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Editorial on the Research Topic
Advances in imaging of pediatric heart diseases




1. Advanced imaging in fetal heart diseases

Over the preceding decade, multiple guidelines on fetal echocardiography have been disseminated for the comprehensive evaluation of the fetal cardiac structure. The updated fetal cardiac screening guideline established by the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) introduced a framework involving examining the fetal heart (1). Notably, Behera et al. (2) elucidated that enhancing fetal heart imaging quality is pivotal in mitigating avoidable cognitive errors, emphasizing the significance of quality improvement initiatives. Furthermore, Moon-Grady et al. (3) expounded upon the research design of the fetal echocardiographic Z Score pilot project, shedding light on the influence of gestational age and variable types on the reproducibility of measurements, both within and across different investigators. In 2023, Szabo and colleagues provided an overview of the primary techniques employed in fetal cardiovascular magnetic resonance imaging (CMR). They also delved into the intricacies of fetal cardiovascular physiology, which plays a pivotal role in understanding and interpreting fetal CMR studies. Additionally, the authors thoroughly examined the present applications and explored potential future clinical uses (4). Fetal CMR is indispensable for evaluating and addressing fetal cardiac issues, providing valuable insights into fetal cardiovascular functions, and enabling prompt identification and management of congenital heart defects. Its ongoing advancement holds significant potential for improving fetal cardiac care.

In congenital diaphragmatic hernia, fetal Z-Score values were systematically documented (Moon-Grady et al.) Chaoui et al. (5) elucidated recent technological advancements, encompassing the utilization of color Doppler in conjunction with spatiotemporal image correlation (STIC) in the glass-body mode and the matrix probe. These sophisticated techniques precisely visualize cardiac anomalies, particularly within the 4-chamber view and the great arteries. Karmegaraj (6) conducted a comprehensive analytical investigation to ascertain the incremental advantages of 3D/4D STIC fetal echocardiography compared to conventional 2D fetal echocardiography. Particular emphasis was placed on the accuracy of identifying anatomical details critical for surgical decision-making and the prediction of surgical approaches required for fetuses afflicted with double-outlet right ventricles. Amongst contributions in this topic, the Fujian research group methodically synthesized their collective experiences in recognizing anomalies associated with the fetal pulmonary artery, fetal heterotaxy syndrome, and total anomalous pulmonary venous connection (Huang et al., Xue et al., Wu et al.). These evaluations were conducted using 2D echocardiography and color Doppler techniques, with a retrospective analysis encompassing prenatal ultrasonography, neonatal data, and prognostic assessments within a single-center setting. Parallel investigative methodologies were applied to fetal congenital heart disease during the early trimester (Ling et al.).

Kühle et al. provided an exhaustive overview of advanced imaging modalities within the domain of fetal cardiology, with a specific emphasis on evaluating fetal cardiac function. Their discourse comprehensively covered methodologies involving fetal echocardiography and fetal cardiovascular magnetic resonance imaging (MRI). Various techniques were covered, encompassing 2D Echo speckle tracking for strain imaging, 2D phase contrast MRI, 4D flow measurements, ventricular volumetry, and the prospective utility of myocardial strain assessment through fetal MRI. The assessment of hemodynamic parameters, including blood flow dynamics, 3D/4D flow dynamics, and fetal cardiovascular CMR, was underscored for its potential to yield valuable insights into fetal cardiovascular physiology (Udine et al.). While acknowledging the intricacies inherent in fetal CMR gating techniques, the authors accentuated its clinical utility in assessing extracardiac anomalies and fetal cardiovascular hemodynamics. Furthermore, they posited that with the integration of novel technical approaches, fetal CMR holds promise as a more potent clinical diagnostic tool. Zhang et al. presented a comprehensive study involving 130 fetuses afflicted with complete vascular rings. This retrospective analysis leveraged a spectrum of imaging modalities, including eady-State Free Precession (SSFP), SSTSE, real-time SSFP cine, and non-gated PC sequences, for comparative purposes against 260 normal, healthy controls. The investigation provided meticulous methodological insights into characterizing fetal complete cardiovascular rings. Subsequent research endeavours may encompass the execution of large-scale prospective studies intended to establish reference parameters and prognosticate postnatal outcomes, with specific attention to the diverse branching pattern variants. Su et al. contributed a clinical case report delineating an anterior mediastinal teratoma initially detected through fetal echocardiography, subsequently validated by neonatal enhanced CT imaging, and conclusively histopathologically categorized as an immature teratoma (Grade I).

The inception of the cardiovascular profile score pioneered by Huhta (7), marked a seminal development in fetal well-being assessment. Subsequently, the evaluation of fetal cardiac function and the cardiovascular profile has emerged as a critical diagnostic tool, shedding light on conditions such as Ebstein’s anomaly, where it reveals mild to moderate right ventricular (RV) dysfunction, as well as significant clinical manifestations like ascites and scalp edema (Kühle et al.). These assessments play a pivotal role in tailoring precise clinical management strategies. In a pioneering initiative, Crispi’s research group meticulously explored the feasibility and reproducibility of longitudinal strain and strain rate measurements, employing Tissue Doppler Imaging (TDI) and 2D strain techniques. Their extensive work provided a comprehensive overview of the various technologies for assessing fetal heart function through fetal echocardiography (8, 9). A noteworthy study by the Toronto research team underscored the significance of fetal strain analysis, revealing a reduction in combined ventricular output within a preclinical pig model of the artificial placenta (Kühle et al.). In a novel approach, Zhao et al. reported promising results with the fetal HQ technique, particularly in diagnosing fetal ventricular aneurysms and diverticula. Longitudinal parameters, such as annular displacement or velocities, and diastolic parameters, including ductus venosus, E/A ratios, myocardial performance index, or isovolumetric relaxation time, have demonstrated the potential to detect early changes indicative of impaired relaxation and compliance in the fetal heart. This contrasts with changes in ejection fraction and combined ventricular output, which manifest at later stages.

The assessment of fetal cardiac function holds substantial promise in diagnosing, monitoring, and prognosticating various fetal conditions, encompassing primary cardiac diseases and extracardiac anomalies. Speckle Tracking Echocardiography (STE), an advanced echocardiographic imaging modality elucidating tissue motion in the heart via the speckle pattern within the myocardium, has played a pivotal role in these assessments. Li et al. demonstrated the utility of fetal four-chamber global sphericity index, sphericity index, fractional shortening, global longitudinal strain, and fractional area change of the RV, particularly in cases of ductus arteriosus constriction. STIC technology has been introduced over a decade and a half and has substantially advanced the field of fetal echocardiography. Furthermore, recent years have witnessed noteworthy progress in 3D/4D echocardiography, propelled by innovations such as the matrix probe and enhancements in grayscale and color Doppler post-processing. These collective advancements have ushered in improved visualization capabilities and diagnostic precision in ultrasound imaging. Udine et al. performed a mini-review for the state-of-the-art of the fetal CMR. Despite remaining technical barriers, fetal CMR allows anatomic assessment with innovative technologies, including assessment of blood flow, 3D datasets, and 4D flow, providing important insight into fetal cardiovascular physiology.



2. Advanced imaging in pediatric heart diseases

Cutting-edge echocardiographic methodologies, including TDI, STE with strain and strain rate imaging, and real-time 3D echocardiography, offer novel insights within pediatric cardiology (10). These innovative approaches can serve as valuable clinical adjuncts, alongside traditional echocardiography, to evaluate myocardial and valvular function in both congenital and acquired heart conditions. CT imaging is frequently employed for vascular evaluation and coronary artery assessment, particularly when CMR may present contraindications, such as metallic implants. Conversely, CMR retains its indispensable role in the field, primarily owing to its proficiency in delivering comprehensive assessments of cardiac anatomy, functional dynamics, and tissue characterization. The concurrent deployment of CT and CMR in pediatric cardiology offers a multifaceted diagnostic paradigm, ensuring optimal patient care and clinical outcomes. 3D printing by CT or CMR extends the capabilities of medical imaging beyond diagnosis and assessment, allowing for the creation of patient-specific models and objects that enhance patient care, medical education, and research. This convergence of technology opens doors to innovative and personalized solutions in healthcare and beyond (11). Ultrafast ultrasound imaging (UUI) is an innovative technique that provides high-speed, real-time visualization of anatomical structures and physiological processes within the body, which has a wide range of clinical applications, including cardiac imaging (for evaluating heart function and blood flow), vascular assessments, musculoskeletal imaging (for examining muscles and tendons during motion), and fetal development studies. While UUI has been primarily used in research settings, it holds great promise for clinical applications, especially in areas where real-time visualization of dynamic processes is crucial for diagnosis and treatment planning (12).


2.1. Echocardiographic imaging

Notwithstanding the significant advancements in pediatric echocardiography, it is imperative to underscore the limited number of clinical trials conducted in this domain, many of which have experienced delays in publication. To rectify this situation and foster greater transparency and accessibility of trial findings, a concerted and organized effort is indispensable to promote trial transparency within the pediatric echocardiography community. Rasouli et al. used UUI to quantify local arterial stiffness in a cohort of 20 pediatric cancer survivors undergoing anthracycline treatment, which revealed no discernible influence of anthracycline treatment on local arterial stiffness within the left common carotid artery. These results indicate no observable difference in arterial stiffness between pediatric cancer survivors treated with anthracyclines and individuals in the control group. Mao et al. implemented Z value-based criteria in evaluating left ventricular diastolic dysfunction (LVDD) in pediatric patients afflicted with heart failure or those deemed to be at a heightened risk of heart failure demonstrates promise as a method conducive to the early identification of LVDD. Such an approach holds the potential to facilitate timely therapeutic interventions and medical management. Patent ductus arterious (PDA) constitutes approximately 10–15% of congenital heart diseases. A retrospective investigation involving 222 preterm infants underscores the significant utility of echocardiographic parameters, particularly shunt flow velocities, in acutely predicting the early spontaneous closure of PDA (He et al.).

In the study conducted by Chen et al. an evaluation was conducted to assess left myocardial function alterations subsequent to chemotherapy administered for childhood lymphoma. The primary objective of this investigation was to ascertain the potential utility of speckle-tracking echocardiography in predicting or monitoring cancer treatment-related cardiac dysfunction. The study cohort encompassed 23 children diagnosed with histopathological lymphoma, with age-matched individuals serving as normal controls. Notably, the analysis revealed that global longitudinal strain (GLS) exhibited the highest sensitivity as a predictor for identifying patients at an elevated risk of developing cardiotoxicity associated with anthracycline-based chemotherapy. The echocardiographic assessment unveiled a spectrum of cardiac anomalies, which included pulmonary artery aneurysm, intrapulmonary artery bulge, patent ductus arteriosus, and the concurrent presence of pericardial effusion. Subsequent validation through contrast-enhanced CT affirmed these findings, confirming the presence of a pulmonary artery aneurysm, patent ductus arteriosus, and a minor compression effect on the left main bronchus. In November 2022, surgical intervention was executed, encompassing the reconstruction of the main pulmonary trunk and the repair of the patent ductus arteriosus (Wu et al.). The overarching goal of this review is to advance our comprehensive understanding of Persistent Fifth Aortic Arch (PFAA). This is accomplished by systematically synthesizing key facets, encompassing its embryonic developmental origins, pathological classifications, imaging diagnostic methodologies, and clinical treatment modalities. The fundamental aim is to contribute to refining diagnostic accuracy and treatment approaches of PFAA within the academic and clinical domains (Shan et al.).

Zhou et al. performed a case study of congenital generalized lipodystrophy in an infant girl. The authors combined conventional echocardiography with 2D speckle-tracking to detect infant structural and early functional cardiac changes. Liu et al. used two-dimensional speckle-tracking echocardiography to evaluate the right ventricular longitudinal strain in 58 pediatric patients with pulmonary hypertension cohort. They concluded that right ventricular longitudinal strain is a reliable indicator for evaluating right ventricular functions. Xiang et al. used Z value-based criteria to evaluate LVDD in children with heart failure. They found that the high risk of heart failure may be more conducive to the early identification of LVDD, thereby permitting the possibility of early treatment intervention. Huang et al. reported that an echocardiogram revealed several significant findings, notably, the prolapse of the anterior leaflet, restricted mobility of the septal leaflet, and the presence of severe tricuspid regurgitation, as indicated by a peak gradient pressure of 37 mmHg. It is imperative to underscore that comprehensive preoperative management, when executed effectively and promptly, can be life-saving and potentially significantly enhance the prognosis in such cases.



2.2. Multi-modal imaging

Shen et al. conducted a comparative investigation to evaluate coronary artery visibility in a pediatric population. This evaluation utilized a 1.5-T 3D SSFP sequence before and after administering gadolinium-based contrast. The research outcomes revealed that contrast-enhanced imaging significantly improved the detection rate of coronary arteries, particularly in patients below two years. The study underscores the essential role of gadolinium contrast in conjunction with the 3D SSFP sequence for achieving effective coronary imaging in children under two years, with potential benefits extending to the age group 2 to 5 years. Gong et al. compared the diagnosis accuracy of Coarctation of the aorta (CoA) with both transthoracic echocardiography (TTE) and computed tomographic angiography (CTA) in a cohort of 197 cases. They found that CTA is more accurate as a clinical tool for diagnosing CoA; however, TTE with color Doppler can better identify congenital cardiovascular malformations. They suggest combining TTE and CTA would benefit the diagnosis of CoAs. In another study by Yan et al. for 53 CoA cases, the authors used intelligent imaging processing, where measurements of diameter at any part of the aortic 3D models segmented from CTA could be obtained automatically, thus improving the accuracy of imaging analysis and reducing diagnostic subjectivity.

The utilization of computational fluid dynamics (CFD) was employed to examine the alterations in hemodynamics among pediatric patients with CoA. A cohort comprising 99 cases of CoA was categorized into three distinct morphologic patterns, namely Gothic, Crenel, and Romanesque. The study revealed no substantial hemodynamic distinctions observed at the D1/AOA (proximal) and D2/AOA (immediate distal) segments among the three morphological patterns. However, when comparing the three groups, statistically significant hemodynamic differences were evident in the D3/AOA, D4/AOA, and D5/AOA (more distal) segments (Qin et al.).

He et al. used Radiofrequency catheter ablation (RFCA) to treat tachyarrhythmia in children. The authors used “Fluoroscopy integrated 3D mapping,” a new 3D non-fluoroscopic navigation system software to reduce fluoroscopy during the procedure. They quantified the exposure time to fluoroscopy with the new technology, which was significantly lower than conventional RFCA. Alifu et al. performed 3D reconstruction and rendering from CTA DICOM images involving several steps and specialized software, demonstrating that 3D printing technology can produce intricate models of complex intracardiac structures, providing enhanced clarity and precision in anatomical assessment. This advancement is instrumental in facilitating more precise preoperative planning and improving the outcomes of surgical interventions.




3. Conclusion

The imperative for a collaborative approach between clinicians and imaging experts in pediatric cardiac care is driven by the need for personalized diagnostic strategies that consider the unique characteristics of each patient. This topic includes studies that carefully assess the strengths and weaknesses of various imaging modalities, minimize risks, and maintain open communication with healthcare teams that can enhance the quality of care and outcomes for pediatric patients with cardiac ailments.
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Objectives: In fetuses with left-sided congenital diaphragmatic hernia (CDH), left heart structures may appear small, but usually normalize after birth in the absence of structural cardiac anomalies. To decrease the possibility of an erroneous diagnosis of structural heart disease, we identify normal values for left heart structures in the presence of left CDH and secondarily investigate the relationship of left heart size and survival to neonatal hospital discharge.



Methods: Left heart structures [mitral valve (MV) and aortic valve (AoV) annulus diameter, left ventricle (LV) length and width] were measured by fetal echocardiogram in fetuses with left CDH and no congenital heart disease. We generated linear regression models to establish the relationship of gestational age for each left heart structure using data from fetuses who survived after birth. We calculated z-scores (normalized to gestational age), and assessed the relationship of survival to the size of each structure.



Results: One hundred forty-two fetuses underwent fetal echocardiogram (median 25 weeks' gestation, IQR 23, 27 weeks). Left heart structures were deemed small when using published normative data from unaffected fetuses (z-scores: MV −1.09 ± 1.35, AoV −2.12 ± 1.16, LV length −1.36 ± 1.24, LV width −4.79 ± 0.79). CDH-specific models derived from log-transformed values yielded left-shifted distributions, reflecting the small structures (mean z-score lower by: MV 0.99 ± 0.30, AoV 2.04 ± 0.38, LV length 1.30 ± 0.36, and LV width 4.69 ± 0.28; p < 0.0001 for all comparisons). Non-survivors had worse z-scores than survivors for all measurements, but this did not reach statistical significance.



Conclusions: Log-transformed linear models generated new normative data for fetal left heart structures in left CDH, which may be used to allay antenatal concerns regarding structural left heart anomalies. There were no significant differences in z-scores between survivors and non-survivors, suggesting that in the absence of true structural disease, cardiac evaluation is not predictive in isolation and that causes of mortality are likely multifactorial in this population.
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Introduction

Congenital diaphragmatic hernia (CDH) is characterized by bilateral lung parenchymal and vascular hypoplasia (1–9). Associated anomalies may occur, including congenital heart disease, which carries a worsened prognosis (10–14). However, independent of structural cardiac defects, prior work described small left-sided heart structures after birth, particularly in infants with circulatory derangements associated with persistent pulmonary hypertension of the newborn (PPHN) (15–17). This physiology results in blood shunting away from the pulmonary circulation with decreased left heart filling and output, making definitive conclusions regarding the underdevelopment of structures difficult. Additional studies have described small fetal left-sided structures, compared to gestational age (GA)-specific norms from unaffected fetuses, although the size of these structures significantly improves after neonatal repair of the diaphragmatic defect (5, 16, 18–25).

Consistent with variation in the size of fetal left heart structures, we and others have described differences in fetal blood flow, as indicated by output measurements from the right ventricle (RV) and left ventricle (LV), measured flows in the pulmonary circulation and the ductus arteriosus (DA), and the path of umbilical venous flow into the heart (22–25). LV output is shown to be decreased in fetuses with both left and right CDH, and fetuses with markers of more severe left CDH have more profound discrepancies than less seriously affected fetuses with left CDH and those with right CDH. These alterations are associated with increased DA blood flow (pulmonary artery-to-aorta), decreased pulmonary blood flow, and variably decreased flow (right-to-left atrium) via the foramen ovale (24, 25).

Thus as the left heart is expected to be small in the fetus with CDH, it is difficult to interpret fetal heart measurements obtained using published normative values derived from fetuses without CDH. Standardized values for left heart structures in fetuses with CDH but without congenital heart disease have not been defined. We first aimed to define the normal size of left-sided heart structures in fetuses with left CDH without significant structural cardiac disease who survived postnatally and were confirmed to have no heart disease. We hypothesized that normal CDH-specific curves would be left-shifted compared to curves generated from normal fetuses. Secondarily, we investigated whether the size of left-sided heart structures [mitral valve (MV) and aortic valve (AoV) annulus diameters and LV length and width] normalized for gestational age using CDH-specific data, was associated with neonatal survival in fetuses without congenital heart disease.



Materials and methods

We conducted a retrospective study of fetuses evaluated by the University of California San Francisco (UCSF) Fetal Treatment Center with diagnosis of CDH (2000–2010). All fetuses underwent ultrasound evaluation at UCSF, with anatomic description of the CDH [including lung-to-head ratio (LHR) (26)], and documentation of other associated anomalies. Fetal echocardiography was performed by sonographers with expertise in fetal echocardiography under the supervision of pediatric echocardiographers with expertise in fetal diagnosis using ultrasonography systems (Siemens S2000 or Acuson Sequoia C256 and C512; Siemens Corp., Mountain View CA, USA) equipped with a combination of curvilinear and phased array probes operating at 6–8 MHz. All studies included a complete two-dimensional evaluation of cardiac structures and systolic ventricular function with complete pulsed-wave and color Doppler examinations including venous and umbilical cord investigations. Fetal echocardiograms were retrospectively reviewed and measurements made offline using a commercially available workstation (Syngo Dynamics, Siemens Healthcare GmbH) by a single pediatric cardiologist (FAB) blinded to clinical outcome, from digital images stored in standard DICOM format. Measurements were as previously described (25, 27) and included:


	•The mitral valve and tricuspid valve (TV) annulus diameters in the 4-chamber view during the peak filling in early diastole at maximum excursion of the leaflets from inner edge to inner edge at hinge points of the leaflet attachments,

	•The aortic valve and pulmonary valve (PV) annulus diameters in long axis views at the inner edge of the annular hinge points at maximal opening in systole,

	•Left ventricle major axis length (LV length) measured at end-diastole, defined as the frame at which the MV and TV closes, taking care not to foreshorten the ventricles, from the middle of the annulus level to the apical endocardium, and

	•Left ventricle short axis (LV width) dimension at end-diastole (maximal size) at the level of the papillary muscles



GA-specific z-scores were generated for each measurement based on prior studies of fetuses unaffected with CDH or congenital heart disease, with GA specified as completed weeks by best obstetrical dating. We used published equations for predicted left heart parameters from McElhinney and colleagues and we assessed the robustness of our findings and any influence on right heart structures with application of widely-used equations derived by Schneider et al. (28, 29). The study was conducted under UCSF Institutional Review Board approval with expedited review and waiver of consent.

Measurements from a single evaluation of consecutive fetuses were included if newborn was liveborn and cared for at UCSF Children's Hospital after birth, and fetal cardiac structural measurements were possible from the available stored echocardiogram images. Fetuses with abnormal karyotype, suspected or confirmed genetic syndromes, and those undergoing fetal tracheal occlusion were excluded (27). Neonatal inclusion criteria included confirmation of left CDH and exclusion of congenital heart disease (other than patent ductus arteriosus and patent foramen ovale), based on clinical examination and postnatal echocardiogram, and no need for cardiac surgery or catheter intervention. Data were maintained in a REDCap (Research Electronic Data Capture) database.

Statistical analyses were undertaken for each cardiac parameter (Stata version 11.2, College Station TX). Cardiac parameters were plotted vs. GA to assess for linearity with and without log transformation with a goal of identifying the best approach for all parameters; prior published work presents models with both non-transformed and transformed data (28, 29). Linear regression equations for each predicted parameter measurement were generated for two groups. First, we considered all fetuses without significant congenital heart disease that ultimately survived to hospital discharge. Residual plots confirmed the best fit models overall for the parameters (non-transformed vs. transformed models), and z-scores for the structures for fetuses with CDH were generated from these models. Regression equations were generated using all available data, with observations omitted only from equations specific to the absent measurement. Next, since mortality in newborns with CDH is not always directly related to cardiopulmonary development, we similarly evaluated models using data from all fetuses without significant congenital heart disease, regardless of survival. We assessed for an interaction between survival and gestational age at measurement, to identify if the change in these structures over gestation differed based on survival status. In the case of a significant interaction, stratified models generated from only survivors might better represent normal values. Then, the relationship of fetal z-scores to survival to discharge from the neonatal hospitalization was assessed for each left heart structure by t-test, using both published GA-specific norms for unaffected fetuses and the left CDH-specific norms generated from the current study. Finally, logistic regression was used to derive area under the receiver-operator characteristic (AUROC) curve with CDH-specific z-scores, to further assess the utility of fetal left heart structures for survival.



Results


Patient characteristics

Of referrals to the UCSF Fetal Treatment Center during the study period, 197 with documented left CDH without abnormal karyotype or genetic syndrome underwent imaging evaluation by ultrasound and echocardiogram (including measures of cardiac structure). Nine underwent fetal tracheal occlusion, 15 had a diagnosis of congenital heart disease, and 31 had incomplete follow up or inadequate images available for review, leaving 142 fetuses eligible for the study, with evaluation at 18–37 weeks' GA. At the time of the evaluation, 136 fetuses had LHR measured. Cardiac parameters obtained at fetal echocardiogram performed at median of 25 weeks' GA (range 18–37 weeks) are shown, with no missing data for MV and TV diameters, and limited missing data for other parameters (Table 1). There were no significant differences in LHR or survival after birth between those with (n = 22) and without one or more missing parameters (1.07 ± 0.32 and 1.27 ± 0.76, p = 0.22% and 59% vs. 66%, p = 0.54, respectively). The distribution of right-sided cardiac measurements was similar to that of unaffected fetuses. Left-sided cardiac measurements, however, were generally small, with LV width the most affected measurement. Differences in predicted parameters by the two sets of prediction equations were not substantial, with Schneider predictions slightly higher than McElhinney predictions for MV annulus diameter, and slightly lower for AoV annulus diameter (mean differences 0.08 ± 0 cm and −0.05 ± 0.02 cm for mitral and aortic valves, respectively). However, these differences translated into a more substantial, inverted, difference in z-scores, with the standardized Schneider scores lower than McElhinney scores for MV annulus diameter and higher than McElhinney scores for AoV annulus diameter (mean −0.82 ± 0.30 and 0.87 ± 0.27 for mitral and aortic valves, respectively).


TABLE 1 Fetal echocardiographic parameters from fetuses with left CDH with z-scores from published equations derived from unaffected fetuses.

[image: Table 1]



Statistical analysis and generation of Z-scores

The best linear representation for the relationship of GA to the four left heart parameters was by log transformation, as applied in prior studies (28). Equations for all measured parameters are presented (Table 2). Derived predicted mean values and z-score for a given gestational age for each cardiac parameter are:


	(1)Mean predicted value = exp [(β * gestational age) + constant]

	(2)z-score = [(ln(measured value) − ln(predicted value)]/root MSE




TABLE 2 Equations for prediction of echocardiographic parameters in fetuses with left CDH that survived after birth.

[image: Table 2]

In general, models derived from data limited to fetuses with survival after birth (n = 92) better explained the relationship between gestational age and each measurement than models including all fetuses (n = 142, Supplementary Table). For each parameter, actual measurements are plotted vs. gestational age, with the overlying linear CDH-specific prediction for survivors and non-survivors (Figure 1). Interaction terms for survival and gestational age at time of measurement were significant for mitral valve annulus diameter (p = 0.009) and left ventricular width (p = 0.02) in models generated with data from both survivors and non-survivors, supporting the generation of normative values from models developed with data from only survivors (also shown with 95% confidence intervals, Figure 2). There were weak positive correlations between concurrent LHR and MV and AoV diameter (Table 3) though only LHR vs. AoV reached statistical significance. Right heart structures did not correlate with LHR measurements. The distributions of fetal z-scores for each parameter derived from unaffected fetuses and the left CDH-specific equations are also shown (Figure 3 for models generated from survivors only, and Supplementary Figure for models generated from both survivors and non-survivors). As expected from these graphs, CDH-specific z-scores generated with data from survivors only were significantly worse than z-scores from unaffected fetuses for all left heart parameters, with the largest differences for LV width, followed by AoV diameter: MV diameter 0.99 ± 0.30, AoV diameter 2.04 ± 0.38, LV length 1.30 ± 0.36, and LV width 4.69 ± 0.28; p < 0.0001 for all comparisons by paired t-test.


[image: Figure 1]
FIGURE 1
Measured left heart structures and left CDH-specific regression lines versus gestational age at measurement in survivors (solid circles, solid line) and a comparison group of non-survivors (open triangles, dashed line), (A) mitral valve diameter; (B) aortic valve diameter; (C) left ventricle length; (D) left ventricle width. Regression lines are back-transformed from natural log models. *P-value for interaction between survival and gestational age.
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FIGURE 2
Predicted left heart structure size versus gestational age from left CDH-specific models, with regression line and 95% confidence interval shown, (A) mitral valve diameter; (B) aortic valve diameter; (C) left ventricle length; (D) left ventricle width. Predicted values are back-transformed from natural log models.



[image: Figure 3]
FIGURE 3
Left heart parameters (data derived from survivors only): distribution of z-scores and kernel density estimates from all fetuses with left CDH derived from (1) published data from unaffected fetuses (29) (white bars, solid line) and (2) left CDH-specific data (gray bars, dashed line). CDH-specific equations were derived with data only from survivors, (A) mitral valve diameter, n = 92; (B) aortic valve diameter, n = 87; (C) left ventricle length, n = 90; (D) left ventricle width, n = 81.



TABLE 3 The relationship of low lung-to-head ratio (≤ 1.0) and cardiac structure z-scores, based on CDH-specific prediction equations.
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Though the focus was to generate normal values for left heart dimensions in the presence of CDH and clear absence of structural heart disease (hence limitation to a cohort who survived the neonatal period with normal postnatal cardiac examination for generation of equations) we secondarily evaluated the relationship of the size of fetal cardiac structures to survival to hospital discharge in our larger cohort. We used both z-scores from unaffected fetuses and the z-scores derived from our left CDH cohort for these analyses. Overall survival after birth was 65% (92/142). Although fetal z-scores from infants who died were lower than z-scores for those who survived for all parameters, the differences were not statistically significant, regardless of the equation used to derive z-scores (Table 4). Consistent with these findings, AUROC demonstrated that z-scores derived from the CDH equations had limited utility for the outcome of mortality: MV diameter 0.57 (95% CI, 0.46, 0.67), AoV diameter 0.57 (95% CI, 0.47, 0.68), LV length 0.55 (95% CI, 0.45, 0.65), LV width 0.58 (95% CI, 0.47, 0.69). We further evaluated performance of fetal left heart measurements for mortality with a threshold z-score <−1. This z-score corresponds to the 16th percentile for a normal distribution, it encompassed 14%–22% of observations from this cohort (depending on the individual measurement), and it included varying proportions of those observations with a z-score <−2 (<2.5% of normal values) when using data from unaffected controls: MV diameter, 31/37 (84%); AoV diameter, 28/66 (42%); LV length, 20/43 (47%); LV width, 23/123 (19%). CDH-specific left heart parameters performed modestly with a cut-off of z-score <−1; for all parameters, 61%–63% of newborns were classified correctly (Table 5). There was low sensitivity but good specificity, indicating that survivors were likely to have a z-score of −1 or higher. Positive and negative predictive values were poor and moderate, respectively.


TABLE 4 Survival to discharge and z-scores for cardiac structures derived from equations from CDH-specific and unaffected fetuses.
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TABLE 5 Test diagnostics of CDH-specific fetal left heart measurement using a threshold of z-score <−1 for mortality prior to discharge from neonatal hospitalization.
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Discussion

Fetal evaluation of CDH provides important information for families and clinicians as they consider fetal and neonatal interventions and outcomes. Fetuses with anomalies in addition to the CDH, and in particular cardiac anomalies, have a significantly worse prognosis. Many fetuses with CDH may appear to have small left heart structures, but though relative hypoplasia of the mitral and aortic valves and left ventricle raise the possibility of true structural heart disease in these fetuses, the size of most structures will in fact normalize after birth (23). We present normative values for left heart structures in fetuses with left CDH without significant congenital heart disease, from a large group of fetuses undergoing comprehensive evaluation; our proposed normative curves are left-shifted compared to standardized curves from unaffected fetuses (29). And, although left heart development is substantially impacted, the degree of fetal left heart underdevelopment alone was not related to survival in this single center study. Use of these CDH-specific normative values when assessing a fetus with CDH should help the clinician to better interpret the echocardiographic data present in the fetal period and to avoid erroneously arriving at a diagnosis of structural heart disease when in fact the heart is normal for this condition.

The lack of association between left heart size and survival in this contemporary cohort is consistent with prior reports (5, 23). Z-score differences of up to 0.3 ± 1.0 would require 190–200 fetuses to demonstrate a statistically significant difference between survivors and non-survivors if ∼2/3 of the fetuses survive after birth, but even a proposed cut-off z-score <−1 provided only modest outcome prediction. Of left heart structures, Vogel and colleagues found only AoV diameter, with a cut-off z-score <−2 (curves from unaffected fetuses), was associated with survival, although it was not an independent predictor (23). Multiple investigators have hypothesized that distorted anatomy and compression due to herniated thoracic contents account for differences in left heart size and output, primarily supported by the observations by ourselves and others that alterations in fetal blood flow patterns are related to fetal anatomic measures of CDH severity (15, 16, 23–25). In support of this decrease in left heart output being physiologically important, we have recently reported that middle cerebral artery (MCA) pulsatility index values are significantly lower in fetuses with L-CDH compared to normal control fetuses, and that lower left heart output was correlated with lower MCA vascular impedance (24). The neurodevelopmental effect of such changes in MCA-PI in response to decreased LVCO is unknown.

A growing body of literature is focused on development of the pulmonary circulation and fetal pulmonary vascular hypoplasia, aimed to better understand pathophysiology and provide more precise information for decision-making (4–8, 21–25, 30). Fetal blood flow alterations in CDH may be related to pulmonary vascular physiology in addition to intracardiac fetal blood flow and compressive effects. Fetal lung hypoplasia is associated with structural and functional pulmonary vascular changes, including alterations in hemodynamic parameters and reactivity (4, 7, 31–33). Endothelial nitric oxide synthase expression is decreased in fetal hypoplastic lungs, consistent with demonstrated lack of response to oxygen (mediated via nitric oxide) (4, 8, 33, 34). Recently, we demonstrated additional alterations in the fetal environment in CDH, with differences in levels of cord blood growth factors and inflammatory mediators, related to the persistence of neonatal PH, also associated with anatomic markers of severe CDH (35, 36). Thus, fetal blood flow alterations and abnormal vascular reactivity in CDH could mimic the circulatory derangements of PPHN due to increased pulmonary vascular resistance (PVR); relatively increased fetal PVR from a small pulmonary vascular bed and vascular biochemical changes will result in decreased left-sided blood flow and ventricular loading (16). The neonatal increase in left-sided structures following CDH repair may be attributable to normalization of both mechanical and hemodynamic mechanisms, as PVR decreases over time (23, 36, 37). These hemodynamic effects are consistent with the paradigm wherein blood flow contributes to fetal cardiac development (22, 23, 38).

Interestingly, we demonstrated poorer left heart development with advancing gestation by survival status, consistent with prior fetal cardiac studies (19), that showed more pronounced abnormality at later gestation and as was previously shown for other fetal CDH anatomic markers that portend worse prognosis (5, 6, 39, 40). LV width was the most impacted left heart measurement in our cohort. In addition to the abnormalities in non-survivors, the CDH-specific LV width distribution demonstrated the greatest difference of all of our measurements from the distribution derived from unaffected fetuses. It may be that LV width, reflecting LV filling, is impacted by both anatomic compression and fetal pulmonary vascular physiology, whereas other measures may be more affected by a single mechanism. We speculate that the relationship between anatomic CDH severity and left heart development results in unfavorable cardiopulmonary interactions at birth, but fetal ultrasound measurements may be too crude to identify the distinct contribution of these factors.

Consistent with the physiology of fetal intervention for CDH (accelerated fetal lung growth), tracheal occlusion can impact fetal markers of severity (8, 41). Left heart structures relatively increase in size (with increased preload) and, pulmonary vascular responsiveness is restored among survivors (8, 27). Fetal tracheal occlusion also improves some neonatal outcomes, including survival and decreased incidence of PPHN, supporting the relationship of left heart development to pulmonary vascular physiology (42, 43).


Limitations

Our findings are based on single-center data, which may limit generalizability. However, experienced ultrasonographers may be required for the consistent ascertainment of important fetal markers of CDH severity, with strong agreement between expert evaluators (5, 8, 27, 44–47). Our prior work demonstrated acceptable interobserver variability for the measurements in the current study (25, 44). Further, our data are confined to left CDH (more common than right CDH), consistent with prior fetal studies. However, evaluation of data from fetuses with right CDH could be useful, as we previously demonstrated fetal hemodynamic alterations are more pronounced in left CDH, compared to right CDH (25). Given the smaller numbers of these fetuses evaluated at any single center, collaborations among experienced centers may be informative. Finally, the number of fetuses that ultimately were used to generate our normative curves was not large, with observations obtained predominantly during mid-gestation. However, this is the usual timing of the mid-gestation routine anatomic ultrasound evaluation that identifies the CDH and thus the most common time that these fetuses are referred for clinical evaluation, and our curves demonstrate similar shape to those generated from unaffected fetuses.




Conclusion

Normative data on left heart structures from fetuses with left CDH without congenital heart disease result in z-scores that are significantly left-shifted compared to normal curves from unaffected fetuses. We suggest the use of these CDH-specific equations during fetal evaluation, as this may mitigate antenatal concern regarding structural left heart disease, since measurements of these structures in CDH have been shown to normalize after birth (23). However, the development of left heart structures in fetuses with CDH and without congenital heart disease has limited bearing on survival after birth, as an isolated consideration. Future work could evaluate the relationship of these measurements to other neonatal outcomes, including cardiac physiology and diastology (representing ventricular interaction) (17, 48), and the persistence of pulmonary hypertension, as well as the combination of left heart markers with additional fetal anatomic and physiologic measurements, to refine fetal risk for adverse neonatal outcomes.
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Background: Premature ductus arteriosus constriction (DA Con) can result in right ventricular enlargement, right ventricular hypertrophy, and tricuspid regurgitation.



Method: This study retrospectively analyzed 34 singleton fetuses that underwent fetal echocardiography with a diagnosis of DA Con (16 cases with mild to moderate, and 18 cases with moderate to severe) and 45 healthy fetuses. The morphology and function parameters of cardiac, as well as the 24-Segment of ventricles, were compared between the DA Con group and controls, and between the mild to moderate and moderate to severe groups, using the fetal heart quantification (FHQ) technology.



Results: There were no significant difference in left ventricular parameters in DA Con group when compared to controls. Moreover, fetal 4CV-GSI was significantly reduced, as well as the sphericity index (SI), fractional shortening (FS), global longitudinal strain (GS) and fractional area change (FAC) of right ventricle, especially in the basal-middle segments. Compared with the mild to moderate group, LV-FS increased and RV-FS decreased in moderate to severe group.



Conclusion: The results showed that the fetal heart in the DA Con group was different from the controls in morphology and function. FHQ technology provides a comprehensive assessment for the evaluation of cardiac morphological and functional changes in DA Con fetuses.
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Introduction

The ductus arteriosus (DA) connects the pulmonary with the systemic circulation and is integral to the maintenance of fetal circulation. Unlike other congenital heart malformations, which occur early during embryonic development, DA Con (ductus arteriosus constriction, DA Con) usually occurs in the second or third trimesters of pregnancy and is often associated with maternal use of prostaglandin synthase inhibitors; however, some cases are idiopathic. As a result, the fetal right heart circulation is compromised and can cause fetal right heart failure or even death in serious cases (1). It is reversible to some extent after the inducing factor is found and removed. Most of the fetuses we included in the current study were referred to our center because of increased right heart disproportion and tricuspid regurgitation found during routine prenatal echocardiography. We believe that the DA Con can also modify the shape and systolic function of the left and right ventricles (LV and RV, respectively) of the heart, in addition to causing disproportion of the right heart (2). The purpose of this study was to investigate te changes in end-diastolic global sphericity index (GSI) of the 4CV, as well as 24-segment spherical index (SI), fractional shortening (FS), global longitudinal strain (GS) and fractional area change (FAC) in fetuses with DA Con and to shed light on the effect of DA Con on fetal heart morphology and function, which could provide some guidance for the fetal assessment of segmental myocardial changes as well as the cardiac function.



Materials and methods


Study population

Fetuses with DA Con who were diagnosed by prenatal echocardiography at the Fetal Heart Disease Maternal Fetal Medical Consultation Center in our hospital from March 2013 to January 2020 were enrolled in this study. The Ethics Committee of Beijing Anzhen Hospital, Capital Medical University, approved this study. Written informed consent was obtained from the parents. Of the 34 fetuses enrolled, all singletons, 16 cases with mild to moderate and 18 cases with moderate to severe, without other congenital heart malformations that may cause stenosis or absence of ductus arteriosus. Forty-five singleton fetuses with a structurally normal heart of comparable gestational age (GA), and without concomitant abnormalities of the extracardiac system or growth restriction, during the same study period were randomly selected as controls. All the pregnant women have no underlying diseases.



Diagnostic criteria

Two-dimensional echocardiography showing that the inner diameter of the DA was narrower than that of the aortic isthmus (Figure 1A). When compared to the LV, the RV was disproportionally increased in size and appeared to have decreased contractility; 2. Color Doppler demonstrated continuous turbulent, full-systolic tricuspid regurgitation (Figures 1B,C); 3. Pulsed Doppler showing peak systolic velocity of 200–300 cm/s (normal: 100–120 cm/s), diastolic peak velocity of 35 cm/s, and pulsatility index of the DA < 1.9 (normal: >2) (Figure 1D). Among them, 1.0 < pulsatility index (PI) ≤ 1.9 was defined as mild to moderate of DA Con, and PI ≤ 1.0 was defined as moderate to severe stenosis of DA Con.


[image: FIGURE 1]
FIGURE 1
Echocardiograms of the fetuses with ductus arteriosus premature contraction (DA Con). (A) Narrowed ductus arteriosus; (B) Full-systolic tricuspid regurgitation (TR) on four-chamber view; (C) Velocity of TR; (D) Blood flow velocity and pulsatility index (PI) value of DA Con.




Exclusion criteria

(1) Presence of concomitant congenital heart malformation causing stenosis or absence of the DA; (2) Absence of standard image on 4CV.



Fetal echocardiograms

All fetal echocardiographic examinations were performed using a Voluson E10 color Doppler ultrasound (GE Healthcare, Chicago, IL, USA) with a 4–8 mHz 2D/3D volume probe. Fetal biological parameters were measured during the 2nd or 3rd trimester, and the fetal heart was systematically examined under cardiac conditions. Segmental diagnosis was used to analyze the fetal cardiac structure. The final diagnosis of fetal echocardiography was made when a consensus was reached by two experienced physicians. Echocardiography was also performed following birth. The standard four chamber view (4CV) dynamic images were selected from the previous preserved images and imported in 4dv format, the frame rate was greater than 90 Hz. Then, after clicking the “Calculate” button, “Fetal HQ” is selected and the end-diastolic epicardial length and width of the 4-chamber view were measured. This was followed by activation of the speckle tracking contours of the end-systolic and end-diastolic images, identified from an M-mode generated from the 2D image, of 1 cardiac cycle. From the end-systolic and end-diastolic frames of the 2D image of the right and left ventricles, speckle tracking of the endocardial borders was used to compute the ventricular measurements of size, shape, and function (3, 4). When necessary, the ventricular contours were adjusted to adjust the endocardial borders at their origin at the base of the lateral wall and septum, along the ventricular and septal walls, as well as accurate identification of the apex of each chamber.



Analysis method and index

1. The cardiac GSI was calculated by dividing the 4CV length by the 4CV width to evaluate the shape of the heart at end diastole. 2. The 24-segment SI was calculated by dividing the ventricular ED length by the 24-segment ED to evaluate the shape of the LV and RV. 3. Evaluation of RV and LV systolic function. 3.1. FAC. The formula is as follows: (end diastolic area—end collecting area)/end diastolic area * 100%. 3.2. GS. The calculation formula is as follows: endocardial length—endocardial length at diastole)/endocardial length at diastole * 100%. 3.3. The 24-segment FS. The formula is as follows: (end diastole width—endsystole width)/end diastole width * 100%.



Statistical analysis

Measured data are expressed as the mean ± standard deviation (SD). SPSS 20.0 (IBM Corp., Armonk, NY, United States) was used for the statistical analysis. The differences in SI, FS, FAC, GS and 4CV GSI between the controls and DA Con group, and between the mild to moderate and moderate to severe groups, were compared by independent-sample t-tests.




Results


Participant characteristics

The clinical characteristics of the mothers and fetuses in the DA Con group and control group are summarized in Tables 1, 2. Pregnant women have no underlying diseases, and there were no significant difference in the maternal age, maternal BMI and GA between DA Con group and control group, as well as the mild to moderate and moderate to severe group (P > .05).


TABLE 1 Comparison of the clinical characteristics of the mothers and fetuses between the DA Con group and control group.

[image: Table 1]


TABLE 2 Comparison of the clinical characteristics of the mothers and fetuses between the mild to moderate and moderate to severe DA Con groups.
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Comparision of the fetal heart shape between different groups

Compared with the control group, the fetal 4CV GSI in the DA Con group was smaller than that in the control group(Figure 2) (P < .05), the fetal LV-SI and RV-SI was lower in 24 segments (Figures 3A,B), and the difference of RV-SI at segments 1–21 was statistically significant (P < .05).


[image: FIGURE 2]
FIGURE 2
Scatter plot of global sphericity index (GSI) in the fetuses with ductus arteriosus premature contraction (DA Con) and control group (P < 0.05).



[image: FIGURE 3]
FIGURE 3
Comparison of ventricular 24-segment sphericity index (SI) from the base to the apex between the control group and ductus arteriosus premature contraction (DA Con) group. (A) Left ventricle (LV) 24-segment SI values in the DA Con group and control group (P < 0.05). (B) Right ventricle (RV) 24-segment SI values in the DA Con group and control group (P < 0.05).


Compared with the mild to moderate group, there were no significant change in the fetal 4CV GSI of the moderate to severe group (Figure 4) (P > .05), the same as the fetal LV-SI and RV-SI in 24 segments (Figures 5A,B) (P > .05).


[image: FIGURE 4]
FIGURE 4
Scatter plot of global sphericity index (GSI) in the fetuses with mild to moderate and moderate to severe DA Con (P > 0.05).



