with CHD + ECA was 60% and lower than that in fetuses with isolated CHD (p = 0.075504) [8].




      Słodki defined four groups of isolated CHD and two additional groups for ECA and ECM [8]:





      

        	Severest heart defects – isolated CHD in fetuses whose treatment results in death in nearly all cases.




        	Severe urgent heart defects – isolated CHD in fetuses who need to undergo an invasive cardiologic treatment or cardiologic surgery immediately after birth, i.e., within the first hours of postnatal life.




        	Severe planned heart defects – isolated CHD in fetuses who need to undergo cardiologic surgery within the first month after birth, usually with ductal-dependent circulation and prostaglandin infusion to prolong prenatal physiology.




        	Planned heart defects – isolated CHD in fetuses who do not need to undergo cardiologic surgery within the first month after birth (usually surgery may be postponed to infancy).




        	Heart defects coexisting with ECMs.




        	Heart defects coexisting with ECAs.


      




      In 2013, Donofrio et al. presented their study on the accuracy of fetal echocardiography in predicting the need for specialized DR care and determining the effectiveness of care protocols for the treatment of patients with critical CHD. The anticipated level of care (LOC) was assigned by fetal echocardiography: (1) LOC 1, nursery consultation/outpatient follow-up; (2) LOC 2, stable in the DR with transfer to a cardiac hospital; and (3 and 4) LOC 3 or 4, DR instability/urgent intervention needed. They concluded that fetal echocardiography can predict the need for specialized DR care in fetuses with critical CHD [20].




      In 2014, Pruetz et al. presented their emergent neonatal cardiac intervention (ENCI) classification system and management guidelines based on a four-level classification system for prenatally diagnosed CHD that considers both the level of postnatal clinical acuity and need for an emergent postnatal intervention [21].




      In the past 15 years, several authors have created highly similar guidelines for the management of high-risk patients with CHD who may require emergent treatment in the newborn period [16, 31] (Table 1). These classification systems, which in particular focus on the most critical forms of CHD in fetuses and newborns, change the definition of critical CHD to that which requires urgent intervention in the first 24 h of life to prevent death. Such cardiac interventions may not only be life saving for the infant but also decrease subsequent morbidity. Fetuses with critical CHD may require delivery at specialized centers that can provide perinatal, obstetric, cardiologic, and cardiothoracic surgery care. Fetuses diagnosed in mid-gestation require detailed fetal diagnostics and serial echocardiography monitoring during the prenatal period to assess ongoing changes and identify progression to a more severe cardiac status. Critical CHD may progress in utero, and there is still much to be learned on how to best predict those that will require urgent neonatal interventions [16, 31, 32].


    




    

      Planned CHD




      

        Low-risk CHD: LOC 1 [20], ENCI 1 [21], and Care Plan 1 or 2 [17]




        Cardiovascular defects that are expected to be hemodynamically stable at birth include left-to-right shunt lesions such as atrial or VSD or mild valve abnormalities and benign arrhythmias (i.e., premature atrial contractions) with normal cardiac function. In the absence of additional fetal abnormalities, the delivery plan for fetuses diagnosed with these CHDs using fetal echocardiography should be determined according to the presence or absence of maternal or obstetric complications or levels of maternal care. Newborns with low-risk CHD can usually be delivered at or near term via a normal mode of delivery. They require inpatient consultation or telemedicine confirmation of the diagnosis with outpatient cardiology follow-up within the first weeks of life [8, 16, 17, 19-21, 31].




        Low-risk CHDs frequently have normal four-chamber view (4CH) (69.4%) and three-vessel view (3VV) (44.9%) [8], which results in low detection because of the suspicion of CHD in screening examinations. This is probably the CHD group with the lowest prenatal detection rate [8]. The prognosis for newborns delivered at term is exceptionally good although coexisting ECMs influence the mortality rate, which is significantly higher in the CHD + ECM group than that in the isolated low-risk CHD and CHD + ECA groups [8]. The most common prenatally diagnosed low-risk CHDs are VSD, atrioventricular defects, TOF, and mild aorta stenosis, (AS) and pulmonary stenosis (PS).




        VSD is a CHD with exceptionally good prognosis, ECMs being the only factor that complicates the outcome [8]. Minor VSD usually closes itself in the prenatal period or the first month after birth [33]. If this does not occur, neonates are qualified for surgery, mostly between the 6th and 12th months of life.