[image: FIGURE 5]
FIGURE 5
Comparison of ventricular 24-segment sphericity index (SI) from the base to the apex between the mild to moderate group and moderate to severe group. (A) Left ventricle (LV) 24-segment SI values in the mild to moderate group and moderate to severe group. (B) Right ventricle (RV) 24-segment SI values in the mild to moderate group and moderate to severe group.




Comparision of the fetal heart function between different groups

Compared with the control group, the fetal LV-FAC, LV-GS, RV-FAC and RV-GS were significantly decreased in the DA Con group(P < .05) (Figures 6A–D), and the fetal LV-FS and RV-FS were decreased in all 24 segments (Figures 7A,B), and the difference of LV-FS at segments 11–24, RV-FS at segments 1–24 were statistically significant (P < .05).


[image: FIGURE 6]
FIGURE 6
Scatter plot of left ventricle (LV)-fractional area change (FAC), LV-global strain (GS), right ventricle (RV)-FAC and RV-GS in the fetuses with mild to moderate and moderate to severe ductus arteriosus constriction (DA Con). (A) LV-FAC values in the control group and DA Con group. (B) LV-FS values in the control group and DA Con group. (C) RV-FAC values in the control group and DA Con group. (D) RV-GS values in the control group and DA Con group.



[image: FIGURE 7]
FIGURE 7
Comparison of ventricular 24-segment fractional shortening (FS) from the base to the apex between the control group and ductus arteriosus constriction (DA Con) group. (A) Left ventricle (LV) 24-segment FS values in the control group and DA Con group. (B) Right ventricle (RV) 24-segment FS values in the control group and DA Con group.


Compared with the mild to moderate group, there were no significant change in the fetal LV-FAC, LV-GS, RV-FAC and RV-GS of the moderate to severe group (Figures 8A–D) (P > .05), and the fetal LV-FS and RV-FS were increased in all 24 segments (Figures 9A,B), and the difference of LV-FS at segments 7, RV-FS at segments 14–17 were statistically significant (P < .05).


[image: FIGURE 8]
FIGURE 8
Scatter plot of left ventricle (LV)-fractional area change (FAC), LV-global longitudinal strain (GS), right ventricle (RV)-FAC and RV-GS in the fetuses with mild to moderate and moderate to severe ductus arteriosus constriction (DA Con). (A) LV-FAC values in the mild to moderate group and moderate to severe group. (B) LV-GS values in the mild to moderate group and moderate to severe group. (C) RV-FAC values in the mild to moderate group and moderate to severe group. (D) RV-GS values in the mild to moderate group and moderate to severe group.



[image: FIGURE 9]
FIGURE 9
Comparison of ventricular 24-segment fractional shortening (FS) from the base to the apex between the mild to moderate group and moderate to severe group. (A) Left ventricle (LV) 24-segment FS values in the mild to moderate group and moderate to severe group. (B) Right ventricle (RV) 24-segment FS values in the mild to moderate group and moderate to severe group.





Discussion

Fetal DA is anatomically and functionally completely different from that after birth. More than 80% of the blood from the right ventricle of the heart is drained directly into the descending aorta by the DA. Changes occur in the DA during the second or third trimester of pregnancy. The muscle thickens in the middle section of DA and the duct elongates, angles, and becomes tortuous. After birth, the DA closes and eventually becomes the ligamentum arteriosum. As pregnancy progresses, the sensitivity of the DA to factors prompting its contraction gradually increases, so DA Con usually appears in the second or third trimester of pregnancy (5). Studies have shown that premature constriction of DA is associated with decreased prostaglandin (PG), maternal nonsteroidal anti-inflammatory drug (NSAID) use, and consumption of grapes, green tea, coffee, and other dietary substances (6). The condition can be partially reversible when detected in a timely fashion (7). There are some rare idiopathic fetal DA Con cases without obvious causes. The incidence is very low, but the prognosis is worse than that of the fetal PDA related to NSAID (8). Prognosis may be related to the degree of DA constriction, the size of the foramen ovale, and the gestational age when the DA closes. The earlier the occurrence of DA stenosis, more severe stenosis, and limited opening of the foramen ovale affecting right-to-left shunt, the more serious the condition. Without timely intervention, it may lead to right heart failure, resulting in fetal death. Some scholars have found that if DA Con fetuses have hydrops, it is indicative of severe right heart dysfunction, as about 40% of them die imm ediately before or after birth, and therefore it is suggested that they should be delivered as soon as possible (9).

In the DA Con group, two-dimensional echocardiography showed narrowed DA and the dilated pulmonary artery on the 3-vessels view, RV dilation and decreased RV function on color Doppler, which were confirmed by changes in the pulse Doppler waveform, ductal flow velocity, and pulsatility index (10, 11). Previous studies on DA Con focused on the echocardiographic characteristics and diagnosis and did not discuss the difference of morphology and function between different segments of the myocardium. In the present study, fetal heart morphology and function were retrospectively assessed using the fetal heart quantification (FHQ) technology in the end-diastolic 4CV (12, 13), FS (14) and FAC (15), GS (16, 17) of the LV and RV in the DA Con group were lower than those in the control group, which indicated that the systolic functioning of LV and RV was lower than that in the control group. With the stenosis of DA aggravated, the compensation of systolic function of the LV was enhanced. This is because when fetal myocardium is damaged, not all segments of the whole ventricular wall appear at the same time. Even though the GS is reduced when the strain capacity of some segments of the ventricular wall is reduced, the myocardial strain of other segments may increase to compensate for this. The study data showed that the FS of RV 24-segment in the DA Con group was negative and the LV-FS increase at segment 11–24, which was considered to be indicative of RV dysfunction and LV compensatory contraction. Right ventricular wall moved passively as left ventricular systolic or diastole. Because the basal and apical segments were relatively fixed, the mid segment of the RV wall moved passively and in reverse with LV contraction and relaxation, with left-to-right shunt in systole and right-to-left shunt in diastole. Fetuses in the DA Con group had larger LV and RV and hearts as a whole, and smaller SI than those in the control group; the smaller the SI, the plumper and nearlyspherical the heart (18). This is due to the DA Con, as the RV blood cannot enter thedescending aorta through the DA. Because of the high pressure of pulmonary circulation, blood cannot pass through the pulmonary arteriole to the pulmonary venule, only to return to the RV, resulting in RV dilation, caused by the increase in the RV pressure load-originally from the RV shunted to the descending aorta through the DA part of the blood flow through the foramen ovale into the left heart system. Increased right-to-left shunt leads to increased LV volume load and enlarged cardiac chambers. Consequently, LV compensatory contraction and cardiac output increase. As the stenosis of the DA progressed, there were no significant change in the shape of fetal heart with moderate to severe DA Con and mild to moderate DA Con.

On the other hand, diastole is the active movement of myocardial energy consumption. We speculate that this may be due to increased acute RV afterload, leading to RV ischemia and fetal myocardial damage. The ventricular wall had almost no movement, and the diastolic function was reduced, resulting in restricted filling and little forward flow through the tricuspid valve. With the aggravation of DA stenosis, the right-to-left shunt of the fetus increased further. Heart rate did not increase significantly during the compensation period, and LV increased the blood output by enhancing contraction in the decompensation period. In addition, reduced LV systolic function, heart failure, decreased blood flow and increased pressure in the cardiac chambers lead to peripheral blood reflux, fetal pericardial effusion and tissue edema. Because the FHQ technology focuses on the analysis of systolic function, it needs to be combined with other methods to further study the changes of fetal diastolic function. The number of samples in this study was relatively small, so it is necessary to increase the sample size for further analysis and research, and to further confirm our hypothesis in combination with clinical practice.

DA Con occurs in the third trimester of pregnancy. The change in fetal heart load is an acute process and generally not combined with other organic lesions. Perinatal fetal prognosis is directly related to the choice of appropriate time of delivery after prenatal diagnosis. After birth, DA is physiologically closed, the shape and function of RV have changed greatly, and cardiac function can be restored over time. Therefore, the prognosis is generally good (19). At present, there is no consensus on the timing of termination of pregnancy for DA Con, mainly weighing the pros and cons of RV presure overload. Because increased right-to-left foramen ovale shunting can reduce the pressure load of the right cardiac system, some DA Con fetuses can be well compensated and do not develop right heart dysfunction. Therefore, it is not necessary to terminate the pregnancy immediately after diagnosis. Feeding difficulties and increased perinatal mortality may occur if the fetus is born too early and the various systems are underdeveloped. Late birth may lead to persistent pulmonary hypertension (20), which is not conducive to the recovery of the right heart function. Choosing the best time of delivery and reducing perinatal mortality is still a difficult problem that has not been completely solved.

The FHQ technique provides a new and comprehensive method to evaluate the size, shape, and function of the DA Con fetal heart. The measurement of these variables can provide important information for clinicians to assess myocardial changes sensitively, which can improve our understanding of DA Con fetal heart impairment. This can help clinicians to make prenatal clinical decisions and shape the clinical guidelines of the appropriate delivery timing in the future which can lead to improved fetal outcomes (21).



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Beijing Anzhen Hospital, Capital Medical University. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author contributions

TL, JH and YH contributed to the conception of the study and manuscript writing. TL, JH, XL, LS, YZ, YH and XH contributed to the clinical data collection. TL, JH, XG, YZ and SG contributed to data processing and statistical analysis. YH and JH proposed a critical revision to the manuscript and contributed equally to this work as co-corresponding authors. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the “Dengfeng” project of talent training plan of Beijing Medical Management Center (Grant No. DFL20220601).



Acknowledgments

We thank all subjects who participated in this study for their assistance.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Gewillig M, Brown SC, Roggen M, Eyskens B, Heying R, Givron P, et al. Dysfunction of the foetal arterial duct results in a wide spectrum of cardiovascular pathology. Acta Cardiol. (2017) 72:625–35. doi: 10.1080/00015385.2017.1314876

2. Devore GR, Klas B, Satou G, Sklansky M. 24-segment Sphericity index: a new technique to evaluate fetal cardiac diastolic shape. Ultrasound Obstet Gynecol. (2018) 51:650–8. doi: 10.1002/uog.17505

3. Devore GR, Polanco B, Satou G, Sklansky M. Two-Dimensional speckle tracking of the fetal heart: a practical step-by-step approach for the fetal sonologist. J Ultrasound Med. (2016) 35:1765–81. doi: 10.7863/ultra.15.08060

4. Devore GR, Klas B, Satou G, Sklansky M. Evaluation of fetal left ventricular size and function using speckle-tracking and the simpson rule. J Ultrasound Med. (2019) 38(5):1209–21. doi: 10.1002/jum.14799

5. Lopes LM, Carrilho MC, Francisco RPV, Lopes MAB, Krebs VLJ, Zugaib M. Fetal ductus arteriosus constriction and closure: analysis of the causes and perinatal outcome related to 45 consecutive cases. J Matern Fetal Neonatal Med. (2016) 29:638–45. doi: 10.3109/14767058.2015.1015413

6. Han JC, Liu XW, Gu XY, Zhao Y, Hao XY. Ultrasonographic diagnosis and pregnancy outcome of fetal ductus arteriosus complete closure. Chin J Ultrasound Imaging. (2018) 27:683–7. doi: 10.3760/cma.j.issn.1004-4477.2018.08.011

7. Schierz IAM, Giuffrè M, Piro E, Placa SL, Corsello G. A case of cardiomyopathy due to premature ductus arteriosus closure: the flip side of paracetamol. Pediatrics. (2018) 141:e20163850. doi: 10.1542/peds.2016-3850

8. Enzensberger C, Wienhard J, Weichert J, Kawecki A, Degenhardt J, Vogel M, et al. Idiopathic constriction of the fetal ductus arteriosus: three cases and review of the literature. J Ultrasound Med. (2012) 31:1285–91. doi: 10.7863/jum.2012.31.8.1285

9. Luchese S, Mânica JL, Zielinsky P. Intrauterine ductus arteriosus constriction: analysis of a historic cohort of 20 cases. Arq Bras Cardiol. (2003) 81:399–404. doi: 10.1590/s0066-782x2003001200007

10. Gabbay-Benziv R, Turan OM, Harman C, Turan S. Nomograms for fetal cardiac ventricular width and right-to-left ventricular ratio. J Ultrasound Med. (2015) 34:2049–55. doi: 10.7863/ultra.14.10022

11. Shima Y, Ishikawa H, Matsumura Y, Yashiro K, Nakajima M, Migita M. Idiopathic severe constriction of the fetal ductus arteriosus: a possible underestimated pathophysiology. Eur J Pediatr. (2011) 170:237–40. doi: 10.1007/s00431-010-1295-3

12. DeVore GR, Cuneo B, Klas B, Satou G, Sklansky M. Comprehensive evaluation of fetal cardiac ventricular widths and ratios using a 24-segment speckle tracking technique. J Ultrasound Med. (2019) 38:1039–47. doi: 10.1002/jum.14792

13. DeVore GR, Satou G, Sklansky M. Abnormal fetal findings associated width a global sphericity index of the 4-chamber view below the 5th centile. J Ultrasound Med. (2017) 36:2309–18. doi: 10.1002/jum.14261

14. DeVore GR, Klas B, Satou G, Sklansky M. Twenty-four segment transverse ventricular fractional shortening: a new technique to evaluate fetal cardiac function. J Ultrasound Med. (2018) 37:1129–41. doi: 10.1002/jum.14455

15. DeVore GR, Klas B, Satou G, Sklansky M. Quantitative evaluation of fetal right and left ventricular fractional area change using speckle-tracking technology. Ultrasound Obstet Gynecol. (2019) 53:219–28. doi: 10.1002/uog.19048

16. DeVore GR, Gumina DL, Hobbins JC. Assessment of ventricular contractility in fetuses with an estimated fetal weight less than the tenth centile. Am J Obstet Gynecol. (2019) 221:498.e1–e22. doi: 10.1016/j.ajog.2019.05.042

17. DeVore GR, Klas B, Satou G, Sklansky M. Longitudinal annular systolic displacement compared to global strain in normal fetal hearts and those with cardiac abnormalities. J Ultrasound Med. (2018) 37(5):1159–71. doi: 10.1002/jum.14454

18. DeVore GR, Zaretsky M, Gumina DL, Hobbins JC. Right and left ventricular 24-segment sphericity index is abnormal in small-for-gestational-age fetuses. Ultrasound Obstet Gynecol. (2018) 52:243–9. doi: 10.1002/uog.18820

19. Ishida H, Kawazu Y, Kayatani F, Inamura N. Prognostic factors of premature closure of the ductus arteriosus in utero: a systematic literature review. Cardiol Young. (2017) 27:634–8. doi: 10.1017/S1047951116000871

20. Gregor M, Hodík K, Tošner J. Premature closure of the ductus arteriosus. Int J Gynaecol Obstet. (2011) 114:80. doi: 10.1016/j.ijgo.2011.01.017

21. Ishida H, Inamura N, Kawazu Y, Kayatani F. Clinical features of the complete closure of the ductus arteriosus prenatally. Congenit Heart Dis. (2011) 6:51–6. doi: 10.1111/j.1747-0803.2010.00411.x












	
	TYPE Case Report

PUBLISHED 08 February 2023
DOI 10.3389/fped.2023.1115052






[image: image2]

Diagnosis and intervention of severe tricuspid regurgitation secondary to rupture of the chordae tendineae: A case report and literature review

Jiaxi Huang1†, Chaojun Du2†, Wenbo Zhang1, Yaping Mi1, Yaping Shan1, Huifeng Zhang1, Qiqi Shi1* and Gang Chen1*

1Department of Pediatric Cardiothoracic Surgery, Children's Hospital of Fudan University, Shanghai, China

2Department of Pediatric Cardiothoracic Surgery, Anhui Provincial Children's Hospital, Anhui, China

EDITED BY
Liqun Sun, University of Toronto, Canada

REVIEWED BY
Fen Li, Shanghai Children's Medical Center, China
Tianli Zhao, Central South University, China

*CORRESPONDENCE Qiqi Shi drshiqiqi@fudan.edu.cn
Gang Chen chgchen@fudan.edu.cn

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION This article was submitted to Pediatric Cardiology, a section of the journal Frontiers in Pediatrics

RECEIVED 03 December 2022
ACCEPTED 16 January 2023
PUBLISHED 08 February 2023

CITATION Huang J, Du C, Zhang W, Mi Y, Shan Y, Zhang H, Shi Q and Chen G (2022) Diagnosis and intervention of severe tricuspid regurgitation secondary to rupture of the chordae tendineae: A case report and literature review.
Front. Pediatr. 11:1115052.
doi: 10.3389/fped.2023.1115052

COPYRIGHT © 2023 Huang, Du, Zhang, Mi, Shan, Zhang, Shi and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Unguarded severe tricuspid regurgitation caused by rupture of papillary muscle or chordae tendineae is rare but fatal in neonates. The experience in the management of these patients is still limited. A newborn presenting severe cyanosis after delivery was diagnosed with severe tricuspid regurgitation secondary to rupture of chordae tendineae by echocardiography (Echo), then treated by surgical reconstruction of chordae/papillary muscle connection without artificial materials. A takeaway lesson from this case is that Echo is an important method to diagnose a rupture of chordae tendineae or papillary muscle and that prompt diagnosis and timely surgery can be life-saving.
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Introduction

Severe tricuspid regurgitation (TR) secondary to rupture of the papillary muscles or chordae tendineae in newborns, a rare but potentially lethal condition, is characterized by refractory hypoxemia with typical echocardiography (Echo) findings, including severe TR, compromised antegrade pulmonary flow, and flailed leaflet of the tricuspid valve (TV) (1, 2). Rapid deterioration of heart failure may cause death without prompt diagnosis and effective intervention. Although unclear, it is reported that many perinatal factors contributed to the rupture of the papillary muscles or chordae tendineae, including perinatal hypoxemia, rhesus isoimmunization, premature closure of the ductus arteriosus in utero, maternal connective tissue diseases, thromboembolism, and infection (3, 4). However, the experience in the management of these patients remains limited. In this report, we reported our experience of management of a newborn with severe TR secondary to rupture of the chordae tendineae.



Case description

A 3,750-g full-term baby born by normal vaginal delivery was found with cyanosis with oxygen saturation of 46.6% and grade III/VI holosystolic murmurs in auscultation on the second day of life. Echocardiogram revealed prolapse of the anterior leaflet, restricted movement of the septal leaflet, and severe tricuspid regurgitation with a peak gradient pressure of 37 mmHg. The antegrade pulmonary flow was compromised with a right-to-left shunt patent foramen ovale (PFO). The diagnosis of the ruptured chordae tendineae was made by the flailed anterior leaflet of the TV with a thickened echogenic tip (Figures 1, 2). Electrocardiogram (ECG) results indicated enlargement of the right atrium and right ventricle. Contrast-enhanced MRI showed mild enlargement of the right atrium and right ventricle, mild pericardial effusion, and a tricuspid regurgitation fraction of 70%. The mother stated a history of normal pregnancy and denied using any drugs during pregnancy including prostaglandin synthetase inhibitors. She denied a family history of congenital heart disease or other hereditary diseases. The baby was stabilized by oxygen supplementation and the administration of milrinone.


[image: Figure 1]
FIGURE 1
Echo before surgery in the PSAX view. The picture showed severe TR. RA, right atrium; RV, right ventricle; Ao, Aorta; TV, tricuspid valve; PSAX, parasternal short-axis view; TR, tricuspid regurgitation.



[image: Figure 2]
FIGURE 2
Echo before surgery in the A4C view. The picture showed flailed anterior leaflet prolapsing into the right atrium with a hyperechogenic mass. The green arrows pointed at flailed anterior leaflet of the tricuspid valve. RA, right atrium; RV, right ventricle; TV, tricuspid valve; A4C, apical four-chamber.


He was taken up for surgery on day 14 of life. Cardiopulmonary bypass was instituted using aortic and bicava cannulation. The heart was arrested with antegrade blood cardioplegia through the aortic root. A right atriotomy was made to approach the tricuspid valve. After careful exploration, we found that the papillary muscle of the anterior leaflet of the TV was ruptured. Near the moderator band, we found the other end of the ruptured chordae attached to the tip of the anterior papillary muscle (Figure 3). No ischemic change or calcification of the papillary muscles or chordae tendineae was found. The free edge of the fractured chordae was directly sutured to the anterior papillary muscle by a double-head 6-0 prolene suture. Saline was used to distend the ventricle, and a significant reduction of regurgitation was observed. A suture of the commissure of anterior and septal leaflets was done, and then no apparent regurgitation was observed. The 5-mm PFO was closed by a continuous suture. The atriotomy was closed, the aorta was deaired, and the aortic clamp was removed. The heart beats with sinus rhythm and then comes off of cardiopulmonary bypass. The postoperative transesophageal echocardiogram (TEE) revealed trivial regurgitation of the TV after surgery.


[image: Figure 3]
FIGURE 3
Surgical findings. A ruptured chorda of the anterior leaflet of TV was found, and the other head of papillary muscle was found near the moderator band. No ischemic changes were observed. TV, tricuspid valve.


The patient was weaned from mechanical ventilation 12 h after surgery and left the cardiac intense care unit (CICU) on the fourth day after surgery (Figure 4). Inotropic and nitro oxide were not needed after surgery. An Echo before discharge indicated no deterioration of TR, with coordinated movement during the cardiac cycle. ECG before discharge indicated complete right bundle branch block (CRBBB). The critical signs of the patient during the process of management are shown in Figure 3, indicating a quick improvement in oxygen saturation after surgery (Figure 4). The last visit at 4 months old showed normal biventricular function and mild TR (Figures 5, 6).


[image: Figure 4]
FIGURE 4
Change of critical signs of the patient. We observed that SaO2 increased significantly after surgery. SaO2, oxygen saturation; T, temperature; RR, respiratory rate; HR, heart rate.



[image: Figure 5]
FIGURE 5
Echo at the latest visit in the PSAX view. The figure showed good coaptation of the TV in the systolic phase. PSAX, parasternal short-axis view; RA, right atrium; RV, right ventricle; Ao, Aorta; TV, tricuspid valve



[image: Figure 6]
FIGURE 6
Echo at the latest visit in the A4C view. The figure showed normal movement of the anterior leaflet of the TV in the systolic phase. RA, right atrium; RV, right ventricle; TV, tricuspid valve; A4C, apical four-chamber.




Discussion

Isolated tricuspid regurgitation caused by rupture of the papillary muscles or chordae tendineae is rare but fatal in newborns (5, 6). It is important to diagnose promptly through detailed examinations. Patients always present profound cyanosis as severe TR increases the pressure of the right atrium, leading to a large right-to-left shunt, similar to the hemodynamic performance of patients with pulmonary atresia. Echo is the preferred method to confirm a diagnosis. A typical Echo result reveals severe eccentric TR, PFO with right-to-left shunt, and compromised antegrade pulmonary flow at the parasternal short-axis view (PSAX). At the apical four-chamber (A4C) view, there are important findings that differentiate from Ebstein anomaly, including flailed anterior leaflet prolapse to the right atrium during the systolic phase and hyperechogenic papillary muscle lashing with the movement of the leaflet.

Rupture of the papillary muscles or chordae tendineae in neonates can be attributed to ischemic or nonischemic etiologies (3). Ischemic etiologies include perinatal hypoxemia (7), rhesus isoimmunization, premature closure of the ductus arteriosus in utero, maternal connective tissue diseases, thromboembolism, and infection (4, 8, 9). Nonischemic etiologies include trauma and infectious endocarditis (3). In fetuses or neonates, the anterior papillary muscle of the tricuspid valve is susceptible to ischemia due to its high oxygen demand and blood supply from the distal extreme of the coronary circulation (10). In addition, overload volume or high pressure of the right ventricle can also cause rupture of the chordae or papillary muscles, as the papillary muscles under high pressure in the systolic phase are more likely to rupture. Premature closure or constriction of ductus arteriosus in fetuses can cause overload volume, high pressure of the right ventricle, and pulmonary hypertension (11). Four articles reported patients with ruptured papillary muscles related to premature constriction of ductus arteriosus, which might be associated with maternal intake of nonsteroidal anti-inflammatory drugs (NSAIDs), structural cardiac lesions such as tetralogy of Fallot, or spontaneous occurrence (11–14). In patients with systemic lupus erythematosus (SLE), the immune reaction within the myocardium extended to the subvalvular apparatus, caused fetal discomfort and hypoxic insult, and finally led to excessive fiber tension, papillary muscle rupture, and critical valve regurgitation (1). In our case, there was not any evidence of perinatal asphyxia, infection, or maternal intake of NSAIDs. The Echo results of right heart enlargement, pulmonary hypertension, and absence of patent ductus arteriosus (PDA) may implicate possible causes of premature closure of ductus arteriosus.

Management of patients with TR caused by rupture of the papillary muscles or chordae tendineae includes surgery and nonsurgical treatment. Surgery is needed to reconstruct the ruptured chordae or papillary muscles in patients presenting right heart circulatory failure. In all 26 reported cases including ours, surgery was performed on 23 cases and surgical intervention was planned on one case. Only one early case in 1995 was reported to die after surgery (15), which might be related to the surgical technique of anterior leaflet excision and valvuloplasty. Two cases without severe cardiac failure were advised to follow up and perform well at the 8 month and 1-year follow-ups, respectively (11, 16). The possible explanation is that the two cases have only mild anterior prolapse caused by the ruptured papillary muscle, normal biventricular structure, and no right ventricular outflow tract (RVOT) stenosis. Surgery was performed on almost all patients during neonatal periods, except in one case on whom surgery was performed at 3 months old due to a sudden right heart failure 2 months after the first nonsurgical treatment (3). The surgical technique is still under debate. Neochordae can be artificial or reconstructed by reimplanting the head of the ruptured papillary muscle into the residual base on the endocardium. The advantages of artificial chordae include being a well-established technique, easy availability, low cost, and ease of use. Mid-term follow-ups have revealed satisfactory results in applying artificial chordae in tricuspid valves, but the disadvantage of lack of growth potential is still a concern. The reimplantation technique also performed well after surgery in six patients, and long-term research was also needed. A proper strategy should be chosen according to the intraoperative findings. Although surgery repair is important, recurrent rupture may occur if pulmonary vascular resistance (PVR) is still high. Nonsurgical treatment includes NO, sildenafil, oxygen supplement, and mechanical ventilation to stabilize hemodynamic performance and lower PVR. In most patients, PVR decreased and the use of extracorporeal membrane oxygenation (ECMO) was avoided after the comprehensive treatment. Previous reports indicated that ECMO was a reliable method for cardiopulmonary support in neonates who required ECMO as a bridge to surgical repair (2, 3).

Long-term follow-up is rarely reported. Chowdhuri et al. (17) reported five cases with a median follow-up of 89 months. All five patients grew normally during follow-up and had either trivial or mild TR with good coaptation of the TV at the last visit. Anagnostopoulos et al. (18) reported a case with postoperative seizures and left frontal lobe infarction but recovered well after treatment. Echo results at 4 years old revealed normal biventricular function and trivial TR.



Conclusions

To summarize, unguarded severe TR caused by rupture of the papillary muscles or chordae tendineae is rare but potentially fatal in neonates. Prompt diagnosis by Echo, proper comprehensive preoperative management, and timely surgery can be life-saving and improve prognosis.
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Objective: To explore the application of the proposed intelligent image processing method in the diagnosis of aortic coarctation computed tomography angiography (CTA) and to clarify its value in the diagnosis of aortic coarctation based on the diagnosis results.



Methods: Fifty-three children with coarctation of the aorta (CoA) and forty children without CoA were selected to constitute the study population. CTA was performed on all subjects. The minimum diameters of the ascending aorta, proximal arch, distal arch, isthmus, and descending aorta were measured using manual and intelligent methods, respectively. The Wilcoxon signed-rank test was used to analyze the differences between the two measurements. The surgical diagnosis results were used as the gold standard, and the diagnostic results obtained by the two measurement methods were compared with the gold standard to quantitatively evaluate the diagnostic results of CoA by the two measurement methods. The Kappa test was used to analyze the consistency of intelligence diagnosis results with the gold standard.



Results: Whether people have CoA or not, there was a significant difference (p < 0.05) in the measurements of the minimum diameter at most sites using the two methods. However, close final diagnoses were made using the intelligent method and the manual. Meanwhile, the intelligent measurement method obtained higher accuracy, specificity, and AUC (area under the curve) compared to manual measurement in diagnosing CoA based on Karl's classification (accuracy = 0.95, specificity = 0.9, and AUC = 0.94). Furthermore, the diagnostic results of the intelligence method applied to the three criteria agreed well with the gold standard (all kappa ≥ 0.8). The results of the comparative analysis showed that Karl's classification had the best diagnostic effect on CoA.



Conclusion: The proposed intelligent method based on image processing can be successfully applied to assist in the diagnosis of CoA.
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1. Introduction

Coarctation of the aorta (CoA) is one of the most challenging and crucial congenital heart diseases to diagnose (1), with an incidence of approximately 4 per 10,000 live births (2). It can lead to more severe cardiovascular complications and even death (3). However, if successfully diagnosed early, it can be repaired promptly through surgery or percutaneous balloon angioplasty and stenting. Therefore, diagnosis and intervention of patients in a timely, as well as regular postoperative follow-up, are an indispensable part of reducing the risk of aortic coarctation and improving its cure rate.

81% of patients diagnosed with aortic coarctation are often complicated by aortic arch hypoplasia (HAA) (4), with more complex pathological changes and clinical symptoms, resulting in inconsistency in their diagnostic and therapeutic options (5, 6).The 2020 Expert Consensus on Surgical Treatment of Congenital Heart Disease in China specifies four diagnostic criteria for aortic arch hypoplasia (HAA) based on morphological analysis: congenital heart disease database classification (CHD database) (7), Karl's classification (8), Langley's classification (9), and Brouwer's classification (10). Based on the above diagnostic criteria, the diagnosis of aortic coarctation not only requires an experienced imaging physician but is also highly subjective, which profoundly affects the accuracy of disease diagnosis, so there is a great need for more intelligent methods to achieve a rapid diagnosis of aortic coarctation.

Recently, three-dimensional (3D) models have brought increasing advantages for the diagnosis of CoA (11), and several studies have been devoted to the automatic 3D segmentation of the aorta to make rapid diagnostic decisions through more intuitive morphological analysis (11–13). On this basis, if measurements of diameter at any part of the aortic 3D model could be obtained automatically could improve the accuracy of imaging analysis and reduce diagnostic subjectivity (14). However, few studies have been performed to automatically construct and measure the aortic diameter. Although Gamechi et al. (12) measured the diameter of the ascending aorta and descending aorta based on non-enhanced CT after successful automated segmentation of the aorta, the method has not been validated in people with aortic disease.

The abovementioned four CoA diagnostic criteria require measurements of aortic diameter, so this study proposes a method based on intelligent image processing techniques for measuring the minimum diameter of the aorta. We compare the diameter sizes and diagnostic results of manual and intelligent measurements using surgical diagnosis as the “gold standard”, and the accuracy of the three diagnostic criteria was subsequently analyzed to assist imaging physicians and clinicians in the accurate diagnosis and efficient treatment of aortic coarctation.



2. Materials and methods


2.1. Overview of diagnostic criteria

CoA is classified by the Congenital Heart Surgery Nomenclature and Database Project (15) into three categories: isolated coarctation, coarctation and ventricular septal defect (VSD), and coarctation and complex intracardiac anomaly. According to the range and degree of coarctation, CoA can be divided into simple CoA and aortic arch dysplasia. The methods for judging its diagnostic criteria are summarized as follows:


	(1)CHD database classification: The diameters of the proximal arch, distal arch, and isthmus of the aorta are less than 60%, 50%, and 40% of the diameter of the ascending aorta, respectively (16).

	(2)Karl's classification: Transverse arch diameter (mm) < weight (kg) + 1, mainly for newborns or small infants (8).

	(3)Langley's classification: The diameter of the transverse arch is less than 50% of the diameter of the descending aorta (9).

	(4)Brouwer's classification: The Z value of the diameter of the proximal aortic arch is less than −2 (10).



As there is no standard for Z-value in China, this paper uses the remaining three criteria to diagnose aortic coarctation. For Karl's and Langley's classification, it is necessary to note that the diameter of the narrowest part of the aortic arch is used for calculation.



2.2. Study population

Data were collected from seventy-one children with CoA and forty-six children without CoA who attended the Children's Hospital of Chongqing Medical University between June 2018 and December 2020 in this study. All children with CoA were under one year of age, and their ages obeyed a normal distribution. Among them, two patients with extreme anomalies of the aorta and sixteen patients with unproven CoA without surgery were excluded from this research. In addition, six atypical patients without CoA were excluded. Finally, fifty-three children with CoA and forty without CoA constituted the study population (Figure 1).


[image: Figure 1]
FIGURE 1
The flow chart of study population selection.




2.3. Computed tomography angiography and manual measurement

To improve the early diagnosis of CoA, several diagnostic tests have been used in clinical practice. Currently, cardiac ultrasound is a routine test for CoA, and studies to improve the prenatal diagnosis of CoA have recently been conducted based on it (17, 18). However, since the aortic coarctation occurs mainly in the isthmus and its physical changes are not clear, it is often examined with the help of CT and MRI. MRI is also widely used to assess CoA (19), but due to its time-consuming, costly, and low spatial resolution, it has limitations compared with CT (20, 21). Therefore, in this study, CTA was used for all study subjects, and initial reconstruction of the scanned images was completed using image post-processing techniques.

Children who were hemodynamically unstable and uncooperative were sedated before CTA by oral 10% chloral hydrate (0.5 ml/kg body mass) or intramuscular sodium phenobarbital injection (5 ml/kg body mass), with careful monitoring of heart rate and saturation by the anesthesia team during sedation. A Philips Brilliance ICT machine was used to perform CT scanning from the lower neck to the level of the diaphragm, and the scanning parameters were set according to the ALARA principle: tube voltage 80–100 kV, tube current 35–85 mAs, pitch 0.2 mm, layer spacing 5.0 mm, layer thickness 5.0 mm, and image reconstruction layer thickness 1.0 mm. Iohexol 300 (mgI/ml) and iodixanol (270 mgI/ml) were injected into the dorsal vein of the hand and foot using a high-pressure syringe at a dose of 2 ml/kg and an injection rate of 0.6–3.0 ml/s. Phase II enhancement scans were performed 15–30 s and 50–60 s after drug administration, respectively.

The minimum internal diameters of the ascending aorta (AOA), proximal arch (D1), distal arch (D2), isthmus (D3), and descending aorta (DA) were measured using a double-blind method by two physicians who have been involved in cardiovascular disease research for many years, and each measurement was taken twice and averaged.



2.4. Acquisition of image data

First, import CTA image data into Mimics 19.0 Image Workstation in DICOM format, select the “Segment” function module and use the “CT Heart” command under “Cardiovascular” to set the threshold range of 283Hu-2750Hu for threshold segmentation. Click “Calculate” to obtain the segmented image and select the aortic region to construct a rough stereoscopic model of the aorta. After that, use the “lasso” command in “Edit Masks” to remove the extra part, and then complete the accurate reconstruction of the aorta by calculation (Figure 2A). The “FitCenterline” function was used to fit the centerline of the reconstructed model with a smoothing factor of 0.5 (Figure 2B). Subsequently, the reconstructed image data were exported from Mimics to Geomagic wrap 2021 for smoothing and surfacing (Figure 2C), of which the STL files were converted to IGES format and sutured in Ug12.0 software (Figure 2D). Finally, the desired cross-sections were cut out perpendicular to the centerline at the ascending aorta, proximal arch, distal arch, isthmus, and descending aorta (Figure 3), and a total of 465 cross-sectional images were acquired for the 93 abovementioned samples.


[image: Figure 2]
FIGURE 2
Acquisition of image data. (A) 3D (three-dimensional) aortic image after accurate reconstruction with mimics software. (B) Center line. (C) 3D aortic images after smoothing and surfacing process. (D) Final model.
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FIGURE 3
Acquisition of image data.




2.5. Intelligent image processing technology

Using python (version 3.7) as the programming language, we mainly apply two intelligent image processing techniques, image segmentation and contour detection, to extract the region of interest (ROI) of cross-sectional images and the pixel point coordinates of contours.

Color segmentation or threshold segmentation, semantic segmentation and edge detection are three commonly used image segmentation methods. In this paper, we implement color segmentation using OpenCV to extract the ROI of cross-sectional images. BGR color space is the default color space used by OpenCV to read color images, which mixes chroma and luminance and has poor uniformity. However, HSV color space only uses channel “H” to describe colors, which ensures color uniqueness and is more suitable for specifying color segmentation than BGR color space. Therefore, the first step is to apply the OpenCV's cv2.cvtColor(input_image, flag) function to convert the BGR color space to HSV color space, with the flag parameter set to cv2.COLOR_BGR2HSV (Equation 1).

[image: Image]

Let (r, g, b) be the red, green, and blue coordinates of a color, respectively, whose values are real numbers between 0 and 1, where max is equal to the largest of r, g, b, and min is equivalent to the smallest of r, g, b. Subsequently, according to the HSV component model, the range of red color is set from [0,43,46] to [10,255,255] and [156,43,46] to [180,255,255]. Based on the two thresholds of red, the mask is constructed separately using the cv2.inRange() method, and after stitching the mask interval, it is eroded and dilated as well as a Gaussian filter with 3 × 3 kernel added. Finally, the original image and the mask are subjected to bitwise summing operations to realize the segmentation of the image (Figure 4).


[image: Figure 4]
FIGURE 4
Color segmentation process.


Extracting the pixel point coordinates of the target image contours is essential to determine the cross-sectional center of mass. The cv2.findcontours() function in OpenCV is a simple and efficient method commonly used for contour detection, but since it accepts binary images as parameters, the read image needs to be converted into a grayscale map first, and then the image is binarized by the cv2.threshhold() function. Set the third parameter of the function, “Approximation of contours”, to cv2.CHAIN_APPROX_NONE to obtain the coordinates of all boundary points of the contour. Then, the function cv2.moments() is used to find the image moments (Equation 2), and the geometric center of the target region is determined by the first-order moments (Equation 3).

[image: Image]

Where p, q = 0, 1, 2 …, f (x, y) represents a two-dimensional image, and (x, y) is the spatial coordinate. Lastly, using cv2.drawcontours() and cv2.circle() to visualize the contours and centroids (Figure 5).


[image: Figure 5]
FIGURE 5
Drawing contours and geometric centers. (A) Ascending aortic cross section. (B) Proximal transverse arch cross section. (C) Distal transverse arch cross section. (D) Aortic isthmus cross section. (E) Descending aorta cross section.




2.6. Intelligent measurement

Obtaining the pixel pitch information of an image is an important basis for measuring medical images. In this section, the minimum diameter of the cross section is measured in the following four steps.


	(1)Dividing the contour point quadrant: Translate the image pixel coordinate system so that the center point is the origin, and divide the quadrant for the contour point according to the positive and negative signs of the horizontal and vertical coordinates.

	(2)Coordinate transformation: First, the pixel point coordinates are represented in complex form, and then they are transformed into polar coordinates (ρ, θ) with the polar() method of the cmath module.

	(3)Find the diameter: The diameter must pass through the geometric center, and the points connected on the same coordinate axis can be defined as the diameter, or the points with equal slopes in quadrants one and three and two and four can be connected as the diameter. The calculation and comparison of slopes are realized by tan() and isclose() methods of the math module, respectively. Note that the pixel points are small and the number of diameters found by relying only on the slope being exactly equal is unideal, so the abs_tol parameter of the isclose() function is set to 0.0256 to ensure that the slopes are equal within a certain tolerance to build more diameters.

	(4)Calculate the minimum diameter: the polar diameters (ρ) of points with equal slopes are summed to obtain the length of the cross-sectional diameters, and the minimum diameter (in pixels) can be found by the min() function. The length of a 10 mm long scale image is 379 pixels, and the calculation yields an image pixel spacing of approximately 0.026 mm, which leads to the physical length of the smallest diameter (in mm).





2.7. Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics, version 26 (IBM Corp). Data were analyzed as continuous variables throughout the study, which were displayed as the median (first quartile, third quartile) unless otherwise specified. Shapiro-Wilk tests were used to assess data distribution and normality. When the data had a normal distribution, two measurements comparisons were conducted using paired t-tests; Otherwise, Wilcoxon signed-rank tests were used. P-values were less than 0.05 (two-sided) were considered indicative of statistical significance. The consistency of intelligent diagnostic results with the gold standard was tested by the kappa test (kappa ≥ 0.75 for good agreement, 0.75 < kappa < 0.4 for fair agreement, and kappa < 0.4 for poor agreement).




3. Results


3.1. The difference between manual and intelligent measurement data

To explore the rapid and intelligent methods for the diagnosis of coarctation of the aorta, the minimum diameter of the ascending aorta, the proximal arch, the distal arch, the isthmus, and the descending aorta were measured, respectively, by intelligent image processing technology and traditional manual measurement method. Figures 6, 7 show the scatter data of the minimum diameter of the aorta measured by these two methods in 53 patients with CoA and 40 patients without CoA, respectively. By comparing the measured results of the corresponding parts of the patients (Figures 6, 7), although the distribution of a few measured values was similar, there were some differences in most of them, with the maximum difference being about 10 mm. Subsequently, the Wilcoxon signed-rank test was further used to compare the differences in the distribution of measurements (Table 1). In patients with CoA, the minimum diameter of the distal arch measured by the two methods was the closest (p = 0.968), and there was no significant difference in the measurement results at the descending aorta (p = 0.158). Whether people have CoA or not, both methods showed significant differences in the measurement results of the remaining parts (all p < 0.05).


[image: Figure 6]
FIGURE 6
Results of measurements in patients with CoA. Manual and intelligent measurements were used to measure the minimum aortic diameter of 53 patients with CoA.



[image: Figure 7]
FIGURE 7
Results of measurements in patients without CoA. Manual and intelligent measurements were used to measure the minimum aortic diameter of 40 patients without CoA.



TABLE 1 Measurement results of two measurement methods.

[image: Table 1]

Generally, using intelligent image processing technology to automatically construct the minimum diameter and obtain the measured value in pixels is more conducive to capturing the detailed features of the image than manually. It is more objective and authentic, and measurement results may be more accurate. However, the analysis of the accuracy of the measurement method mainly depends on the final diagnostic results.



3.2. Diagnostic results based on two measurement methods

The ultimate purpose of the measurement based on the two methods is still to make a reliable diagnosis. Therefore, using the diagnostic results of surgery as the gold standard in this study, four indexes including accuracy, sensitivity, specificity, and AUC (area under the curve) were used to evaluate the accuracy of the traditional and intelligent methods in the diagnosis of aortic coarctation. The measured values obtained using the two methods were respectively applied to the three diagnostic criteria, and the final diagnostic accuracy, specificity, and AUC values were all higher than 85% (Figures 8A,C,D). The intelligent measurement showed better performance in the above three indicators when using Karl's classification. However, in the other two standards, the performance of the traditional measurement method is better than that of the intelligent. Manual measurements always showed higher diagnostic sensitivity (Figure 8B) than intelligent measurements, with both methods achieving up to 100% specificity (Figure 8C) in diagnoses based on the CHD database classification and Langley's classification.


[image: Figure 8]
FIGURE 8
Comparison between the diagnostic capacity of the manual method and of the intelligent measurement (A) diagnostic accuracy (B) diagnostic sensitivity (C) diagnostic specificity (D) diagnostic AUC.


Even in terms of measurements are different, the intelligent image processing technology combining image segmentation and contour detection shows similar diagnostic results to traditional, and even more accurate than traditional methods in some aspects. Moreover, the diagnostic results of the method applied to the three criteria agreed well with the gold standard (all kappa ≥ 0.8). This result proves that the computer-intelligent measurement method can be successfully applied in the diagnosis of CoA according to specific standards.



3.3. Comparative analysis of diagnostic criteria

Because there is no uniform standard for the diagnosis of CoA at present, the selection of different diagnostic criteria will lead to inconsistent diagnostic results, which will have a direct impact on the intervention and treatment of patients. Therefore, this part compares and analyzes the diagnostic criteria by visualizing the confusion matrix (Figure 9) of the diagnostic results and showing the diagnostic efficiency corresponding to the diagnostic criteria.


[image: Figure 9]
FIGURE 9
Confusion matrix of diagnostic results (A) confusion matrix of manual measurement diagnosis based on CHD database classification (B) confusion matrix of intelligent measurement diagnosis based on CHD database classification; kappa = 0.84 (C) confusion matrix of manual measurement diagnosis based on Karl's classification (D) confusion matrix of intelligent measurement diagnosis based on Karl's classification; kappa = 0.93 (E) confusion matrix of manual measurement diagnosis based on Langley's classification (F) confusion matrix of intelligent measurement diagnosis based on Langley's classification; kappa = 0.8.


In this research, the diagnosis of coarctation of the aorta was made using the geometric-based imaging diagnostic criteria specified in the “Consensus of Experts in the Surgical Treatment of Congenital Heart Disease in China”. However, there are still some controversies concerning these diagnostic criteria in clinical practice. First, the CHD database classification emphasized morphological changes at multiple sites, but most children met only part of the conditions. We identified those who met either of conditions as patients with CoA. Secondly, since Karl's classification is often used for newborns and small infants, in order not to be restricted by this age stage, this standard was optimized according to the weights of patients (kg) in our study to improve the universality:


	0 < weights < 6: weights + 1

	6 ≤ weights < 10: weights

	20 ≤ weights < 30: weights/2

	30 ≤ weights < 40: weights/2.5

	weights ≥ 40: weights/3



Langley's classification has high rates of misdiagnosis and low diagnostic accuracy (Tables 2, 3) based on both manual and intelligent measurement methods. The accuracy and sensitivity of Karl's classification were the highest among the three diagnostic criteria (Tables 2, 3). The sensitivity reached 100% in the diagnosis based on manual measurement methods (Table 2). The specificity of the CHD database classification and Langley's classification were as high as 100% (Tables 2, 3). When using traditional methods to measure, the AUC of the CHD database classification and Karl's classification were equal (Table 2), but when using intelligent methods, Karl's classification achieved a higher AUC (94%) (Table 3). In general, Karl's classification has the best diagnostic effect.


TABLE 2 Comparison of diagnostic criteria based on manual measurement.

[image: Table 2]


TABLE 3 Comparison of diagnostic criteria based on intelligent measurement.

[image: Table 3]

Although the CHD database classification and Karl's classification have been changed and optimized, and good diagnostic results have been achieved, it is still a preliminary exploration and need to be gradually evidence-based in practice.




4. Discussion

The failure of early diagnosis of aortic coarctation of the aorta leads to high morbidity and mortality (22). In this study, an intelligent method for aortic arch measurement is provided by combining clinical medicine, computer three-dimensional image reconstruction, and intelligent image processing technology. It has been applied to the three clear imaging diagnostic criteria, has achieved a high level of diagnostic efficiency, and is superior to traditional diagnosis in some aspects. Furthermore, by comparing and analyzing the three diagnostic criteria, it was found that Kral's classification showed high sensitivity and specificity in both methods.


4.1. Automatic construction and measurement of aortic diameter

Image processing technology is playing an increasingly important role in the diagnosis of cardiovascular diseases (23, 24). The application of contour detection and other image processing techniques to quickly find the geometric center of aortic slices, automatically construct the diameter, and output the measured value of the minimum diameter is a great advantage of this study. Although the final manual measurements are different from the measurements obtained by this method, it has little effect on the diagnosis of CoA. Compared with manual diagnosis, first, the use of this intelligent measurement method optimizes the doctor's diagnosis time and realizes accurate and rapid diagnosis of CoA. Second, this paper measures the length of the minimum diameter of the aorta in pixels (the basic unit of digital images), which can be extended to other related medical image measurements, providing the possibility of obtaining a more accurate medical examination and test data. Finally, the intelligent method can provide more objective and realistic aortic measurement results, which are not affected by personal experience and reduce subjectivity.



4.2. Diameter measurements were combined with CoA diagnostic criteria

It is another feature of this study to use the diameter values obtained by manual and intelligent methods for CoA imaging diagnosis. Although the “Consensus of Experts in the Surgical Treatment of Congenital Heart Disease in China” has defined four diagnostic criteria, the diagnostic criteria for CoA are still not uniform. Early studies rarely combined this value with relevant standards for disease diagnosis after obtaining diameter measurements. In this current study, we compared the diagnostic results obtained by the two measurement methods with the diagnostic criteria. Either way, Karl's classification has better diagnostic performance than the other criteria. Based on this result, a practical recommendation can be made for the clinician: to determine whether a patient has CoA after CTA examination, Karl's classification should be preferred, and if necessary, use the CHD database classification to support the diagnosis.



4.3. Development prospect and limitation

Although the peri-operative mortality of CoA has been decreased to less than 3% (25), the incidence of its postoperative complications is still at 36%∼68.8% (26). Therefore, regular prognostic follow-up and prediction of the risk of adverse events in patients with CoA are vital. Huijun Xiao retrospectively analyzed data related to 27 infants with isolated CoA who underwent surgical correction and identified predictive variables associated with surgical outcomes (27). Yan Gu et al. (28) used daily clinical practice data from 514 patients with CoA to develop a model for predicting adverse events at 30 days postoperatively or during hospitalization adverse events, with a significant improvement, compared with two commonly used risk assessment strategies (the ABC score and RACHS-1). If the rapid and intelligent diagnostic protocol mentioned in this study can be combined with this prognostic risk prediction strategy, it will have a beneficial impact on improving the cure rate of CoA and reducing the risk of prognostic complications and death.

One limitation of this study is that the relevant sections were obtained perpendicular to its centerline after reconstructing the aorta using a manual cutting method, which may produce some errors. This may be why there is a discrepancy between intelligent and manually measured aortic data. We will try to use artificial intelligence to achieve automatic sections in the follow-up study to reduce manual intervention.




5. Conclusion

The current study used 3D reconstruction and intelligent image processing technology combined with CT examination imaging diagnostic criteria to diagnose CoA, and the diagnostic effect was the same as that of traditional manual measurements, which not only alleviated the problem of the insufficient number of senior clinicians but also improved the diagnostic speed and reduced the subjectivity of aortic measurements. The proposed intelligent measurement method is a promising technology, which is expected to be extended to the quantitative measurement of other medical images and improve the efficiency of clinical decision-making.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Written informed consent was obtained from the individual(s), and minor(s)' legal guardian/next of kin, for the publication of any potentially identifiable images or data included in this article.



Author contributions

TY: design the study and write the manuscript. JQ: Obtain and process CTA data. YZ: analysis of CTA data. QL: Implementation of assistive technologies. BH and XJ: design of the work, drafts the work and revises it, and approves the final manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by key project of Chongqing (CSTC2021jscx-gksb-N0018, 3000716), general project (No. cstc2020jcyj-msxm0282), and the special project of intelligent medicine for postgraduates of Chongqing Medical University (No. YJSZHYX202201).



Conflict of interest

Author YZ was employed by company Technology Research and Development Department of Chongqing Intech Technology Co., LTD.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Hoffman JI. The challenge in diagnosing coarctation of the aorta. Cardiovasc J Afr. (2018) 29:252–5. doi: 10.5830/CVJA-2017-053

2. Torok RD, Campbell MJ, Fleming GA, Hill KD. Coarctation of the aorta:management from infancy to adulthood. World J Cardiol. (2015) 7:765–75. doi: 10.4330/wjc.v7.i11.765

3. Santos MA, Azevedo VM. Aortic coarctation. Congenital anomalies with new perspective in the treatment. Arq Bras Cardiol. (2003) 80:340–6. doi: 10.1590/s0066-782X2003000300012

4. Conte S, Lacour-Gayet F, Serraf A, Sousa-Uva M, Bruniaux J, Touchot A, et al. Surgical management of neonatal coarctation. J Thorac Cardiovasc Surg. (1995) 109:663–74. doi: 10.1016/S0022-5223(95)70347-0

5. Ganigara M, Doshi A, Naimi I, Mahadevaiah GP, Chikkabyrappa SM. Preoperati-ve physiology, imaging, and management of coarctation of aorta in children. Semin Cardiothorac Vasc Anesth. (2019) 23:379–86. doi: 10.1177/1089253219873004

6. Pinzon JL, Burrows PE, Benson LN, Moës C, Lightfoot NE, Williams WG, et al. Repair of coarctation of the aorta in children: postoperative morphology. Radiology. (1991) 180:199–203. doi: 10.1148/radiology.180.1.2052694

7. Delius RE. Congenital heart surgery Nomenclature and database project: pediatric cardiomyopathies and End-stage congenital heart disease. Ann Thorac Surg. (2000) 69:180–90. doi: 10.1016/s0003-4975(99)01243-6

8. Elgamal MA, McKenzie ED, Fraser Jr CD. Aortic arch advancement: the opti-mal one-stage approach for surgical management of neonatal coarctation with arc-h hypoplasia. Ann Thorac Surg. (2002) 73:1267–72. doi: 10.1016/s0003-4975(01)03622-0

9. Mo X. Current Status and hot issues of diagnosing and treating hypoplastic aortic arch. Chin J Pediatr Surg. (2018) 039:561–3. doi: 10.3760/cma.j.issn.0253-3006.2018.08.001

10. Kaushal S, Backer CL, Patel JN, Patel SK, Walker BL, Weigel TJ, et al. Coarctation of the aorta: midterm outcomes of resection with extended end-to-end anastomosis. Ann Thorac Surg. (2009) 88:1932–8. doi: 10.1016/j.athoracsur.2009.08.035

11. Leonardi B, D'Avenio G, Vitanovski D, Grigioni M, Perrone MA, Romeo F, et al. Patient-specific three-dimensional aortic arch modeling for automatic measurements: clinical validation in aortic coarctation. J Cardiovasc Med. (2020) 21:517–28. doi: 10.2459/JCM.0000000000000965

12. Gamechi ZS, Bons LR, Giordano M, Bos D, Budde RPJ, Kofoed KF, et al. Automated 3d segmentation and diameter measurement of the thoracic aorta on non-contrast enhanced CT. Eur Radiol. (2019) 29:4613–23. doi: 10.1007/s00330-018-5931-z

13. Zheng Y, John M, Liao R, Boese J, Kirschstein U, Georgescu B, et al. Automatic aorta segmentation and valve landmark detection in C-arm ct: applicati-on to aortic valve implantation. Med Image Comput Comput Assist Interv. (2010) 13:476–83. doi: 10.1007/978-3-642-15705-9_58

14. Uccheddu F, Carfagni M, Governi L, Furferi R, Volpe Y, Nocerino E. 3d Printing of cardiac structures from medical images: an overview of methods and interactive tools. Int J Interact Des Manuf. (2018) 12:597–609. doi: 10.1007/s12008-017-0415-y

15. Backer CL, Mavroudis C. Congenital heart surgery Nomenclature and database project: patent ductus arteriosus, coarctation of the aorta, interrupted aortic arch. Ann Thorac Surg. (2000) 69:S298–307. doi: 10.1016/s0003-4975(99)01280-1

16. Moulaert AJ, Bruins CC, Oppenheimer-Dekker A. Anomalies of the aortic arch and ventricular septal defects. Circulation. (1976) 53:1011–5. doi: 10.1161/01.cir.53.6.1011

17. Devore GR, Haxel C, Satou G, Sklansky M, Pelka MJ, Pei NJ, et al. Improved detection of coarctation of the aorta using speckle tracking analysis of the fetal heart using the last examination prior to delivery. Ultrasound Obstet Gynecol. (2021) 57:282–91. doi: 10.1002/uog.21989

18. Wang Y, Liu C, Zhang Y, Wang M. Prenatal diagnosis of coarctation of the aor-ta with a long and angled isthmus by two- and three-dimensional echocardiograph-y: a case report. BMC Cardiovasc Disord. (2021) 21:176. doi: 10.1186/s12872-021-01987-7

19. Nielsen JC, Powell AJ, Gauvreau K, Marcus EN, Prakash A, Geva T. Magnetic resonance imaging predictors of coarctation severity. Circulation. (2005) 111:622–8. doi: 10.1161/01.CIR.0000154549.53684.64

20. Tangcharoen T, Bell A, Hegde S, Hussain T, Beerbaum P, Schaeffter T, et al. Detection of coronary artery anomalies in infants and young children with congenital heart disease by using mr imaging. Radiology. (2011) 259:240. doi: 10.1148/radiol.10100828

21. Zhao Q, Wang J, Yang ZG, Shi K, Diao KY, Huang S, et al. Assessment of intracardiac and extracardiac anomalies associated with coarctation of aorta and interrupted aortic arch using dual-source computed tomography. Sci Rep. (2019) 9:11656. doi: 10.1038/s41598-019-47136-1

22. Balushi AA, Zacharias S, Senaidi KA. Coarctation of the aorta, known yet can be missed. Oman Med J. (2013) 28:204–6. doi: 10.5001/omj.2013.55

23. Cao Y, Liu Z, Zhang P, Zheng Y, Song Y, Cui L. Deep learning methods for cardiovascular image. AIS. (2019) 1:96–109. doi: 10.33969/ais.2019.11006

24. Fatema K, Montaha S, Rony MAH, Azam S, Hasan MZ, Jonkman M. A robust framework combining image processing and deep learning hybrid model to ClassifyCardiovascular diseases using a limited number of paper-based complex ecg images. Biomedicines. (2022) 10:2835. doi: 10.3390/biomedicines10112835

25. Ungerleider RM, Pasquali SK, Welke KF, Wallace AS, Ootaki Y, Quartermain MD, et al. Contemporary patterns of surgery and outcomes for aortic coarctation: an analysis of the society of thoracic surgeons congenital heart surgery database. J Thorac Cardiovasc Surg. (2013) 145:150–7. doi: 10.1016/j.jtcvs.2012.09.053

26. Zeng X, An J, Lin R, Dong C, Zheng A, Li J. Prediction of complications after paediatric cardiac surgery. Eur J Cardiothorac Surg. (2019) 57:350–8. doi: 10.1093/ejcts/ezz198

27. Xiao H-J, Zhan A-L, Huang Q-W, Huang R-G, Lin W-H. Computed tomograph-y angiography assessment of the degree of simple coarctation of the aorta and its relationship with surgical outcome: a retrospective analysis. Front Pediatr. (2022) 10:1017455. doi: 10.3389/fped.2022.1017455

28. Gu Y, Li Q, Lin R, Jiang W, Wang X, Zhou G, et al. Prognostic model to predict postoperative adverse events in pediatric patients with aortic coarctation. Front Cardiovasc Med. (2022) 8:672627. doi: 10.3389/fcvm.2021.672627












	
	TYPE Case Report

PUBLISHED 13 March 2023
DOI 10.3389/fped.2023.1128947






[image: image2]

A giant teratoma in the anterior mediastinum found prenatally: A case report

Yuntian Su1, Ailixiati Alifu1, Haifan Wang1, Shibin Lin2, Xiaoman Su2, Yong Wei3, Ying Wan4 and Renwei Chen1*

1Department of Cardiothoracic Surgery, Hainan Women and Children’s Medical Center, Haikou, China

2Department of Ultrasound, Hainan Women and Children’s Medical Center, Haikou, China

3Department of Radiology, Hainan Women and Children’s Medical Center, Haikou, China

4Department of Ultrasound, The First Affiliated Hospital of Hainan Medical College, Haikou, China

EDITED BY
Liqun Sun, University of Toronto, Canada

REVIEWED BY
Xiaohui Li, Children's Hospital of Capital Institute of Pediatrics, China
Qi Zeng, Capital Medical University, China

*CORRESPONDENCE Renwei Chen chenrenwei@sina.com

SPECIALTY SECTION This article was submitted to Pediatric Cardiology, a section of the journal Frontiers in Pediatrics

RECEIVED 21 December 2022
ACCEPTED 22 February 2023
PUBLISHED 13 March 2023

CITATION Su Y, Alifu A, Wang H, Lin S, Su X, Wei Y, Wan Y and Chen R (2022) A giant teratoma in the anterior mediastinum found prenatally: A case report.
Front. Pediatr. 11:1128947.
doi: 10.3389/fped.2023.1128947

COPYRIGHT © 2023 Su, Alifu, Wang, Lin, Su, Wei, Wan and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Prenatal anterior mediastinal teratomas are rare. Anterior mediastinal teratomas can cause edema during the perinatal period. Color Doppler ultrasonography and chest computed tomography (CT) are of great value in diagnosing neonatal anterior mediastinal teratomas. Here, we report a case of prenatally diagnosed neonatal anterior mediastinal teratoma. After birth, transthoracic echocardiography and chest enhanced CT showed a large solid mass in the pericardial cavity. Owing to compression of the heart, the tumor was completely removed 1 day after birth, and cardiopulmonary bypass was performed. Pathology results indicated an immature teratoma (Grade I). At 9-month follow-up, the patient remained in good overall condition without observed recurrences.
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Introduction

Teratomas are a type of germ cell tumor, and the anterior mediastinum is a predilection site for teratomas. Teratomas account for approximately 1%–10% of anterior mediastinal germ cell tumors (1). The incidence of mediastinal teratoma is much lower in children than in adults, at a ratio of approximately 1:5 (2). In neonates and even in fetuses, anterior mediastinal teratomas are rare.

In clinical diagnosis, the signs and symptoms of neonates with anterior mediastinal teratomas are often not characteristic. Prenatal color Doppler ultrasound can detect fetal anterior mediastinal tumors; postnatal cardiac ultrasonography can determine the cystic and solid nature of the tumor; and enhanced computed tomography (CT) can clearly show the density, calcification, and other tumor characteristics, as these are essential to diagnose teratoma (3). In clinical treatment, complete tumor resection is the best solution, and the prognosis of this disease is satisfactory, with a high long-term survival rate.



Case presentation

A male neonate was prenatally referred to our hospital for an anterior mediastinal mass. Four-dimensional ultrasound at 26 weeks of gestation revealed a mixed mass in the pericardium of the fetus with pericardial effusion (Figure 1). The cardiothoracic surgeon at our hospital suggested that there was no indication for prenatal intervention and recommended repeated ultrasound every other week, noting that surgery may be urgently required on the basis of echocardiogram after birth. At 37 gestational weeks, fetal echocardiography at our hospital showed a mass of approximately 37 × 36 mm in the right pericardial cavity.


[image: Figure 1]
FIGURE 1
Prenatal ultrasound images. (A) At 26 weeks of gestation, a mixed mass (M) in the pericardium of the fetus with size approximately 27 × 26 mm with pericardial effusion is demonstrated. (B) At 37 weeks of gestation, a slightly strong echo mass (m) can be seen in the right pericardial cavity, with a range of approximately 37 × 36 mm. M/m, mass; RA/ra, right atrium; RV/rv, right ventricle; LA/La, left atrium; LV/Lv, left ventricle.


The child was born at our hospital at 39 weeks of gestation and was admitted to the neonatal intensive care unit. He was born to a mother who was gravida 4, para 2 (G4P2), and he had a birth weight of 3,500 g, body length of 51 cm, head circumference of 34 cm, and chest circumference of 33 cm. The Apgar score was 9-9-9 (1 point deducted for skin color). On examination, he was afebrile, with a pulse rate of 132 beats/min, respiration rate of 42 breaths/min, and blood pressure of 75/42 mmHg. A tumor marker test showed that carbohydrate antigen 125 (CA125) was 57.5 µ/ml (normal range is less than 35 µ/ml), carbohydrate antigen 199 (CA199) was 200.6 µ/ml (normal range is less than 27 µ/ml), and alpha-fetoprotein (AFP) was more than 1,210 ng/ml (normal range in neonates is between 50 and 100,000 ng/ml).

Transthoracic echocardiography (TTE) showed a slightly hyperechoic mass in the right pericardial cavity, approximately 40 × 37 mm in size (Figure 2). The mass was close to the bottom of the heart and was compressing the ascending aorta, with a clear boundary and uneven echo. Patent ductus arteriosus and atrial septal left-to-right small shunts were also observed. For better evaluation and confirmation of the diagnosis, cardiac computed tomography angiography (CTA) was performed, and a slightly low-density mass was seen outside the right atrium, with a size of approximately 44.3 × 39.2 × 42.3 mm (Figure 3). High-density strip calcifications were observed at the edge of the mass. There was an unclear boundary and mild enhancement of the lesion. There were multiple small blood vessel shadows inside, with blood supply originating from the ascending aorta (approximately 1.0 mm in diameter); the ascending aorta was evidently compressed and flattened, the heart was displaced to the left, and a large amount of pericardial effusion was seen. Chest CT scan revealed neonatal pneumonia.
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FIGURE 2
Postnatal ultrasound images. (A) The mass (MASS) is close to the ascending aorta (AO), and the boundary is not clear. (B) The mass compresses the ascending aorta, and the velocity in the ascending aorta reaches approximately 2.8 m/s.
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FIGURE 3
Cardiac computed tomography angiography images. (A, B) Three-dimensional modeling images show a huge mass in the right front of the heart, which severely compresses the ascending aorta and right atrium. (C) The aorta (red arrow) is compressed and flattened by the mass. (D) The mass compresses the right atrium.


Based on the above findings, the patient was diagnosed with an anterior mediastinal tumor. Considering the compression of the heart and aorta, surgery was indicated for the child. During the operation, a large solid mass, approximately 44 mm in size, was observed outside the right atrium, tightly connected to the right anterior wall of the ascending aorta. The mass had displaced the heart to the left, and the superior vena cava was compressed and posteriorly displaced (Figure 4). Blood pressure fluctuated frequently during dissociation and the mass was closely connected to the anterior wall of the aorta with unclear boundaries. Considering the risk of major bleeding or cardiac arrest, cardiopulmonary bypass was performed. The adhesion of the mass to the aorta was carefully loosened and the mass was completely removed. A small feeding artery was observed on the anterior wall of the aorta, which was sutured. The operation time was 3 h and 3 min; cardiopulmonary bypass time was 30 min, and intraoperative blood loss was 60 ml. Postoperative pathological examination was performed; this indicated that the mass was composed of a pseudolamellar ciliated columnar epithelium, a mucous columnar epithelium, a digestive gland, a few squamous epithelia, focal cartilage, smooth muscle tissue, and brain tissue. Therefore, the mass was diagnosed as an immature teratoma in the mediastinum (Grade I).


[image: Figure 4]
FIGURE 4
Intraoperative view. (A) The appearance of a mass after thoracotomy; (B) the appearance of a partially free mass placed outside the thoracic cavity; and (C) polycystic fat in the cross section after dissection of the mass.


The child was postoperatively transferred to the cardiac intensive care unit. Arrhythmia occurred, and electrocardiogram showed polygenic premature ventricular contractions and paroxysmal ventricular tachycardia. After continuous infusion of lidocaine and 5 J synchronized electrical cardioversion, the patient was successfully cardioverted. The arrhythmia lasted for approximately 10 min, and might be attributable to the increased right ventricular return blood volume and right ventricular dilation after the operation.

Postoperative chest radiography and echocardiography revealed that the anterior mediastinal mass had been completely removed, the aorta was unobstructed, and cardiac function was good. Re-examination of the electrocardiogram showed no abnormalities. The neonate was extubated on the 5th postoperative day. Milk intake was increased to the normal range on the 12th postoperative day and the patient was transferred out of the intensive care unit. The patient’s weight increased from 3.5 to 3.65 kg and he was discharged on the 15th postoperative day.

The neonate was followed up regularly. TTE 9 months postoperatively showed normal cardiac function with good recovery.



Discussion

Teratomas can be divided into congenital and acquired types; they occur mostly in the ovaries, testes, retroperitoneum, and mediastinum (4). Mediastinal teratomas in children most commonly occur congenitally, often without symptoms, and are often only accidentally discovered during chest radiography. Therefore, teratomas in infants and even neonates are relatively rarely found. In 2020, Senai et al. (3) reported on a case of a 3-month-old child with anterior mediastinal teratoma, considering this to be the youngest case reported in Uganda. Fetal mediastinal teratomas can be detected using prenatal ultrasound and can cause fetal hydrops. In 2019, Sihem and Houda (5) reported on a case of a fetus with mediastinal teratoma at 24 weeks of gestation that had induced severe fetal and placental hydrops. In the current case, the anterior mediastinal teratoma was found on antenatal four-dimensional ultrasonography during the fetal period, along with pericardial effusion, but the delivery was successful. However, prenatal ultrasound may misdiagnose mediastinal teratoma as congenital pulmonary airway malformation, diaphragmatic hernia, and other diseases.

Children with mediastinal teratomas may present with chest pain, dyspnea, or wheezing if the tumor is large and is severely compressing the surrounding tissues and organs. In the case of our patient, the right atrium and ascending aorta were compressed by the teratoma. Pericardial effusion and neonatal pneumonia were present, which might be caused by the teratoma.

AFP concentration is increased in children with germ cell tumors and is of great significance in the diagnosis (3), treatment, and follow-up of malignant teratomas. However, in the neonatal period, there is a physiological increase in AFP, with levels being generally higher than 2,000 ng/ml. Therefore, the value of neonatal AFP for the diagnosis and treatment of teratoma is limited. In this case, the patient’s AFP level was >1,210 ng/ml.

In terms of imaging, ultrasonography is of great value in the diagnosis of mediastinal teratomas because of the absence of ionizing radiation. Ultrasound can be used to identify cystic and solid masses and to check for pleural and pericardial effusion. In this case, ultrasonography showed that the mass was solid, with pericardial effusion. Chest CT has high sensitivity and practicability. A plain CT scan can show the material composition of the mass, such as calcification. CTA can show the blood supply of the mass and its relationship with the surrounding important blood vessels, thus helping in the formulation of surgical plans. For the differential diagnosis, mediastinal teratoma should be distinguished from congenital pulmonary airway malformation (CPAM) and diaphragmatic hernia. In this case, the CT findings showed mild enhancement of the lesions, and the blood supply vessel originated from the ascending aorta. There were no gas-containing vesicles or intestinal structures. Therefore, a diagnosis of CPAM or diaphragmatic hernia was not considered. Imaging examinations showed that the mass was severely compressing the right atrium, superior vena cava, and ascending aorta, and a large amount of effusion was observed in the pericardium. This supported the clinical diagnosis and provided clear indications for surgery.

Complete surgical resection of mediastinal teratomas is the optimal treatment option. The purpose of the surgery is as follows: first, to clarify the nature of the mass; second, to relieve the compression of the mass on the surrounding tissue, thereby avoiding possible serious complications. However, anterior mediastinal tumors may exert different degrees of compression on important tissues, such as the heart, large blood vessels, and trachea, which may lead to the risk of cardiac arrest during general anesthesia in children. Therefore, it has been reported that extracorporeal membrane oxygenation or cardiopulmonary bypass technology may be used to provide perioperative life support for children (6). In our patient, the mass was closely connected to the right anterior wall of the ascending aorta. The mass had displaced the heart to the left, and the superior vena cava had moved posteriorly under pressure. To avoid the risk of massive hemorrhage and cardiac arrest caused by aortic rupture, cardiopulmonary bypass was established intraoperatively. The surrounding adhesions were carefully dissociated, the normal tissue structure was preserved as far as possible, and the teratoma was completely removed. The teratoma in this case was solid, and the incised section showed that it was mainly a fat-like material, but no clear hair, bone, or other substances were found. Regarding the differential diagnosis, the degree of differentiation of immature teratomas is low, and the structure is not clear. Therefore, pathological examination is warranted to determine the diagnosis. In this case, the mass consisted of epithelial, focal cartilage, smooth muscle, and brain tissues. Consequently, the mass was diagnosed as an immature teratoma.

After the operation, the patient recovered and was discharged from the hospital without any related symptoms such as dyspnea or edema.

Patients with benign or low-grade teratomas have a good prognosis after complete removal of the teratoma (7). The patient in this case is still under long-term follow-up.



Conclusion

Anterior mediastinal teratomas found prenatally and treated during the neonatal period are very rare. They are usually discovered incidentally during postnatal physical examination. Perinatal ultrasonography and CT play an important role in the diagnosis of anterior mediastinal teratomas. Based on reports in the literature and our experience, complete surgical resection is the optimal solution for the treatment of anterior mediastinal teratomas. If the mediastinal teratoma is closely related to the great vessels of the heart, extracorporeal surgery may be considered to avoid serious risks such as massive bleeding and cardiac arrest. Integrated diagnosis and provision of pre- and postnatal treatment is of great importance for early detection, prompt treatment, and good prognosis in cases of anterior mediastinal teratoma.
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We herein first report the use of conventional echocardiography combined with two-dimensional speckle-tracking to diagnose and monitor the changing process of cardiac involvement in an infant with congenital lipodystrophy. An 8-month-old girl was admitted to our hospital after first presenting at the age of 3 months with abnormal facial features that had been noticed within 4 weeks of birth. Echocardiography performed at the age of 3 months showed only slightly accelerated blood flow in the right ventricular outflow tract. At the age of 5 months, echocardiography showed myocardial hypertrophy; this finding combined with the physical characteristics and other examination results led to the consideration of congenital lipodystrophy. Genetic testing at the age of 9 months confirmed type 2 congenital lipodystrophy caused by BSCL2 gene mutation, and dietary modification was initiated. Conventional echocardiography performed at the ages of 5, 8, and 14 months showed no significant changes and a normal ejection fraction. However, two-dimensional speckle-tracking performed between the ages of 5 and 8 months showed cardiac systolic abnormalities that tended to improve after treatment. This case highlights the value of echocardiography in detecting structural and early functional cardiac changes in infants with congenital lipodystrophy.
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Introduction

First reported in 1954, congenital lipodystrophy (CGL) is a very rare autosomal recessive disorder with a heterogeneous presentatio n. CGL has an estimated prevalence of about 1/10,000,000 and is generally associated with parental consanguinity (1). The most extreme phenotype of CGL is severe insulin resistance with the loss of nearly all the body fat at birth and early development of metabolic complications in childhood (1,2). Another four distinct genetic subtypes of CGL have been reported to date, which are associated with mutations of AGPAT2, BSCL2, CAV1, and PTRF, respectively (3). Besides the common clinical manifestations, patients with type 1 CGL might present with acromegaloid features with an enlarged mandible, hands, and feet, and bone cysts as a late complication. Patients with type 2 CGL have an increased prevalence of cardiomyopathy and mild mental retardation and have lower median serum concentrations of leptin and adiponectin than healthy individuals. Patients with type 3 CGL have serum creatine kinase concentrations between 2.5 and 10 times the upper limit of normal. Patients with type 4 CGL have congenital myopathy with high serum concentrations of creatine kinase and a predisposition to serious arrhythmias (1,2). The most common subtypes of CGL are types 1 and 2, and the cardiac abnormalities in patients with CGL usually occur in childhood or later in adulthood (4). In this report, we describe an infant with type 2 CGL in whom early cardiac involvement was diagnosed by echocardiography.



Case presentation

An 8-month-old girl was admitted to the pediatric department of our hospital after first presenting at the age of 3 months with abnormal facial features that had been noticed within 4 weeks of birth (Figure 1A). Her parents were healthy first cousins. Her prenatal ultrasound examination showed no obvious abnormalities. Because the age of the mother at the expected delivery date was more than 35 years, chromosome microarray analysis by amniocentesis had been performed. The chromosome microarray analysis showed no chromosome number abnormalities or pathogenic copy number variation, and detected eight loss of heterozygosity regions of unknown significance. The mother refused whole-exome sequencing of amniotic fluid owing to the high cost. The patient was born after a full-term pregnancy with a birth weight of 2860 g and an Apgar score of 9–10–10. She had no significant family history and had a healthy 9-year-old sister.


[image: Figure 1]
FIGURE 1
Physical appearance of the patient at the ages of (A) 1 month and (B) 5 months.


At the age of 3 months, physical examination revealed a progeroid facial appearance of coarse facial features with prominent cheekbones and a triangular chin, a low frontal and posterior hairline, and facial hirsutism. She also had hepatomegaly (7 cm in the midclavicular line) with no subcutaneous fat, marked hypertrophy of muscles in the limbs, and acanthosis nigricans. A 3/6 systolic murmur was heard in the precardiac region. Echocardiography showed normal ventricular wall thicknesses (Figure 2A). (interventricular septum (IVS) measured as 4.5 mm, Z score +1.62; left ventricular posterior wall (LVPW) measured as 4 mm, Z score +0.24) and slightly accelerated blood flow in the right ventricular outflow tract (Figure 2B). The preliminary diagnosis was progeria without further treatment.


[image: Figure 2]
FIGURE 2
Echocardiographic findings. Echocardiography performed at the age of 3 months shows (A) a normal ventricular wall thickness but (B) slightly accelerated blood flow in the right ventricular outflow tract. Echocardiography performed at 5 months of age shows (C) significant myocardial hypertrophy and (D) an obstructive pattern in the left ventricular outflow tract.


At the age of 5 months, the physical examination findings were similar to the findings at 3 months (Figure 1B). Standard conventional echocardiography performed at the age of 5 months showed myocardial hypertrophy (Figure 2C). (IVS measured as 13 mm, Z score +23.21; LVPW measured as 8.5 mm, Z score +9.1) and an obstructive pattern in the left ventricular outflow tract (Figure 2D) but a normal ejection fraction of 70%. Because the ventricular wall thickness was significantly thicker at the age of 5 months than it was at the age of 3 months, we ruled out the diagnosis of classic hypertrophic cardiomyopathy and considered that the ventricular wall hypertrophy was caused by metabolic factors. Two-dimensional speckle-tracking (2D-STE) was performed to assess strain parameters in the left ventricle and revealed a global longitudinal strain of −16.79% (Figure 3A), a global radial strain of 65.67%, and a global circumferential strain of −14.04%. Abdominal ultrasound showed hepatic steatosis with hepatomegaly. An electrocardiogram revealed sinus rhythm and a prolonged QTc interval (Figure 4). Her blood pressure was 123/65 mmHg. Additional fasting blood testing showed an increased free fatty acid concentration (1.39 mmol/L), normoglycemic hyperinsulinemia (glycemia concentration, 4.60 mmol/L; insulin concentration, 58.53 µIU/mL), dyslipidemia (increased triglycerides [10.14 mmol/L], total cholesterol [5.33 mmol/L], and low-density lipoprotein cholesterol [3.8 mmol/L]), and decreased high-density lipoprotein cholesterol (0.69 mmol/L) indicating insulin resistance. CGL was considered based on the physical characteristics and investigations.


[image: Figure 3]
FIGURE 3
Strain parameters on two-dimensional speckle-tracking of the global longitudinal strain at the ages of (A) 5 months, (B) 8 months, and (C) 14 months.
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FIGURE 4
Electrocardiography reveals a prolonged QTc interval.


At the age of 8 months, 2D-STE showed a decrease in several left ventricular strain parameters (global longitudinal strain, −13.50% (Figure 3B); global radial strain, 37.63%; and global circumferential strain, −14.76%) compared with the values recorded at the age of 5 months despite the findings on conventional echocardiography showing no significant change (IVS measured as 13.5 mm, Z score +23.34; LVPW measured as 8.5 mm, Z score +9.7). Combined with the typical clinical manifestations (severe insulin resistance with lipoatrophy and hypertrophic cardiomyopathy, and hirsutism), exon group of single gene disease-customized capture sequencing test at the age of 9 months identified a homozygous mutation in the BSCL2 gene: c.166_184del (p.Tyr56fs*) (reference sequence NM_032667.6) on 11q12.3, confirming a diagnosis of type 2 CGL (OMIM # 269700).. Both her mother and sister were confirmed to be heterozygous carriers. Dietary modification was introduced to restrict her fat intake to 25% of the total dietary energy. Follow-up biochemistry at the age of 14 months showed progressive improvement in the fasting lipid profile (triglycerides, 4.13 mmol/L; total cholesterol, 5.10 mmol/L; insulin concentration, 29.49 µIU/mL) with normal glycemia concentration [4.5 mmol/L]. Her blood pressure at the age of 14 months was normal. Conventional echocardiography showed no significant changes (IVS measured as 13 mm, Z score +20.55; LVPW measured as 8.5 mm, Z score +7.75) from the findings at the age of 8 months, and the left ventricular strain parameters measured by 2D-STE tended to remain stable (global longitudinal strain, −13.38% (Figure 3C); global radial strain, 34.60%; global circumferential strain, −14.41%).



Discussion

A diagnosis of CGL is based on three major criteria or two major criteria plus more than two minor criteria and/or genetic testing (2). The major criteria are: lipoatrophy affecting the trunk, limbs, and face; acromegaloid features; hepatomegaly; elevated serum triglycerides; and insulin resistance. The minor criteria are hypertrophic cardiomyopathy, psychomotor retardation or mild to moderate intellectual impairment, hirsutism, precocious puberty (female), bone cysts, and phlebomegaly.

Although cardiac involvement in CGL was first reported in 1959 (5), the pathophysiological mechanism is still not completely clear; however, it may involve the combined effects of abnormal metabolism, dysfunction in the autonomic nervous system, and reduction or loss of epicardial adipose tissue (4, 6). A variety of cardiac problems have been described, ranging from cardiomyopathy, impaired cardiac function, myocardial infarction, and arrhythmia to heart failure and sudden death (2, 3). Hypertrophic cardiomyopathy is reported to be present in 20%–25% of individuals with CGL (2), is found mainly in type 2 but occasionally in type 1 (4), and is a significant cause of morbidity associated with cardiac failure and with early mortality at around 30 years of age (2). Arrhythmias are mostly seen in type 4 CGL (3), while a long QT interval is commonly seen in types 2 and 4 (4). QT prolongation is an independent predictor of all-cause and cardiovascular mortality (3).

The reported mean age at the time of diagnosis of cardiomyopathy in patients with CGL is 20 years (7), with cardiovascular manifestations occurring earlier in type 2 CGL (4). Most of the published data on cardiac involvement in infants with CGL come from case reports, in which hypertrophic cardiomyopathy is the most common cardiac manifestation (7–11). The literature includes the following cases: a boy with type 1 CGL in whom concentric thickening of the left ventricle, a mild obstructive pattern in the left ventricular outflow tract, and tachycardia were noted at 2 months of age (7) and four infants with type 2 CGL (a girl who showed asymmetric hypertrophic cardiomyopathy at the age of 6 months (8), a boy with asymmetric hypertrophic cardiomyopathy, an obstructive pattern in the left ventricular outflow tract, and tachycardia at 4 months of age (9), a boy who showed hypertrophic cardiomyopathy at the age of 4 months and worsening of left ventricular wall thickness at the age of 6.5 months (10), and a boy who was mentioned to have cardiomyopathy at 2 months of age with no further clinical details provided) (11). In our case, the patient was initially diagnosed with progeria, but the cardiac changes and unusual clinical features led us to consider the diagnosis of CGL. Cardiac involvement was first detected as slightly accelerated blood flow in the right ventricular outflow tract at the age of 3 months that developed into hypertrophic cardiomyopathy combined with a prolonged QTc interval by the age of 5 months. To our knowledge, this is the first report in which echocardiography observed the thickening process of the ventricular wall from normal thickness to asymmetric hypertrophy, and the simultaneous occurrence of cardiomyopathy and this type of arrhythmia has not been reported previously in infants with type 2 CGL. However, the slightly accelerated blood flow in the right ventricular outflow tract may have resulted from slight myocardial hypertrophy of the basal anterior septum, which may have been ignored during the examination because the basal segment of the anterior ventricular septum is more likely to be involved in patients with CGL (12). Furthermore, using 2D-STE, we observed progressive decreases in global longitudinal strain and global radial strain between the ages of 5 and 8 months with a normal ejection fraction. This finding suggests subclinical impairment of myocardial systolic function and is in accordance with the results of the only previous study that has used 2D-STE to detect cardiac alterations in patients with CGL (13). A possible explanation of these findings is the histopathological changes that occur in these patients, including diffuse distribution of interstitial deposits of collagen, severe subendocardial fibrosis, hypertrophy of myocytes, and coronary atherosclerosis (14). The higher sensitivity of 2D-STE allows early detection of cardiac systolic abnormalities, and our finding that 2D-STE parameters tended to improve when dietary modification was introduced into the treatment plan confirms that metabolic abnormalities contribute to cardiac involvement in CGL. Therefore, we recommend 2D-STE for early evaluation of myocardial dysfunction in children with CGL and for decision-making regarding an appropriate treatment strategy. If the patient's 2D-STE parameters are improved after just restricting the total fat intake, there is no need to use drugs; however, once the cardiac function starts worsening, even if the ejection fraction is normal, we recommend the addition of drugs such as leptin.



Conclusion

We have encountered a case of cardiac involvement in an infant with type 2 CGL as a result of BSCL2 mutation. Echocardiography is helpful for real-time detection of cardiac changes in patients with CGL and can be used for follow-up examinations. This is the first report of the simultaneous occurrence of cardiomyopathy and a prolonged QTc interval in an infant with CGL, and the thickening process of ventricular wall was observed by echocardiography. There is only one previous report on the use of 2D-STE for the detection of cardiac alterations in patients with CGL, with our case report being the first report to use 2D-STE to detect cardiac alterations and monitor myocardial function in an infant.
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A novel image integration technology mapping system significantly reduces radiation exposure during ablation for a wide spectrum of tachyarrhythmias in children
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Objective: Radiofrequency catheter ablation (RFCA) has evolved into an effective and safe technique for the treatment of tachyarrhythmia in children. Concerns about children and involved medical staff being exposed to radiation during the procedure should not be ignored. “Fluoroscopy integrated 3D mapping”, a new 3D non-fluoroscopic navigation system software (CARTO Univu Module) could reduce fluoroscopy during the procedure. However, there are few studies about the use of this new technology on children. In the present study, we analyzed the impact of the CARTO Univu on procedural safety and fluoroscopy in a wide spectrum of tachyarrhythmias as compared with CARTO3 alone.



Methods: The data of children with tachyarrhythmias who underwent RFCA from June 2018 to December 2021 were collected. The CARTO Univu was used for mapping and ablation in 200 cases (C3U group) [boys/girls (105/95), mean age (6.8 ± 3.7 years), mean body weight (29.4 ± 7.9 kg)], and the CARTO3 was used in 200 cases as the control group (C3 group) [male/female (103/97), mean age (7.2 ± 3.9 years), mean body weight (32.3 ± 19.0 kg)]. The arrhythmias were atrioventricular reentrant tachycardia (AVRT, n = 78), atrioventricular node reentrant tachycardia (AVNRT, n = 35), typical atrial flutter (AFL, n = 12), atrial tachycardia (AT, n = 20) and ventricular arrhythmias [VAs, premature ventricular complexes or ventricular tachycardia, n = 55].



Results: ① There was no significant difference in the acute success rate, recurrence rate, and complication rate between the C3 and C3U groups [(94.5% vs. 95.0%); (6.3% vs. 5.3%); and (2.0% vs. 1.5%); P > 0.05]. ② The CARTO Univu reduced radiation exposure: fluoroscopy time: AVRT C3: 8.5 ± 7.2 min vs. C3U: 4.5 ± 2.9 min, P < 0.05; AVNRT C3: 10.7 ± 3.2 min vs. C3U: 4.3 ± 2.6 min, P < 0.05; AT C3: 15.7 ± 8.2 min vs. C3U: 4.5 ± 1.7 min, P < 0.05; AFL C3: 8.7 ± 3.2 min vs. C3U: 3.7 ± 2.7 min, P < 0.05; VAs C3: 7.7 ± 4.2 min vs. C3U: 3.9 ± 2.3 min, P < 0.05. Corresponding to the fluoroscopy time, the fluoroscopy dose was also reduced significantly. ③ In the C3U group, the fluoroscopy during VAs ablation was lower than that of other arrhythmias (P < 0.05).



Conclusion: The usage of the “novel image integration technology” CARTO Univu might be safe and effective in RFCA for a wide spectrum of tachyarrhythmias in children, which could significantly reduce fluoroscopy and has a more prominent advantage for VAs ablation.
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child, fluoroscopy, cardiac arrhythmias, ablation, 3D mapping





Introduction

Radiofrequency catheter ablation (RFCA) has become the main treatment for tachyarrhythmias in children in the past ten years (1, 2). Concerns about children and involved medical staff being exposed to radiation during the procedure should not be ignored. Some new technologies for non-fluoroscopic visualization of the catheter are desirable. “Fluoroscopy integrated 3D mapping”, a new 3D non-fluoroscopic navigation system software (CARTO Univu Module of CARTO3 system, Biosense Webster), was developed and allows electro-anatomical localization of diagnostic and ablation catheters in pre-recorded x-ray images or non-gated x-ray videos. It could reduce fluoroscopy during the procedure. The application of CARTO Univu has been shown to further reduce fluoroscopy in adults (3), however, there are few studies about the use of this new technology on children. This study aimed to evaluate the impact of the CARTO Univu module on procedural safety and fluoroscopy in a wide spectrum of cardiac arrhythmias as compared to the use of the 3D-mapping system CARTO3 (Biosense Webster) alone in children.



Materials and methods


Study population and procedures

The data of children undergoing RFCA for tachyarrhythmias, from June 2018 to December 2021, were collected, including atrioventricular reentry tachycardia (AVRT), atrioventricular nodal reentry tachycardia (AVNRT), atrial tachycardia (AT), atrial flutter (AF), and ventricular arrhythmias (VAs, including premature ventricular beats and ventricular tachycardia). Electrophysiological studies and RFCA in children are the same as the conventional way of our center (4). All procedures were indicated according to current guidelines.

In the present study, 200 cases were ablated using the CARTO Univu module (C3U) and 200 cases were ablated using the CARTO3 alone as the control group (C3) for comparison.

This study was a retrospective, single-center study, approved by the Medical Ethics Review Board of our hospital (2018-04).



Technology description

In the C3U group, we began the CARTO3 system and then performed CARTO3 Univu registration.

After completing CARTO Univu registration, x-ray cardiac images were recorded in the right anterior oblique position 30° (RAO30°), left anterior oblique position 45° (LAO45°), or other special positions as needed. These prerecorded images could be inputted into CARTO3 system as the background during the procedure. Then, the electroanatomic catheter visualization was shown in these prerecorded x-ray images.

The model images of CARTO3 and CARTO Univu are shown in Figure 1.