        AVSDs frequently coexist with other cardiac malformations or ECMs and genetic syndromes, that is why highly precise examinations are required to exclude additional problems. In the case of isolated AVSDs, the prognosis is exceptionally good, and 10 years of survival after cardiosurgery is achieved in 80% of the cases. Complex AVSDs with additional cardiac malformations are classified as high-risk CHD. Isolated AVSDs require routine care, delivery in a local hospital, telemedicine consultation, and outpatient cardiology follow-up and do not need specialized care in a DR. Isolated AVSDs have 100% of survival, whereas AVSD + ECM has only 18% (p = 0.002) [8]. This is why consultations in referral centers, after prenatal detection of AVSDs are required in all fetuses.




        TOF exists in 2–3 of 10,000 live births [34, 35]. TOF is usually characterized by normal 4CH, except for TOF with pulmonary atresia (PvA), but this type of TOF is classified as a high-risk CHD. Medium-risk TOF can be detected prenatally on the basis of 3VV, which is abnormal in nearly 98% of fetuses with TOF [8]. Increasing gradient of the pulmonary valve between the 21st and 36th weeks of pregnancy causes growing disproportion between the aorta and pulmonary artery sometimes observed in 3VV only in the third trimester. It is highly important for obstetricians to check the 3VV in both second and third trimesters. The delivery plan is based on the prediction of infants with TOF who will be cyanotic after ductal closure. Medium-risk TOF has mild PS with peak systolic velocity <140–160 cm/s and usually does not require prostaglandin infusion or cardiosurgery in the neonatal period [36]. Another study by Donofrio et al. shows that, in fetuses with TOF, the presence of reversed flow in the ductus arteriosus (DA) has a sensitivity of 100% and specificity of 97% in the prediction of the need for PGE1 at birth and subsequent neonatal surgery [37, 38]. This TOF is classified as high-risk CHD. Pulmonary stenosis in TOF can progress during the fetal period, which means that serial echocardiography and monitoring of the growth and gradient of the pulmonary valve and presence of the reversed flow in DA should be performed every 4 weeks until delivery [38, 39]. The final qualification of the fetus with TOF to the group with low or medium risk should be performed after 35 weeks of pregnancy.




        PS and AS are CHDs that are characterized by fast progression during the fetal period [40, 41]. Appropriate management in DRs can assure exceptionally good prognosis for low- and high-risk fetuses with PS and AS [8, 20]. Low-risk stenosis usually has normal 4CH and 3VV; the only feature that can be observed is high flow (Fig. 1), which in low-risk stenosis is usually <200 cm/s [8]. Detection of stenosis in the early fetal period can be crucial as it provides the chance to consider prenatal therapy; otherwise, we can have an infant with HLHS at term.
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Fig. (1))


        Mild aortic stenosis in fetuses at 25 weeks of pregnancy. Normal 4-chamber view, abnormal aortic flow, and Vmax of 200 cm/s.

      


    




    

      Severe Planned CHD




      

        




        Medium-risk CHD: LOC 2 [20], ENCI 2 and 3 [21], and Care Plan 3 [17]




        Medium-risk CHDs form the largest group of CHDs diagnosed prenatally (66%). They are usually ductal-dependent lesions and require prostaglandin infusion (84%) [8]. The mode and time of delivery should be planned ≥39 weeks, with a neonatologist in the DR and transport to a cardiac center for catheterization/surgery, if required. In the medium-risk group, we can also find AVSD and TOF, but in these cases, the hemodynamic changes result in the classification as the medium-risk group (unbalanced AVSD, TOF with reversed flow in DA). The mortality rate in medium-risk CHD is approximately 15% but increases to 35% with presence of ECAs (p = 0.087) [8]. The most common prenatally diagnosed medium-risk CHDs are HLHS, d-TGA, DORV, CHD with single ventricle, CoA, TvA, PvA, interrupted aortic arch (IAA), and truncus arteriosus. Classified as medium-risk CHDs, these usually require cardiosurgery in the first weeks of life [8, 16, 17, 19-21, 31].




        CoA and IAA are extremely difficult to detect and differentiate prenatally [42, 43], and still many cases diagnosed prenatally have false-positive diagnoses, probably due to the umbilical cord around the neck, which was frequently observed with disproportion in 4CH. This clinical observation from Poland requires a prospective study on a larger group of fetuses [44, 45].




        AVSD is classified as a medium-risk CHD coexisting with other cardiac problems, usually DORV, CoA, or TOF. Sometimes, we can have unbalanced AVSD, which may require cardiosurgery in the first week of life [8].




        TOF as a severe planned CHD coexists with PvA and major aortopulmonary collateral arteries [8, 46].