[image: Figure 1]
FIGURE 1
The cardiac 3D model images of CARTO3 and CARTO univu. Slide (A) shows the CARTO3 cardiac 3D model image with a right anterior oblique position of 30° and a left anterior oblique position of 45° on a black background; Slide (B) shows the CARTO Univu model, which puts the prerecorded x-ray cardiac image into the CARTO3 system and allows mapping and ablation on the background of x-ray cardiac images.




Follow-up

Follow-ups at 1 month, 3 months, and 6 months were performed after RFCA. Recurrence was defined as the presence of the same symptomatic tachycardia and preexcitation at follow-up.



Statistical methods

SPSS 22.0 software was used to complete the statistical analysis of the study data. Continuous variables are expressed as mean ± SD and categorical variables as numbers and percentages. The t-test was used for continuous variables statistics and the chi-square test for categorical variables statistics. The difference was considered statistically significant with a two-sided P < 0.05.




Results


Characteristics of patients

C3U group: 105 boys, 95 girls, age (6.8 ± 3.7 years) (1.2–17 years), weight (29.4 ± 7.9 kg) (8.2–105 kg). C3 group: 103 boys, 97 girls, age (7.2 ± 3.9 years) (0.9–17 years), weight (32.3 ± 19.0 kg) (8.9–123 kg).

The types of tachyarrhythmias in children in both groups were: 78 cases of AVRT, 35 cases of AVNRT, 20 cases of AT, 12 cases of AF, and 55 cases of VAs.



Comparison of ablation outcomes between the groups

There was no significant difference in the acute success rate, recurrence rate, and complication rate of ablation between the C3 and C3U groups [(94.5% vs. 95.0%); (6.3% vs. 5.3%); (2.0% vs.1.5%); P > 0.05].The mean procedure time was longer in the C3U group than in the C3 group (101.2 ± 37.3 min vs. 91.2 ± 41.2 min), with a statistically significant difference (P < 0.05). The details are shown in Table 1.


TABLE 1 Comparison of ablation outcomes between the C3 and C3U groups (n = 200).

[image: Table 1]



Comparison of fluoroscopy between the groups

There was a significant difference in fluoroscopy reduction in the C3U group compared with the C3 group during the procedure [fluoroscopy time: (3.9 ± 2.3) min vs. (9.9 ± 5.7) min; fluoroscopy dose (5.2 ± 2.8) mGy vs. (10.1 ± 4.7) mGy; DAP: (734.1 ± 514.4) mGy.cm2 vs. (1903.2 ± 1416.5) mGy.cm2; P < 0.05]. The details are shown in Table 2, Figure 2.


[image: Figure 2]
FIGURE 2
Comparison of fluoroscopy during procedures between the C3 and C3U groups. (A) Shows the fluoroscopy time; (B) shows the fluoroscopy dose; and (C) shows the dose area product (DAP).



TABLE 2 Comparison of fluoroscopy between the C3 and C3U groups (n = 200).
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Comparison of fluoroscopy for different types of tachyarrhythmias in the C3U group

In the C3U group, the fluoroscopy in ablation for ventricular arrhythmias was lower than that of other arrhythmias (P < 0.05). The details for different types of tachyarrhythmias within the C3Un group were shown in Figure 3.


[image: Figure 3]
FIGURE 3
Comparison of fluoroscopy for different types of tachyarrhythmias in the C3U group. (A) Shows the fluoroscopy time; (B) Shows the fluoroscopy dose; (C) Shows the dose area product (DAP).





Discussion

This study shows that CARTO Univu could significantly reduce fluoroscopy compared with CARTO3 alone during RFCA for tachyarrhythmias in children while ensuring the safety and efficacy of the procedure. In addition, it could reduce fluoroscopy more significantly in ventricular arrhythmias ablation than in other types of tachyarrhythmias.

Multicenter registry studies have shown that RFCA for children with tachyarrhythmias is safe and has a high success rate (5, 6). However, fluoroscopy during the procedure has some adverse effects on both patients and operators, such as skin damage, tumors, and genetic defects (7). Children have a longer life and a longer window of exposure to radiation than adults. In addition, children are more sensitive to fluoroscopy when they are growing and developing. Therefore, reducing fluoroscopy during the procedure is very important for children, and the clinical principle of ALARA (As Low As Reasonably Achievable) should be followed in children's ablation (8). In recent years, with the application of 3D electroanatomical mapping systems, it is possible to avoid the anatomical positioning of the catheter under x-ray fluoroscopy and significantly reduce the x-ray radiation (9). Miyake et al. applied the 3D electroanatomical mapping system to guide the ablation of supraventricular tachycardia in children, and the fluoroscopy dose was reduced from 387 mGy to 110 mGy, and the fluoroscopy time was reduced by 59% (18.3 min vs. 7.5 min) compared with the traditional mapping and ablation procedure via x-ray (10). Spar et al. also showed that by using a 3D mapping system to ablate children's tachycardias, the fluoroscopy time was significantly shorter (11). However, the 3D electroanatomical mapping system still has some limitations in children. Building the 3D cardiac model still needs to be done under x-ray fluoroscopy for safety reasons and with some children's arrhythmias and required complex mechanisms, the cumulative fluoroscopic time during the procedure is still long. In addition, some new technologies for non-fluoroscopic visualization of catheters, such as intra-cardiac ultrasound, are not suitable for RFCA in children because of their bigger size or higher price.

The new technology, CARTO Univu, could integrate the 3D cardiac model with the prerecorded x-ray images so that the model and images could be displayed simultaneously without additional fluoroscopy. In addition, the x-ray image of two projection positions is displayed simultaneously, which greatly improves the accuracy of the spatial position of the catheter. CARTO Univu significantly reduces fluoroscopy and improves procedure efficiency. A recent study by Christoph et al. found that the CARTO Univu module significantly reduced fluoroscopy time and did not affect procedural outcomes in adult patients, and showed a more pronounced reduction in fluoroscopy using CARTO Univu module during ablating complex arrhythmias in adult patients, such as atrial fibrillation and ventricular tachycardia (3). Similar to the results in adults, our study, including a wide spectrum of children's cardiac arrhythmias and with a large sample size, showed no difference in the acute success rate, recurrence rate, and complication rate in the C3U group compared with the C3 group. It suggests that using the CARTO Univu module, RFCA for tachyarrhythmias in children is safe and effective. Notably, the fluoroscopy was significantly lower compared with the CARTO3 system alone, especially for ablation of complex arrhythmias, such as ventricular arrhythmias in children.



Conclusion

The CARTO Univu system, a new fluoroscopy integrated technology, is safe and effective for the ablation of tachyarrhythmias in children, and significantly reduces fluoroscopy during the procedure, especially for ventricular arrhythmias ablation.
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Objective: This study aimed to report our experience in qualitative and quantitative evaluation of fetal complete vascular ring (CVR) using fetal cardiovascular magnetic resonance imaging (MRI) to improve prenatal diagnosis and make early postnatal management possible.



Methods: A retrospective case-control study was performed on cases of CVR diagnosed using fetal cardiovascular MRI, and confirmed by postnatal imaging diagnosis. Associated abnormalities were recorded. The diameters of aortic arch isthmus (AoI) and ductus arteriosus (DA), and tracheal diameters in fetuses with tracheal compression were measured and compared with those of the control group.



Results: All fetal CVR cases in this study included right aortic arch (RAA) with aberrant left subclavian artery (ALSA) and left DA (n = 93), double aortic arch (DAA) (n = 29), RAA with mirror-image branching and retroesophageal left ductus arteriosus (RLDA) (n = 8). Compared with the control group, the diameters of AoI in fetuses with DAA were decreased (p < 0.001), and the diameters of DA in fetuses with RAA with ALSA and left DA were increased (p < 0.001). The diameters of AoI and DA were positively correlated with gestational age (GA) in the normal control group (both p < 0.001); The diameters of AoI and DA were also positively correlated with GA in RAA with ALSA and left DA subgroup (both p < 0.001) and RAA with mirror-image branching and RLDA subgroup (AoI: p = 0.003; DA: p = 0.002); The diameters of DA were positively associated with GA in DAA subgroup (p < 0.001), however, there was no linear tendency between the diameters of AoI and GA in the DAA subgroup (p = 0.074). There were CVR fetuses with associated intracardiac malformation (n = 13), especially ventricular septal defect rather than complex heart disease, and extracardiac malformation (n = 14). Sixteen fetuses were shown the airway compression whose tracheal diameters were smaller than the normal (p < 0.001).



Conclusions: The altered diameters of AoI and DA can be detected and measured in CVR fetuses using fetal cardiovascular MRI. Fetal CVR can occur alone or with intracardiac and extracardiac malformation. Fetal CVR can be associated with prenatal airway compression.
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1. Introduction

Vascular ring is a congenital anomaly of the aortic arch (AA) that occurs in only 1/10,000 live births (1). During fetal development, a series of arches regress to form AA. When the arches regress in an abnormal pattern, AA and its branches appear around the esophagus and trachea, rather than in front of them, they form a vascular ring. Based on the theoretical embryopathogenesis, the International Congenital Heart Surgery Nomenclature and Database Committee classified vascular rings as the complete vascular ring (CVR) and incomplete vascular ring (2). The CVRs include right aortic arch (RAA) with aberrant left subclavian artery (ALSA) and left ductus arteriosus (DA), double aortic arch (DAA), right aortic arch (RAA) with mirror-image branching and retroesophageal left ductus arteriosus (RLDA); The incomplete vascular rings include innominate artery compression syndrome, pulmonary artery sling, left aortic arch with aberrant right subclavian artery (2, 3). In CVR, trachea and esophagus are completely encircled by a composite vascular structure, which is formed by the abnormal AA, ductus arteriosus (DA) (3). Postnatal CVR may be asymptomatic or cause respiratory and/or gastrointestinal symptoms. The severity of symptoms and the time of onset of CVR mainly depend on the diameters and positions of AA and its branches, DA, trachea, and associated intracardiac/extracardiac malformations (4). A thorough understanding of embryonic development of AA and its branching pattern variants can help to understand and classify CVR, which further contributes to risk stratification, providing more informed family counseling and providing opportunities for early intervention.

The current standard diagnosis method for fetal CVR is fetal echocardiography with a three-vessel view. However, echography has some limitations that impair visualization of fetal cardiovascular structures including maternal obesity, fetal position, uterine fibroids, twins and oligohydramnios. Previous studies have shown that fetal cardiovascular MRI was a useful adjunct to ultrasound when ultrasound was technically limited (5). However, so far, there are few studies reported on the qualitative evaluation of CVR using fetal cardiovascular MRI, the few published studies were only qualitative diagnostic studies with a small sample of DAA and RAA (6, 7). To the best of our knowledge, no case of CVR quantitatively assessed by fetal cardiovascular MRI has been reported. Thus, the purpose of this retrospective study was to report our experience with the diagnosis fetal CVR based on fetal AA and its branching pattern variants using fetal cardiovascular MRI, and further compare the positions and diameters of aortic arch isthmus (AoI) and DA in fetuses between different subtypes of CVR and those of normal control group to improve prenatal diagnosis and make early postnatal management possible.



2. Methods


2.1. Subjects

This study was approved by the ethics committee of Shanghai Children's Medical Center (Approval number: SCMCIRB-K2016001). The written consent was obtained from all pregnant mothers.

This was a retrospective case-control study performed from September 2013 to June 2022. Inclusion criteria: singleton pregnancies with known gestational age (GA). Fetuses with normal cardiovascular anatomy on fetal MRI were enrolled in the normal control group when ultrasound was technically limited. Fetuses with CVR diagnosed by prenatal MRI and confirmed by postnatal ultrasound or MRI were included in the CVR groups. No subjects prenatally diagnosed with CVR but not confirmed by postnatal ultrasound or MRI. CVR group and normal control group fetuses were matched based on GA. Exclusion criteria: twins, multiple pregnancies; maternal comorbidities that may affect fetal hemodynamics (Figure 1).


[image: Figure 1]
FIGURE 1
Flowchart showing the subjects inclusion and exclusion criteria. GA, gestational age; CVR, complete vascular ring; MRI, magnetic resonance imaging.




2.2. Fetal cardiovascular MRI

Fetal cardiovascular MRI was performed using a 1.5 T unit (Philips Medical Systems, BEST, The Netherlands) with 60 mT/m gradients and a 16-channel sense-xl-torso coil. Fetal cardiovascular MRI scan sequences included steady-state free precession (SSFP), single-shot turbo spin echo (SSTSE), real-time SSFP cine, and non-gated phase contrast (PC) sequences. SSFP sequence was used for assessment of fetal cardiovascular structure; SSTSE sequence was used for showing the bronchus and assessment of the visceroatrial situs; Real-time SSFP cine sequence was used for showing the beating heart. Non-gated PC sequence was used for showing blood flow direction of the vessels. The combination of SSFP sequence with the radial k-space sampling technique was adopted to decrease the number of artefacts. No sedation and cardiac gating were used. The total acquisition time was 20–30 min. Detailed imaging parameters are summarized in Table 1.


TABLE 1 Detailed parameters of fetal cardiovascular MRI sequences.

[image: Table 1]

A structural anatomical assessment on fetal MRI was carried out retrospectively by two senior radiologists with 18 and 30 years of experience in pediatric MRI respectively (S-ZD and MZ). Fetal cardiovascular structures were analyzed using a modified anatomic segmental approach for CHD reported previously (5). The assessment of fetal cardiovascular structure mainly included the visceroatrial situs, position of the heart, position of the inferior vena cava and aorta relative to the midline, ventricular looping, ventriculo-arterial connections, aortic arch with branching, ductus arteriosus, trachea and esophagus, systemic and pulmonary venous connections, and intracardiac structures. A single pediatric radiologist with 3 years of experience in fetal cardiovascular MRI (XZ) measured the diameters of AoI and DA in all cases. The diameters of the AoI and DA were measured in the transverse view of AA before they entered into the descending aorta on SSFP imaging (8) (Figure 2A). All measurements were shown as the average of the two measurements. Congenital heart defects (CHDs) and extracardiac malformation and tracheal compression of all fetuses were recorded. The trachea was estimated from repetitive observations of the axial, coronal and sagittal planes. The diagnoses of tracheal compression were made based on a consensus between two radiologists (S-ZD and MZ). The tracheal diameters of fetuses with tracheal compression were measured in the coronal SSFP sequences views (showing the best configuration of the trachea) by another pediatric radiologist (XZ) (9) (Figure 2B).
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FIGURE 2
(A,B) Diagrams of measuring the diameters of AoI, DA, and tracheal in a 29 weeks’ gestation fetus with DAA. (A) Measurements of AoI and DA diameter in the transverse view of AA. Fetal cardiovascular magnetic resonance SSFP sequence transverse view of AA image showed AoI (white lines) and DA (black line) diameter measured, right aortic arch (black open arrow), left aortic arch (white open arrow), left-sided DA (white arrowhead); (B) measurement of tracheal diameter on the coronal view. Fetal cardiovascular magnetic resonance SSFP sequence coronal view image showed the trachea (white asterisk), tracheal diameter measured (black line), right aortic arch (black open arrow), left aortic arch (white open arrow), right principal bronchus (black arrowhead), left principal bronchus (white arrowhead).


As for the measurements of AoI and DA diameters, a subgroup of 30 randomly selected fetuses was re-analyzed by the same operator (XZ) after a 2-month interval to investigate intra-observer reproducibility. 30 randomly selected fetuses were also analyzed by two independent MRI observers (S-ZD and MZ) to study inter-observer reliability. As for the measurements of tracheal diameters, intra-observer's agreement was calculated by comparing the measured value obtained twice with a 2-month interval by the same observer (XZ). Inter-observer agreements were investigated by two MRI observers (S-ZD and MZ). They measured 16 tracheal inner diameters of fetuses with tracheal compression independently and were blinded to each other's measurements.



2.3. Statistical analysis

Spss 26.0 software was used to analyse data. The mean, standard deviation (SD), minimum, maximum, median, and 25th and 75th percentile for AoI and DA diameters were calculated in control and three CVR subgroups. Tracheal diameters were presented as the median (25th–75th percentiles) in fetuses with tracheal compression. Inter-and intra-observer variability was calculated using the intraclass correlation coefficient (ICC). Q: Q plots were used to confirm a normal distribution of values. Data conforming to normal distribution were analyzed using an independent sample t-test, and non-normal distribution data were analyzed using Mann–Whitney U-test and Spearman analysis. The diameters of AoI and DA between normal group and three CVR subgroups were compared using independent sample t-test and Mann–Whitney U-test. In reference to the published measurements of tracheal diameters in normal fetuses (10), Mann–Whitney U-test was to detect difference between fetuses with tracheal compression and GA-matched normal fetuses. The Pearson analysis and the Spearman analysis were used to evaluate the correlations between vascular diameters of AoI and DA and GA. P < 0.05 was considered statistically significant.




3. Results

This retrospective study included 390 pregnant women (130 carrying fetuses with CVR, 260 carrying healthy fetuses). The GA of these fetuses at time of fetal MRI ranged from 22 to 37 weeks (mean, 26.3 weeks) both in normal control and CVR groups. Fetal CVR included RAA with ALSA and left DA (Figures 3A–C) (n = 93), DAA (Figure 3D) (n = 29), and RAA with mirror-image branching and RLDA (Figures 3E,F) (n = 8). 29 confirmed cases of DAA included 19 cases of right dominant arch type, 5 cases of balanced arch type and 5 cases of left dominant arch type. Except for one case of bilateral DA, the remaining DAA fetuses were all with left-sided DA.
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FIGURE 3
(A–F) Fetuses with subtype CVRs. (A) A 27 weeks’ gestation fetus with RAA with ALSA and left DA. Fetal cardiovascular magnetic resonance SSFP sequence transverse view of AA image showed right aortic arch (white arrowhead), left-sided DA (black open arrow) and main pulmonary artery (white open arrow) forming a U-shaped loop around the fetal trachea (T). (B) Same fetus with (A). Fetal cardiovascular magnetic resonance SSFP sequence coronary view image showed the trachea stenosis (black open arrow), right aortic arch (white arrowhead) and aberrant left subclavian artery (white open arrow). (C) Same fetus as (A). Fetal cardiovascular magnetic resonance SSFP sequence coronary view image showed right aortic arch (white arrowhead) and aberrant left subclavian artery (white open arrow). (D) A 28 weeks’ gestation fetus with DAA. Fetal cardiovascular magnetic resonance SSFP sequence transverse view of AA image showed right (white open arrow, larger) and left aortic arches (black open arrow, smaller) forming an O-shaped loop around the trachea (T). (E) A 25 weeks’ gestation fetus with RAA with mirror-image branching and RLDA. Fetal cardiovascular magnetic resonance SSFP sequence transverse view of AA image showed retroesophageal ductus (black open arrow), right aortic arch (white arrowhead), and main pulmonary artery (white open arrow). A U-shaped loop around the fetal trachea (T). (F) A 37 weeks’ gestation fetus with RAA with mirror-image branching and RLDA. Fetal cardiac magnetic resonance SSFP coronal view image showed left innominate artery (black arrow), left common carotid artery (white arrowhead), and left subclavian artery (white open arrow).


As for MRI diagnosis of fetal vascular rings, when a U-shaped vascular loop was formed around the trachea, with persistent RAA, left descending aorta, and left DA, with persistent RAA, left descending aorta, and left DA, RAA with ALSA and left DA was diagnosed; when the ascending aorta was divided into the right and left AAs surrounding the trachea and esophagus with an O-shape and converge into the descending aorta in the transverse AA view, DAA was diagnosed; when a U-shaped vascular loop was formed with left DA extending from left pulmonary artery through the posterior side of the esophagus to left proximal descending aorta in the transverse view, but there is no aberrant left subclavian artery in the coronal view, RAA with mirror-image branching and RLDA was diagnosed.

In the normal control group fetuses, the mean diameter of AoI was 3.01 ± 0.46 mm, and the mean diameter of DA was 2.83 ± 0.43 mm. In three subgroups of CVR fetuses, the mean diameter of AoI was 3.01 ± 0.40 mm (RAA with ALSA and left DA), 2.15 ± 0.56 mm (DAA), 2.95 mm (2.68–3.08 mm) (RAA with mirror-image branching and RLDA) respectively; the mean diameter of DA was 3.06 ± 0.48 mm (RAA with ALSA and left DA), 2.71 ± 0.37 mm (DAA), 2.83 mm (2.50–2.90 mm) (RAA with mirror-image branching and RLDA) respectively. The diameters of AoI and DA (mean, SD, minimum, maximum, median, and 25th and 75th percentile) for each group were shown in Table 2. Compared with those of the control group, the AoI diameter of fetuses with DAA were decreased (p < 0.001), while the DA diameter of fetuses with RAA with ALSA and left DA was increased (p < 0.001). However, the AoI diameter of other two CVR subgroups (RAA with ALSA and left DA, RAA mirror-image branching and RLDA) was not statistically different from those of the control group (p = 0.924 and p = 0.738, respectively); and the DA diameter of other two CVR subgroups (DAA, RAA with mirror-image branching and RLDA) was also not statistically different from those of the control group (p = 0.133 and p = 0.900, respectively). Box-graphs showed the differences in AoI and DA diameters between the normal control group and the three subgroups of CVR, as shown in Figures 4A,B. The diameters of AoI and DA were positively correlated with GA in the normal control group (AoI: r = 0.886, p < 0.001; DA: r = 0.923, p < 0.001); The diameters of AoI and DA were also positively correlated with GA in RAA with ALSA and left DA subgroup (AoI: r = 0.896, p < 0.001; DA: r = 0.915, p < 0.001) and RAA with mirror-image branching and RLDA subgroup (AoI: r = 0.890, p = 0.003; DA: r = 0.909, p = 0.002); The diameters of DA were positively associated with GA in DAA subgroup (r = 0.884, p < 0.001), however, there was no linear tendency between the diameters of AoI and GA in the DAA subgroup (r = 0.336, p = 0.074). Scatter plots of AoI and DA diameters against GA were shown in Figures 5A,B.
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FIGURE 4
(A,B) Comparison of AoI and DA diameters measured by fetal MRI. (A) Box-graph showed the differences of the diameters of AoI between the normal controls group and three subgroups of CVR; (B) box-graph showed the differences of diameters of DA between normal controls group and three subgroups of CVR. p < 0.05 was considered statistically significant. p refers for independent sample t-test, and p* refers for Mann-Whitney U-test. AoI, aortic arch isthmus; DA, ductus arteriosus; RAA with ALSA and left DA, right aortic arch with aberrant left subclavian artery and left ductus arteriosus; DAA, double aortic arch; RAA with mirror-image branching and RLDA, RAA with mirror-image branching and retroesophageal left ductus arteriosus.



[image: Figure 5]
FIGURE 5
(A,B) Distribution of vascular diameters against gestational age measured by fetal MRI. Individual measurements of the diameters of AoI and DA in 130 CVR fetuses and 260 normal controls fetuses were plotted. (A) Scatter plot showed the relationships between diameters of AoI and GA in normal control group and three subgroups of CVR; (B) scatter plot showed relationships between diameters of DA and GA in normal control group and three subgroups of CVR. AoI, aortic arch isthmus; DA, ductus arteriosus; GA, gestation age; RAA with ALSA and left DA, right aortic arch with aberrant left subclavian artery and left ductus arteriosus; DAA, double aortic arch; RAA with mirror-image branching and RLDA, RAA with mirror-image branching and retroesophageal left ductus arteriosus.



TABLE 2 The tabular summaries of mean, SD, minimum, maximum, median, and 25th and 75th percentile from the base data of AoI and DA diameter (mm) respectively.
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In 130 fetuses with CVR, 13 cases were associated with other CHDs (especially ventricular septal defect, rather than complex heart disease), and 14 cases were with extracardiac malformation 16 cases were associated with airway compression with GA ranging from 25 to 30 weeks (mean, 27.5 weeks). The median tracheal diameter in fetuses with tracheal compression was 1.95 mm (1.80–2.20 mm). In normal fetuses with the matched gestational age, the median tracheal diameter was 2.94 mm (2.63–3.35 mm) (10). Compared with the normal tracheal diameter, the tracheal diameter in fetuses with tracheal compression was smaller (p < 0.0001). The associated CHD, extracardiac malformation, and tracheal compression are shown in Table 3.


TABLE 3 The tabular summaries of associated CHDs, extracardiac malformation, and airway compression.

[image: Table 3]

Intra-observer (XZ) reproducibility for the diameters of AoI and DA and trachea was good (ICC = 0.966, 95% CI: 0.930–0.964; ICC = 0.968, 95% CI: 0.934–0.985; ICC = 0.929, 95% CI: 0.808–0.975); The inter-observer (S-ZD and MZ) reproducibility for the diameters of AoI and DA and trachea was acceptable (ICC = 0.925, 95% CI: 0.849–0.963; ICC = 0.903, 95% CI: 0.807–0.953; ICC = 0.901, 95% CI: 0.838–0.964).



4. Discussion

Although the prenatal identification of AA anomalies has significantly increased in the three-vessel view of echocardiography (11, 12), insufficient attention has been paid to the precise anatomy of the AA, DA, and brachiocephalic vessel branching pattern concerning the trachea. This study has demonstrated the value of fetal MRI in accurately distinguishing and quantifying various anatomical variants of AA and its branches.

Normal degeneration occurs when left AA is associated with the presence of left DA and common branching patterns (the right innominate artery, left common carotid artery and left subclavian artery). During embryonic development, abnormal degeneration of primitive paired AA leads to variations in AA positions and branching patterns (13). Fetal MRI can be a useful tool to provide excellent images of AA abnormalities and related anatomic structures (14). The most common fetal AA anomaly is an RAA (15), and the most common variation of RAA is RAA with ALSA and left DA (16). Our study also showed the most common variant of CVR was the RAA with ALSA and left DA, followed by DAA. It is necessary to accurately measure the diameters of the left and right aortic arches to determine the subtypes of DAA. In 29 confirmed cases of DAA in this study, the majority (66%) were right dominant arch subtypes. It is worth noting that when the left AA is small or atretic, just only a fibrous cord, DAA may be overlooked on prenatal MRI and misdiagnosed as RAA with mirror-image branching (17, 18). This misdiagnosis may result in ignoring postnatal tracheoesophageal compression. Most RAAs with mirror-image branching don’t form a vascular ring, however, RAA with mirror-image branching and RLDA is a rare form of CVR (19). The position of the DA and course of the left subclavian artery should be noted to determine whether there are vascular rings and possible types of variants.

Ultrasound is the first choice of method for measurement of fetal diameter of AoI, DA. There were some published studies on diameters of aortic arch and DA measured using ultrasound (20, 21). However, ultrasound has some limitations, including oligohydramnios, large gestational week, unfavorable fetal lie, and maternal obesity. MRI is not affected by above conditions, which particularly impair sonographic visualization of the fetal heart and provides a more detailed insight into vascular ring configuration (6). MRI can provide a large field of view of fetal CVR with excellent soft tissue resolution, and clearly display the airway morphology (6). Prenatal MRI measurements of fetal AA and DA diameters can accurately evaluate the variations of fetal AA. This study has shown that in RAA with ALSA and Left DA subgroup, the fetal DA diameter was significantly wider, which may be attributed to increased blood flow through DA in these cases. The increased blood flow through DA was due to the fact that DA not only transported blood flow from the pulmonary artery to the descending aorta but also undertook the blood supply of left subclavian artery. We also found a decrease in the diameter of AoI in the DAA subgroup due to the fact that the blood flow through the left and right AoIs was diverted and then decreased. However, in this study, there were no differences in AoI and DA diameters between fetuses with RAA with Mirror-Image branching and RLDA and fetuses in normal control group. Furthermore, it was found that the AoI and DA diameters were positively correlated with GA; The diameter of DA in the DAA subgroup is also positively correlated with GA in the normal control group, RAA with ALSA and left DA subgroup, and RAA with mirror branch and RLDA subgroup; and the diameters of DA were also positively associated with GA in DAA subgroup. These findings reflected the linear growth of fetal arteries with GA. However, there was no linear tendency between the diameters of AoI and GA in the DAA subgroup, possibly because the blood flow through the left and right AoIs was diverted and reduced unevenly. These differences in AoI diameter will help to identify at-risk fetuses, highlighting the need for continuous monitoring by prenatal imaging throughout pregnancy.

AA anomaly can be associated with other types of CHD, and the reported incidence of associated CHD varied from 10% to nearly 70% (11). The prognosis of fetuses with AA anomaly was mainly associated with the presence of associated defects, mainly CHD and complexity of CHD (22). In RAA cases, fetuses with vascular ring are less prone to CHD than fetuses with non-vascular ring (22). In a published study, the incidence of associated CHD in RAA with CVR was 16.2% (6/37, all CHDs were septal defects) (3). Our study has shown that the incidence of associated CHD was 10.0% (13/130), the most common CHD was also ventricular septal defect (6.2%, 8/130) and the most common associated extracardiac anomaly was persistent left superior vena cava (8.5%, 11/130).

Fetal MRI can show the location, extent, and severity of tracheal compression. CVR may cause severe tracheal stenosis and respiratory failure in infants, in the case, emergency surgery is required after birth (23). Prenatal detection of fetal tracheal compression can indicate a high possibility of postnatal symptoms (24). Prenatal recognition of severe tracheal compression is helpful for surgical intervention at the right time and monitoring the development of tracheal cartilage.



Limitation

In this study, the limitation is that the sample size of RAA with Mirror-Image branching and RLDA was small. In the future, large sample prospective studies are needed to verify the effectiveness of these measured parameters, as well as fetal AA and branching pattern variants, in predicting postpartum outcomes.



Conclusions

The altered diameters of AoI and DA can be detected and measured in CVR fetuses in transverse aortic arch view using fetal cardiovascular MRI. Fetal CVR can occur alone or with intracardiac and extracardiac malformation. Fetal CVR can be associated with prenatal airway compression.
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Background: The objective of this study is to analyze the characteristics of pediatric echocardiography clinical trials registered in ClinicalTrials.gov.



Methods: A data set including pediatric echocardiography clinical trials was downloaded from ClinicalTrials.gov until May 13, 2022. We searched the PubMed, Medline, Google Scholar, and Embase databases to extract publication data. Pediatric echocardiography trial characteristics, application areas, and publication status were described. The secondary objectives were to evaluate factors associated with trial publication.



Results: We identified 410 pediatric echocardiography reporting definite age, of which 246 were interventional and 146 were observational. Drug interventions were the most commonly studied (32.9%). The most applied area of pediatric echocardiography was congenital heart disease, followed by hemodynamics of preterm or neonatal infants, cardiomyopathy, inflammatory heart disease, pulmonary hypertension, and cardio-oncology. According to the primary completion data, 54.9% of the trials were completed before August 2020. 34.2% of the trials had been published within 24 months. Union countries and quadruple masking were more likely to be published.



Conclusion: Echocardiography is rapidly evolving in pediatric clinical applications, including anatomic imaging and functional imaging. Novel speckle tracking techniques have also been pivotal in the assessment of cancer therapeutics-related cardiac dysfunction. A small number of clinical trials in pediatric echocardiography are published in a timely fashion. Concerted efforts are needed to promote trial transparency.
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1. Introduction

Adequate methodological quality and complete, credible reporting in clinical trials are essential for medical development and innovation (1, 2). The ClinicalTrials.gov Web site was established by the Department of Health and Human Services based on the 1997 Food and Drug Administration Modernization Act and is maintained by the National Library of Medicine at the National Institute of Health. It aims to broaden patient access to novel drugs and medical equipment, improve research transparency, and reduce selective publication of research studies (3–5). In 2007, Section 801 of the Food and Drug Administration Amendments Act (FDAAA) expanded this mandate by requiring sponsors of applicable clinical trials to register and report basic summary results at ClinicalTrials.gov. Currently, ClinicalTrials.gov is the largest and most extensive platform for clinical trial registration studies in the world (6). However, the homogeneity of the pediatric population, the general underrepresentation of children in clinical research, and the limited pediatric evidence base have resulted in children being an underserved population in clinical research (7, 8).

According to statistics, a total of 3.12 million babies were born with congenital heart anomalies in 2019, representing 2305.2 per 100 000 live births (9). With advances in diagnostic methods and improvements in surgical procedures, the survival rate of patients with congenital heart disease has further improved. In 2019, the age-adjusted death rate (deaths per 100 100 people) attributable to congenital heart disease was 0.9, an 18.2% decrease from 2009 (10). Besides, From NHANES data, the overall prevalence of obesity in youth 2 to 19 years of age increased from 13.9% to 19.3% between 1999 and 2000 and from 2017 to 2018 (11). Thus, childhood congenital heart disease and acquired cardiovascular diseases, such as hypertension, obesity, and cardio-oncology, are associated with significant morbidity and mortality, as well as a high societal healthcare burden (12).

Many cardiovascular diseases begin in early childhood, which provides a new opportunity for prevention and guided decision-making. Echocardiography is the first imaging technique to screen, diagnose, and monitor pediatric heart disease. Given the paucity of data regarding the characteristics of pediatric echocardiography clinical trials, this study aimed to provide a comprehensive analysis of clinical trials in pediatric echocardiography registered with ClinicalTrials.gov to elucidate their special features. Furthermore, we further explored the utility of echocardiography and its novel techniques in pediatric congenital and acquired heart disease and assessed factors associated with trial publication. These contribute to the implementation of high-quality pediatric echocardiography trials and advance the development of pediatric echocardiography.



2. Materials and methods


2.1. Inclusion criteria and exclusion criteria

The inclusion criteria were registered trials on pediatric echocardiography; The exclusion criteria were registered trials on adult echocardiography and incomplete age information.



2.2. Data search

We searched the ClinicalTrials.gov on May 13, 2022, for the pediatric echocardiography Clinical Trials. The trials were obtained from ClinicalTrials.gov using the advanced search function with the search term “echocardiography”, with eligibility criteria of Child (birth-18).



2.3. Data collection

As previously described, data on ClinicalTrials.gov are self-reported by trial sponsors or investigators using a Web-based system. We downloaded the raw search data in XML format for the entire registry from ClinicalTrials.gov. Two dedicated researchers independently screened the trials according to the inclusion and exclusion criteria. The full study record on ClinicalTrials.gov was examined if the obtained information needed to be identified. And then, two researchers independently extracted the data from the included trials. Disagreements, if any, were resolved either by consensus or by a third reviewer. All cross-sectional analyses were performed on data extracted from ClinicalTrials.gov, including the National Clinical Trials (NCT) number, study type, trial registration year, trial start year, enrollment, participant gender, age group of enrolled children, sponsor class, status, phase, trial report result, location, intervention model, masking, primary purpose, observational model, time perspective, and publication status.



2.4. Publication identification

According to the Food and Drug Administration Amendments Act (FDAAA), trial results should be reported by the sponsor within 1–2 years after the primary completion time. Therefore, trials with the primary completion time before May 13, 2020, or published at least two years before the search date were included. After identifying the included trials, we searched the PubMed, Embase, Web of Science, and Cochrane Library databases using the NCT number, investigator names, and study keywords. If multiple publications were retrieved, the earliest publication would be selected for further analysis.



2.5. Statistical analysis

A cross-sectional, descriptive study of clinical trials for pediatric echocardiography, which had been registered on the ClincialTrials.gov, was conducted. Standard summary statistics were created to describe trial characteristics. Categorical variables were presented as percentage frequencies. Continuous variables were presented as medians and ranges. Categorical variables were compared using the chi-test or Fisher's exact tests. Univariate and multivariate logistic regression analyses were used to identify the independent factors related to the publication of trial results. A stepwise variable selection was performed in the univariate analysis retaining all predictors with P values <0.05 in the multivariate analysis. The odds ratio (OR) and its associated 95% confidence interval (CI) were reported. We used the Kaplan-Meier method to calculate the cumulative publication percentage in the time since the primary completion time. Statistical analysis was performed using IBM SPSS Statistics software (version 22.0.0, IBM, NY). P values less than 0.05 were considered to indicate statistical significance.




3. Results


3.1. Basic trials characteristics

On May 13, 2022, we identified 1,091 pediatric echocardiography trials in the group of 414,752 registered in clinicalTrials.gov after the initial search, 681 (62%) of which were later excluded (Figure 1). The most common reason for exclusion was trials without clear age information (n = 484). We also excluded studies that were not related to echocardiography or that included some adults in addition to children (n = 197). Finally, a total of 410 trials were included in this study. Supplementary Table S1 showed clinical trial features and data classified by trial study type. A total of 246 trials were interventional, and 164 were observational. The largest proportion of trials (n = 179, 43.7%) had been completed, and 80 (19.5%) were still recruiting. The most common intervention category was drug intervention (n = 135, 32.9%), followed by the device (n = 43, 10.5%) and procedure (n = 31, 7.6%). 109 trials were open and not masking. Most trials (95.4%) recruited both male and female participants. With regard to age group, adolescent trials accounted for the largest proportion of trials (44.4% vs. 23.4% for the neonate trials). A similar trend existed in interventional and observational trials. Most trials were in a single country (n = 376, 91.7%), and the median (Q1, Q3) enrollment was 60 (30, 146.5) participants. The majority of trials began recruitment between 2018 and 2022, followed by 2013 and 2017. The same conditions were found for observational and interventional trials. For study duration, 406 trials (99%) had available information, and it ranged from less than 1 year to 17 years, with 72.0% having a duration of 1–5 years. The characteristics of the interventional and observational trials were similar, with more than two-thirds of trials lasting 1–5 years. For funding, 56 (13.7%) were funded by industries, and 323 (78.8%) did not report clear funding information. The characteristics of all 246 trials are summarized in Table 1. Some of the results reported in this table are highlighted here. More than half of the trials registered with ClincicalTrials.gov were randomized (n = 145, 58.9%), and ninety-seven (39.4%) trials were masked. For the types of assignments, most trials (n = 147, 59.8%) were parallel assignments, followed by single group assignments (33.3%). Treatment was the most frequently cited primary trial purpose, with a minority of trials tracking prevention (n = 28, 11.4%) and diagnostics (n = 19, 7.7%). More than half of the trials reported a phase date (n = 144, 58.5%). A small fraction of trials reported were phase 3 (n = 45, 18.3%), followed by phase 2. The characteristics of observational trials are displayed in Table 2. With respect to study design, the top 2 studies with a significant number of observational trials on ClinicalTrial.gov were cohort or case-control studies. The largest number of observational trials were prospective.


[image: Figure 1]
FIGURE 1
The flow chart of study clinical trials selection.



TABLE 1 The design of interventional studies.
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TABLE 2 The design of observational studies.
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3.2. Subclassifications by ultrasound type and topic

Figure 2 depicts the clinical trial distribution with subclassifications by different echocardiography techniques. Multi-model echocardiography technology, including transthoracic echocardiography (TTE), speckle tracking echocardiography (STE), transesophageal echocardiography (TEE), stress echocardiography (SE), contrast-enhanced ultrasound (CEUS), pocket echocardiography and focused echocardiography. TTE trials were the most studies (n = 360, 87.8%), followed by STE (n = 31, 7.6%), TEE (n = 13, 3.2%), SE (n = 2, 0.5%), and CEUS (n = 2, 0.5%).


[image: Figure 2]
FIGURE 2
Clinical trial distribution with subclassifications by different echocardiography techniques.


The primary application area of pediatric echocardiography clinical trials is displayed in Figure 3. The six conditions with the highest proportion were congenital heart disease, hemodynamics of preterm or neonatal infants, cardiomyopathy, inflammatory heart disease, pulmonary hypertension, and cardio-oncology. Specifically, inflammatory heart disease may be divided into Kawasaki disease, rheumatic heart disease, coronavirus disease 2019 (COVID-19), infective endocarditis, and pericarditis. Congenital heart disease was the most frequently studied disease category, accounting for 28.3% and 28.1% of all clinical trials and TTE trials, respectively. Other common topics for clinical trials included hemodynamic assessment (15.6% vs. 15.0%), cardiomyopathy (11.2 vs. 11.1%), and cardio-oncology (2.9% vs. 1.4%). Moreover, in regard to STE, we have detected 31 clinical trials, congenital heart disease (19.4%), hemodynamics (19.4%), and cardiomyopathy (19.4%) were the most common conditions among STE clinical trials, followed by cardio-oncology (16.1%). However, it was worth noting that the overall proportion of the cardio-oncology remained highest in STE clinical trials compared to all clinical trials and TTE trials. In terms of TEE clinical trials, congenital heart disease was the top one targeted condition. There is no significant difference in stratified analysis of interventional studies and observational studies.


[image: Figure 3]
FIGURE 3
Comparison of application categories between different echocardiography techniques.




3.3. Trial registration over time

The number of trial registrations per year is shown in Figure 4. There was an upward trend in the number of clinical trials as the years went go, with the highest number of newly registered trials in 2017 (n = 45). For reporting on clinical trials over time, of the 410 pediatric echocardiography clinical trials that we reviewed during the study period, according to the primary completion time, 225 (54.9%) trials were completed before August 2020.


[image: Figure 4]
FIGURE 4
Number of trials on ClinicalTrials.gov by pediatric echocardiography per year.




3.4. Publication status and factors associated with the publication

Regarding the overall situation of publication status, among the 225 trials, 77 (34.2%) had been published within 24 months according to the primary completion time, presenting 23.3% (20/86) of the observational studies and 41.0% (57/139) of the interventional studies (Supplementary Table S2). Of the published trials, trials were categorized according to their interventional type, with drug studies comprising 42.9% of the trials, devices in 6.5%, biologics in 5.2%, and other (including diagnostic tests, procedures, and observational trials) in 45.5%. The largest funding source was industry (28.6%), followed by NIH (10.4%). The median time from primary completion time to publication was 13 (interquartile range, 8–20). Figure 5 displayed the cumulative percentage of publication after trial completion. The rate of publication was 24.3% at 10 months, 54.3% at 15 months, and 78.6% at 20 months.


[image: Figure 5]
FIGURE 5
Cumulative publication percentage after the primary completion date.


The regression analyses of the unpublished and published trials are presented in Table 3. In univariate analysis, the factors that were associated with the publication by 24 months were trial phase (0.002), funding source (P < 0.001), study type (P = 0.006), location (P < 0.001), interventional model (P = 0.026), masking (P = 0.009), time perspective (P = 0.017), and completion year (P = 0.036). In multivariate regression analysis, the factors that were associated with the publication by 24 months included location and masking. As compared with a single country, an increase in publication for union countries was observed, with an adjusted hazard ratio of 41.93 (95% CI, 3.27 to 538, P = 0.004). Trials with quadruple masking were significantly more likely to be published than those that did not report masking, with an adjusted hazard ratio of 22.64 (95% CI, 1.83 to 280.37, P = 0.015).


TABLE 3 Multivariate analysis associated with publication for clinical trials.
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4. Discussion

As cardiovascular disease continues to get younger, early cardiovascular disease prevention can generate a huge return on investment. Echocardiography, which is a radiation-free, inexpensive, and widely available imaging technique, has been recommended as the preferred imaging tool for the diagnosis of cardiovascular disease. Our analysis provides a descriptive assessment of the pediatric echocardiography clinical trials landscape from 1999 to 2022 and a comparison with unpublished and published trials. Thus, this analysis presents a unique opportunity for pediatric echocardiography clinical trials and identifies areas of relative strength or weakness.

Similar to prior ClinicalTrials.gov analyses in the large pediatric trials (13), the industry exclusively funded only 13.7% of these trials. More than two-thirds of pediatric echocardiography trials did not report a clear funding source, and they may be funded by foundations, academic institutions, and medical centers. Perhaps most concerning, however, is that many of the echocardiography trials conducted in the pediatric population are relatively small studies enrolling < 100 subjects—substantially smaller than the number of overall pediatric clinical trials. There are several explanations for this finding. First, pediatric clinical trials are often challenging due to scientific, ethical, and practical factors; second, pediatric echocardiography, as a subclassification of pediatric clinical trials, focuses on rare congenital cardiac malformations, which is consistent with our later findings. Third, congenital heart disease often requires surgical intervention, which poses challenges for study design and clinical endpoints. A previous report showed there were 247 large, nonvaccine pediatric RCTs with ≥1,000 participants registered in ClinicalTrials.gov before January 2020, and only 17 pediatric mega-trials with ≥5,000 participants exist (14). This indicates large pediatric clinical trials need further attention. However, several challenges remain, including establishing better infrastructures at study sites and greater recognition by academic institutions of the importance of these clinical trials to the advancement of pediatric medical care (15).

In our study, TTE trials were the most frequently registered trials for the diagnosis of congenital heart disease. It is well known that echocardiography has been the mainstay of anatomic and physiological assessment in pediatric cardiology and congenital heart disease. The American College of Cardiology (ACC), American Academy of Pediatrics (AAP), and American Heart Association (AHA) combined task force also published pediatric noninvasive cardiac imaging training guidelines in 2005, including guidelines for training in TTE, TEE et al. (16). With the advancement of echocardiography technique, new imaging methods such as strain imaging, CEUS, pocket echocardiography, and focused echocardiography have become more commonplace in everyday practice. Furthermore, this report suggests that other pediatric specialties with a relatively large volume included the following: hemodynamics of neonates and children, cardiomyopathy, inflammatory heart disease, and pulmonary hypertension. Currently, the role of echocardiography in the neonatal intensive care unit has changed from the diagnosis of congenital heart disease to the evaluation of hemodynamic instability. The terms functional echocardiography and point-of-care echocardiography have been introduced to describe the use of echocardiography as an adjunct in the clinical assessment of the hemodynamic status in neonates and children (17, 18). Just because preterm or neonatal infants are unique in that they are in the process of transition from fetal to postnatal circulation, and a large number of relevant clinical trials have followed. In 2015, Hill, Kevin D. et al. (19) reported that pediatric cardiovascular trials rarely focused on specific congenital malformations and more commonly focused on diseases and conditions considered to be high-impact adult cardiovascular diseases, including hypertension and pulmonary hypertension. However, in our study, pediatric echocardiography clinical trials emphasize the assessment of congenital heart disease; this may be indicated by the inherent advantages of echocardiography in anatomic identification. Surprisingly, for the echocardiography subclassification, cardio-oncology accounts for a significant proportion of STE-associated clinical trials. This finding deserves further in-depth consideration. The data shows that cancer is diagnosed in >12,000 children and adolescents in the United States annually. Progress in cancer therapeutics over the past years has remarkably improved survival rates for most children with malignancies. For all pediatric cancers, 5-year survival approached 85% for children diagnosed between 1999 and 2006 (20, 21). As childhood cancer survivors increased, cancer therapeutics-related cardiac dysfunction (CTRCD) became the most common noncancer cause of death among long-term childhood cancer survivors (22). Early identification of CTRCD is essential for childhood cancer survivors. STE plays an important role in the evaluation of cardiotoxicity related to tumor radiotherapy and chemotherapy because of its noninvasive and convenient advantages. Further clinical trials in pediatric echocardiography should make efforts to explore STE application in Cardio-Oncology. It is helpful to identify subclinical myocardial dysfunction associated with tumor radiotherapy and chemotherapy and guide clinical decision-making. Recently, a large meta-analysis revealed that left ventricular systolic deformation was impaired in children with cancer during the initial treatment phase and among long-term childhood cancer survivors (23). These findings indicated that further clinical trials were required to better understand strain parameters in the risk stratification of children with cancer. Advanced echocardiography techniques have provided precise diagnostic and prognostic benefits, and our study showed a significant increasing trend.

The FDA Amendments Act (FDAAA), enacted in September 2007 in the US, included new initiatives to use ClinicalTrials.gov to further address selective publication. The legislation requires that the results of clinical trials should be reported within 12 to 24 months. We also identified several findings. A small number of pediatric echocardiography have already been published in the peer-reviewed literature. At 24 months, results had been published for 34.2% of trials before August 2020. For interventional trials, the rate of publication was close to 41%. In 2015, Monique L et al. identified 13,327 clinical trials, and only 13.4% of trials reported summary results within 12 months after trial completion (24). In a recent pediatric clinical trial study, the results showed that 88.5% of registered studies (from January 2008 to December 2019) did not report results (25). Publication bias is a well-known phenomenon; that is, trials with positive findings are published more quickly and more frequently. Clinical trial registration is an important step for helping protect against publication bias and increasing clinical trial transparency (26, 27). Selective reporting of studies means that fully informed decisions cannot be made about the care of patients, resource allocation, prioritization of research questions, or study design. To ensure transparency, the results database should strengthen the practice of systematic reporting, thereby facilitating communications between the public and the profession.

Multivariable analysis found that union country was associated with publication within 24 months after trial completion, but single was not. Several factors may help to explain the difference in publication rate; an essential factor in this discrepancy may be publication bias, as basic results are required to report for clinical trials funded by all National Institutes of Health (HIH) (28). Trials from multiple countries may have adequate patient accrual, funding source, and are more likely to report results (29, 30). Furthermore, international trials are more powerful and credible, with relatively satisfactory recruitment. Quadruple masking was also associated with the timely disclosure of trial publication results. This result may be due to the fact that the quadruple masking helps to eliminate or at least minimize some potential bias in clinical trials. Another study also showed quadruple masking was associated with increased publication rates (31). Their results are akin to our findings.



5. Limitations

There are several limitations that should be noted. First, there are some trials that are not registered in ClinicalTrials.gov but are registered in other clinical trials registries, such as the China Clinical Trials Registry and the World Health Organization's International Clinical Trials Registry, and these studies are not included in our evaluation. In particular, the current FDAAA does not require some trials to be registered in ClinicalTrials.gov, including Phase I investigations, small clinical trials to determine feasibility, and specific clinical trials to test prototype devices. Still, ClinicalTrials.gov accounts for more than 70% of all clinical studies in the World Health Organization International Clinical Trials Registry Platform. Second, there is no standard or comprehensive classification for echocardiography in pediatric diseases, we categorized these trials by manually coding keywords, so our analysis is still susceptible to selection bias. Third, we did not evaluate and compare certain parameters of trials from published articles, such as the results and conclusions of pediatric echocardiography trials. Therefore, future studies could attempt to elucidate these details. In addition, there is a significant amount of missing or unsubmitted data for certain data fields, which limits the comprehensiveness of the analysis that can be performed with these data.



6. Conclusion

In conclusion, analysis of the ClinicalTrials.gov data set al.lows a description of the current status of pediatric echocardiography trials. Our study utilized this publicly available resource to gain insight into the recent advances in pediatric echocardiography, clinical practice, and factors related to the trial publication. Our results showed that application of the echocardiography in different pediatric cardiovascular diseases was unbalanced. The publication rate of pediatric echocardiography trials remained low and was associated with location and masking. Echocardiography is a valuable noninvasive tool in screening, diagnosing, and assessing pediatric diseases. The pediatric echocardiography community is small but cohesive. Our study can contribute to perfecting experimental design and conducting the optimal clinical trials to improve the care for children with cardiovascular diseases.
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Objectives: Congenital ventricular aneurysms or diverticulum (VA/VD) are rare cardiac anomalies with lack prenatal evaluation data. The present study aimed to provide the prenatal characteristics and outcomes from a tertiary center and the use of new techniques to evaluate the shape and contractility of these fetuses.



Methods: Ten fetuses were diagnosed with VA or VD, and 30 control fetuses were enrolled. Fetal echocardiography was performed to make the diagnosis. The prenatal echo characteristics and follow-up data were carefully reviewed. The shape and contractility measurements of the four-chamber view (4CV) and both ventricles were measured and computed using fetal fetal heart quantification (HQ).



Results: A total of 10 fetuses were enrolled, including 4 cases of left ventricular diverticulum, 5 cases of left ventricular aneurysm, and 1 case of right ventricular aneurysm (RVA). Four cases chose to terminate the pregnancy. The RVA was associated with a perimembranous ventricular septal defect. Two cases had fetal arrhythmia, and one case had pericardial effusion. After birth, one case underwent surgical resection at five years old. The 4CV global sphericity index (SI) of free-wall located ventricular outpouching (VO) was significantly lower than the apical ones and the control group (p < 0.01). Four of five apical left VOs had significant higher (>95th centile) SI in base segments, and three of four left VOs in the free-wall had significant lower (< 5th centile) SI in the majority of 24 segments. Compared to the control group, the left ventricle (LV) global longitudinal strain, ejection fraction, and fractional area change were significantly decreased (p < 0.01), while the LV cardiac output of the cases was in the normal range. The transverse fraction shortening of the affected segments of ventricles was significantly lower than the other ventricle segments (p < 0.01).



Conclusions: Fetal HQ is a promising technique to evaluate the shape and contractility of congenital ventricular aneurysm and diverticulum.
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1. Introduction

Primary congenital ventricular aneurysm (VA) and ventricular diverticulum (VD) are rare congenital cardiac malformations. Both are characterized by localized outpouchings of the ventricular wall, most frequently the left ventricle (LV) (1). The prevalence ranges from 0.02% to 0.76% according to different studies (2, 3). The different diagnosis between VA and VD is still controversial; VA cases were thought to be aneurysms with wide connections to the ventricle and had lower contractility and poor prognosis in most conditions compared to VD (4). They were also called by the joint name of “ventricular outpouching (VO)” in some research (5, 6).

Nowadays, most structural cardiac anomalies can be detected prenatally (7). The existence of VD or VA can be easily identified through the four-chamber view (4CV), especially big ones, but accurate evaluation and consultation are difficult. The clinical outcomes of VA/VD range from fetal demise to asymptomatic survival. When identified during the fetal period, it is important to give a comprehensive consultation to the pregnancy and the family. Limited data are available concerning prenatal diagnosis and consultation of VD and VA (3). This may be due to the rarity of the disease and the paucity of data using novel methods in evaluating the fetal morphology and function of fetal VA or VD.

Fetal heart morphology and contractility can be measured both global and segmental by a new technique, fetal heart quantification (HQ), a quantitative speckle-tracking analysis of both ventricular endocardium from the base to the apex. Sphericity index (SI) and fraction shortening (FS) of 24 segments are thought to be comprehensive methods in fetal heart assessment, and are independent of gestational age and fetal biometric measurements (8, 9).

The objective of the present study was to provide the prenatal characteristics and outcome of VA/VD from our fetal heart center and evaluate the added value of fetal HQ in the prenatal evaluation and diagnosis of VA/VD.



2. Materials and methods


2.1. Study population

This was a retrospective study that included pregnancies referred to the Fetal Heart Center, Xinhua hospital affiliated to Shanghai JiaoTong University School of Medicine, for extended fetal echocardiography, and fetuses that were diagnosed with congenital ventricular aneurysm or diverticulum.

The study protocol was approved by the ethics committee at the authors’ affiliated hospital (No. XHEC-QT-2021-042). Written informed consent was signed before the examination, and all pregnant women agreed to use the images obtained during the examination for study purpose.



2.2. Control group

Thirty fetuses without ultrasound-detected cardiac malformation were used as the control group in the present study. They were also free of growth disturbances and other detected genetic or organ abnormalities. Measurements mentioned below were also obtained from these fetuses and compared with built-in references and reported studies.



2.3. Fetal echo and image acquisition

Fetal echocardiography was performed by experienced experts (YW and SC) to make the diagnosis, and two-dimensional images of the four-chamber view (4CV) (Figure 1A) were acquired using the Voluson E8 or E10 (GE Healthcare Ultrasound, WI, United States) with a 4–8 MHz transabdominal probe. Without histological information, the differential diagnoses of VA and VD depended on morphological characteristics, observed contractility, and expert experience. “VA” diagnosis was made when the outpouching was comparatively huge, with a broad neck and low contractility. Images were optimized to enhance the borders of both chamber and endocardium in the 4CV. At least 3-s cine clips of the four-chamber view were stored as uncompressed (.4dv) files in a separate online database. Voluson E10 is equipped with fetal HQ software (GE Healthcare Ultrasound, WI, United States) for further analysis.



2.4. Image analysis with fetal HQ

Image analysis was accomplished using fetal HQ measurements software build-in the Voluson E10 machine. All image analyses were done by one operator (LZ). Each fetus was measured three times and the intraobserver variability was calculated. The time of accomplishing the analysis of a single image was less than 5 min.

The cardiac cycle was identified by drawing an M-mode line parallel to the annulus of the RV wall. A single cardiac cycle was identified by three lines, two identify the adjacent end-diastolic phase and one tells the end-systolic phase between them (Figure 1B). Then, three dots were put according to the instruction image; the endocardial borders can be automatically detected in both the end-systolic (Figure 1C) and the end-diastolic phases (Figure 1D). Manual adjustment can be done when the automatic trace was not satisfied.


[image: Figure 1]
FIGURE 1
Steps for accomplishing the analysis of fetal HQ. (A) The four-chamber view of the fetus under analysis. (B) Identification of a single cardiac cycle with the help of the M-mode; the red arrows represent the end-diastolic phase and the blue arrow represents the end-systolic phase. (C) The end-systolic endocardial border tracing. (D) The end-diastolic endocardial border tracing. (E) The shape and contractility values calculated by fetal HQ. (F) 24-segment delineation from ventricular base to apex. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.


Once the endocardium trace was confirmed, measurements and associated calculations can be done automatically in a few seconds (Figure 1E). The values, centiles, and z-scores were measured and computed for both geometry and contractility, including 4CV end-diastolic width, 4CV end-diastolic length, 4CV end-diastolic volume, global sphericity index (GSI), 24-segment SI, 24-segment end-diastolic width, global longitudinal strain (GLS) of both ventricles, fractional area change (FAC), left ventricular ejection fraction (LV EF), LV cardiac output (CO), FS, and 24-segment transverse FS. Twenty-four segments are equally divided from base to apical. Segments 1–8 are considered base sections, segments 9–16 are middle sections, and segments 17–24 are apical sections (Figure 1F).



2.5. Statistical analysis

All statistical analyses were performed with the statistical software SPSS version 26 (IBM, United States). Continuous variables were expressed as mean ± standard deviation (SD) or median (interquartile range, IQR), and categorical variables were expressed in frequency. The z-score above +1.65 (95th centile) or below −1.65 (5th centile) was considered abnormal values. Student's t test and χ2 test were used to determine the differences between groups. p-values <0.05 were considered statistically significant. Intraclass correlation coefficients (ICCs) were assessed for intraobserver variability using a two-way random-effects model. ICC >0.80 was considered excellent, and good at 0.60–0.80.




3. Results


3.1. Baseline characteristics of the study subjects

Totally 11 fetuses were prenatally diagnosed with VD or VA from August 2015 to September 2022 in our fetal heart center from our database. One case was excluded from fetal HQ analysis because of an unsatisfied 4CV image. Basic characteristics and main findings from fetal echocardiography are listed in Table 1. The mean age of pregnant women was 31.5 ± 5.26 years, and the median gestation age of the first evaluation was 26 gestational weeks (GWs), ranging from 22 to 36 GWs. Among the 10 enrolled fetuses, there were 4 cases of left ventricular diverticulum (LVD), 5 cases of left ventricular aneurysm (LVA), and 1 case of right ventricular aneurysm (RVA). During the follow-up, four cases chose to terminate the pregnancy. The case of RVA was associated with a perimembranous ventricle septal defect (VSD). Two fetuses were complicated with fetal arrhythmia, and both presented with premature ventricular contractions (PVC). Pericardial effusion (PE) and mild mitral regurgitation existed in one fetus.


TABLE 1 Basic characteristics and fetal echocardiography findings of the enrolled cases.

[image: Table 1]



3.2. Two-dimensional echocardiography findings

The prenatal diagnosis of VA or VD was made after a careful fetal echocardiography examination. Regardless of the size, six cases (60%, 6/10) of VA/VD were located at the ventricular apex, and the other four (40%, 4/10) were located at the free-wall of ventricles including one RVA. The mean neck diameter that connects with the ventricle was 7.82 ± 2.43 mm. The mean area of VA/VD was 128.3 ± 68.13 mm2, and the mean ratio compared to the affected ventricle area was 0.41 ± 0.09. The mean cardiothoracic ratio (CTR) was 0.37 ± 0.07. Some fetal ultrasound images of the cases are presented in Figure 2.


[image: Figure 2]
FIGURE 2
(A) The 4CV of apical left ventricle diverticulum. (B) 4CV of apical left ventricle aneurysm. (C) 4CV of LVA at the ventricular free-wall; (D) The LVA case with PE. White asterisks represent ventricle aneurysm or diverticulum. 4CV, four-chamber view; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; AAo, ascending aorta; PE, pericardial effusion; LVA, left ventricular aneurysm.




3.3. Cardiac geometry

The mean z-score value of LV end-diastolic volume was 4.09 ± 0.91 in all left VO cases. According to the location, LVA/D were divided into two subgroups: group A (apical) and group B (free-wall). Compared to the control group, the mean 4CV GSI of group A was significantly higher than that of group B (1.33 ± 0.14 vs. 1.07 ± 0.39, p < 0.01), with no significance in the control group (1.33 ± 0.14 vs. 1.29 ± 0.87, p = 0.317).

For measurements of the 24-segment SI, the intraobserver variability (ICC) was 0.96. The 24-segment SI z-score values of both ventricles are shown in a scatter diagram (Figure 3). Four cases had >95th centile SI of LV base segments 1–8 and three had <5th centile segments 1–8. Three cases were <5th centile in LV middle segments 9–16 and three cases had >95th centile SI in part of the LV middle segments 9–16. For LV apical segments, three cases had <5th centile SI values. Two cases had a <5th centile SI value in RV base segments 1–8 and two cases had a >95th centile SI in RV apical segments 17–24.


[image: Figure 3]
FIGURE 3
z-score values of 24-segment SI in left VO cases. (A) Scatter diagram of LV 24-segment SI; (B) Scatter diagram of RV 24-segment SI. The black horizontal line above the abscissa represents z-score of +1.65 (95th centile) and the one under the abscissa represents z-score of −1.65 (5th centile). VO, ventricular outpouching; LV, left ventricle; RV, right ventricle; SI, sphericity index.


For the case of RVA, the global width of 4CV was 30.77 mm (z-score = 2.03, >95th centile), and the GSI was 1.06 (z-score = −1.82, <5th centile). None of the left ventricular SI z-score was <5th centile nor over >95th centile. Right ventricular SI z-scores were <5th centile for segments 6–12 and <10th centile for segments 4, 5, 13, and 14.



3.4. Global contractility

Compared to the control group, the LV GLS of VD/VA was significantly lower (−10.6 ± 3.4 vs. −20.38 ± 5.2, p < 0.01). The LV EF and LV FAC of the VD/VA cases were also significantly decreased than the control group (33.37 ± 8.22 vs. 55.84 ± 10.51, p < 0.01; and 22.40 ± 6.00 vs. 41.34 ± 8.58, p < 0.01, respectively). The mean z-score value of LV CO obtained from the fetal HQ was 0.3 ± 0.31, and none was <−1.65. The RV GLS and FAC of LVA/VD and control group were without significant (−18.83 ± 6.03 vs. −18.02 ± 6.16, p = 0.718; and 37.08 ± 9.26 vs. 32.60 ± 10.67, p = 0.243, respectively). For the RVA fetus, the LV GLS was −16.04% and the RV GS was −11.2%. The FAC of LV and RV were 37.26% and 24.39% (<5th centile), respectively. The computed LVEF was 51.89%.



3.5. 24-segment transverse contractility

The ICC for the measurements of the 24-segment FS was 0.65. Figure 4 presented the 24-segment outlines of the end-systolic and end-diastolic ventricular endocardium in different kinds of VOs. The global LV contractility was all significantly decreased in the cases. The 24-segment transverse FS was calculated and divided into two groups: affected segments and normal myocardium segments. The mean z-score value of the affected segments was significantly lower than the other segments (−2.43 ± 0.70 vs. −1.71 ± 0.92, p < 0.01). For the RVA case, almost all segments of RV were <5th centile, and the LV 24 segments FS were within the normal range.


[image: Figure 4]
FIGURE 4
Outlines of the end-systolic and end-diastolic ventricular endocardium of different VOs: apical LVD (A), apical LVA (B), and RVA of the free-wall (C). The white arrow pointing the ventricle septal defect. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle. VO, ventricular outpouching; LVD, left ventricular diverticulum; RVA, right ventricular aneurysm.




3.6. Follow-up

Four cases (4/10, 40%) chose to terminate the pregnancy after fetal echocardiography and consultation, including three LVA cases and the RVA case. Postnatal follow-up was available for all survivors; the median follow-up was 16.5 months, ranging from 1 to 75 months. One case (case 1) received surgical resection of the diverticulum at 5 years old. According to the last measurement before surgery, the area of the diverticula was 680 mm2, and the ratio to the area of LV was 0.4, with no significant differences from the previous examination. One case (case 7) was found to be decreased in size according to the last follow-up evaluation, and the other five cases showed a stable area ratio during the follow-up. For the two fetuses associated with arrhythmia, one returned to sinus rhythm soon after birth.




4. Discussion

Here, we presented 10 prenatally diagnosed with ventricular aneurysm or diverticulum. We summarized the prenatal characteristics and outcomes of these fetuses. Moreover, we used fetal HQ to evaluate the shape and contractility of the cases. To the best of our knowledge, the present study was innovative in the comprehensive assessment of the morphology and ventricular function using fetal HQ in a series of fetal VO cases.

The prenatal diagnosis of VD and VA is crucial for prenatal consulting and perinatal management (4). The disease is rare, lacks experience in numerous aspects, and is only reported in case series and reviews. In a review study including 809 cases since 1816, only 34 cases (4.2%, 21 LVA and 13 LVD) were diagnosed prenatally (3). Here, we reported 10 prenatal diagnosed cases through 7 years and follow-up afterbirth with a longest of 75 months. The prenatal diagnosis of right VOs has been more infrequent (10), and we described one case in the present study.

The differential diagnosis of VA and VD is not that definitive. The main point widely accepted is that VDs have complete myocardial tissue histologically, while VAs contain fibrous tissue without myocardium. VA was reported to have a significantly poor prognosis as compared to VD. Only 30% of VA patients were alive at 4 years in the case series of Marijon et al. (11). VAs are usually isolated anomalies, and VDs may be associated with anomalies with the midline structures of the body (12). It is much more challenging to make accurate diagnoses prenatally. In our case series, the case of RVA was associated with a perimembranous VSD, and all left VOs were isolated lesions. Early-diagnosed VAs may have a poor prognosis and needs further close follow-up.

The morphological anomaly is the main characteristic of VOs that help make the diagnosis to some extent. The sphericity index is a new index to evaluate the shape of the ventricular chambers and is obtained by calculating the ratio of end-diastolic length diameter and transverse diameter (8). SI changes with different fetal disease states and is independent of gestational age and fetal biometric measurements (13). In our cases, SI changes sensitively to chamber shape changes of all VOs. The GSI and 24-segment SI values of cases with free-wall located VOs were markedly decreased, indicating the abnormally increased transverse width diameters. Moreover, 24-segment SI has the potential to accurately locate the lesion segments according to our application in aneurysm and diverticula cases.

The assessment of fetal heart function is both meaningful and challenging. Ventricular aneurysms and part of ventricular diverticulum are reported to have low contractility in lesion segments (6). The measurement of FS alone from two-dimensional ultrasound is far from illustrating the cardiac function. Previous studies focus on the different contractilities between VA and VD, and less measurement of the ventricular function of both ventricles. In the present study, both global contractility and segment fraction data were obtained and compared with the control group.

Fetal HQ integrates the technique of two-dimensional speckle-tracking echocardiography (2D-STE) and obtains the GLS of both ventricles after automatic measurement. GLS is the fractional percentage of the cardiac wall change and has been shown to be reproducible and angle independent in the fetus (14). Several studies reported an increase in GLS value in both left and right ventricles throughout gestation (15), and some provided stable values during the fetal period (16). The discrepancies in normal GLS values may due to different equipment and ethnic differences. Here, we compared the cases with the normal control group from our center to avoid these differences. As a result, the LV GLS, EF, and FAC of left VOs significantly decreased. While the LV CO of all cases was still at normal ranges, it may be due to the enlarged ventricular chambers considering that the values of LV end-diastolic volume were all over the 95th centile. The contractility measurements of RV were consistent with the control group and even somewhat higher in the data.

Segmental contractility is essential in fetal VOs. The transverse fractional shortening of 24 segments of the right and left ventricles provides a comprehensive method to examine the contractility of the ventricular chambers (9). Though the global contractility was already lower, when compared with normal segments of the same ventricle, the transverse FS was significantly decreased in lesion segments. The results indicated that 24-segment FS could identify the lesion segments sensitively.

Limitations of the present study existed in several aspects. First, the study was done in a single center, and the number of cases was limited to illustrate the prenatal evaluation of VD/VA fully. Moreover, histological data were unavailable for the cases, and the value of fetal HQ in the differential diagnoses of VD and VA is underway in our further study.



5. Conclusion

In conclusion, 10 prenatally diagnosed VOs and 30 controls were described in the present study. Fetal HQ was an applicable technique that was easy to operate and obtain valuable data. 24-segment SI has the potential to locate the lesion segments of VOs accurately. Global and segmental contractility were significantly decreased in both VA and VD cases using fetal HQ.
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Background: In this case report, we utilized a three-dimensional printing model to replicate the complex anatomy of a criss-cross heart with double outlet right ventricle—an extremely rare congenital cardiac abnormality. This approach facilitated our understanding of the patient's unique condition and enabled us to plan the surgical procedure with greater precision.



Case presentation: Our department received a 13-year-old female patient who presented with a pronounced heart murmur and a decrease in exercise capacity. Subsequent two-dimensional imaging revealed the presence of a criss-cross heart with double outlet right ventricle—an intricate and uncommon cardiac malformation that poses challenges for accurate visualization through conventional two-dimensional modalities. To address this challenge, we constructed and printed a three-dimensional model using computed tomography data, which enabled us to visualize and understand the complex intracardiac structures and plan surgical interventions with greater precision. Using this approach, we successfully performed a right ventricular double outlet repair, and the patient made a full recovery following the procedure.



Conclusion: The criss-cross heart with double outlet right ventricle constitutes a complex and uncommon cardiac anomaly that poses considerable challenges in terms of diagnosis and surgical intervention. Employing three-dimensional modeling and printing represents a promising approach, given its potential to enhance the precision and comprehensiveness of the anatomical evaluation of the heart. As a result, this method holds significant promise in facilitating accurate diagnosis, meticulous surgical planning, and ultimately improving clinical outcomes for patients affected by this condition.
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Introduction

Criss-cross heart (CCH) is an infrequent cardiac anomaly characterized by the crossing of inflow streams of both ventricles, caused by twisting of the heart along its long axis. This condition may arise due to malformations in any cardiac segment, causing disruptions in the connections between atria, ventricles, and great vessels (1). The use of three-dimensional (3D) technology is an innovative approach that offers a realistic depiction of the heart's anatomy, enabling surgeons to improve their surgical planning and communication of surgical strategies (2). In this case report, we present the use of 3D printing technology in a patient with CCH with DORV. We describe how the 3D-printed model improved the understanding of the complex cardiac anatomy and facilitated surgical planning. Our case highlights the potential of 3D printing technology in improving surgical planning and outcomes for complex congenital heart diseases, specifically criss-cross heart with DORV.



Case presentation

A 13-year-old female patient, lacking a family history of cardiovascular disease, was admitted to our department with a notable heart murmur and deteriorating exercise capacity. At five months of age, the patient had been diagnosed with a multifaceted congenital heart malformation at a local hospital; however, inadequate medical technology and financial constraints prevented further diagnostic evaluation at a more sophisticated medical center. The patient thrived during her early developmental years, and the issue went unnoticed by the family until recently when her tolerance to exercise significantly declined. Upon physical examination, the child exhibited a height of 1.52 m and weight of 36 kg, with a resting heart rate of 118 beats/min and an oxygen saturation level of 97%. Notably, apical pulsation was detected in the right anterior chest, and systolic murmurs were auscultated. Following the completion of conventional imaging procedures, including transthoracic echocardiography (TTE) (Figure 1), computed tomography angiography (CTA) (Figure 2A), and cardiac catheterization (Figure 2B and Supplementary S1), we consulted with a team of imaging specialists and cardiologists to evaluate the child's complex cardiac malformation. Despite a meticulous review of the 2D images, the precise location of the ventricular septal defect (VSD) and its surrounding anatomical relationships remained unclear. Specifically, we sought to determine the feasibility of applying an unobstructed intraventricular baffle extending from the margin of the VSD to the aortic valve. For this reason, we utilized Fire Plus 3D software (Chinese Blackflame medical technology company) to perform 3D reconstruction and rendering from CTA DICOM images. The 3D model was printed using a printer (BFSLA 550Li, China) with light-cured medical resin, taking 2 days and costing 5,000 yuan (RMB). Upon careful observation of the 3D rendered imaging (Figure 3A) and thorough tactile examination of the 3D printed model (Figures 3B,C), each specialist achieved a clear understanding and unanimously concurred by declaring that “the matter is now evident.” The cardiac apex is oriented towards the right side in situs solitus. Except for the left superior vena cava, which terminates in the left atrium, the systemic and pulmonary veins drain into the respective right and left atria. The atrioventricular connections are concordant with a horizontally positioned septum. The VSD measures approximately 16 mm in diameter and is located above the mitral valve, below and to the left of the tricuspid valve, and directly below the aortic valve. Both ventricles are substantially enlarged, with the right ventricle occupying the upper right region and the left ventricle situated in the lower left quadrant, in concordance with the atrioventricular connections. An aorta is located on the right and posterior to the pulmonary trunk and primarily arises from the right ventricle. Before the surgical procedure, we strategized the surgical incision on a model to optimize visualization and access to the intracardiac structures, thereby augmenting the operative process. Based on the 3D model, it was observed that the ventricular septal defect (VSD) was near the aortic valve, while the tricuspid valve was distally positioned from the pulmonary valve (Figure 3D). Further supported by the cardiac catheterization results which indicated a pulmonary resistance of 2.19 wood and a Qp/Qs ratio (pulmonary-to-systemic flow ratio) of 7.72, it was suggested that an unobstructed intracardiac repair was a feasible option. Following the standard median sternotomy procedure, the patient underwent cannulation of the ascending aorta, right superior vena cava, and inferior vena cava to initiate cardiopulmonary bypass. The aorta was subsequently cross-clamped with antegrade cardioplegic arrest, and the left superior vena cava was ligated. Subsequently, the intracardiac structures were visualized via an incision made in the anterior wall of the right ventricle, which was consistent with the 3D-printed model. Utilizing 4-0 prolene sutures, the autologous pericardial patch was continuously sutured along the edge of the VSD and connected to the aorta. Following the successful surgery, the child's postoperative course proceeded uneventfully in the intensive care unit, with mechanical ventilation being discontinued on the fourth day. Three months after the operation, the child's postoperative transthoracic echocardiography showed excellent results (Figure 4).
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FIGURE 1
(A) pre-operative transthoracic echocardiogram in right parasternal short axis view, (B) right subcostal arch four-chamber view. AO, aorta; RV, right ventricle; PA, pulmonary artery; RA, right atria; LV, left ventricle; LA, left atria.
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FIGURE 2
(A) computed tomography angiography pre-operatively in sagittal view, (B) cardiac catheterization in anteroposterior projection. VSD, ventricle septal defect.
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FIGURE 3
(A) 3D render model, obtain the 3D visualization through QR code scanning located at the lower right corner. (B) the 3-dimensional model in anatomical position, the pre-operative plan for cardiac incision indicated by a dashed line. (C) the 3D model that is divided in the middle of the coronal plane. (D) After incision along the dashed line in Figure C, the intracardiac views are shown. The white dashed line represents the patch to connect the ventricular septal defect to the aorta before surgical procedure. The Scalpel is inserted through the aorta into the ventricular septal defect to facilitate visualization of the anatomical relationship. SV, superior vena cava; IV, inferior vena cava; PV, pulmonary vein.
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FIGURE 4
(A) transthoracic echocardiogram 3 months after surgery in four-chamber view of the right subcostal arch, (B) transthoracic echocardiogram 3 months after surgery in right parasternal short axis view.




Discussion

CCH anomaly is extremely rare, accounting for less than 0.1% of all congenital heart defects. The diagnosis of CCH is based on the intersection of the axes of the ventricular entries. This condition is characterized by the mass of the ventricular wall rotating along its major axis. This promotes a change in hemodynamics characterized by crossing flows through the atrioventricular valves, resulting in the false impression that each atrium is being directed to the contralateral ventricle (1). The CCH may present with situs solitus or situs inversus and concordant or discordant atrioventricular, And ventriculoarterial connection. The atria and ventricles are related in a top-to-bottom (superior-inferior) manner, displacing the ventricular mass in the horizontal plane (3). The ventriculoarterial connection is an important factor in determining the surgical approach and prognosis for patients with CCH. In patients with discordant ventriculoarterial connection, the surgical approach typically involves switching the great arteries to their appropriate ventricles. In contrast, in patients with concordant ventriculoarterial connection, the surgical approach may involve repairing the ventricular septal defect and/or correcting the abnormal valve function. The prognosis for patients with CCH depends on the severity of the underlying heart defects and the success of the surgical intervention (4).

Several studies have highlighted the potential utility of 3D technology in medical education, surgical training, and pre-operative planning for CHD and then improve surgical outcomes and reduce costs (5, 6). Sun et al. showed the benefits of patient-specific 3D-printed models in pediatric CHD, including cases of DORV (7). Valverde et al. conducted an international multicenter study on the use of 3D-printed models for surgical planning of complex congenital heart defects, which included cases of DORV. The study found that 3D models improved surgeon confidence, reduced operating time, and decreased postoperative complications (8). According to Yoo and colleagues, 3D printing technology offers additional information for surgical planning of DORV repair compared to traditional 2D images, specifically in evaluating VSD location, the extent of the muscular infundibulum, and the distance between VSD and arterial valves. These factors are essential in assessing the feasibility of biventricular repair in DORV (9). Furthermore, Batteux et al. conducted a systematic review that concluded that 3D printing models are a valuable tool in improving surgical planning for complex congenital heart diseases (2). Zhang et al. conducted a study on 11 cases of criss-cross heart treated at Anzhen Hospital, Capital Medical University in China. The treatments included Gleen procedure for 5 cases, pulmonary artery banding for 4 cases, patent ductus arteriosus closure for 1 case, and double ventricular repair for 1 case. There were no in-hospital deaths (10).

Strengths of this report include the utilization of 3D printing technology to construct a detailed model of a CCH with DORV, which enabled the medical team to better visualize and understand the unique intracardiac structures. This approach allowed for more precise preoperative planning and accurate surgical intervention, resulting in a successful outcome for the patient. The case report also highlights the potential benefits of employing 3D modeling and printing in cases of rare and intricate cardiac anomalies. This is one of the rare reports that illustrated the anatomy of the CCH using 3D technology and assisted in preoperative planning. This case report has some limitations that must be considered. Firstly, its focus on a single patient, without a comparison group, may limit the generalizability of the findings. Additionally, the costs and time required to create a 3D print model may hinder widespread utilization of this approach. Furthermore, the use of virtual reality could aid in further illustrating the complex anatomy of CCH for diagnosis and surgical planning. Lastly, it should be noted that the 3D model employed was a hollow heart lacking valves and coronary arteries, which may impact its clinical relevance and applicability.

The present study describes a case of CCH with DORV, an extremely rare congenital cardiac abnormality that poses substantial challenges for diagnosis and surgical intervention. We report successful diagnosis and surgery through the utilization of 3D imaging and printing, yielding excellent clinical outcomes. Our findings provide compelling evidence that 3D printing technology can be employed to create highly detailed models of complex intracardiac structures, offering greater clarity and precision in anatomical evaluation and facilitating more accurate preoperative planning and surgical interventions. Nevertheless, it should be noted that the limited availability and high cost of this technology may impede its widespread adoption. Future research endeavors could further elucidate the potential benefits of 3D modeling and printing in cases of intricate and uncommon cardiac anomalies, ideally incorporating larger sample sizes and comparison groups.
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Addition of gadolinium contrast to three-dimensional SSFP MR sequences improves the visibility of coronary artery anatomy in young children
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Objective: This study aims to compare the value of a gadolinium contrast-enhanced 1.5-T three-dimensional (3D) steady-state free precession (SSFP) sequence with that of a noncontrast 3D SSFP sequence for magnetic resonance coronary angiography in a pediatric population.



Materials and methods: Seventy-nine patients from 1 month to 18 years old participated in this study. A 3D SSFP coronary MRA at 1.5-T was applied before and after gadolinium-diethylenetriaminepentaaceticacid (DTPA) injection. The detection rates of coronary arteries and side branches were assessed by McNemar's χ2 test. The image quality, vessel length, signal-to-noise ratio (SNR), and contrast-to-noise ratio (CNR) of the coronary arteries were analyzed by the Wilcoxon signed-rank test. The intra- and interobserver agreements were evaluated with a weighted kappa test or an intraclass correlation efficient test.



Results: A contrast-enhanced scan detected more coronary arteries than a noncontrast-enhanced scan in patients under 2 years old (P < 0.05). The SSFP sequence with contrast media detected more coronary artery side branches in patients younger than 5 years (P < 0.05). The image quality of all the coronary arteries was better after the injection of gadolinium-DTPA in children younger than 2 years (P < 0.05) but not significantly improved in children older than 2 years (P > 0.05). The contrast-enhanced 3D SSFP protocol detected longer lengths for the left anterior descending coronary artery in children younger than 2 years and the left circumflex coronary artery (LCX) in children younger than 5 years (P < 0.05). SNR and CNR of all the coronary arteries in children younger than 5 years and the LCX and right coronary artery in children older than 5 years enhanced after the injection of gadolinium-DTPA (P < 0.05). The intra- and interobserver agreements were high (0.803–0.998) for image quality, length, SNR, and CNR of the coronary arteries in both pre- and postcontrast groups.



Conclusion: The use of gadolinium contrast in combination with the 3D SSFP sequence is necessary for coronary imaging in children under 2 years of age and may be helpful in children between 2 and 5 years. Coronary artery visualization is not significantly improved in children older than 5 years.
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1. Introduction

The global incidence rate of coronary artery abnormalities is about 1%–5.6%, and the incidence in patients with congenital heart disease (3%–36%) is higher (1). When there is a clinical imperative to image coronary artery anatomy, the choice of cross-sectional modalities, such as echocardiography (ECHO), computed tomography (CT), magnetic resonance imaging (MRI), and the gold standard catheter angiography, depends on the detail of information required weighed against the use of ionizing radiation, need for sedation, and degree of invasion (2–8). Magnetic resonance coronary angiography (MRCA) is widely used for relatively gross imaging of coronary arteries, with extensive use now being made of cardiac and respiratory-gated (free breathing), T2-prepared, three-dimensional (3D) steady-state free precession (SSFP) sequences (6, 9–15). These sequences have a vital application in children, particularly those in whom ongoing follow-up of the coronaries is planned due to their lack of ionizing radiation, but have been limited due to the small size of coronaries, especially in very young children (16), and their fast heart rates whereby the “quiet” period with relatively limited vessel motion limits the duration of the imaging window (17). This technique enables endogenous contrast enhancement without an exogenous contrast agent (18). Previous studies demonstrated that whole-heart 3D SSFP MRCA allowed visualization of the coronary arteries without the application of contrast agents in adults and children (2, 19, 20). Some hospitals use paramagnetic contrast agents to increase the contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) of MRCA (5, 21, 22). Zagrosek et al. (21) compared the values of contrast-enhanced and noncontrast-enhanced 3D SSFP MRCA sequences in 21 adults. In their study, SNR of all the coronary arteries and CNR of the right coronary artery (RCA) increased after the application of gadolinium-diethylenetriaminepentaaceticacid (DTPA); the contrast-enhanced sequence did not increase the number of visible coronary segments nor image quality. It is uncertain whether the results in an adult group can apply to children. The aim of this study was to determine whether adding a gadolinium-based contrast agent to a 3D SSFP sequence increased the visibility of the origin, major branches, and proximal courses of coronary arteries in children.



2. Materials and methods


2.1. Study population

Ninety-two patients were referred for cardiac MR scans. Among the 92 patients, 2 were neonates, 3 had severe kidney problems, and 8 failed MR scans. They were excluded. Finally, the study enrolled seventy-nine patients (53 boys, 26 girls) from 1 month to 18 years old. They were referred for clinical evaluation of congenital heart disease (45 cases), cardiomyopathy (13 cases), myocarditis (1 case), Kawasaki disease (4 cases), cardiac tumor (5 cases), arrhythmia (8 cases), right ventricular aneurysm (1 case), chest distress (1 case), and syncope (1 case) by MRI. The Ethics Committee of Children's Hospital of Fudan University approved this study. All the patients’ parents or legal guardians gave written informed consent before the MR scan. Patients younger than 5 years needed sedation with oral chloral hydrate (0.5 ml/kg). To assess the image performance before and after contrast agent application for different ages, patients were classified into three groups: group 1 included patients aged 2 years or younger (n = 19), group 2 included patients aged 2–5 years (n = 17), and group 3 included patients older than 5 years (n = 43).



2.2. MRCA protocol

MRCA was performed with a 1.5-T MR unit (Magnetom Avanto, Siemens Medical Solutions, Erlangen, Germany). A 16-channel body coil was applied. Patients were placed supine on the magnet.

The cine MR scan in a four-chamber view was used to determine the optimal trigger delay time and acquisition window. These assessments were aided by evaluating the movement of the right coronary artery. The delay times derived from the first and last cardiac rest images were recorded as Tfirst and Tlast, respectively, and the optimal data acquisition window was calculated as Topt = Tlast − Tfirst. In our research, it ranged from 28 to 234 ms in either end-systole or mid-diastole individually according to the heart rates of the patients. The trigger delay time was calculated as Ttrig = Tfirst − 150 ms (23).

A 3D SSFP sequence (repetition time of 293.73–336.48 ms, echo time of 1.59–1.66 ms, 90° flip angle, 1 mm slice thickness, 164–380 × 250–420 mm field of view, 320 × 158–218 acquisition matrix, 1 number of averages) was used to obtain the coronary images. The images were collected at the end-expiratory of free breathing using respiratory navigation. The navigation bar was placed above the right diaphragm (2). The navigator acceptance window was ±2 mm. A second scan was applied using the same sequence after applying gadolinium-DTPA (Omniscan, GE Healthcare, Ireland) by bolus intravenous injection. The contrast agent dose was 0.2 mmol/kg.



2.3. Image analysis

Two blinded radiologists with more than 5 years of experience in MRCA independently assessed the image quality of the coronary arteries in random order. The images were reviewed by one of the two readers 1 month later. In addition to planar images, we used a commercial workstation (Advantage Workstation 4.5, GE Healthcare) to generate 3D images to better evaluate coronary anatomy. Disagreement was discussed before the final decision. The image quality was scored for the left main coronary trunk (LMT), the left anterior descending coronary artery (LAD), the left circumflex coronary artery (LCX), and the RCA according to a five-point scale (24): 0 = no coronary segments identified, 1 = coronary course uncertain, 2 = substantial blurring but initial coronary artery course traceable, 3 = coronary course readily traced with mild motion artifacts, and 4 = clearly visible. Moreover, the visible side branches were recorded for each case.

The lengths of visualized coronary arteries were measured on a workstation (Advantage Workstation 4.5, GE Healthcare) with the distance measurement tool (23).

SNR and CNR were calculated. Regions of interest (ROIs) of the blood signal intensity (SIblood) were placed in the lumen of the proximal coronary arteries. The myocardial signal intensity (SImyo) was measured from the myocardium close to the coronary vessel. The SD of background signal intensity (SDnoise) was considered the mean signal intensity of three different ROIs (area≥20 cm2) outside the body. The formulas for calculating SNR and CNR are as follows: SNR = SIblood/SDnoise, CNR = (SIblood − SImyo)/SDnoise (23).



2.4. Statistical analysis

The quantitative values were presented as median values with 95% CIs. The detection rates of coronary arteries and side branches between pre- and postcontrast groups were compared by McNemar's χ2 test. The Wilcoxon signed-rank test was used to assess the differences in the results between each group. The intra- and interobserver agreements were evaluated with the weighted kappa test (for image quality) or intraclass correlation coefficient (ICC) test (for length, SNR, and CNR of the coronary artery). A P value <0.05 was considered significant.




3. Results

Of the 76 coronary arteries in group 1, 51 (67.1%) were visualized by noncontrast-enhanced MRCA and 71 (93.4%) were visualized by contrast-enhanced MRCA (image quality ≥ 1) (P = 0.000). In group 2, noncontrast-enhanced and contrast-enhanced MRCA allowed visualization of 66 of the 68 (97.1%) coronary arteries (P = 1.000). Of the 172 coronary arteries in group 3, noncontrast-enhanced and contrast-enhanced MRCA revealed 168 (97.7%) and 166 (96.5%) coronary arteries, respectively (P = 0.625).

Eighty side branches of coronary arteries were revealed in our study. They were more frequently observed on contrast-enhanced scans than noncontrast-enhanced scans in groups 1 (P = 0.045) and 2 (P = 0.008), but the detection rates between contrast-enhanced scans and noncontrast-enhanced scans did not reach statistical significance in group 3 (P = 0.317) (Table 1).


TABLE 1 Detected side branches of coronary arteries before and after the application of gadolinium-DTPA.

[image: Table 1]

The image quality in group 1 improved after gadolinium-DTPA injection (P < 0.05) (Figure 1). However, in groups 2 and 3, the image quality did not significantly improve after contrast agent application (P > 0.05) (Table 2) (Figures 2, 3).


[image: Figure 1]
FIGURE 1
MR coronary angiography in a 7-month-old boy. (A) Noncontrast-enhanced MR coronary angiography only detects the origin of the RCA. (B) Contrast-enhanced MR coronary angiography images reveal all the coronary arteries. The image quality improves significantly. RCA, right coronary artery; AO, aorta; LMT, left main trunk; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery.
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FIGURE 2
MR coronary angiography in a 3-year-old boy. (A) Precontrast imaging. (B) Postcontrast imaging. Compared with noncontrast-enhanced MR coronary angiography, the three dimension reconstruction image of MR coronary angiography after applying gadolinium-DTPA reveals more coronary artery side branches (arrowhead). Maximal intensity projection images show that the signal-to-noise ratio and contrast-to-noise ratio of all the coronary arteries increase after the application of gadolinium-DTPA, but the image quality is not improved significantly. AO, aorta; LMT, left main trunk; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; RCA, right coronary artery.