        HLHS is one of the CHDs that are most often diagnosed prenatally [47]. Improvements in prenatal diagnosis and cardiosurgery allow several patients to survive, with the survival rate reaching 80% [8, 48-51]. Prognosis for fetuses with HLHS depends on many factors such as ECA, tricuspid regurgitation, and prenatally detected FO restriction [8, 51, 52]. The difference in mortality between fetuses with HLHS with and without risk factors is statistically significant [8, 51, 53]. Of all evaluated Doppler parameters, a forward/reverse velocity time integral ratio (VTIf/VTIr) of pulmonary vein flow >5 (Fig. 2) is a sensitive predictor that emergent postnatal atrial septectomy is unnecessary [53]. Owing to the potential for disease progression in fetuses with HLHS, pregnant women carrying fetuses with HLHS should have serial echocardiographic examinations with the final study conducted late in the third trimester, 2 to 3 weeks before delivery, to assess pulmonary vein flows and changes in right ventricular function and the presence or increase of tricuspid insufficiency [52-54].




        d-TGA exists in 7% of fetuses with CHD and is one of the most common ductal-dependent defects. It is also extremely difficult to detect because of normal 4CH and remarkably rare coexistence with ECMs and genetic syndromes [8]. 3VV is greatly helpful in detecting d-TGA prenatally [54]. Prenatal detection is crucial in planning the treatment and affects short- and long-term outcomes [56, 57]. Detecting d-TGA prenatally is just the first step, and the second step, which is even more difficult, is to differentiate severe planned and critical d-TGA. d-TGA is not only ductal dependent but also FO dependent. Sometimes prostaglandin administration is insufficient, so it is greatly important to assess both connections, especially near the delivery [58], to differentiate severe planned and critical d-TGA [8]. Severe planned d-TGA is characterized by wide FO, patent DA, and maximum velocity “s” wave <41 cm/s in pulmonary vein Doppler (Fig. 3), proximal to the left atrium [58-61].
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Fig. (2))


        Fetus with severe planned hypoplastic left heart syndrome with velocity time integral index >5.

      


    




    

      Severe Urgent CHD




      

        




        High-risk CHD: LOC 3 [20], ENCI 3 and 4 [21], and Care Plan 3 or 4 [17]




        Severe urgent CHDs are lesions that usually require treatment in the first day of life. The typical severe urgent CHDs are HLHS with restricted FO, d-TGA with restricted FO, critical AS, and totally abnormal pulmonary venous connection. In fetuses with HLHS, FO is crucial for pulmonary circulation during the fetal period; its normal flow assures normal pulmonary vessel development. Restricted FO is diagnosed in 6–20% of fetuses [8, 62-64]. Restricted FO sometimes requires balloon valvuloplasty before the first stage of surgery. To improve outcomes in fetuses with HLHS with restricted FO, a number of centers worldwide perform balloon valvuloplasty in the first hours after delivery [54, 62, 64]. Therefore, it is greatly important to detect these groups of fetuses and organize the delivery in referral centers that are prepared to perform catheterization a few hours after delivery [54]. This requires exceptionally effective cooperation among obstetricians, neonatologists, and cardiologists [14-16, 31].
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Fig. (3))


        Fetus with severe planned dextro-transposition of the great arteries with maximum pulmonary vein flow <41 cm/s.



        It is greatly important to monitor fetuses with HLHS and check their FO status. Direct assessment of FO is difficult and hardly accountable. The only factor that has become accountable is its width, but it has no relationship with the condition of the infant after birth [65, 66]. Increased A-wave flow in systemic veins reflects high pressure in the right atrium [67, 68]. It has been proved that, in assessing FO restriction, we only need to check pulmonary vein flow [65, 66, 69, 70]. The outcome of fetuses with FO restriction improves after immediate catheterization after delivery [71].




        The classification of prenatally diagnosed HLHS can be based on the study presented by Michelfelder et al. and Divanovic et al. [53, 72]. They predict urgent Rashkind procedure after delivery, assessing pulmonary vein flow. They have proved that the best factor is the ratio of forward/reverse flow of VTI (Fig. 2). Forward/reverse VTI ratio <5 could be an indication of urgent Rashkind procedure after delivery [53]. In 2011, Divanovic et al. revealed that a VTI ratio <3 is the most predictable factor (Fig. 4). On the basis of their study, prenatally diagnosed HLHS can be classified as severe planned if the VTI ratio is >5 and urgent if the VTI ratio is <5. If the ratio is <3, a prenatal intervention should be considered [72]. All fetuses with HLHS require regular monitoring every 4 weeks because the restriction and pulmonary vein flow can change during pregnancy and the VTI ratio can deteriorate.
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Fig. (4))


        Fetus with severe urgent hypoplastic left heart syndrome with velocity time integral index <3.