TABLE 2 Image quality of the coronary arteries before and after the application of gadolinium-DTPA.

[image: Table 2]

The length of LAD and LCX was longer in group 1, and the LCX length was longer in group 2 by contrast-enhanced MRCA (P < 0.05); there was no statistical significance of the differences between pre- and postcontrast groups in the other patients (P > 0.05) (Table 3).


TABLE 3 Length (mm) of the coronary arteries before and after the application of gadolinium-DTPA.

[image: Table 3]

The SNR and CNR of all the vessels in group 1 and group 2 and the LCX and RCA in group 3 improved after contrast agent injection (P < 0.05), whereas LMT and LAD remained unchanged in group 3 (P > 0.05) (Tables 4, 5) (Figures 2, 3).


TABLE 4 SNR of the coronary arteries before and after the application of gadolinium-DTPA.

[image: Table 4]


TABLE 5 CNR of the coronary arteries before and after the application of gadolinium-DTPA.

[image: Table 5]


[image: Figure 3]
FIGURE 3
MR coronary angiography in a 13-year-old boy. (A) Precontrast imaging. (B) Postcontrast imaging. Despite an increase in the signal-to-noise ratio and contrast-to-noise ratio in the coronary arteries after the application of gadolinium-DTPA, contrast-enhanced MR coronary angiography neither improves the image quality significantly nor shows more side branches. AO, aorta; LMT, left main trunk; LAD, left anterior descending coronary artery; LCX, left circumflex coronary artery; RCA, right coronary artery.


The intra- and interobserver agreements in this study were high (0.803–0.998) for image quality, length, SNR, and CNR of the coronary arteries in both pre- and postcontrast groups (Table 6).


TABLE 6 Intra- and interobserver agreements before and after the application of gadolinium-DTPA.
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4. Discussion

Our study compared the visibility of coronary artery anatomy in the same child before and after applying gadolinium contrast using a 1.5-T 3D SSFP sequence. Although there is no gold standard, such as angiography or direct observation at the surgery for coronary anatomy, this limitation is mitigated to some degree as each child acts as its control.

In our study, the gadolinium contrast-enhanced 3D SSFP sequence improved not only SNR and CNR but also the image quality of coronary arteries in children under 2 years old and detected more coronary arteries than the noncontrast-enhanced 3D SSFP sequence. Moreover, the contrast-enhanced 3D SSFP sequence detected more coronary artery side branches in patients younger than 5 years. Because young children's coronary arteries are thin, adequate SNR and CNR imaging is critical for delineating coronary arteries. The application of an extracellular contrast agent is useful. The extracellular contrast agent in MRCA can enhance the blood signal due to its T1 shortening effect (18, 25). It is difficult to visualize the distal part of LAD and LCX due to their tortuous courses and small diameters in young children. In our study, the contrast-enhanced SSFP sequence displayed longer lengths for LAD in children under 2 years old and for LCX in children younger than 5 years. The increased CNR after injection of contrast agent proved very useful in delineating distal coronary artery segments in young children. Gadolinium contrast-enhanced MRCA increased SNR and CNR of most coronary arteries in children over 2 years old, but it did not improve the image quality significantly in our study, as reported in a previous study in adults (21).

Our results would help to improve proper MRCA protocols for children of different ages. Gadolinium-DTPA is widely used in our hospital; this contrast agent is contraindicated in patients with severe kidney problems (26, 27). For such patients older than 5 years, the noncontrast-enhanced 3D SSFP sequence is qualified to assess the morphology of coronary arteries without the nephrotoxic and neurotoxic risks. For patients older than 2 years to 5 years, the application of gadolinium-DTPA detects more coronary artery side branches, although it does not improve the image quality significantly. We recommend the contrast-enhanced 3D SSFP sequence for patients without the contraindications of gadolinium-DTPA application in this age range; the noncontrast-enhanced 3D SSFP sequence is an alternative to depict the main trunk of coronary arteries for patients with the contraindications of gadolinium-DTPA application. For patients younger than 2 years without the contraindications of gadolinium-DTPA application, the contrast-enhanced 3D SSFP sequence is necessary to improve image performance. For patients younger than 2 years with the contraindications of gadolinium-DTPA application, MRCA is not recommended.

In addition to the contrast agent, we took several measures to improve the image performance. For the 3D SSFP sequence, we used a long repetition time (293.73–336.48 ms) to increase the SNR. Effective sedation for children younger than 5 years and respiratory training for children older than 5 years before the MR scan provided regular breathing. Thus, acceptable navigator efficiency was increased and data acquisition time and respiratory motion artifacts were reduced. The trigger delay time and acquisition window were decided individually for each child according to the longest cardiac rest period (3). For children with low heart rates, the images were acquired during mid-diastole. With the increase in heart rates, the end-systolic rest period tended to be longer than the diastolic rest period (6, 17). Therefore, end-systole was preferred by the technician in children with high heart rates.

Despite the application of gadolinium-DTPA and the above measures, the image performance in children younger than 2 years was still unsatisfactory. It was even worse than precontrast imaging in children older than 2 years in our study. The number of cases in our study is too small, and this result may not be universal. However, it is really a difficult point to clearly show the coronary arteries of young populations. One improved solution is the use of intravascular contrast agents. Intravascular contrast agents have much greater T1 relaxivity than extracellular contrast agents, and they keep a high concentration in the blood and also have fewer exosomes into the myocardium (18, 28). These characteristics of intravascular contrast agents enable them to obtain high-quality vascular-enhanced images. In addition to intravascular contrast agents, extracellular contrast agents with high T1 relaxivity are also considered because they may be more available than intravascular contrast agents. For example, gadobutrol is a nonspecific extracellular magnetic resonance contrast agent with the highest T1 relaxivity in plasma among gadolinium-based contrast agents (29–31). Therefore, these contrast agents may perform better in coronary artery imaging in young children. Another alternative imaging modality is CT coronary angiography. Despite ionizing radiation, CT coronary angiography provides excellent spatial resolution, which is required to assess small coronary arteries in children. Furthermore, simple preparation and short investigation time make CT coronary angiography more suitable for young children and critically ill patients. CT coronary angiography can provide direct anatomical detail of the coronary arteries. With the advancements in technology, dose estimates of CT coronary angiography are in a rather low range. The benefit-to-risk ratio of CT coronary angiography has been greatly improved recently, so the technique may be considered a potentially noninvasive diagnostic method (32). 1.5-T 3D SSFP MRCA and CT coronary angiography are complementary imaging modalities and may have different indications.



5. Limitations

One limitation is the relatively small sample size of groups 1 and 2, which may have limited the statistical power of the evaluation. Despite the weaknesses, our results preliminarily indicate the different MRCA image performance with and without contrast agent application in children of different age groups.



6. Conclusions

The use of gadolinium contrast in combination with the 3D SSFP sequence is necessary for coronary imaging in children under 2 years of age, and it might be helpful in those between 2 and 5 years; however, we have not seen that the use of gadolinium contrast can significantly improve the quality of the information about the coronary arteries in children older than 5 years.
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Objectives: The objectives of this study were to assess the changes in the left myocardial function after chemotherapy for childhood lymphoma and observe the predictive or monitor value for cancer treatment-related cardiac dysfunction (CTRCD) by speckle-tracking echocardiography.



Methods: A total of 23 children with histopathological diagnoses of lymphoma were included, with age-matched normal controls. Comparative analysis of clinical serological tests and left heart strain parameters in children with lymphoma, including left ventricular global longitudinal strain (LVGLS); global myocardial work (GMW) indices, which include global work index (GWI), global constructive work (GCW), global wasted work, and global work efficiency; and the LS of subendocardial, middle, and subepicardial layer myocardium during left ventricular systole were measured: left atrial strain of reservoir phase (LASr), left atrial strain of conduit phase (LAScd), and left atrial strain of contraction phase (LASct).



Results: One-way ANOVA showed that GLS, GWI, GCW, LASr, and LAScd were closely associated with CTRCD and multivariate logistic regression analysis showed that GLS was the most sensitive predictor for detecting patients at lofty risk of anthracycline-related cardiotoxicity. Both before and after chemotherapy, GLS in the left ventricle showed a pattern of basal segment < middle segment < apical segment and subepicardial < middle < subendocardial layer (p < 0.05), and the degree of decrease also showed a regular pattern of epicardial layer < middle layer < subendocardial layer while the difference was not significant (p > 0.05). After chemotherapy, maximum flow rate in early mitral relaxation/left atrial systolic maximum flow rate (E/A) and left atrial volume index of each group were in the normal range, and the values of LASr, LAScd, and LASct slightly increased in the second cycle and decreased significantly in the fourth cycle after chemotherapy, reaching the lowest level; LASr and LAScd were positively correlated with GLS.



Conclusion: LVGLS is a more sensitive and earlier indicator to predict CTRCD compared with conventional echocardiography-related parameters and serological markers, and GLS of each myocardial layer showed a certain regularity. Left atrial strain can be used for early monitoring of cardiotoxicity in children with lymphoma after chemotherapy.



KEYWORDS
speckle-tracking echocardiography, cancer treatment-related cardiac dysfunction, longitudinal strain, children, left atrial strain





Introduction

Anthracyclines (ANTs) are first-line drugs for lymphoma chemotherapy, and antitumor mechanisms primarily include the inhibition of DNA and RNA synthesis in cells and inhibition of topoisomerase II activity, which are toxic to cardiomyocytes while inhibiting tumor cell growth and being progressive, irreversible, and dose-dependent (1). Chemotherapy-related heart failure is an important cause of morbidity and mortality in cancer patients (2). At the same time, patients treated with ANTs, have an octuple higher risk of death caused by heart failure (3). Cancer treatment-related cardiac dysfunction (CTRCD) was defined as asymptomatic left ventricular ejection fraction (LVEF) decrease of more than 10%, or LVEF lower than normal (LVEF < 53%) after antitumor treatment, or regardless of the baseline value when the patient has clinical symptoms with more than 5% decrease in LVEF (4). LVEF was insufficient to identify the early changes of left ventricle (LV) function, whereas subclinical alterations in left ventricular longitudinal function could be detected early in the course of the disease by global longitudinal strain (GLS) parameters measured by speckle-tracking echocardiography (STE) (5–7). Except for GLS, the layered strain technique compensates for the various effects of global strain on the structure and direction of each layer of myocardium. It demonstrates the longitudinal strain damage of each layer of myocardium by reflecting the relationship between muscle fiber structure and damage of the three layers of the ventricular myocardium (8). Thus, the prominent advantage of the myocardial work technique is that considering the myocardial deformation and afterload can better reflect the myocardial energy metabolism (9–11). In addition, the left atrium (LA) is the intersection of the pulmonary and systemic circulation, which can regulate LV loading and better represent LV diastolic function; in light of experts, ventricular diastolic dysfunction frequently manifests before systolic impairment (12), and left ventricular diastolic dysfunction (LVDD) is earlier and more closely associated with the left atrium than with the left ventricular chamber (13).

We quantitatively evaluated the functional changes of LV and LA after ANT chemotherapy in children with lymphoma and explored the clinical application value of conventional echocardiography, serological makers, and ultrasound strain parameters to early detect the chemotherapy-induced cardiac dysfunction and to provide a new rationale for the clinical monitoring of the cardiotoxicity of ANTs.



Materials and methods


Study population

From January 2019 to March 2020, 28 children with lymphoma-confirmed histopathological diagnosis were first selected at Children's Hospital of Chongqing Medical University, who completed at least two courses of chemotherapy with normal LVEF (>53%) and sinus rhythm. The exclusion criteria included congenital heart disease, myocarditis, severe arrhythmia, cardiac function impairment due to anemia and nephrotic syndrome, and poor image quality due to excessive obesity and severe pneumonia. Therefore, we excluded 5 patients (3 patients interrupted follow-up, 1 patient had abnormal cardiac and mechanical issues before chemotherapy, and 1 patient was excluded for poor image quality due to obesity), and a total of 23 subjects were included in the final analysis; the flowchart of this cohort shown in Figure 1. Twenty-three healthy children of similar age were recruited from pediatric clinics. This study was approved by the Ethics Committee of Children's Hospital of Chongqing Medical University of Public Health, Chongqing Medical University (2016-34). All participants provided their written informed consent.


[image: Figure 1]
FIGURE 1
Flowchart of this cohort: LVEF, left ventricular ejection fraction.




Clinical data and serologic marker

The age, height, weight, blood pressure, heart rate, and chemotherapy regimen of every child were recorded, and the child's body surface area and the cumulative amount of Adriamycin after every two courses of treatment were measured. Venous blood samples were taken from each kid before chemotherapy and within 24 h after every two chemotherapies to measure the serum levels of creatine kinase isoenzymes MB (CK-MB) and troponin I ultra (TnI-Ultra) before and after chemotherapy.



Echocardiography and blood pressure

The same physician performed echocardiograms before chemotherapy and within 24 h after every two courses of chemotherapy using a GE system (E9, GE Healthcare, Norway) and M5S transducer (3.5 MHz) as per current guidelines (4, 14, 15). Post-processing was performed by a sonographer using GE EchoPAC 204. After the subjects rested in the left recumbent position and breathed calmly, electrocardiogram (ECG) leads were connected, and blood pressure was measured simultaneously. The main collected images included: M-mode echocardiography in the parasternal LV long-axis view and ring motion spectrum on the mitral annular side using tissue Doppler imaging (TDI). For strain parameters, two-chamber, three-chamber, and four-chamber views of LV with more than three cardiac cycles were obtained continuously from the apical long-axis view of the LV and stored in uncompressed format.



Conventional echocardiography

The images were obtained in DICOM format, and the left atrial myocardial motion was depicted in the apical four-chamber view and apical two-chamber view with the matching software EchoPAC 204 to calculate the left atrial end-diastolic dimension (LAEDd), left atrial end-diastolic volume (LAEDV), left atrial end-systolic volume (LAESV), and the biplane left atrial ejection fraction (LAEF) and left atrial volume index (LAVI); in the mode of Auto-EF, the apical two-chamber and four-chamber end-systolic left ventricular intimal surfaces were depicted, and LVEF was calculated by the biplane Simpson method; the crest mitral valve orifice blood flow rate was measured by spectral Doppler in the apical four-chamber view to calculate E/A.



Left ventricular strain

In auto function imaging (AFI), the corresponding standard view of three-chamber, four-chamber, and two-chamber heart (APLAX, 4CH, 2CH) was selected. The software can automatically track the LV membrane surface to form a range of interest through the electrocardiogram; manually depict or finetune if necessary; calculate the GLS of LV in APLAX, 4CH, and 2CH; and the software automatically calculates the average value GLPSAvg (LVGLS) (Figure 2). At the same time, the left ventricular layered analysis technique takes a left ventricular systolic subendocardial myocardium, medial myocardium, and epicardial myocardium global longitudinal strain; on the basis of obtaining the bovine ophthalmogram, the myocardial work parameters (including segments and overall) are calculated by EchoPAC 204 version (GE Healthcare) software: global work index (GWI), global constructive work (GCW), global wasted work (GWW), and global work efficiency (GWE).


[image: Figure 2]
FIGURE 2
The software offline analysis schematic of left ventricular GLS in EchoPAC 204: light-colored areas indicate the decrease in myocardial longitudinal strain. (A) Bull's-eye of left ventricular GLS before chemotherapy; (B) after second cycle of chemotherapy; (C) after fourth cycle of chemotherapy; (D) after sixth cycle of chemotherapy. GLS, global longitudinal strain.




Left atrial strain

The left atrial global strain was automatically tracked at a finishing time of diastole (the mitral valve was closed), left atrial strain of reservoir phase (LASr), left atrial strain of conduit phase (LAScd), left atrial strain of contraction phase (LASct) at 4CH and 2CH were calculated and record it respectively, and their mean values BiSr, BiScd, and BiSct, recorded as LASr, LAScd, LASct (Figure 3). All parameters were measured at least three times and averaged.


[image: Figure 3]
FIGURE 3
The software offline analysis schematic of left atrial longitudinal strain in EchoPAC 204: (A) left atrial longitudinal strain before chemotherapy; (B) after second cycle of chemotherapy; (C) after fourth cycle of chemotherapy; (D) after sixth cycle of chemotherapy.




Statistical analysis

Statistical analysis was performed using SPSS 25.0 software. LVGLS, LAScd, and Sct were negative values, and absolute values were taken for a description in this paper; normally distributed data and approximately normally distributed data are expressed as the mean ± standard deviation (SD); differences between groups were analyzed with independent-sample t test, Single factor variance analysis, and repeated measures analysis of variance (ANOVA); non-normally distributed data are expressed as the median ± interquartile range and between groups were analyzed with the Wilcoxon signed rank test. Correlation analysis was performed using Pearson correlation analysis, and diagnostic efficacy was assessed using binary logistic regression analysis and receiver operating characteristic (ROC) curve. p < 0.05 was considered statistically significant.




Results


Clinical information

The study population (n = 23) consisted of 20 males and 3 females with a mean age of 9.34 ± 3.59 years (range 5–15 years). They all completed at least two chemotherapy courses (cumulative ANT dose 50 mg/m2): 19 patients completed four chemotherapy courses (cumulative ANT dose 100 mg/m2), 12 patients completed six chemotherapy courses (cumulative ANT dose 150 mg/m2), and 8 patients completed eight chemotherapy courses (cumulative ANT dose 230 mg/m2). Twenty-three children developed varying degrees of nausea, vomiting, and myelosuppression after chemotherapy only within different chemotherapy cycles, which resolved spontaneously after the end of chemotherapy without other discomforts such as palpitations or dizziness and had no significant abnormalities in myocardial markers or electrocardiograms. In addition, only 1 of the 23 patients died of severe infection within 1 year after the end of chemotherapy. The control group consisted of 23 patients, 20 males and 3 females, with an average age of 9.42 ± 3.15 years (age range, 4–15 years). There were no obvious differences in age, weight, height, and gender distribution between the control and study groups (p > 0.05). The diastolic blood pressure (DBP) was significantly lower than healthy controls (p < 0.05). There was no statistical significance in body surface area (SA), heart rate (HR), and systolic blood pressure (SBP) between 23 children with lymphoma before chemotherapy and 2, 4, and 6–8 times after chemotherapy and the control group (p > 0.05) (Table 1). During the whole chemotherapy period, serum TnI-Ultra was within normal limits in children with lymphoma, and most of them were not detected in serum and rarely fluctuated, so monofactor analysis of variance displayed that TnI-Ultra changes were not statistically significant. CK-MB fluctuated more in the normal range than TnI-Ultra, but none of the changes were statistically significant (Table 2).


TABLE 1 Comparison of general clinical data and conventional ultrasound parameters of children with lymphoma and healthy control group.

[image: Table 1]


TABLE 2 Comparison of myocardial markers in children with lymphoma before and after chemotherapy.
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Cardiac function assessment

LVEF, E/A, LAEDd, LAEDV, LAESV, and LAVI determined by the Simpson method were in the normal range, and there was no statistical significance between before and after chemotherapy with the control group (p > 0.05). After chemotherapy, the data of LVEF determined by the Simpson method decreased in the normal range compared with that before chemotherapy (p > 0.05); LAVI before chemotherapy in children with lymphoma were lower when compared with the normal group (15.99 ± 2.79 vs. 13.36 ± 5.05, p < 0.05) (Table 1).

LVGLS, GWI, GWW, and GWE were significantly lower than healthy controls (p < 0.05), while GCW, LASr, LAScd, and LASct were not significantly different between the two groups (p > 0.05). Compared with that before chemotherapy, the mean values of GLS in children with lymphoma after chemotherapy at cycles 2, 4, 6, and 8 showed a decreasing trend at cycles 2 and 4 [19.39 (17.63–20.96) vs. 17.55 (16.94–20.59), p < 0.05]. However, they fluctuated at cycles 6 and 8 (p > 0.05) (Table 3, Figure 4). There was no significant difference between GWI, GCW, GWW, GWW, and GWE treatment (p > 0.05).


[image: Figure 4]
FIGURE 4
Line plot of strain data in the children with lymphoma before and after chemotherapy: *p < 0.05 compared with before chemotherapy. BC, before chemotherapy; CC2, after second cycle of chemotherapy; CC4, after fourth cycle of chemotherapy; CC6, after sixth cycle of chemotherapy; CC8, after eighth cycle of chemotherapy.



TABLE 3 Comparison of strain parameters of children with lymphoma and healthy control group.

[image: Table 3]

Among them, the monofactor analysis of variance test was used to compare the degree of LS mean to reduce in LV systolic subendocardial myocardium, medial myocardium, and subepicardial myocardium after chemotherapy in comparison to that before chemotherapy to obtain the outcome: left ventricular myocardial LS revealed a regular pattern of epicardial layer < middle layer < subendocardial layer (p < 0.05) whether before chemotherapy or after chemotherapy; and the degree of decreased also showed revealed a regular pattern of epicardial layer < middle layer < subendocardial layer while the difference was not significant (p > 0.05) (Table 4).


TABLE 4 Comparison of LS in subendocardial, middle, and subepicardial layers of children with lymphoma before and after chemotherapy.
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When compared to the control group, lymphoma children's LASr, LAScd, and LASct were in the normal range; about 14.11% (12 of 85 cases) had LASr lower than 35%. LASr, LAScd, and LASct were slightly increased after the second cycle of chemotherapy but decreased after the fourth cycle of chemotherapy, and the overall mean value was below that of the healthy control group, and slightly increased again in the sixth and eighth cycles after chemotherapy. The overall mean value exceeded that before chemotherapy but was lower than that in the second cycle of chemotherapy (Figure 4); at the same time, there was no significant difference in comparison to the two groups (p > 0.05). Correlation analysis showed that LASr was weak positively correlated with LAVI, LVEF, GLS, and LASct (r = 0.486–0.565, p < 0.01); LAScd was weak positively correlated with E/A, LAEF, and LAVI (r = 0.306–0.486, p < 0.01), moderate positively correlated with LVEF and GLS (r = 0.506–0.529, p < 0.01), and strong positively correlation with LASr (r = 0.851, p < 0.01); LASct was weak positively correlated with LAVI (r = 0.391, p < 0.01), moderate positively correlated with LASr, and there was no significant association with E/A, LAEF, LVEF, GLS, and LAScd (r = −0.138 to 0.229) (Table 5).



Prediction CTRCD by STE

According to the diagnostic criteria for CTRCD (4), LVEF decreased by more than 10% after chemotherapy in comparison to that before chemotherapy or cardiac abnormality-related symptoms with LVEF decreased by more than 5%. In this research, 13 of 85 cases met the diagnostic criteria for asymptomatic CTRCD, with an incidence of about 15.29%; all strain data using one-way ANOVA showed that GLS, GWI, GCW, LASr, and Scd were closely associated with CTRCD (Table 6); further multivariate logistic regression analysis was used to exclude GWI, GCW, LASr, and Scd, and showed that GLS was the most sensitive predictor for detecting patients at lofty risk of anthracycline-related cardiotoxicity [regression coefficient B = −0.965, Exp (B) = 0.381, p < 0.05]. When the absolute value of LVGLS was < 17.67, the sensitivity for predicting CTRCD was 0.765, the specificity was 0.917, and the area under the curve (AUC) = 0.857 (Figure 5).
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FIGURE 5
GLS predicts the ROC curve of CTRCD in the children with lymphoma after chemotherapy. GLS, global longitudinal strain; ROC, receiver operating characteristic; CTRCD, cancer treatment-related cardiac dysfunction.



TABLE 5 The Pearson correlation of LA parameters and GLS of children with lymphoma.
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TABLE 6 Summary of the association between strain data and CTRCD.
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Discussion

The outcome displayed that LVEF, E/A, LAEDd, LAEDV, LAESV, and LAVI measured by the Simpson method were within the normal range, and there was no statistical significance before and after chemotherapy. After chemotherapy, some children showed an obvious decrease in LVEF by the biplane Simpson method, suggesting abnormal left ventricular function after chemotherapy and reaching the CTRCD diagnostic criteria, but the difference among the chemotherapy groups were not statistically significant. Cardiac reserve makes changes in LVEF less than 10% not necessarily representative of actual changes in the systolic function (16), and changes in LVEF often become apparent years after receiving the associated influence, particularly in pediatric cancer (4), which limits the validity of biplane Simpson LVEF subsequent to our study subjects. However, studies (7) have proposed that three-dimensional spot tracking echocardiography (3D-STE) allows the quantification of myocardial deformation in three spatial dimensions, overcoming the inherent limitations of 2D LVEF, which mainly depends on load conditions and geometric assumptions, to accurately assess LV function and detect subclinical cardiotoxicity.

The left atrial changes are asymmetric and difficult to measure quantitatively, and the left atrial size is influenced by many factors, which leads to unreliable results such as LAESV. We discovered that LAVI before chemotherapy in lymphoma children was clearly lower than those in the control group, LAVI predicts diastolic dysfunction by reflecting the magnitude of LV filling pressure, and monitors LV diastolic function more accurately than E/A and LAD (17). Following 195 individuals with acute cardiac failure, Almeida et al. (18) discovered that the optimum cutoff value for heart disease with intact ejection fraction was 34 ml/m2. Therefore, when 34 ml/m2 was used as the boundary, LAVI was in the normal range in all children (only two cases exceeded 29 ml/m2), but the minimum age of this study was 50 years, which was different from our study subjects in age. Unfortunately, we lacked the criteria for the diagnosis of LAVI abnormalities in children, so the predictive value of LAVI in children may be underestimated.

CK-MB and TnI-Ultra are widely used as early clinical indicators of myocardial injury. Compared with conventional troponins, high-sensitivity troponin has a much-reduced detection limit for detecting cTn as low as 1.90 or 1.20 pg/ml, allowing the early detection of minor myocardial damage (19). CK-MB and TnI-Ultra did not change apparently after chemotherapy in our research, possibly because troponin was inconsistently released through blood or it may also be due to some self-healing of ticker growth in children; it is unclear how serum markers should be applied for risk stratification of CTRCD importantly (20). In one study, cumulative anthracycline doses reached 0, 120, 240, and 360 mg/m2 in breast cancer patients, and serum Hs-cTnT concentrations after anthracycline chemotherapy showed a gradually increasing trend over four chemotherapy stages, while only one of our children had anthracycline concentrations reaching 350 mg/m2, mostly less than 100 mg/m2. This could also explain why serum indicators in our investigation did not indicate any changes (21). In addition, the diverse results of serological myocardial markers in exploring early cardiac function impairment caused by chemotherapy (21, 22) may be related to chemotherapeutic drugs and interindividual differences.

Compared with conventional ultrasound data and myocardial markers, LS may be abnormal in the early stage, and it directly reflects myocardial function rather than cardiac pump function. STE quantitatively analyzes myocardial motion by speckle tracking, and LS reflects the function of longitudinal myofibers under the endocardium; anthracycline chemotherapeutic drugs can cause uneven degeneration and fibrosis of the left ventricular myocardium, such as the cardiac histopathological findings of doxorubicin intoxication are characterized by vacuolar degeneration of muscle cells (23–25), because about 70% of the LV is composed of longitudinal muscles, and the endocardial layer is responsible for longitudinal contraction. The endocardium is the area most prone to hypoperfusion and ischemia, so anthracycline cardiotoxicity is often characterized by a decrease in endocardial longitudinal function in the early stage (26). In our study, the LS values of each layer of the myocardium in each segment of the LV in children maintained a certain gradient, that is, the absolute LS values of each layer of the LV myocardium decreased layer by layer from the endocardium to the epicardium, suggesting that the longitudinal deformation of the myocardium has regular transmural heterogeneity. With the accumulation of anthracycline dose causing myocardial damage or acute cardiotoxicity, the longitudinal strain of each layer of myocardium decreased. The degree of decrease also revealed a regular pattern of epicardial layer < middle layer < subendocardial layer, which is in accord with the results of Kang et al. that the endocardium is more sensitive and more susceptible to damage, but it lacks statistical significance to draw further conclusions.

In this research, we discovered that GLS and myocardial work parameters in children were significantly lower than controls before chemotherapy, which may indicate that cardiac muscle strength was impaired in lymphoma children before chemotherapy; it may be related to the role of inflammatory mediators in the process of myocardial remodeling in LV and myocardial infiltration of cancer cells in lymphoma patients. This result is consistent with the study of Akam-Venkata et al. (27). After chemotherapy, LVGLS remained progressively decreasing, nadir at cycle 4 after chemotherapy; at this time, the cumulative dosage of the child is about 100 mg/m2. Another study (28) compared the cardiac function of 86 young and middle-aged patients after ANTH chemotherapy, and it pointed out that LVGLS could predict cardiotoxicity when ANTH reached 150 mg/m2, indicating that the cardiotoxicity of ANTH in children was greater than that of young and middle-aged patients. The data of cycles 6 and 8 are volatile, which may indicate the self-healing of the heart function in the children themselves, or it may be because the study data are small and not representative. LVGLS had the ability to diagnose CTRCD and its changes occurred earlier than those of other conventional ultrasound parameters and myocardial markers, so LVGLS is one of the sensitive indicators for evaluating whole left ventricular myocardial function (26). LVGLS can be used as an indicator to evaluate myocardial function in patients during chemotherapy, detect early cardiac dysfunction, predict the occurrence of CTRCD, and guide cardioprotective therapy (2, 6, 29–32).

One study (33) pointed out that GLS did not show a relationship with LV contractility, reflecting ventriculoatrial coupling (VAC). GWI showed a stronger linear relationship with LV inotropy compared to GLS (34). In our study, GLS trendily decreased after chemotherapy, while the myocardial work parameters did not change significantly before and after chemotherapy. Based on the predictive effect of GLS on CTRCD, we proposed this speculation that hemodynamic changes precede inotropic impairment in the effects of anthracyclines on the heart. In addition, our results showed that GWI and GCW were closely related to CTRCD (35), but they were excluded in the multivariate logistic regression analysis, and more meaningful analysis results might have been obtained if the sample size had been expanded. However, the prediction of CTRCD is definitely not a significance of myocardial work. If it detects early hemodynamic disturbances, early intervention can be performed to avoid myocardial injury.

Abnormal LA function is also caused by myocardial fibrosis leading to abnormal myocardial movement. Therefore, LA strain could monitor the longitudinal, radial, and circumferential difference of LA myocardial function by STE, but the left atrial myocardial fibers are thin. At present, it is advocated that strain measurement of the left atrium be done as a whole, without separating the levels and parts (36). It has been shown that the value of LA strain is decreased in LVDD, LV end-diastolic pressure is LA afterload, and LA function can reflect LV function to some extent (37). We focused on the GLS of the left atrium in the four-chamber view and the two-chamber view, namely, LASr, LAScd, LASct, and their mean value. LASr corresponds to left atrium early diastole, persists from mitral valve closure to mitral valve opening, is the maximum relaxation strain value of left atrium wall, is closely related to LVDD, and less than 35% can be considered LVDD. In the study, 12 out of 85 cases had LASr lower than 35% when E/A and LAVI were in the normal range, indicating that LVDD caused by abnormal left atrial function may occur after chemotherapy. LAScd corresponds to LA mid-diastole and LA emptying, persists from mitral valve opening to LA contraction, is associated with LA compliance and LV diastolic function, and is prone to early changes. LASct corresponds to left atrial systolic strain, persists from LA contraction to mitral valve closure, and reflects LA systolic ability (38, 39). The results showed that there was no obvious difference in LASr, LAScd, and Sct before chemotherapy between children with lymphoma and healthy controls, that is, left atrial strain indexes were comparable; LASr, LAScd, and LASct after chemotherapy had some fluctuation suggesting that LASr and LAScd changes in left atrial strain parameters changed earlier than conventional parameters such as E/A and LAVI; however, the difference among the different groups was not statistically significant. Thus, no clear changes or trends in LASr, LAScd, and LASct were discovered in all children after ANTH chemotherapy in this experiment, which may be due to the stronger compensatory ability of the children's heart and the smaller cumulative dose of ANTH in all observed subjects (40).

Some scholars have proposed that left atrium peak strain can be used to detect left ventricular filling pressure (41). The result showed that LASr and LAScd were closely associated with CTRCD; however, no predictive value of left atrial strain value in the diagnosis of CTRCD was analyzed by logistic regression. That is, our study failed to predict left ventricular function changes after chemotherapy in children with lymphoma by left atrial strain in response to left ventricular filling pressure. Further correlation analysis showed that LASr and LAScd were moderate positively correlated with LVEF and GLS. LASct was only positively correlated with LAVI but not significantly correlated with LVEF and GLS. LVEF and GLS are currently the main indicators of ultrasound for the evaluation of LV function. This suggests that we can use the left atrial strain to monitor the myocardial toxicity and LASr and LAScd may detect myocardial dysfunction earlier than LASct, which is alike to the results of other studies (42). It may be that left ventricular lesion and relaxation reduce atrial catheter function (LAScd) and left atrial stiffness, that is, left atrial maximum relaxation, resulting in decreased LASr; in order to ensure left ventricular blood flow, LA contraction (LASct) is enhanced as a compensatory mechanism in the early stages, but LASct also decreases due to LA dilatation and stiffness as dysfunction progressed.

In addition to 2D-SDE, 3D-derived spot tracking as a reproducible ultrasound technique also clearly demonstrates changes in LV volume, mass, and function (43), and studies (44) indicate that 3D-STE has lower time variability in cancer patients undergoing chemotherapy with stable left D function compared to 2D estimates. However, the temporal resolution and image quality may limit the feasibility of 3D-STE (45). Using 3D-STE to study the myocardial function after chemotherapy in children with lymphoma may help us to deeply understand the myocardial function changes in children, and more simply detect the early changes, in order to assist in clinical early detection and early treatment.


Limitations

There are some limitations to this study. The sample size is small, and we did not perform long-term follow-ups of children with lymphoma following chemotherapy and could not determine the trends in GLS following discontinuation of ANT, but we mainly explored the early changes. The expert consensus document of the American Society for Echocardiography (ASE) and the European Association of Cardiovascular Imaging (EACVI) recommended LVEF criteria were not met, but a GLS decrease of >15% from baseline can be considered subclinical CTRCD (4, 46, 47). We did not routinely assess the cardiac function by STE, which caused strain to vary in different age groups. E/A and LAVI were in the normal reference range in all cases in the observation group and merely LASr was abnormal; the relationship between LASr, Scd, and Sct with conventional ultrasound parameters to assess LVDD could not be further analyzed.




Conclusion

LVGLS is a more sensitive and earlier indicator to predict CTRCD compared with conventional echocardiography-related parameters and serological markers. GLS of each myocardial layer showed a certain regularity. Left atrial strain can be used for early monitoring of cardiotoxicity in children with lymphoma after chemotherapy.
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Over recent decades, a variety of advanced imaging techniques for assessing cardiovascular physiology and cardiac function in adults and children have been applied in the fetus. In many cases, technical development has been required to allow feasibility in the fetus, while an appreciation of the unique physiology of the fetal circulation is required for proper interpretation of the findings. This review will focus on recent advances in fetal echocardiography and cardiovascular magnetic resonance (CMR), providing examples of their application in research and clinical settings. We will also consider future directions for these technologies, including their ongoing technical development and potential clinical value.
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Introduction

As we increasingly regard the unborn fetus as a patient and develop improved prenatal diagnosis and treatment of a range of fetal conditions, we require more sophisticated approaches to assessing fetal wellbeing. There is no better example of the evolution of prenatal diagnosis and therapy than our imaging approach to the fetal heart and cardiovascular system. The prenatal diagnosis of congenital heart disease has transformed the perinatal management of these common birth defects, resulting in improved outcomes and offering families an opportunity to make informed choices about a range of management options. The transplacental treatment of fetal arrhythmias represents one of the earliest and most widely used forms of fetal therapy. With the advent of minimally invasive catheter interventions for severe forms of congenital heart disease, we have learned that in selected cases it may be possible to modify the natural history of congenital heart disease, thereby avoiding the need for single ventricle palliation while improving fetal development. The advent of increasingly sophisticated approaches to fetal cardiac imaging has played an essential role in this story, with advances in the assessment of fetal cardiac function occurring in tandem with new treatments (1, 2). For example, abnormalities of myocardial loading and performance manifesting as cardiac enlargement, reduced contractility or hydrops may be observed in the setting of congenital heart lesions such as Ebstein's anomaly or critical aortic stenosis as well as other fetal cardiac conditions such as cardiomyopathies and fetal arrhythmias (3–5). The severity of the cardiac compromise in these settings may determine the indication for fetal treatment and serve as a marker of response to therapy. Similarly, the detection of subtle abnormalities of cardiovascular physiology or heart function may provide clues to the presence of extra-cardiac pathologies, including fetal growth restriction (FGR), fetal anemia and twin-to-twin-transfusion syndrome (TTTS).

Echocardiography is a widely available and non-invasive technique that is used to identify structural heart disease and predict prognosis (6, 7). Through technical advances and growing expertise, fetal echocardiography, which was first described in 1964, is now increasingly integrated into routine obstetric ultrasound (8–10). Ultrasound provides excellent contrast between the myocardium and blood pool with high spatial and temporal resolution, allowing exquisite visualization of cardiac anatomy and function. Conventional 2-dimensional (2D) echocardiography is used to visualize myocardial deformation and measure fractional shortening, obtained with standard grey-scale imaging or M-mode and converted to ejection fraction using the cube method or Teichholz formula. By contouring the endocardial border in systole and diastole from 2D echo images, more accurate measures of ejection fraction can be obtained using Simpson's method. Ventricular function can also be further quantified in utero using M-mode echocardiography. A variety of Doppler techniques further enhance the assessment of cardiac physiology, as well as providing information about vessel tone and resistance in the various fetal vascular beds. Color Doppler allows direct visualization of the flow of blood through the heart and vessels, while pulsed Doppler provides peak and mean velocities across valves, vessels, and cardiac chambers, as well as the characterization of flow patterns throughout the cardiac cycle. Thus, left ventricular stroke volume can be calculated as the product of left ventricular outflow tract area and mean flow velocity. Systemic and pulmonary venous flow patterns and inflow velocity profiles across the atrioventricular valves provide information about diastolic function. Systolic and diastolic function can be further interrogated using Tissue Doppler Imaging (TDI), while three-dimensional (3D) or four-dimensional (4D) echocardiographic techniques yield alternative approaches to measuring chamber volumes, stroke volume and ejection fraction. Speckle tracking provides an approach to regional and global strain and strain rate imaging. However, accurate prenatal diagnosis by fetal echocardiography depends on the skill and experience of the operator, particularly in the setting of complex cardiac anatomy. The correct interpretation of the imaging may be challenging when ultrasound imaging is hampered by poor visualization of the fetal heart resulting from adverse maternal body habitus, fetal positioning or oligohydramnios. With advancing gestation, image quality may also be affected by the progressive calcification of the fetal ribs and spine (11) and by the increasing distance between the ultrasound probe and the fetal heart (12). At younger gestations, vigorous fetal motion may compromise fetal cardiac imaging, while difficulties in obtaining certain cardiac views may be further aggravated by the more horizontal orientation of the long heart axis due to a relatively large fetal liver (13, 14). The fetal electrocardiogram (ECG) is not readily available for advanced techniques that require synchronization of image collection to the cardiac cycle, which has led to the implementation of alternative gating methods i.e., via anatomic M-mode, or mitral movement (12, 15–17).

The application of fetal Cardiovascular Magnetic Resonance has been slower than other fetal Magnetic Resonance Imaging (MRI) techniques, which may partly reflect the challenges associated with obtaining diagnostic cardiac imaging of appropriate quality in the fetus with MRI. Cardiac MRI provides accurate measurements of right and left ventricular end-diastolic and end-systolic volumes, and therefore stroke volume and ejection fraction, typically through the segmentation of a stack of short axis cine images through the ventricular mass. Thus, fetal CMR typically generates thicker imaging planes than ultrasonographic techniques (6), and usually requires significant attention to postprocessing, but can result in improved image quality when ultrasound imaging is hampered by maternal obesity, oligohydramnios, or rib calcification, especially in the later stages of pregnancy (1, 18, 19). Fetal CMR is challenged by the lack of an ECG signal for cardiac gating, the high fetal heart rate and, most importantly, by frequent fetal body motion. Thus, a series of technical adaptations have been required to make fetal CMR feasible, including several alternative gating methods including self-gating (20–25), retrospective metric optimized gating (26–29), and CTG- or Doppler ultrasound cardiac gating (30–39) and accelerated acquisition strategies employing under-sampling methods and motion correction. As a result of the innate tradeoff between scan time and signal-to-noise ratio (SNR), fetal CMR has significantly lower spatial and temporal resolution than ultrasound. Cine phase contrast MRI provides information about ventricular function by providing accurate measurements of vessel flow. Myocardial tagging and feature tracking are MRI techniques for measuring strain and strain rate. A sensitive marker of LV function that is available by MRI is LV torsion, whereby apical and basal segments rotate in opposite directions. Other non-invasive techniques for assessing ventricular function such as nuclear medicine and computed tomography typically require ionizing radiation and the injection of contrast agents, making them unsuitable for fetal imaging. Contraindications such as claustrophobia can limit the application of fetal CMR, which may also be poorly tolerated due to the requirement for immobilization. This issue is particularly relevant in the late gestation (40, 41). However, fetal CMR is gaining in popularity as an adjunct to fetal echocardiography and has been recommended by the American Heart Association in the setting of complex viscero-sital cardiac abnormalities and for its evolving role in assessing fetal cardiovascular physiology (1, 34, 37, 41–43). Some traditional strengths of CMR in postnatal heart disease include the delineation of vascular anatomy by angiography, as well as accurate ventricular volumetry for assessing cardiac chamber sizes and function, and quantifying vessel flow and valvar regurgitation and myocardial tissue characterization. While administering gadolinium contrast agents is contraindicated in pregnant patients, a combination of late gadolinium enhancement and cardiac cine imaging has been used to evaluate the biology of myocardial infarctions and ventricular function in preclinical fetal and postnatal sheep studies (44, 45). A combination of vessel flow and magnetic resonance oximetry has also been applied in sheep to assess the distribution of blood flow and oxygen transport across the fetal circulation, and as an approach to comprehensively quantifying the placental oxygen transfer (31, 46–51). Fetal CMR has been used in human pregnancies to study the effect of congenital cardiac malformations on fetal cardiovascular physiology, particularly through the implementation of cine phase contrast for quantifying vessel flow and relaxometry for characterizing vessel oxygen saturation and hematocrit, techniques that have also been applied in the setting of fetal growth restriction and anemia (19, 25, 29, 33, 37, 38, 50, 52–64).

For this review, authors specialized in different fields worked together to review literature on advancements in the technology to assess fetal heart function focusing on the most recent findings and referring to their first implementations and development when applicable.



Approaches to assessing cardiac function


Fetal echocardiography

Several guidelines providing details regarding the correct acquisition and interpretation of fetal echocardiographic functional parameters have been published (5, 65–73). Additional resources detail a range of well-established techniques for assessing fetal cardiac function by echo (3, 5, 6, 18, 65, 74–77). Summaries of some of the more popular techniques for assessing ventricular function by fetal echo are provided below. Most quantitative fetal echocardiographic techniques for assessing myocardial function have similar limitations in the fetus as they do in the postnatal heart, which includes finite reproducibility resulting from challenges in obtaining correct alignment (78). In common with most non-invasive methods for assessing myocardial function, standard echocardiographic parameters such as ejection fraction or ventricular fractional area change are representative of the load-dependent pumping function of the ventricle, rather than cardiomyocyte contractility or changing cavity pressure in the fetal heart (79, 80). Evaluation of strain rate, on the other hand, mainly reflects maturational changes in the myocardium while being relatively independent of loading conditions (81). Scoring systems like the fetal cardiovascular profile score (CVPS), shown in Figure 1, which incorporates cardiac functional indices with other imaging and Doppler findings including extracardiac vessels, as well as more specific measures of cardiac cycle intervals such as the myocardial performance index and Tei index have been established in the fetus (3, 6, 18, 82–89). Figure 2 shows an example of the application of 2D echocardiography and Doppler to calculate the CVPS in a fetus with Ebstein's anomaly with severe displacement of the tricuspid valve with good LV function.


[image: Figure 1]
FIGURE 1
Cardiovascular profile score (CVPS) to assess fetal heart function, adapted from (89).



[image: Figure 2]
FIGURE 2
The assessment of fetal cardiac function and cardiovascular profile in Ebstein anomaly showing severe cardiomegaly (cardiothoracic ratio: 0.69) with severely dilated right atrium and right ventricle and compressed lungs and mild to moderately reduced RV function, fetal hydrops with a small pericardial effusion, significant ascites and scalp edema. The Dopplers reveal intermittent a-wave reversal in the ductus venosus and umbilical vein notching suggestive of elevated cardiac filling pressures and intermittently absent diastolic flow in the umbilical artery consistent with a systemic steal. (A) Four chamber view suggesting severe cardiomegaly (cardiothoracic ratio: 0.69) and dilated right heart. (B) Color Doppler showing tricuspid regurgitation. (C) Doppler of tricuspid valve showing biphasic flow with high velocity. (D) Intermittently absent diastolic flow in the umbilical artery. (E) Umbilical vein notching. (F) The intermittent a-wave reversal in the DV.



2D echocardiography and M-mode

Two-dimensional echocardiographic still-frames and cines include the standard views (abdominal situs view, four-chamber view, left ventricular outflow tract view, right ventricular outflow tract, and three-vessel view). Qualitative impairments of systolic function are typically graded as mild, moderate or severe, and frequently combined with measures of cardiothoracic ratio and other imaging findings such as vessel Dopplers, the presence or absence of hydrops and non-specific signs of fetal wellbeing such as amniotic fluid volume, and fetal growth and activity to provide an overall assessment of fetal cardiac function (3, 90). This approach, being fast and easy to execute, is frequently used as the single diagnostic method (71) despite its potential limitations. When video sequences of four-chamber view or short axis are saved, those loops can be post-processed, for example using the newer speckle tracking approach discussed below. M-mode, which captures dynamic variation in structures imaged along a single line of a 2D image, provides an approach to quantitatively analyzing systolic function, assuming the correct alignment is achieved and when standard and homogenous ventricular volumetry is present (6, 18, 68, 74, 91, 92). Stroke volume can be estimated by applying Simpson's rule, which implies an ellipsoid ventricular shape (6), while longitudinal ventricular function can be assessed based on atrioventricular plane displacement (77). Figure 3 gives an example of basic assessment of the heart by 2D echocardiography and M-Mode in a patient with a family history of hypertrophic cardiomyopathy and aortic atresia illustrating the information obtained by these techniques.


[image: Figure 3]
FIGURE 3
2D and M-mode assessment of left ventricular function in (A) a fetus with a family history of hypertrophic cardiomyopathy at 30 + 1 weeks and (B) a fetus with severe aortic stenosis and left ventricular endocardial fibroelastosis at 26 + 1 week.




Doppler and tissue Doppler

Doppler techniques are routinely used in fetal medicine to measure circulatory parameters of placental function and cardiovascular physiology (93, 94). Veins continuous with the right ventricle (ductus venosus, inferior vena cava, hepatic veins) exhibit typical waveforms (6) that vary with normal maturational changes in hemodynamics occurring through gestation. By contrast, the umbilical vein flow is constant from the end of the first trimester onward (18). Altered velocity profile patterns in these veins can depict changes in fetal condition or myocardial dysfunction and serve as predictive parameters for fetal outcomes (95). Doppler is dependent on the angle of insonation and relies on the direction of blood flow being parallel to the beam for reliable measurement of velocity (6). Acquiring Doppler spectra with correct alignment can be challenging in the fetus, although mathematical angle corrections are possible (96). In fetal hypoxia, deep or reversed a-waves in the ductus venosus and pulsatile flow in the umbilical vein reflect cardiac dysfunction (64, 97–99) and correlate with poor fetal outcomes (18, 85, 100). Similarly, middle cerebral artery pulsatility is reduced due to cerebral vasodilation or “brain-sparing physiology” in the setting of fetal hypoxemia secondary to placental insufficiency or other causes (82, 93, 101–103). Pulsed Doppler is also used to assess flow patterns within the cardiac chambers and across valves (104). Atrioventricular valve flow patterns can help to evaluate diastolic function by characterizing the biphasic E and A waves, their ratio, deceleration time, isovolumetric relaxation time and change with gestation (6, 14), with normal E/A ratios usually <1 in the developing fetus (18). In congenital heart disease (CHD), abnormal and non-biphasic patterns can reflect pathologies like aortic stenosis, while reduced ratios may be seen in FGR and hydrops, although a high fetal heart rate can lead to the fusion of E and A waves (18, 81). Tricuspid inflow, hepatic vein flow, lateral tricuspid annulus TDI, and collapsibility of the inferior vena cava help to define diastolic function (71), while the ejection force in the outflow tracts reflects systolic performance (6). Stroke volume and combined ventricular output (CVO) can be calculated based on the diameters of the ventricular outflow tracts, the velocity time integral across the valve and heart rate. The outputs of the ventricles can be indexed to fetal weight using an estimate based on measurements of head size, abdominal circumference, and femur length (3). Color Doppler gives a visual overview of blood flow directions and mean velocities, which can be particularly helpful for the evaluation of cardiac symmetry and the direction and continuity of fetal shunts and valves. Color Doppler is therefore useful in the detection of congenital cardiac defects and is essential for visualizing valve regurgitation, which is an important cause of heart failure in the fetus (5, 75, 82, 105, 106). Color Doppler is also used to guide the placement of the sample volume for spectral Doppler measurements (5, 68, 107). Tissue Doppler Imaging is used to quantitatively analyse segmental wall motion and individual point changes in myocardial velocity (18). This allows the evaluation of motion- and time-related events that provide information about systolic and diastolic cardiac function (1). Valve motion of the mitral or tricuspid valve annulus relative to the relatively stable apex assesses longitudinal contractility (18, 71) typically presenting as S', E' and A' waves by pulsed wave (PW) TDI, representing systolic, early diastolic and late diastolic annular peak velocities (3, 71). However, the combination of the relatively small amount of fetal myocardial tissue and large voxel volume may result in low reproducibility, and the use of fetal TDI has mainly been limited to research settings (1). Related techniques like Color TDI and PW Doppler exhibit inconsistent results with respect to velocities in the adult heart (10%–20% higher by TDI) (78). Nevertheless, TDI relies less on image quality or border detection and has higher frame rates than 2D echocardiography or MRI (96).



3D/4D echocardiography

The extension of two-dimensional imaging into real-time or reconstructed volume data sets as 3D or gated 4D sequences can be used to reproduce an unlimited number of adjustable standard 2D views. This approach to fetal cardiac imaging achieves reasonable temporal resolution combined with a relatively low acquisition time to provide a more detailed assessment of geometric and morphological changes, including stroke volume, ejection fraction and cardiac output for both ventricles (1, 6, 18, 24, 108, 109). While cheaper and more widely available than MRI (71), ultrasound 3D and 4D cardiac imaging requires dedicated transducers and expertise (1), may underestimate volumes (25, 71) and lacks temporal and spatial resolution compared with 2D imaging, especially with ungated techniques (1). Spatiotemporal image correlation (STIC) allows a volume reconstruction of a cardiac cycle by extracting temporal information from 2D images combined with other standard echocardiographic techniques and leads to a more coherent 4D reconstruction. However, this approach to cardiac cycle reconstruction requires a relatively long acquisition time that may result in motion degraded datasets (1, 5, 6). Newer iSTIC (intelligent STIC) acquisition algorithms can generate higher resolution images faster to reduce artifacts (109). Indeed, several studies have concluded that these methods are a useful addition to standard 2D images (110).



Speckle tracking echocardiography

Strain is defined as the grade of tissue deformation that corresponds to the change in length or thickness in response to an applied force, while strain rate is the velocity of this deformation (111). Speckles generated by ultrasound backscatter and interference form natural patterns within the myocardium, a kernel is their corresponding functional unit. The units, distance, and velocity among each other reflect strain and strain rate. Negative strain reflects the shortening that typically occurs in systole, while positive values depict diastolic lengthening (3, 12). The results are usually presented as velocity vectors within the image and as curves for strain and strain rate across the cardiac cycle. Additionally, peak values and the time and acceleration needed to reach those can be calculated. Speckle tracking and velocity vector imaging (VVI) provide an approach to semi-automatically perform post-processing of 2D four-chamber or short axis images acquired in standard examinations. This approach tracks the endocardial border of the ventricles, making automatic adjustments of the contours and providing calculations of strain, strain rate and velocity (12, 96). Concerningly, no imaging standard for this approach has yet been established (113, 114), which reflects both the differences in the software packages available and the challenge of achieving standardized imaging planes in the fetus (113–115). Examination consistency is the key to reducing variability and confounding effects (114, 116). While 2D strain and VVI use the same speckle tracking approach, the manually selected region for 2D strain usually includes the whole myocardial wall as opposed to the narrower myocardial layer tracked in VVI through algorithm border detection (111). The myocardium is usually divided into at least six segments (basal, apical, middle left and right) with possible expansion to 16- or 17-segment models for better localization of potentially restricted segments (91). Several strain types can be measured including longitudinal shortening, radial thickening, and circumferential shortening (111). In the small fetal heart, longitudinal, global strain measurements seem to be the most accurate and sensitive to pathology (14). Multiple segmental measurements do not significantly differ from global ones (96), and a globally assessed longitudinal measurement reduces the overall error by avoiding inconsistencies with the definition of exact boundaries (117). Additionally, global measurements are less affected by local noise (118), and segmental dysfunctions are less likely in the fetus compared to the adult population (111). By contrast with movement, strain and especially Lagrangian strain [strain relative to initial length, i.e., a single reference length field (12)] and its velocity (strain rate) are not dependent on adjacent regions, making them more accurate than simple velocity measurements (71, 77, 96, 119, 120). Strain measurements, influenced by extrinsic loading and intrinsic contractile force (14, 71), consider the contractility of the cardiomyocytes and changes with cardiac cavity pressure (79). Longitudinal strain and strain rate seem to reflect the fetal right ventricular dominance with strain and strain rate values between 1 and 1.5 times higher in the right compared to the left ventricle (121). Myocardial fiber orientation in the fetus with a continuous 3D meshwork in the LV contributing to systolic deformation and ventricular ejection (122) compared to the longitudinally aligned myocardium in the RV (71) limits the accuracy of reflecting longitudinal or circumferential movements in each ventricle (123). The prominent trabeculation of the RV can make border definition challenging for structures like the right atrial appendage, crista terminalis, fossa ovalis (112) or discontinued regions such as the opening of pulmonary veins into the LA and tissue elasticity can affect accuracy (14). A high contrast between the endocardium with chamber cavity and precise tracking of the walls are necessary to not underestimate strain and strain rate values (124).

Since ECG gating is not readily available from the fetus, alternative gating techniques such as using the R-wave or M-mode to define the end-diastolic to end-systolic cycle help to keep the stored images at high reliability and frame rate (78). Beat-to-beat analysis is possible even in arrhythmia (12), and offline postprocessing is more robust and reproducible (7, 125). The large number of software packages, albeit with some variability in measurements (113, 126–128), and the availability of ultrasound machines may increase the usage of strain imaging while simultaneously decreasing comparability (122), especially since only the measurement of global longitudinal strain is available in all softwares (91, 129). Nonetheless, several studies have reported better inter- and intra-observer variability than standard techniques (7, 125, 130). Training in the acquisition and analyses of high-resolution echocardiographic images (125) is necessary to establish this method successfully (76). With more experience, 2D speckle tracking imaging may be feasible and reproducible in the fetal heart (4, 7, 113, 118). For example, strain imaging has been shown to detect functional abnormalities in human fetuses with cardiac disease (111) and hypoxemic sheep (93). Figure 4 shows cardiac strain imaging in a preclinical pig model of the artificial placenta (131, 132). In Figure 5 we applied strain analysis in the two human fetuses with CHD shown in Figure 2 and revealed changes in strain associated with reductions in combined ventricular output.


[image: Figure 4]
FIGURE 4
2D strain in LV and M-mode analysis from 4CV in an artificial placenta piglet model by echocardiography obtained using a voluson S6 (GE healthcare ultrasound, WI, USA) and post-processing software by TOMTEC (TOMTEC imaging systems GmbH, Germany). A gated M-Mode loop of two cardiac cycles was generated using a four-chamber cine loop, allowing for automatic LV strain analysis. Compared to the original M-mode measurements, the post-processing technique seems feasible and generated similar values for ejection fraction, with good repeatability between serial measurements. (A) Strain Analysis. (B) M-mode. (C) Segmental endocardial strain. (D) Segmental endocardial strain rate. Superimposed anatomical M-Mode behind graphs, endocardial border detection.



[image: Figure 5]
FIGURE 5
2D strain on LV analysis from 4 chamber view in (A) a patient with a family history of hypertrophic cardiomyopathy resulting in increased CVO and overall elevated strain measurements and (B) a patient with aortic stenosis resulting in reduced CVO and deviating strain measurements between the ventricular septum due to indirect movement of the hypoplastic and dysfunctional LV by the adjacent RV.


Following the first description of strain imaging for cardiac assessment by Uematsu et al. in 1995 (133) and Heimdal et al. in 1998 (134), Harada et al. were the first to report the feasibility of measuring strain in fetal hearts in 1999 (135). In postnatal subjects, Nesser et al. (136) attempted to use 3D echocardiographic imaging to generate better correlations with MRI measurements than 2D strain, which seemed to underestimate LV volumes, while Enzensberger et al. (137) showed the feasibility of 3D strain imaging. However, the small size of the fetal heart compared with adults may alter the pixel-to-myocardial value ratio, making it harder for a speckle to be tracked accurately while over-smoothing resulting from lower spatial resolution is possible (122). Furthermore, exclusion of the cardiac apex can lead to chamber foreshortening (117), resulting in an overestimation of movement between the false apex and the heart's base (92, 111). Some softwares may be unsuitable for assessing a small fetal heart, whereby the smallest available segment might already be thicker than the whole myocardial wall (7). There is currently no consensus about the optimal frame rate for strain imaging, which may be particularly relevant in the setting of high fetal heart rates. While the highest possible frame rates are recommended (i.e., above 60–100 fps) (17, 111, 123, 125, 126), accurate results have been reported with frame rates as low as 30 fps (113). Stable frame rates throughout examinations can improve comparability (114). Several studies have tracked the influence of gestational age on strain measurements with highly varying results from no correlation (13, 80, 138, 139) to decreasing values with maturation (13, 111, 117, 127, 130). This variation in findings raises the possibility that the results of fetal strain imaging are likely to be dependent on equipment and software, as well as the study population and approach, emphasizing the importance of establishing standardized techniques. In addition to healthy pregnancies, strain has been measured in fetuses that are small for gestational age, and with FGR and ventricular septal defect (81, 140). Fetal echocardiographic strain imaging has also been reported as an approach to assessing disease progression and determining the optimal timing of intervention in fetuses with maternal diabetes and pregnancies complicated by TTTS and fetal growth restriction (111).




Fetal cardiovascular magnetic resonance imaging

Fetal MRI was initially developed for non-cardiovascular applications, which partly reflects the technical challenges associated with applying cardiovascular MRI in the fetus (150). However, in animal models these challenges can be overcome with anesthesia (151) which limits fetal body motion, and catheterization of fetal vessels, which allows for the detection of a blood pressure waveform that can be used for cardiac triggering (31, 50, 152). Thus, the cardiovascular magnetic resonance techniques that are routinely used for the non-invasive assessment of ventricular function in postnatal patients have been applied in fetal sheep to quantify myocardial mass and right and left ventricular volumes and ejection fractions. Fetal CMR with late gadolinium enhancement has also been used to detect cardiac damage in an experimental model of infarction (44, 153) and to measure vessel flow and oxygen content (48, 154) in an attempt to emulate the invasive hemodynamic measurements made in fetal sheep that have defined our modern understanding of normal fetal circulatory physiology. Similarly, through the development of alternatives to conventional ECG gating, accelerated imaging and motion correction algorithms, this combination of vessel flow and oximetry measurements has been applied in human fetuses to explore the normal circulation (154) as well as the impact of congenital heart malformations and vasoactive agents (48) on fetal circulatory physiology (37, 43). The potential role of fetal CMR as an adjunct to ultrasound has also been investigated in the setting of severe fetal hemodynamic compromise, for example in patients undergoing fetal cardiac interventions (37, 56). Fetal MRI provides information about other organ systems that may be affected by heart disease, including the lungs and brain, which can be incorporated into management planning (155). However, significant limitations of fetal CMR, including its inferior spatial and temporal resolution compared with ultrasound, its cost, and the requirement for considerable post-processing technology and time have limited the clinical implementation of fetal CMR (156). In addition, the FDA recommends limiting the use of MRI in the first trimester due to safety concerns about the impact of strong magnetic fields on embryogenesis. Accordingly, clinical trials and clinical applications of fetal CMR have typically been limited to second and third-trimester examinations (40).


Cine phase contrast MRI for the assessment of fetal blood flow

Two-dimensional cine phase-contrast (PC) MRI is the non-invasive gold standard for vessel flow assessment in children and adults (31). However, the requirements for adequate spatial and temporal resolution limit the application of phase contrast for fetal vessel flow quantification to the larger vessels in the third trimester. The development of metric optimized gating led to the initial descriptions of fetal vessel flow quantification by CMR, and preliminary reference ranges for the distribution of the late gestation normal human fetal circulation (57). Vessel flows were also acquired using this approach in fetuses with CHD and FGR (43, 37, 58). In 2018, Goolaub et al. reported improved image quality using golden angle radial PC CMR with motion correction (35). “Four-dimensional (4D) flow” refers to the acquisition of volumetric datasets that incorporate multidirectional velocity encoding. This data can be reconstructed in any plane to measure vessel flow in an analogous approach to conventional 2D cine phase contrast imaging. 4D flow datasets can also be used to generate more complex reconstructions such as particle tracking that provide unique information about flow patterns within the heart and vessels. This approach has been applied in adult patients to assess aortic aneurysms and valvular conditions, as well as the complex hemodynamics of single ventricle physiology (157). Schrauben et al. (158) applied 4D flow in fetal sheep to visualize the streaming of the umbilical venous return across the foramen ovale via the ductus venosus, providing novel information regarding the spiraling course of flow through the ductus venosus and confirming the mechanism that results in a gradient in oxygen saturations between the right and left heart. Darby et al. (51) then used 4D flow in combination with T2 oximetry to show that pharmacologically induced dilation of the ductus venosus results in an increased shunting of umbilical venous return through the ductus venosus without resulting in increased cerebral oxygen delivery. This method was also applied to visualize hepatic blood flow (152) and changes in flow through the ductus arteriosus at birth (49). Owing to motion corruption during human fetal MRI, direct 3D imaging is often challenging. To address this issue, slice-to-volume reconstruction (SVR) combines multiple stacks of slices with co-registration allowing for volumetric fetal imaging. Multi-slice multiplanar accelerated PC MRI via golden-angle radial acquisition allows retrospective real-time image reconstruction with a high temporal and spatial resolution enabling motion correction and fetal heart rate estimation (32, 159, 160). Flow-sensitive cine imaging can be reconstructed and combined into a 4D flow volume with SVR, allowing comparable visualization of human fetal streaming patterns (33), as shown in Figure 6.


[image: Figure 6]
FIGURE 6
Tracing blood from inferior vena cava (IVC) and ductus venosus (DV) in a human fetal heart (A–C). Coronal view showing blood from the IVC (blue) and DV (red) at different cardiac phases over two heartbeats. Streams from IVC and DV with limited mixing enter the right atrium (A), with blood from the DV (oxygenated) being mainly directed into the left ventricle (B) to supply the coronaries and upper fetal body (C). (D) Corresponding flow map. Adapted from (33).




Ventricular volumetry

A key component of the assessment of ventricular function by CMR is ventricular volumetry, whereby the endocardial and epicardial borders of the ventricles are contoured throughout a stack of cine MR images to measure right and left ventricular myocardial mass, end-systolic, end-diastolic and therefore stroke volumes as well as ejection fractions and CVO (31, 161). In late gestation anesthetized fetal sheep, ventricular volumetry can be obtained using a standard balanced steady state free precession (bSSFP) sequence with contiguous short axis cine images acquired using the blood pressure waveform obtained from an arterial catheter for cardiac triggering. This approach has confirmed the larger end-diastolic volume and stroke volume of the right ventricle than the left in the fetal circulation. Of note, right and left ventricular ejection fractions are not significantly different in the prenatal heart, presumably due to differences in loading conditions. The application of ventricular volumetry in human fetuses has been described in case reports as shown in Figure 7. However, this approach has not yet been reported in any systematic way due to the challenges to accurate ventricular volumetry posed by fetal motion (40).


[image: Figure 7]
FIGURE 7
The application of ventricular volumetry in late gestation fetal sheep (A,B) and human fetus (C). (A,B) In fetal sheep, manual endocardial contours were applied on the stack of short-axis cine acquisitions in systole and diastole (A) to generate a 3D reconstruction of the right and left ventricles (B). (C) Morphological and quantitative models (green, mass 40 mm3) of a human fetal heart with a cardiac rhabdomyoma (red), and the compressed left ventricle (yellow). Adapted from (31) (A,B) and (40) (C).




Myocardial strain

CMR also offers ways of measuring myocardial strain and can be broadly categorized into myocardial tagging and feature tracking. Myocardial tagging works by creating locally induced perturbations of the magnetization of the myocardial tissue prior to image acquisitions and these intrinsic markers, known as tags, move with the underlying tissue allowing quantification of myocardial deformation (162, 163). Tagging is widely accepted as the reference standard in the CMR community and has been validated extensively (164–172). However, it requires a dedicated sequence and time-consuming prost-processing. Moreover, the tags are typically deposited at detection of the QRS complex and introduces approximately a 30 ms delay, which may be particularly limiting in fetal population that has a rapid heart rate, underestimating myocardial strain (163). On the other hand, feature tracking does not necessitate a dedicated sequence and can be readily applied on typically acquired SSFP cine acquisitions (173, 174). Since its introduction in 2009, feature tracking has gained wide acceptance and has been extensively validated against myocardial tagging (175–179). However, given the current lack of standardization of methods and softwares for data analysis, its clinical translation is sparse and is mostly limited to research-oriented environment. CMR myocardial strain may prove useful in assessing regional myocardial dysfunction, and feature tracking has been explored as an approach to detecting wall motion abnormalities in a fetal sheep model of myocardial infarction. In our model, twin sheep fetuses were included in the study, whereby a branch of the left anterior descending coronary artery was ligated to induce a myocardial infarction with the other fetus serving as a sham control (44), as seen in Figure 8.


[image: Figure 8]
FIGURE 8
Gadolinium imaging (left) and SSFP short-axis cine feature tracking analysis (right) in a fetal sheep model of myocardial infarction on the day of surgery and 6 days post-surgery in both injured and sham twins suggesting good correlation between regional myocardial dysfunction in the apical left ventricular lateral wall and evidence of myocardial infarction in the respective segments in early and late gadolinium enhancement imaging. Anterolateral ischemia was noted at day of surgery from apex to near-mid ventricle (top row; early gadolinium enhancement; white arrow) and there was regional myocardial dysfunction in apical segments as measured by decreased circumferential strain by feature tracking (top row; right). 6 days after the myocardial infarction surgery, injury was noted in similar regions (bottom row; late gadolinium enhancement; white arrow) and there was regional myocardial dysfunction in the same regions, overall showing good correlation between injury and regional dysfunction measured by regional circumferential strain by feature tracking. In both scans, the internal sham control (fetus B) remained asymptomatic and did not demonstrate any regional wall motion abnormalities.






Limitation

The accurate assessment of fetal heart function can be challenged by technical factors arising from the small size of the fetal heart, frequent fetal body motion and high fetal heart rate. The reliability of post-processing techniques for assessing cardiac function depends on image quality and structural detail, which has limited the routine application of techniques like speckle tracking for the clinical assessment of fetal cardiac function. Similar factors have limited the widespread adoption of fetal CMR. Compared with ultrasound, MRI is more expensive and less portable, and a clinical role for fetal CMR has not yet been established. MRI is typically more time consuming to acquire and process than ultrasound, which is exacerbated in the setting of fetal imaging due to artifacts resulting from fetal motion (18). A major limitation of fetal CMR arises from the intrinsic tradeoff between obtaining an adequate SNR to resolve small structures and high heart rates, while attempting to overcome artifacts arising from fetal motion by limiting scan time (34). In addition, organizational factors such as the availability of equipment and personnel to conduct fetal CMR must also be considered.



Conclusions

Functional assessment of the fetal heart can be undertaken using a range of techniques. Conventional grey-scale ultrasound imaging is typically used to gain a subjective impression of global cardiac function, while 2D speckle tracking for strain imaging has provided a promising new approach to generating a quantitative assessment of ventricular function in a routine clinical setting. Fetal CMR represents an exciting development with the potential to augment the assessment of fetal cardiac function through techniques like ventricular volumetry and feature tracking. However, challenges to the widespread implementation of these approaches arise from the limitations imposed by fetal imaging, including the small size of the fetal heart, high heart rates and difficulties in obtaining standard views with adequate image quality. Further efforts to improve fetal cardiac imaging will be needed to exploit the full potential of fetal cardiac functional assessment, which is an important objective in the setting of advances in fetal cardiac diagnosis and therapy.


TABLE 1 Reference ranges for LV and RV longitudinal strain and strain rate by echocardiography in healthy fetuses reported in the literature.
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Background: There is conflicting literature regarding the long-term effect of anthracycline treatment on arterial stiffness. This study assessed local arterial stiffness using ultrafast ultrasound imaging (UUI) in anthracycline treated childhood cancer survivors, at rest and during exercise.



Methods: 20 childhood cancer survivors (mean age 21.02 ± 9.45 years) treated with anthracyclines (mean cumulative dose 200.7 ± 126.80 mg/m2) and 21 healthy controls (mean age 26.00 ± 8.91 years) were included. Participants completed a demographic survey, fasting bloodwork for cardiovascular biomarkers, and performed a submaximal exercise test on a semi-supine bicycle. Pulse wave velocity (PWV) was measured in the left common carotid artery by direct pulse wave imaging using UUI at rest and submaximal exercise. Both PWV at the systolic foot (PWV-SF) and dicrotic notch (PWV-DN) were measured. Central (carotid-femoral) PWV was obtained by applanation tonometry. Carotid measurements were taken by conventional ultrasound. Measures were compared using two-tailed Students t-test or Chi-squared test, as appropriate.



Results: There was no statistically significant difference (p > 0.05) between childhood cancer survivors and healthy controls in demographic parameters (age, sex, weight, height, BMI), blood biomarkers (total cholesterol, triglycerides, LDL-c, HDL-c, hs-CRP, fasting glucose, insulin, Hb A1c), cardiovascular parameters (intima media thickness, systolic and diastolic blood pressure, heart rate, carotid diameters, distensibility) or PWV measured by UUI at rest or at exercise. There was also no difference in the cardiovascular adaptation between rest and exercise in the two groups (p > 0.05). Multivariate analysis revealed age (p = 0.024) and LDL-c (p = 0.019) to be significant correlates of PWV-SF in childhood cancer survivors, in line with previously published data.



Conclusion: We did not identify a significant impact of anthracycline treatment in young survivors of childhood cancer on local arterial stiffness in the left common carotid artery as measured by UUI.



KEYWORDS
anthracycline, arterial stiffness, ultrafast ultrasound imaging, cancer survivor, pediatrics





Introduction

Every year, approximately 1,000 Canadian children are diagnosed with cancer (1). More than 50% of these patients are treated with anthracyclines, which are known cardiotoxic agents (2, 3). While the exact mechanism is unclear, cardiotoxicity is thought to be related to oxidative stress and mechanisms resulting in apoptosis (4). The short- and long-term cardiovascular effects of anthracycline therapy have been a topic of research for many years. Multiple studies have demonstrated increased long-term cardiac risk in childhood cancer survivors (CCS), particularly with higher risks for developing left ventricular dysfunction and congestive heart failure (5–8). Over the last decade, emerging studies have reported vascular changes in young childhood cancer survivors, suggesting early vascular changes may predispose to development of early atherosclerosis (9). The increased incidence of atherosclerosis has been hypothesized to be related to possible direct vascular effects of anthracycline treatment or indirect effects related to inflammation resulting from the cancer and its treatment (10). However, the literature is conflicting, and there is no consensus on the impact and extent of vascular damage.

Arterial stiffness is a biomarker of vascular health and a predictor of cardiovascular events in adults (11). There are different methods that can be used to evaluate arterial stiffness, most often based on tonometry or B-mode based measurements of stiffness, which have significant limitations (12). In the clinical setting, pulse wave velocity (PWV) is used as a non-invasive surrogate for arterial stiffness. Ultrafast ultrasound imaging (UUI) is a newer method to measure local arterial PWVs with high accuracy (13, 14). The very high temporal resolution allows for the detection of small amplitude displacements with direct visualization of the pulse wave propagating along the vessel walls (15). This provides a direct measurement of local PWV which reflects local arterial stiffness in a specific arterial segment. UUI allows for the visualisation of distinct forward-propagating pulse waves at different times in the cardiac cycle: PWV at the systolic foot (PWV-SF), after aortic valve opening, and PWV at the dicrotic notch (PWV-DN), after aortic valve closure (see Figure 1). These parameters estimate different stiffness states of the arterial wall during the cardiac cycle.


[image: Figure 1]
FIGURE 1
PWV-SF and PWV-DN measurement using UUI. 2D space-time graph representing displacement of superficial common carotid artery wall. X-axis represents time in the form of frame number. Y-axis represents position of arterial wall segment in relation to the ultrasound probe. Red represents movement towards probe. Blue represents movement away from the probe. Sloped vertical lines represent pulse waves. Dotted lines represent the slope of pulse wave, thus representing the velocity. Purple line represents ECG tracing, and blue line represents aortic pressure, time matched to space-time graph. Aortic valve opening and closure are represented by black vertical ellipses.


The aim of the current study was to use UUI to measure local PWV in the left carotid artery at rest and during an exercise in childhood cancer survivors treated with anthracyclines and compare the findings to healthy controls. The hypothesis was that local arterial stiffness in CCS would be increased at rest and demonstrate an abnormal response to exercise. This is the first study evaluating arterial stiffness in childhood cancer survivors using UUI.



Methods


Subjects

This study included 20 childhood cancer survivors (CCS) and 21 healthy volunteers (HV). Participants were recruited by the department of echocardiography at the Hospital for Sick Children, Toronto. The study was approved by the research ethics committee (REB #1000060834) and all participants gave informed consent. The CCS group inclusion criteria were: age <18 years at time of cancer diagnosis, currently in remission from cancer, and treated with anthracyclines with the final dose completed at least 3 years before inclusion. No participants had significant congenital heart disease or cardiomyopathy. Healthy volunteers were age-matched and had no history of cardiovascular disease.



Study protocol

Demographic parameters including age, sex, weight, and height were obtained. Blood pressure (systolic: SBP; diastolic: DBP) measurements, conventional ultrasound acquisitions of the left common carotid artery (CCA), UUI acquisitions of the left CCA, and carotid-femoral PWV measurements by applanation tonometry on the right were taken at baseline (rest, seated position) and at submaximal exertion during an exercise test, at 75 W (see Figure 2). Offline analysis of carotid artery imaging was done to obtain carotid intima-media thickness (IMT), carotid diameter (at SBP/peak systole and DBP/end-diastole), and distensibility, both at rest and submaximal exercise.


[image: Figure 2]
FIGURE 2
Study protocol. Diagram representation of study protocol. Participants underwent an exercise trial on a semi-supine bicycle ergometer such that patients were sitting and leaning back at about a 120° angle with their neck stable and exposed. Their arms were free and resting on arm rests such that blood pressure measurements could be consistently taken. BP measurements on the right arm were taken at each increase in exercise load following the Bruce protocol. There was a continuous 12-lead electrocardiogram (ECG) including heart rate monitoring. PWV measurements (by UUI and tonometry), as well as carotid parameter measurements were taken at rest and submaximal exercise.




Bloodwork

Participants who consented in advance to blood work fasted overnight. Measurements included total cholesterol, triglycerides, low density lipoprotein cholesterol (LDL-c), high density lipoprotein cholesterol (HDL-c), fasting glucose, HbA1c, insulin, and high sensitivity C-Reactive protein (hs-CRP).



Blood pressure assessment

A Dinamap® ProCare oscillometric device (GE Healthcare, Tampa, Florida, USA) was used to measure systolic, diastolic, and mean arterial pressure and simultaneous heart rate in triplicate. Established guidelines for BP measurement were followed with measurements in the right arm using an appropriate cuff size with the arm at heart level after 5 min of rest with the participant seated (16). Oscillometric readings above the 90th percentile for gender, age and height were repeated with an auscultatory technique (17).



Exercise test

A modified Bruce Protocol was used on a semi-supine bicycle ergometer (Ergoline USA), such that patients were sitting and leaning back at about a 120° angle with their neck stable and exposed (depicted in Figure 2) (18). Their arms were free and resting on arm rests such that blood pressure measurements could be consistently taken. BP measurements on the right arm were taken at each increase in exercise load following the Bruce protocol. There was a continuous 12-lead electrocardiogram (ECG) including heart rate monitoring.



Conventional ultrasound

Carotid artery imaging was performed using a GE Vivid-E95 Ultrasound system (GE Healthcare, USA) equipped with a 11l linear transducer. Carotid IMT and carotid artery distensibility were assessed (see Figure 2). The acquisition was performed on left CCA. A 2D cine-loop of the common carotid artery including proximal bulb was recorded. An M-mode 1 cm proximal to the bulb was generated. This was assessed by the same skilled ultrasonographer (19). Offline analysis was performed using automated analysis software (Carotid Analyzer, Medical Imaging Applications LLC, USA). Carotid diameter was measured at peak systole (maximum diameter) and at end-diastole (at peak R wave on ECG). Arterial borders were decided by lumen-wall interface. Zooming and increasing sweep speed were used to improve measuring accuracy. Three measurements were recorded and averaged.



Carotid-to-femoral PWV measurement (tonometry)

Central (aortic) PWV was obtained by applanation tonometry (SphygmoCor, AtCor Medical Pty Ltd, West Ryde, Australia). It was measured as the transit time of the pulse wave between the right carotid and right femoral artery (20). The transit time was measured automatically by the software as the difference between the onsets of the waveforms between simultaneously interrogated sites. The distance between sites were measured to the closest millimeter with a tape measure. PWV was derived using the formula: PWV = transit distance/transit time (m/s). The mean of two measurements was used in all analyses.



PWV assessed by UUI

The left CCA was assessed by UUI using a programmable ultrafast ultrasound system (Vantage 256, Verasonics, Kirkland, WA, USA) equipped with a GE 11l linear transducer (GE Vingmed, Horten, Norway). The probe was placed in a longitudinal orientation with its distal end about 2 cm proximal to the carotid bifurcation of the CCA. The length of the arterial segment was about 40 mm. After the probe was set up and the sequence was initiated, the UUI acquisition was triggered automatically by the peak of the R wave on ECG. Each acquisition lasted 709 ms and covered at least one cardiac cycle. Each measurement was taken at least twice to ensure reproducibility. Raw ultrasound data were beamformed into In-phase/Quadrature datasets (IQ), and processed using MATLAB R2019a (The MathWorks Inc., Natick, MA, USA). Offline analysis of PWV on MATLAB used well verified post-processing methods, as follows. The arterial walls were first localized on the IQ images. The anterior and posterior CCA were manually delineated and approximated by a second order polynomial line. The radial velocity of the wall was then derived by a frame-to-frame IQ auto-correlation (Loupas estimator) (15, 21). The velocity of the anterior arterial wall segment over time could then be displayed ass 2D space-time graph, on which the different pulse-waves appear as tilted colored stripes (Figure 1). The slope of these color stripes corresponded to the PWV and was obtained using a local Radon transforms of the space-time graph as in (22). Within a cardiac cycle, two pulse waves can be seen: one from the beginning of systole created by the pressure wave of blood being pumped out (systolic foot, PWV-SF), and one at the end of systole formed by the pressure differential from the aortic valve closing (dicrotic notch, PWV-DN).



Statistical analysis

Results are presented as mean ± standard deviation (SD). Normality was defined by the Shapiro-Wilk test. Parametric measures were compared using unpaired two-tailed or paired Students t-test, or Chi-squared test, as appropriate. Non-parametric measures were compared with the Mann–Whitney U test. Correlations were analyzed using Pearson correlation analysis. Multiple regression was performed on independent variables showing a linear correlation to PWV to identify significant determinants of PWV. All statistical analyses were performed using MedCalc (MedCalc Software Ltd, Ostend, Belgium). A p-value <0.05 was considered to indicate statistical significance. Bonferroni correction was applied where suitable.




Results


Population characteristics and clinical parameters

This study included 20 CCS treated with anthracyclines, aged 20.9 ± 9.2 years, and 21 HV, aged 26 ± 8.91 years (p = 0.10). Table 1 outlines the study population characteristics, including demographics, clinical parameters in survivors, cancer diagnosis, and blood biomarkers. In the CCS population, the mean age at diagnosis was 7.0 ± 3.6 years, the mean duration since treatment completion was 13.7 ± 7.6 years, and the mean total anthracycline dose (in doxorubicin equivalents) was 200.7 ± 126.80 mg/m2. Only six CCS participants (30%) had an anthracycline dose exceeding 250 mg/m2. None of the participants had significant known cardiac abnormalities or familial cardiomyopathies, pre-existing cardiovascular conditions, kidney disease, or type 1 diabetes. They were all non-smokers. Five participants (25%) received radiation therapy. No participants were receiving or had previously received cardiac medications, other than one participant who received Dexrazoxane. Table 2 summarizes cardiovascular parameters at rest and exercise, respectively. No significant differences were found between the groups in any of the measured parameters, including blood biomarkers.


TABLE 1 Population characteristics.

[image: Table 1]


TABLE 2 Cardiovascular measurements during rest and exercise.
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PWV measurements by UUI

Figure 3 shows PWV-SF measurements in both groups, at rest and exercise. PWV-SF was significantly different at rest vs. exercise condition in the CCS group (p < 0.001) and HV group (p < 0.01). However, there was no difference in PWV-SF between CCS and HV groups at rest (p = 0.56) or during exercise (p = 0.46).


[image: Figure 3]
FIGURE 3
PWV-SF comparisons. Measurements of pulse wave velocity at the systolic foot, as measured with UUI, represented on a box and whisker plot. X-axis defines group (oncology or control) and condition (rest or exercise). Y-axis represents PWV (m/s). Mean PWV +/− SD listed under each box. p < 0.05 considered significant, and represented in bold.


Figure 4 shows PWV-DN measurements in both groups, at rest and exercise. PWV-DN was significantly different at rest vs. during exercise in the CCS group (p = 0.02), but not in the HV group (p = 0.07). There was no difference in PWV-DN between CCS and HV groups at rest (p = 0.50) or during exercise (p = 0.76).


[image: Figure 4]
FIGURE 4
PWV-DN comparisons. Measurements of pulse wave velocity at the dicrotic notch, as measured with UUI, represented on a box and whisker plot. X-axis defines group (oncology or control) and condition (rest or exercise). Y-axis represents PWV (m/s). Mean PWV +/− SD listed under each box. p < 0.05 considered significant, and represented in bold.




PWV correlations with other parameters at rest

Table 3 outlines the correlations between PWV and other clinical and cardiovascular parameters at rest in CCS and HV. There was a significant positive correlation between PWV-SF and age in both groups. In the CCS group, PWV-SF also correlated with total cholesterol and LDLc. In the HV group, PWV-SF also correlated with weight (p = 0.007), BMI (p = 0.017), BP (p = 0.005 for DBP, p = 0.014 for SBP), IMT (p = 0.039), and systolic and diastolic carotid diameter (p < 0.001 for both).


TABLE 3 Correlations between PWVs and other parameters at rest.

[image: Table 3]

PWV-DN in the CCS group had no significant correlations. In the HV group, PWV-DN correlated to minimum (diastolic) carotid diameter (p = 0.020) and B-index (p = 0.020).

Multiple regression was conducted for the correlated factors described above at rest. In the CCS group, age (p = 0.024) and LDL-c (p = 0.019) remained significantly correlated to PWV-SF. In the HV group, age (p = 0.048), SBP and DBP carotid diameter (p = 0.045 and p = 0.010, respectively) remained significantly correlated to PWV-SF.



Adaptation to cardiovascular stress

Table 4 outlines correlations between PWV and other clinical and cardiovascular parameters during exercise in HV and CCS. During exercise, PWV-SF correlates significantly with age, and max (systolic) carotid diameter in both groups. In the HV group, PWV-SF was correlated with weight (p = 0.016), height (p = 0.025), IMT (p = 0.001), and min (diastolic) carotid diameter (p = 0.015). PWV-SF in the CCS group additionally correlated with B-index (p = 0.031), and LDLc (p = 0.031).


TABLE 4 Correlations between PWV and other parameters during exercise.
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During exercise, PWV-DN correlated with max (systolic) carotid diameter in both groups. PWV-DN in the HV group additionally correlated with weight (p = 0.010), height (p = 0.010) and diastolic carotid diameter (p = 0.015).

Table 5 outlines the change in SBP, DBP, pulse pressure (PP), heart rate (HR), PWV-SF and PWV-DN between rest and exercise in both groups. There was a significant difference between the change in heart rate in CCS and HV (p < 0.01), but not in other parameters.


TABLE 5 Exercise adaptation.
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Intra- and inter-observer variability

Regarding the intra-observer variability, 15 pulse waves (8 PWV-SF, 7 PWV-DN) obtained by UUI were re-analyzed and are depicted in Figure 5 as a Bland-Altman plot. No significant bias was observed, with a mean difference of 0.28 m/s, and limits of agreement between 1.37 and −0.81 m/s.


[image: Figure 5]
FIGURE 5
Intra-observer (left) and inter-observer (right) variability. Bland-Altman plots representing inter- and intra-observer variability. Each point represents one PWV measurement. Left panel demonstrates intra-observer analysis. Measured as repeated analysis − original analysis. Right panel demonstrated inter-observer analysis. Measured as Observer 2 − Observer 1.


Regarding the inter-observer variability, 34 pulse waves were re-analyzed (12 systolic foot, 12 dicrotic notch), and are depicted in Figure 5 as a Bland-Altman plot. No significant bias was observed, with a mean difference of 0.19 m/s, and limits of agreement between 2.01 and −1.63 m/s.




Discussion

In this study, UUI measurement of local left carotid PWV was used to assess arterial stiffness in CCS treated with anthracyclines both at rest and at the end of submaximal exercise study. Overall, we observed no significant differences in PWV measurements between CCS and healthy controls either at rest or after exercise. However, the correlation between PWV and certain factors did differ between the two groups. Importantly, PWV-SF in CCS was not correlated with BMI, IMT, BP, and carotid diameter, all of which have been shown to be correlated to the PWV of healthy individuals in previous studies (23–27). This may indicate that, while there was overall no difference between the two matched cohorts at large, that different factors are involved in the mechanism of arterial stiffening. Multiple regression showed that age and LDL-c were independent and significant contributors to PWV-SF in CCS. These factors are not directly attributable to cancer treatment and are not novel findings; age is a known primary contributor to arterial stiffness, as well as high LDL-c and atherosclerosis (28–30). Multiple regression for HV showed that age and carotid diameter are independent and significant contributors to PWV-SF in the control group. Carotid diameter is a parameter commonly used to assess local arterial stiffness, such as in the Bramwell-Hill equation (31). This data may suggest that, while there is not an overall difference in the net arterial stiffness between CCS and healthy volunteers, there may be different physiological contributors to arterial stiffness between the two groups.


Global vs. local stiffness

We estimated both global (by tonometry) and local (by UUI) PWV. We observed no significant difference between local PWV-SF measurements of the left common carotid artery and global carotid-femoral tonometry measurements in either group. Based on the hypothesized mechanism of vascular injury by anthracyclines leading to endothelial dysfunction, there is no evidence that any particular arteries will be targeted, but it is reasonable to hypothesize that arteries with high dependence on endothelial control may show more dysfunction (4). In fact, there is little research about the local PWV of different arteries throughout the body, and UUI has, to date, primarily been published with use on the carotid artery (14, 25, 32–40). Therefore, the significance of absence of difference between global and left carotid artery estimates is unclear. It is also unclear whether results would vary with the analysis of different arteries, specifically peripheral arteries. Chow et al. showed increased brachial artery stiffness (estimated by B-stiffness or tonometry related calculations) in a CCS group treated with anthracyclines (41). This should be one area of investigation in future UUI studies.



Acute vs. chronic anthracycline effects

This study analyzed the vascular effects of anthracyclines exclusively in the chronic setting, with an average of 13.71 ± 7.63 years since therapy completion. Cardiotoxicity due to anthracyclines is typically classified as acute/early (effects during treatment), subacute (within a year of treatment), or chronic (over a year after exposure) (42). Significant increases in vascular stiffness have been shown in the acute phase, which was not studied in our population (43). Existing literature regarding vascular stiffness has studied patients after an average of 2 years, 7 years, and 10 years after anthracycline treatment (44–46). Among these, the 2 and 10-year follow up studies both showed a difference between anthracycline treated and healthy control groups, but the 7-year follow up did not. This discrepancy points to a future area of study. In particular, the more chronic effects after multiple decades have not yet been studied in the context of vascular changes. In the context of cardiac toxicity, large cross sectional studies following some patients over 30 years after treatment has shown increased subclinical and clinical cardiac toxicity (6).