        To classify d-TGA as severe planned or urgent, we need to assess FO, DA, and pulmonary vein flow [58, 61]. Prenatal FO restriction in the normal heart anatomy is extremely rare [73, 74], but in the case of CHD, the restriction may occur more often and have a crucial meaning in terms of prognosis and outcomes [14, 58, 59]. In fetuses with d-TGA, cardiac output to the DA is approximately 20% and differs from the normal heart-approximately 30–40%. Frequently, this causes prenatal restriction of the DA [75, 76]. We need to regularly monitor fetuses with d-TGA, especially near term. Several studies address the problem of false-positive classification to severe planned d-TGA [14]. The reason could be extremely long interval between fetal echocardiography examination and delivery [8, 14]. Fetuses with d-TGA need to be monitored every 4 weeks and even every week after 38 weeks of pregnancy [31]. The factors that cause FO restriction are numerous and complex. As presented in 2017, one of these factors is pulmonary vein flow. Two centers' retrospective studies revealed an extremely high risk of urgent Rashkind procedure after birth in fetuses with maximum pulmonary vein flow >41 cm/s (Fig. 5), regardless of FO status [61].
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Fig. (5))


        Fetus with severe urgent dextro-transposition of the great arteries with maximum pulmonary vein flow >41 cm/s.



        AS is a CHD that can progress extremely quickly during pregnancy [40, 41]. AS can be classified in all groups of the new classification depending on the hemodynamic status. Usually, it is a low-risk CHD, but these cases are rarely detected during pregnancy because they have normal 4CH and 3VV. In many cases, the progression leads to HLHS, and consequently, a prenatal intervention is considered [77-79]. In critical AS, which was a lethal condition in 1996, urgent catheterization after birth is crucial in terms of saving the newborn's life [80, 81]. In some cases of critical AS, transplacental digoxin therapy can help the fetus reach maturity and enable immediate catheterization after delivery at term [81-83].


      


    




    

      Severest CHD




      

        




        Extremely High-risk CHD: LOC 4 [20], ENCI 4 [21], and Care Plan 5 [17]




        Fetuses with severest isolated heart defects are usually those with AS, HLHS, and Ebstein's anomaly accompanied by cardiomegaly (HA/CA > 0.6). In the case of HLHS, the critical point is an intact atrial septum that causes abnormal pulmonary vascular development. Changes in the vessel structure are irreversible and lead to neonatal demise [63]. These fetuses usually die after delivery, with no urgent intervention [8, 54]. For these fetuses, in utero septal valvuloplasty is seen as a chance to improve the survival rate [71, 84]. The best effect was achieved after the procedure was performed between 28 and 30 weeks of pregnancy [84]. In the case of the severest forms of AS and Ebstein's anomaly, the main cause of infant death was pulmonary hypoplasia associated with serious cardiomegaly (HA/CA > 0.6) in the fetal period. In this heart defect group, the death rate was 100% [8]. The only chance to survive for fetuses with severest CHD is immediate stabilization in the DR. In such infants, immediate cardiac interventions in the DR after delivery, such as cardiac catheterization, pediatric cardiothoracic surgery, or initiation of extracorporeal membrane oxygenation, must be available [14].


      


    




    

      Conclusion




      The in utero progression of CHD can be observed in almost all CHDs during the first, second, and third trimesters of pregnancy. The progression of cardiac disease can be associated with worsening of structural defects, such as worsening of hypoplasia, new onset of FO restriction, decreased ventricular inflow or outflow, and worsening arch obstruction. We can also observe new onset or progressive valvular regurgitation, diminution or closure of a VSD, and development of congestive heart failure with high risk for poor perinatal outcomes such as Ebstein's anomaly and TOF with absent pulmonary valve. The potential progression of CHD severity in utero supports sequential evaluation to detect a potential change in the qualification of the fetus to one of the groups of the new classification. The only tool for the proper qualification of fetuses with HLHS, among others, to one of the three groups of the new classification system is fetal echocardiography. The role of contemporary fetal cardiologists is not to diagnose CHDs but to foresee the condition of the newborn after delivery and plan potential treatment in the first hours-or even minutes-of life. For this reason, pregnancy and delivery management of newborns with a prenatal diagnosis of CHD require a multidisciplinary team composed of fetal and pediatric cardiologists, obstetricians and maternal–fetal specialists, neonatologists, and other pediatric specialists.
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