Vascular vs. cardiac anthracycline toxicity

The cardiac toxicity of anthracyclines is much better studied and understood compared to vascular toxicity. While the exact mechanism continues to be studied, it is thought that the mechanism of cardiac toxicity involves the activation of cell death pathways and inhibition of mitochondrial biogenesis (4). Specifically, left ventricular dysfunction long-term after anthracycline treatment is well documented (47–49). It is important to note that left ventricular function is hemodynamically dependant on the systemic arterial system. This is represented in the form of afterload (50, 51). Studies of breast cancer patients treated with anthracyclines have shown that an increase in arterial elastance leads to abnormal ventricular-arterial coupling, which is a predictor of cardiac dysfunction related to anthracyclines (52). UUI has emerging use as a tool for measuring myocardial stiffness (13). Measurement of both myocardial and arterial stiffness by UUI in future studies would be useful to further elucidate this mechanism and interpret our current results. Additionally, it is well known that a cumulative anthracycline dose >250 mg/m2 is related to a significantly increased risk of cardiac disease (6). The average cumulative anthracycline dose in our CCS population was 200.7 ± 126.80 mg/m2, with only 6 CCS participants (30%) having a cumulative dose exceeding 250 mg/m2. As such, it is possible that the threshold for high risk of cardiotoxicity is translated to vascular toxicity.



Cardiovascular stress by exercise

This study included an exercise component to induce cardiovascular stress. Previous studies have suggested that vascular toxicity may be attributable to endothelial dysfunction (53). Endothelial dysfunction is an impairment of the inner lining of all blood vessels that controls vasodilation and vasoconstriction. Since exercise is a cardiovascular stress, vasodilation and vasoconstriction of arteries around the body are induced (54). Exercise induced stress has previously been shown to increase PWV in individuals with coronary artery disease (55). Additionally, PWV should increase with exercise along with BP through the pressure dependence of arterial stiffness (56). This has been shown in healthy populations (31). Li et al. observed vascular stiffness post-anthracycline treatment at rest and exercise (57). However, as opposed to this current study, stiffness was estimated by applanation tonometry and radial augmentation index. Additionally, their CCS study population was older at 25.0 ± 5.9 years and had a longer duration since the completion of anthracycline therapy at 15.4 ± 5.9 years. Cumulative anthracycline doses were also higher at 258 ± 110 mg/m2. Cifra et al. demonstrated dynamic myocardial response to exercise in a similar CCS population, and demonstrated a similar response in HR and BP (i.e., no difference between CCS and HV) as in this current study (58). As such, the potential impact of anthracyclines on cardiovascular adaptation to stress should continue to be explored in future studies, especially due to its relationship with left ventricular dysfunction as explained above.



Limitations

There are several limitations to this study. Primarily, the small population size of 41 participants limits the statistical power. This was due to the relatively new and involved method of measuring arterial stiffness with UUI, which is not yet clinically available. The small sample size meant that we were not able to statistically analyze categorical data, including radiation data, which can be an important contributor to cardiovascular toxicity. Similarly, multivariate analysis was limited due to the small sample size. Additionally, there were limitations in the exercise trial. To ensure images were captured before the participant stopped exercising, ultrafast acquisitions (and the other coinciding measurements) were taken during stage 3 of the Bruce protocol (75 Watts) for all patients. This stage was at different levels of personal exertion for each participant. Finally, this was a cross-sectional study which evaluated participants at a single point in time. As mentioned in the discussion, longer-term effects of anthracyclines and long-term follow up are not known for vascular toxicity. Ideally, participants could have been tracked multiple times over several years to determine the trajectory of vascular toxicity.




Conclusion

Overall, there were no significant differences found between left common carotid stiffness measured by UUI in HV and CCS populations in our study. This continued to be true under cardiovascular stress, induced by an exercise trial. While there is a documented risk of cardiotoxicity with anthracycline treatment, this study does not provide evidence that anthracyclines alter vascular properties in a CCS population treated with an average dose <250 mg/m2. The use of UUI for studying the impact of anthracyclines in arterial stiffness is an interesting and emerging field of research. As such, additional studies with large cohorts are needed to confirm our observations.
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Objective: To systematically verify the accuracy of a four-step prenatal ultrasonography in diagnosing fetal total anomalous pulmonary venous connection (TAPVC).



Methods: A total of 62 TAPVC fetuses received prenatal ultrasonography and were confirmed by postnatal echocardiography, surgery, or postabortion autopsy. The suspected TAPVC fetuses were further screened by a four-step prenatal ultrasonography for TAPVC classification, pulmonary venous obstruction, and the associated malformations, and followed postpartum. The sonographic features, clinical data, and prognosis of the TAPVC fetuses were retrospectively analyzed.



Results: Of the 62 TAPVC fetuses, supracardiac TAPVC was found in 20 cases, intracardiac TAPVC in 12, infracardiac TAPVC in 21, and mixed TAPVC in 9. A total of 30 cases with right atrium isomerism were correctly diagnosed. Of the 11 cases with other intracardiac and extracardiac malformations, 1 case was missed to be diagnosed. Of the 21 isolated TAPVC cases, 6 were missed prenatally and 1 case was prenatally diagnosed as intracardiac and postnatally proved to be mixed (intracardiac type + supracardiac type) by echocardiography. Of the 13 TAPVC live births, 4 infants died in the neonatal period without operation. Of the nine infants undergoing the operation, five recuperated and survived; one survived but had complications with superior vena cava obstruction and collateral circulation formation, and three died postoperatively.



Conclusion: The four-step prenatal ultrasound procedure can comprehensively and systematically evaluate fetal TAPVC, detailing the classification, potential obstruction, and associated malformations. It provides substantial support for subsequent prenatal counseling and neonatal assessment. The retrospective analysis also reveals that isolated TAPVC is more prone to be missed in diagnosis.
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total anomalous pulmonary venous connection, four-step approach, postnatal verification, ultrasound, prenatal diagnosis





Introduction

Total anomalous pulmonary venous connection (TAPVC) is a relatively rare cyanotic congenital heart disease, accounting for approximately 0.5%–2% of postnatal congenital heart diseases, in which all pulmonary veins (PVs) are not connected to the left atrium (LA) but directly or indirectly to the right atrium (RA) (1). According to different drainage pathways, TAPVC can be divided into four types: supracardiac, intracardiac, infracardiac, and mixed, with supracardiac type being the most common malformation and accounting for about 43% of all cases (2). TAPVC can occur alone or can accompany other deformities, and the most common comorbidity is right atrium isomerism (RAI) (3). Postnatally, TAPVC neonates often suffer from severe expiratory dyspnea, cyanosis, heart failure, etc. In case of pulmonary vein obstruction (PVO) complication, prompt emergency surgery is required; otherwise, most would die in the neonatal period. The prognosis of TAPVC is related to the specific subtypes, the presence of PVO, and associated malformations (4, 5). Therefore, an accurate prenatal diagnosis of TAPVC is of great significance for neonatal prognosis.

To date, the accuracy of TAPVC diagnosis varies significantly across different countries, regions, and institutions (3, 6). Some new ultrasound indicators or methods have been proposed to improve the prenatal diagnosis of TAPVC. For instances, post-LA space has been suggested as a potential indicator for prenatal diagnosis of TAPVC in many studies (7, 8). A four-dimensional spatiotemporal image correlation has been used to diagnose fetal TAPVC (9). Additionally, fetal PV variability index and vertical vein (VV) flow velocity have shown to predict postpartum PVO (10). Artificial intelligence can also be used to assist in diagnosing TAPVC (11). The routine prenatal screening has also identified pulmonary venous connections on a four-chamber view (12). Available literature demonstrates that prenatal screening, color Doppler, and spectral Doppler can identify 80% of suspected TAPVC, 34% of PVO, 59% of ventricular imbalance, 58% of increased LA posterior space, and 59% of VV cases (3). However, much remains to be desired with regard to a systemic assessment of TAPVC.

Given that the detection of PVO and the identification of its drainage pathway, an indispensable procedure of ultrasound diagnosis, are related to the prognosis of neonates with TAPVC, we proposed a four-step ultrasound approach to diagnose fetal TAPVC systematically, which demonstrated a favorable accuracy in prenatal diagnosis of TAPVC. The proposed method can provide a reliable support for prenatal consultation and clinical decision-making.



Materials and methods

A total of 62 TAPVC fetuses underwent prenatal ultrasound examination in the Fujian Maternal and Child Health Hospital between June 2012 and June 2022, and were confirmed by postnatal echocardiography, surgical procedures, or postabortion autopsy. The clinical data and imaging findings of these TAPVC cases were retrospectively analyzed. Inclusive criteria were as follows: the fetuses with TAPVC were examined by systematic ultrasonography and verified by the above-mentioned means in our hospital. The exclusion criteria were as follows: the fetuses with TAPVC that were not verified postnatally or pathologically; RAI cases that indicated the entry of PV into the atrium; or cases that reported incomplete clinical data or no follow-up. The study protocol was reviewed and approved by the Ethics Committee of the Fujian Maternal and Child Health Hospital. Informed consent was obtained from all pregnant women.


Prenatal ultrasonography

For prenatal ultrasonography, GE Voluson E8 and E10 high-resolution color Doppler ultrasound diagnostic instruments were employed, with the frequency of the convex array probe set at 2–9 MHZ, and the conditions of middle and late pregnancy and fetal heart examination were selected. The fetuses were systematically evaluated following the ISUOG guidelines for the prenatal ultrasonography (13, 14). TAPVC was suspected with the presence of any of the following signs: a small LA, an increased distance from the LA to the descending aorta, a smooth posterior wall of the LA, unobservable orifices of the PV, evident extra vessels and centrifugal venous flow in some sections of the heart, and an abnormal dilated vein [e.g., superior vena cava (SVC), innominate vein (INN), azygos vein (AZV), inferior vena cava (IVC), or coronary sinus (CS)]. The suspected TAPVC cases were further assessed by a four-step ultrasound procedure: (1) no connection was observed between all the PVs and the LA, in which the orifices of the PV were detected by two-dimensional echocardiography and color Doppler flow imaging, and the waveform of the PV was examined by spectral Doppler imaging; (2) the presence of the common pulmonary vein (CPV) was detected behind and beside the LA, and the drainage route of PV to the systematic vein via the CPV and VV was traced, on which the classification of TAPVC was based; (3) the presence and location of obstruction of the pulmonary venous drainage pathway were assessed by color Doppler and spectral Doppler imaging, in which color Doppler flow imaging may indicate turbulent blood flow at the site of obstruction, with a maximum flow velocity above 50 cm/s (15); (4) the fetal cardiac structures and extracardiac systems were examined in detail to determine the presence of intracardiac and extracardiac malformations.



Postnatal verification

All the prenatally diagnosed fetal TAPVC cases underwent a multidisciplinary consultation. For cases of termination of pregnancy (TOP), autopsy was performed, with informed consent obtained from the parents, by either local anatomy or combined casting of the thoracic and abdominal organs, in which all specimens were archived, photographed, videotaped, and recorded. For live births, echocardiography or other imaging examinations were performed postnatally, in which Phillips EPIQ 7C was employed for neonatal echocardiography, with the frequency of phased array probes set at 3–8 MHz. These live births all received follow-ups.



Statistical analysis

The data were analyzed with SPSS 25.0. The quantitative data displayed a normal distribution with homogeneous variance and were expressed as mean ± SD. For qualitative data, frequency (N) and percentage (%) were used. Comparisons were analyzed by the chi-square test with continuity correction. A value of P <0.05 was considered statistically significant.




Results


Data overview

From June 2012 to June 2022, 158,763 pregnant women received prenatal ultrasonography and 84 cases of TAPVC were identified (5‰). Among them, the following cases were excluded from the study: 11 cases of loss to follow-up, 1 case of CPV atresia by postnatal autopsy, and 10 cases of RAI with PV entry into the atrium; 50 cases received TOP, of which 49 were confirmed as TAPVC by local pathological anatomy or combined casting of organs in thoracic and abdominal cavity; 6 cases chose to continue pregnancy and 7 were missed to be diagnosed prenatally. Live TAPVC infants suffered from cyanotic and respiratory distress, and the diagnosis was confirmed by echocardiography. Finally, 62 cases were included in the study (Figure 1). The mean age of the 62 pregnant women was 27.7 ± 3.5 years (19–36 years), and the mean gestational age (GA) was 25.56 ± 3.95 weeks (20.3–38 weeks). Of the 62 fetuses, 59 were singleton pregnancies and 3 were twin pregnancies (one of the fetuses was TAPVC). Among the 13 live TAPVC births, 4 infants died in the neonatal period without operation and 9 infants underwent surgery, including 5 total recoveries, 1 survival but with complication of SVC obstruction and collateral circulation, and 3 deaths after surgery.


[image: Figure 1]
FIGURE 1
Flowchart of the enrollment in the study.




Classification and sonographic characterization of TAPVC

Of the 62 TAPVC cases, there were 20 supracardiac cases (32%), 12 intracardiac cases (19%), 21 infracardiac cases (34%), and 9 cases of mixed type (15%). Of the 20 cases of supracardiac TAPVC, CPV and single VV were found in 16 cases, of which 9 cases finally regurgitated into SVC, 4 into INN, 2 into AZV, 1 into left internal jugular vein (LIJV), and double VVs were reported in the remaining four cases, which regurgitated into SVC and INN (Table 1). Of the 12 cases with intracardiac TAPVC, 9 cases regurgitated into the RA through the CS and 3 cases drained directly into the RA (Table 2). Of the 21 cases of infracardiac TAPVC, 16 cases drained into the portal vein, 3 cases into ductus venous (DV), 1 into the hepatic vein (HV), and 1 into IVC (Table 3). Of the 9 cases of mixed TAPVC, 8 cases were combined with supracardiac and infracardiac drainage and 1 case was combined with supracardiac and intracardiac drainage (Table 4).


TABLE 1 Prenatal sonographic findings of supracardiac TAPVC.
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TABLE 2 Prenatal sonographic findings of intracardiac TAPVC.
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TABLE 3 Prenatal sonographic findings of infracardiac TAPVC.
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TABLE 4 Prenatal sonographic findings of mixed TAPVC.
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The common sonographic characteristics of TAPVC included small LA, smooth posterior wall of the LA, no PV orifice, increased distance between the LA and the descending aorta, and a continuous flow spectrum of the PV. CPV was shown in 56 cases, which appeared as an additional vessel behind or beside the LA. The sonographic image varied for different types of TAPVC. The supracardiac TAPVC featured an ascending VV, which was an additional vessel on a three-vessel trachea view and appeared as a centrifugal venous flow with dilated drainage site via color Doppler flow imaging (Figure 2). Echocardiographic findings of intracardiac TAPVC showed that the CPV either flew back into the RA through dilated CS or drained directly into the RA (Figure 3). The sonographic appearance of infracardiac TAPVC revealed a descending VV, an additional vessel in the transverse section of the abdomen, which appeared as a downward centrifugal vessel into the liver along with the IVC and the descending aorta in the sagittal section of the abdomen (Figure 4). Mixed TAPVC displayed multiple anomalous pulmonary venous drainage pathways, featuring two or more of the above ultrasonic findings (Figure 5).


[image: Figure 2]
FIGURE 2
The prenatal sonographic features of supracardiac TAPVC. (A) The posterior wall of LA was smooth without orifice of PV, the pulmonary venous confluence behind the LA. (B) The left and right PVs converging to form a common PV truck, the CPV going upward as VV. (C) The VV drained into the SVC via the LBCV. (D) The entire drainage route of PVs. TAPVC, total anomalous pulmonary venous connection; PV, pulmonary vein; LA, left atrium; CPV, common pulmonary vein; VV, vertical vein; SVC, superior vena cava; LBCV, left brachiocephalic vein.
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FIGURE 3
The prenatal and postnatal sonographic features of intracardiac TAPVC. (A) The four-chamber view showed ventricular discrepancy and no connection between PVs and LA. (B) The PVs drained into RA via dilated CS. (C) The entire drainage route of anomalous PVs. (D) The obvious asymmetry on the four-chamber view after birth. (E) All the PVs were not connected with LA. (F) The CPV drained into RA via dilated CS. TAPVC, total anomalous pulmonary venous connection; PV, pulmonary vein; LA, left atrium; RA, right atrium; CPV, common pulmonary vein; CS, coronary sinus.
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FIGURE 4
The sonographic features of infracardiac TAPVC and postnatal confirmation. (A) CPV was located behind the LA, with an increased posterior left atrium space. (B) The Doppler spectrum of PV was continuous instead of pulsatile. (C) The VV appeared as an extra vessel in the transabdominal section. (D) The VV drained into DV in a turbulent flow. (E) The obstruction was confirmed postnatally. (F) The CTA showed the entire drainage route of PVs. TAPVC, total anomalous pulmonary venous connection; PV, pulmonary vein; LA, left atrium; CPV, common pulmonary vein; VV, vertical vein; DV, ductus venous; CTA, computerized tomographic angiography.
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FIGURE 5
The sonographic features of mixed TAPVC and postnatal anatomic cardiovascular casting findings. (A) A dilated IVC in transabdominal section. (B) The ventricles were asymmetrical and the CPV was located behind the LA. (C) The VV appeared as an extra vessel behind the aorta. (D) The color Doppler showed the drainage of the RSPV, RLPV, and the LSPV into the LBCV via VV. (E) The LLPV drained into IVC. (F,G) Obstruction was confirmed in both the supracardiac and infracardiac pathways. (H) The entire drainage route of all PVs. (I): The postnatal casting of the TAPVC heart showed the RSPV, RLPV, and LSPV drainage into LBCV via the VV, and the LLPV drainage into the IVC. TAPVC, total anomalous pulmonary venous connection; IVC, inferior vena cava; CPV, common pulmonary vein; LA, left atrium; VV, vertical vein; RSPV, right superior pulmonary vein; RLPV, right low pulmonary vein; LSPV, left superior pulmonary vein; LBCV, left brachiocephalic vein; LLPV, left low pulmonary vein.




The obstruction of pulmonary veins in fetal TAPVC

Of the 62 cases of TAPVC, 17 cases were complicated with PVO, including 7 cases of supracardiac type (42%), 5 cases of infracardiac type (29%), 4 cases of mixed type (24%), and 1 case of intracardiac type (6%), with no statistical PVO difference among the different groups of TAPVC (P > 0.05) (Table 5). Among the seven supracardiac TAPVC cases, five cases reported PVO at the opening of the ascending VV into the SVC, one case at the opening of the ascending VV into the AZV, and one case at the VV crossing the bifurcation of the pulmonary artery. Of the five infracardiac TAPVC cases, the obstruction was located at the confluence of the descending VV into the DV in three cases and at the confluence of the descending VV into the PV in two cases. In the intracardiac TAPVC case, four PVs formed a CPV and the VV were tortuous, in which the obstruction was located at the bifurcation of pulmonary artery and confluent to the CS. Of the four cases of mixed TAPVC, three cases reported a mixture of supracardiac and infracardiac TAPVC, in which the obstruction occurred during the infracardiac drainage when the descending VV entered the IVC, portal vein, and DV, and one case displaying obstruction in the supracardiac route, with the ascending VV crossing the left pulmonary artery. The remaining case displayed a mixture of intracardiac and supracardiac TAPVC, in which the obstruction was found in the supracardiac and intracardiac pathways, respectively, at the point where the left inferior pulmonary vein (LIPV) joined the CPV and at the point where the VV joined the INN. All the PVO cases displayed the sonographic features of the tortuous and slender obstructive site, with turbulent blood flow by color Doppler imaging and continuous high-speed blood flow by spectrum Doppler imaging at a maximum velocity of 110 ± 33 cm/s (58–170 cm/s).


TABLE 5 The drainage route and obstruction of TAPVC.
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The associated malformations of the fetal TAPVC

Of the 62 TAPVC cases, 41 cases were complicated with other intracardiac and extracardiac malformations, including 30 RAI cases and 11 cases with other intracardiac and extracardiac malformations, and the remaining 21 cases were isolated TAPVC. In the 30 TAPVC cases combined with RAI, the common concomitant malformations included atrioventricular septal defect (AVSD) (19/30), pulmonary artery stenosis (PS) (16/30), double outlet right ventricle (DORV) (15/30), single ventricle (SV) (12/30), etc., and the rare complicated malformations were interventricular septum (VSD) (2/30), transposition of great arteries (TGA) (2/30), etc. (Figure 6A). In the 11 TAPVC cases complicated with other cardiac malformations, common concomitant malformations were VSD (3/11), right aortic arch (3/11), left superior vena cave (LSVC) (2/11), PS (2/11), etc. (Figure 6B). TAPVC cases combined with extracardiac malformations displayed cleft lip and palate, holoprosencephaly, hiatal hernia, oligohydramnios, and permanent right umbilical vein (PRUV), one case per category, and single umbilical artery (SUA) in two cases. Of the 62 TAPVC cases, seven cases underwent chromosome tests, which reported chromosome normality in six cases and inversion of chromosome 9 in one case.
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FIGURE 6
Obvious differences of the associated intracardiac malformations between TAPVC with RAI (A) and without RAI (B). TAPVC with RAI is usually associated with a series of complex intracardiac anomalies and TAPVC without RAI can be isolated or accompanied with other anomalies. TAPVC, total anomalous pulmonary venous connection; right atrium isomerism.




The diagnostic accuracy of the four-step prenatal ultrasonography

Of the 62 cases of TAPVC, the diagnostic accuracy of the four different TAPVC types by the four-step prenatal ultrasonography was 95%, 75%, 95%, and 77%, respectively, with no statistical significance (P > 0.05) (Table 6). Thirty cases complicated with RAI and 10 cases combined with other intracardiac and extracardiac abnormalities were correctly diagnosed by the proposed prenatal ultrasonic procedure, while 1 case was missed, which was a mixed type (supracardiac and infracardiac) with right aortic arch and SUA. Of the 21 isolated cases of TAPVC, 14 cases were correctly diagnosed; 1 case was diagnosed as intracardiac type prenatally, which was postnatally confirmed to be a mixed type (supracardiac and intracardiac) with obstruction of the supracardiac and intracardiac drainage pathway by echocardiography; 6 cases were missed. As shown in Table 6, the proposed four-step prenatal ultrasonography reported a higher accuracy in diagnosing TAPVC cases that were complicated with RAI (P < 0.05).


TABLE 6 Comparison of the diagnostic rate of different types of TAPVC and comparison of the diagnostic rate of TAPVC complicated with other malformations.
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Discussion

Prenatal diagnosis of TAPVC has always been a great challenge, especially in isolated cases (16). Due to its low incidence and difficulty in obtaining detailed images, it is rarely detected during obstetric screening in the second trimester of pregnancy (17). Diagnostic accuracy has been improved thanks to sonographic advances and experience accumulation in the past decade. Several retrospective studies have documented many suspicious signs of TAPVC during prenatal ultrasound screening, including a small LA, lengthened distance between the LA and the descending aorta, the smooth posterior wall of the LA, obscured orifices of the PV, additional vessels in some sections, centrifugal venous flow, and dilatated fetal systemic veins (e.g., SVC, INN, AZV, IVC, or CS) (15). When the above-mentioned suspicious TAPVC diagnostic clues appear, the use of prenatal ultrasound four-step observation can help improve the diagnosis and classification of TAPVC, especially when TAPVC is associated with other malformations. In this article, we found that after postpartum validation or pathological comparison, the prenatal correct diagnosis rates of the supracardiac, intracardiac, infracardiac, and mixed types were 95%, 75%, 95%, and 77%, respectively. Thirty TAPVC cases with RAI were accurately detected by the proposed prenatal ultrasonography, though one case of TAPVC with other extracardiac and intracardiac malformations was missed. Six cases of isolated TAPVC were missed. The potential explanation for missed diagnosis may lie in the following considerations: (1) The entry of fetal PV into the LA is falsely identified during the examination, since the echoes of bronchial and pulmonary arteries may interfere with the orifices of the PVs at the top of the LA and may be mistaken for the connection with the LA; (2) Due to the small size of the fetal PV, the fetal position, and the thickness of abdominal wall of the pregnant woman, two-dimensional ultrasonography may not clearly delineate the lumen of the PV; (3) The dilated systemic veins and VV in the drainage site were overlooked because of inexperience. These weaknesses may be remedied by adjusting the blood flow velocity scale to about 20 cm/s during color Doppler flow imaging and verifying the connection by spectrum Doppler imaging. In addition, an extra vessel in the trachea section or abdominal cross-section is an important indicator for TAPVC diagnosis.

Of the four types of TAPVC, the infracardiac and mixed types of TAPVC have a poor prognosis (18). Even for the same type, the prognosis differs for different drainage paths. For example, for different subtypes of supracardiac TAPVC, direct access to the right SVC via the right VV is more likely to result in postoperative PVO (19). The prognosis of intracardiac TAPVC is generally considered good (20). In this study, four cases of isolated intracardiac TAPVC had a good prognosis after surgical treatment. However, the prognosis of intracardiac TAPVC varies for different sites of connection. Studies have shown that the number of PV orifices, the length of the drainage path, and the drainage through the roof of the RA are associated with postoperative PVO (21). Therefore, the prenatal diagnosis of TAPVC should delineate not only the type of TAPVC but also the specific connection of ectopic PV and the length of the drainage path.

PVO is also an essential factor for a poor prognosis, and preoperative PVO is closely associated with mortality (18, 22). The available literature indicates that preoperative PVO occurs in approximately 25%–50% of cases (23, 24) and the incidence of PVO in prenatal TAPVC fetuses is as high as 34.1% (95% CI: 22.7%–47.7%) (3), signifying that one-third of the cases are likely to show evidence of prenatal obstruction. Our cohort found PVO in 17 cases (17/62, 27.4%): prenatally in 14 cases and postnatally in 3 cases. The disparity may be attributed to the following facts: as, in the current study, the average GA for the prenatal diagnosis was 25.56 ± 3.95 weeks (20.3–38 weeks) and most cases were diagnosed in the second trimester, the minor pulmonary blood flow may result in unnoticeable or no obstruction while with the progression of gestation, the increase in pulmonary blood flow may induce the obstruction; most cases in the current study received induced labor after TAPVC diagnosis and no follow-up was conducted in late pregnancy. Therefore, fewer PVO cases were diagnosed in this cohort.

PV stenosis is often caused by insertion site stenosis and external organ compression, and the longer the drainage path is, the more likely it is to be obstructed. PVO can occur at any site and aggravate during pregnancy, especially when pulmonary vascular resistance decreases, leading to increased blood flow (25). PVO can also lead to PV remodeling and even progress to atresia (26). Studies have suggested that an earlier occurrence of PVO may indicate a poorer prognosis, as it will lead to pulmonary vascular remodeling and may even compromise the efficacy of a successful surgery (26). In this study, of the 13 live births, 4 PVO infants died in the neonatal period and the prognosis of fetuses without PVO was good. Therefore, PVO should rank as an essential part of prenatal TAPVC evaluation.

TAPVC can be combined with a series of intracardiac and extracardiac malformations. The complication with RAI, one of the most common malformations in TAPVC, is associated with a worse prognosis due to faster disease progression and a greater chance of multi-operation after repair of the PV (27). In our cohort, 30 cases (30/62, 48%) were complicated with RAI. RAI is characterized by complex intracardiac abnormalities, such as incongruent visceral atria position, complete AVSD, DORV, and right ventricular outflow tract obstruction (28). Due to the bilateral right atrial structure, evaluation of pulmonary venous return is an important step in diagnosing RAI (29, 30). In addition to RAI, TAPVC may be associated with other extracardiac and intracardiac malformations, such as TGA, tetralogy of fallot (TOF), single atrium (SA), persistent truncus arteriosus (PTA), tricuspid atresia (TA), hypoplastic left heart syndrome, pulmonary atresia (PA), VSD, aortic coarctation (CoA), and other abnormalities (25). In this cohort, 11 cases were complicated with other intracardiac or extracardiac malformations. The associated anomalies, especially complex intracardiac anomalies that require secondary surgery, are also associated with a poor prognosis of TAPVC. Some deformations require no remedy or can be simultaneously corrected during the repair of the PV, in which the deformation may not be a risk factor for postoperative death (5).

The mode of inheritance of TAPVC remains unknown. However, it may be a single gene inheritance according to the existent literature (25). In the affected families, the abnormal pulmonary venous connection is a common characteristic, but the location of the abnormal connection is inconsistent (31). TAPVC is associated with several syndromes, such as asplenia, polysplenia, and Cat's eye syndrome (25). In the current study, the chromosome examination of seven cases revealed chromosome 9 inversion in one case and no abnormality in the other six cases.


Limitation

Several limitations should be noted in the current study. First, as a retrospective study, the archived images may affect the quality and integrity of data sources. Second, the sample size is quite small. In this study, only 13 TAPVC fetuses were retrieved for analysis, which was unfavorable for evaluating the prognosis of TAPVC. Third, the accuracy of the proposed four-step prenatal ultrasonography may be compromised by the complexity of the enrolled cases, in which the RAI complication and isolated TAPVC may confound the results of the analysis. Finally, a more detailed spectrum analysis of the VV and anomalous PV should be provided.




Conclusions

The proposed four-step ultrasonography can satisfactorily delineate fetal TAPVC classification, the presence of PVO, and intracardiac and extracardiac abnormalities, which offers beneficial support for prenatal counseling and prognostic improvement of postnatal TAPVC. The retrospective analysis also reveals that isolated TAPVC is more prone to be missed in diagnosis.
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Objective: To evaluate the value of echocardiographic parameters in predicting early spontaneous closure of ductus arteriosus in premature infants.



Methods: 222 premature infants admitted to the neonatal ward of our hospital were selected, and patent ductus arteriosus was detected by echocardiography 48 h after birth. On the 7th day, whether the ductus arteriosus was closed naturally in this cohort was observed. The infants whose ductus arteriosus were not closed were identified as the PDA group (n = 109), and the other infants were included in the control group (n = 113). The echocardiographic parameters of the two groups of premature infants at 48 h after birth were single-factor statistically and Pearson correlation analyzed, and the parameters with statistically significant differences in single-factor analyzed were selected for multivariate logistic stepwise regression analysis.



Results: The ductus arteriosus shunt velocity and the pressure difference between the descending aorta and the pulmonary artery (ΔPs) in the PDA group were lower than those in the control group (P < 0.05). The pulmonary artery pressure (PASP) in the PDA group was higher than that in the control group (P < 0.05). According to the multivariate logistic stepwise regression analysis, only the maximum shunt velocity of ductus arteriosus was correlated with early spontaneous closure of ductus arteriosus in 48 h first echocardiographic parameters (P = 0.049). The receiver operating characteristic (ROC) curve indicates the optimal critical point of echocardiographic ductus arteriosus shunt velocity in premature infants 48 h after birth was 1.165 m/s.



Conclusion: Echocardiographic parameters are of great value in predicting the early spontaneous closure of ductus arteriosus in premature infants. In particular, the ductus arteriosus shunt velocity is correlated with the early spontaneous closure of ductus arteriosus.



KEYWORDS
patent ductus arteriosus, infant, premature, echocardiography, congenital heart disease





Introduction

In recent years, the incidence of premature infants has continued to rise, accounting for about 6%–12% of newborns (1). At the same time, premature infants are also the main group of neonatal intensive care (1). Patent ductus arteriosus (PDA) is one of the common congenital heart diseases in premature infants, accounting for about 10%–15% of congenital heart disease. The incidence of PDA in premature infants is higher than in full-term infants, and its incidence is negatively correlated with gestational age (1). Anatomically, the ductus arteriosus (DA) is the vascular structure connecting the descending aorta and the left pulmonary artery (2). When a newborn breathes for the first time, the lungs begin to function, and a series of changes occur in the blood circulation system. For instance, the resistance of pulmonary circulation starts to decrease, the pulmonary artery pressure (PASP) decreases, and the aortic systolic blood pressure (AOSP) increases. Consequently, the blood flowing through the ductus arteriosus decreases gradually, and the ductus arteriosus is functionally closed. Hemodynamically significant PDA (hsPDA) is associated with poor outcomes in preterm infants. Long-term exposure to hsPDA can lead to pulmonary circulation overload and systemic hypoperfusion, and increase pulmonary hemorrhage, bronchopulmonary dysplasia (BPD), necrotizing enterocolitis (NEC), acute kidney injury, periventricular white matter Malacia, intraventricular hemorrhage (intraventricular hemorrhage, IVH) and risk of death. Currently, there is no consensus on clinical and ultrasound standards for the treatment of PDA. The definition of hsPDA requires clinical manifestations combined with ultrasound judgment.

Functional closure of ductus arteriosus usually occurs within 48 h after birth in full-term infants (3). However, there is a high incidence of PDA in premature infants. When the ductus arteriosus is continuously open, the pulmonary blood flow increases and the systemic blood flow decreases, which could induce heart failure, bronchial dysplasia, pulmonary hemorrhage, intraventricular hemorrhage, abnormal cerebral perfusion, necrotizing enterocolitis, and other complications in premature infants (4), and in most severe cases can lead to death (5). Therefore, it is very important to take early intervention to induce the closure of ductus arteriosus. However, since ductus arteriosus can be closed spontaneously in most cases, it is also important to reduce unnecessary clinical interventions. At present, there are few reports about using a non-invasive method to predict spontaneous closure of ductus arteriosus in premature infants. Some scholars have suggested that over-active drug treatment cannot improve the short-term and long-term prognosis of premature infants with PDA (6). Studies of (1, 7) have shown that the best way to evaluate an unclosed ductus arteriosus is to measure its size and shunt velocity. The study of (8) found that the measurement of ductus arteriosus diameter on the first day after birth had high sensitivity and specificity in predicting the closure of ductus arteriosus. However, most of the studies are univariate analysis.

Previous literature has shown that the ultrasonic diagnostic criteria for hsPDA may include: ductus arteriosus diameter ≥1.5 mm, LA:AO ≥1.4, changes in mitral valve E/A value (indicators for assessing left ventricular diastolic function), etc. However, the measurement of these indicators depends on the left ventricular preload, and different sonographers will also affect the results. In addition, aortic diastolic pressure decreases when the ductus arteriosus shunts heavily from left to right. Descending blood flow from the descending aorta during systole, retrograde “steal blood” into the ductus and into the pulmonary arteries during diastole, resulting in relatively hypo perfused systemic arteries, including the cerebral hemispheres and gut, negatively affects preterm infants. At present, there is no conclusion about which population may benefit from PDA intervention. Therefore, early prediction of whether the ductus arteriosus can be closed naturally is of great significance for the need for early intervention in clinical intervention. The purpose of this study was to investigate the value of the first echocardiographic parameters 48 h after birth in predicting the early spontaneous closure of ductus arteriosus in premature infants.



Methods


Research object and grouping

A total of 222 premature infants admitted to our neonatal ward from January 2017 to December 2022 were selected for the study. The inclusion criteria are: (a) gestational age was less than 37 weeks, and (b) patent ductus arteriosus was found by echocardiography 48 h after birth. The exclusion criteria are that the infants with PDA died within 7 days or were complicated with other congenital heart diseases (except for patent foramen ovale, physiological tricuspid regurgitation) or needed medication or surgical closure within 7 days. The echocardiographic results of these premature infants were observed on the 7th day. The detailed flow chart for patient selection is illustrated in Figure 1. 109 cases (56 males) whose ductus arteriosus was still open on the 7th day after birth were identified as the PDA group. The gestational age was 25.1–36.6 weeks, with an average of 31.72 ± 3.11 weeks; 113 cases (66 males) with spontaneous closure of ductus arteriosus within 7 days were treated as the control group. The gestational age was 26.5–36.5 weeks, with an average of 33.30 ± 2.48 weeks.


[image: Figure 1]
FIGURE 1
Flowchart of patient screening.


Among the 222 cases, 113 were premature infants whose ductus arteriosus closed naturally after 7 days: 88 cases had good clinical indicators and were discharged from the hospital; 25 cases continued to be hospitalized for observation due to neonatal pneumonia, neonatal jaundice, and substandard weight. 109 cases of premature infants whose ductus arteriosus did not close naturally after 7 days: 77 cases were discharged with good clinical indicators and were followed up with echocardiography; 30 cases continued to be hospitalized for observation due to neonatal pneumonia, neonatal jaundice, and substandard weight; 2 cases of premature infants complicated with NEC surgical treatment.



Ultrasonography instruments and the methods

The GE Vivid i color Doppler ultrasonography, cardiac 6S probe and frequency 3∼7 MHz were used in the study. During the ultrasonography examination sessions, the preterm infants were made to lie on their backs. The measurement parameters included: (a) the aortic root diameter (AOD) and the left atrial end-systolic diameter (LAD) were measured on the parasternal long axis view, and LAD/AOD was calculated; (b) the left ventricular ejection fraction (LVEF), and fractional shortening (FS) were measured by M-mode echocardiography; (c) the tricuspid regurgitation area was measured in apical four-chamber view; and (d) the DA was observed in short axis view or suprasternal view, where the direction of the blood shunt was recorded, and the DA diameter of the DA shunt velocity were measured.

According to the simplified Bernoulli equation, the pressure difference between descending aorta and the pulmonary artery (ΔPs = 4 VDA2, VDA:DA shunt velocity) was calculated, and the pulmonary artery systolic pressure (PASP) was calculated. PASP = aortic systolic blood pressure (AOSP)—ΔPs. When there was no left ventricular outflow tract and aortic stenosis, the brachial artery systolic blood pressure, which is similar to AOSP, was used instead. The width of the foramen ovale was measured on a subxiphoid two-chamber view under the xiphoid process. All the images and data were collected and measured by two ultrasound physicians. Three cardiac cycles were measured and the average value was calculated.



Statistical analysis

The SPSS25.0 software was used for statistical analysis. Measurement data was expressed in [image: Image] The categorical variable was expressed in percentage. An Independent sample t-test was used to compare the parameters of the ultrasound data collected 48 h after birth between the PDA groups and the control group. The categorical variable was compared by χ2 test, and a P < 0.05 was considered statistically significant. The parameters with statistical significance were selected for multivariate logistic stepwise regression analysis. The assigned value was 1 in the PDA group and 0 in the control group.




Results


Early natural closure rate of the ductus arteriosus

The natural closure rate of ductus arteriosus in 222 premature infants was 50.90% (113/222) 7 days after birth, and the rate of unclosed ductus arteriosus was 49.10% (109/222). A sample of the PDA sonogram is shown in Figure 2.


[image: Figure 2]
FIGURE 2
Ductus arteriosus in short axis view (A). Two-dimensional sonogram image; (B). Color Doppler sonogram image; (C). PW Doppler across the PDA flow (MPA, main pulmonary artery; LPA, left pulmonary artery; RPA, right pulmonary artery; PDA, unclosed ductus arteriosus).




Comparison of patient characteristics

As shown in Table 1, the comparison of gestational age between the PDA group and the control group was statistically significant, and the gestational age of premature infants in the PDA group was younger than that in the control group (P < 0.01). This confirms that the younger the gestational age, the more prone to hsPDA. The occurrence of PDA is inversely related to GA: the younger the preterm infant, the longer the PDA naturally closes. The weight comparison analysis between the PDA group and the control group was not statistically significant. We speculate that some very low birth weight infants often have other diseases at the same time, or require early clinical intervention, and these cases were not included in our research.


TABLE 1 Statistical comparative analysis of the patient characteristics of the study population between the PDA group and the control group.
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Comparison of echocardiographic parameters

The DA shunt velocity and ΔPs in the PDA group were lower than those in the control group (P < 0.05), while PASP in the PDA group was higher than that in the control group (P < 0.05) (Table 2).


TABLE 2 Comparison of echocardiographic parameters between the two groups at 48 h after birth.

[image: Table 2]



Pearson correlation analysis of DA diameter, PASP, DA shunt velocity, and ΔPs

Ultrasonic parameters often affect each other and cannot be analyzed individually. We selected indicators that are clinically believed to have a greater mutual influence for correlation analysis, which are DA diameter, PASP, DA shunt velocity, and ΔPs of echocardiography 48 h after birth in premature infants. It was concluded from Table 3 that DA diameter was negatively correlated with shunt velocity and ΔPs, and positively correlated with PASP. DA shunt velocity was positively correlated with ΔPs and negatively correlated with PASP. ΔPs was negatively correlated with PASP. And the correlation analysis between any two of the four parameters was P < 0.01, showing a significant correlation.


TABLE 3 Pearson correlation analysis of ultrasonic parameters (DA diameter, PASP, DA shunt velocity, ΔPs) at 48 h after birth.
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Logistic stepwise regression analysis

PASP, DA shunt velocity and ΔPs were selected into Logistic stepwise regression analysis. PASP and ΔPs were not associated with early spontaneous closure of ductus arteriosus within 7 days after birth, but only the shunt velocity was associated with early spontaneous closure of ductus arteriosus within 7 days after birth (P = 0.049) (Table 4).


TABLE 4 Results of logistic regression analysis of ultrasonic parameters at 48 h after birth in premature infants.

[image: Table 4]



ROC curve results of echocardiography DA shunt velocity

ROC curve is shown in Figure 3. The optimal cut-off point, sensitivity, specificity, positive likelihood ratio (sensitivity/(1-specificity), negative likelihood ratio [(1-sensitivity)/Specificity] is shown in Table 5. By drawing the ROC curve, the optimal critical point of echocardiographic DA shunt velocity in premature infants 48 h after birth was 1.165 m/s, and the corresponding specificity, sensitivity, positive and negative likelihood of the critical point predicting the early natural closure of PDA were obtained. The positive likelihood ratio and negative likelihood ratio of DA shunt velocity were 1.56 and 0.43 respectively, that is, when DA shunt velocity <1.165 m/s, the possibility of the premature infant coming from the PDA group was 1.56 times that of the control group, When DA shunt velocity >1.165 m/s, the possibility of the premature infant from the PDA group is about 0.43 times that of the control group.
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FIGURE 3
ROC curve results of echocardiography DA shunt velocity in premature infants 48 h after birth.



TABLE 5 The optimal cut-off point, sensitivity, specificity, positive likelihood ratio [sensitivity/(1-specificity)], negative likelihood ratio [(1-sensitivity)/specificity].
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Discussion

In this study, univariate and multivariate analysis of echocardiographic parameters of premature infants 48 h after birth were carried out, which has important clinical reference value. The continuous opening of the ductus arteriosus is affected by many factors (9). Among them, ion channel and prostaglandin induced functional closure of ductus arteriosus (3). Compared with term infants, the smooth muscle of ductus arteriosus in premature infants is relatively dysplastic, with a larger inner diameter, thinner wall and a lower sensitivity to oxygen partial pressure (10). In addition, the study of (11) has shown that gestational age and body mass are closely related to the occurrence of PDA.

From hemodynamics' perspective, LAD/AOD well reflects pulmonary blood circulation. The systolic and diastolic AOSP of premature infants is higher than PASP. This causes a portion of the aortic blood to flow to the pulmonary artery through the ductus arteriosus, resulting in increased pulmonary blood flow, and back flow to the left atrium. Consequently, the preload of the left ventricular is increased. The study of (12) has shown that the LAD/AOD ratio has certain value in predicting the ductus arteriosus. In essence, the higher the LAD/AOD value, the greater the pulmonary circulation blood flow, and the heavier the left ventricular preload. Therefore, it is less likely that the ductus arteriosus may close spontaneously. However, the comparative analysis of LAD/AOD values between the two groups in this study is not statistically significant. Our analysis of the LAD/AOD ratio is the result of left atrial enlargement, which means that the left ventricular load increases after a large portion of aortic flow is shunted, but the hemodynamic severity of the shunting effect cannot be directly evaluated. The development of left atrial enlargement takes some time. In this study, for the premature infants with PDA, the change of cardiac hemodynamics was not sufficient to cause the change of LAD/AOD significantly, so the statistical difference is not significant. The phenomenon was also reported in the study of Dix LML team and others (13).

Basically, foramen ovale closes within 1 year after birth, and the hemodynamics of most premature infants is often accompanied by the influence of PAD. Theoretically, the wider the foramen ovale, the greater the blood flow from the left atrium into the right atrium and then into the pulmonary artery through the right ventricle, resulting in higher pulmonary artery pressure and more difficult closure of the ductus arteriosus. However, the shunt flow of the foramen ovale depends not only on the width of the foramen ovale, but also on the pressure difference between the left and right atria. When the foramen ovale is open, blood from the left atrium flows into the right atrium and then enters the pulmonary artery through the right ventricle. The pulmonary blood flow increases, the pulmonary artery pressure increases, and the afterload of the right ventricle increases, causing the pressure of the right atrium to increase. At the same time, the ductus arteriosus is patent, and part of the blood from the descending aorta flows into the pulmonary artery, and the blood flow back to the left atrium increases, and the pressure of the left atrium increases. As a result, the pressure in both the left and right atria increases. In this paper, the width of the foramen ovale and the natural closure of the ductus arteriosus were not statistically significant. Our analysis may be due to the increase in left and right atrial pressure, but the pressure difference decreased. The foramen ovale disposition flow at 48 h after birth was not enough to cause significant statistical difference.

In theory, when the diameter of ductus arteriosus is small and the PASP is normal, the ductus arteriosus shunt has little effect on the cardiac function, and can often be closed spontaneously. When the diameter of the ductus arteriosus is larger, the shunting effect of the ductus arteriosus increases, and the pulmonary artery receives blood not only from the aorta, but also from the right ventricle, resulting in a significant increase in pulmonary blood flow, and increased back flow to the left atrium, leading to an increase in the left ventricular preload. Meanwhile, a large portion of the aortic flow is shunted through the ductus arteriosus, which significantly reduces the systemic blood flow. As a result, the left ventricle is thickened and enlarged to maintain the normal supply of systemic circulation. The above changes reduce the possibility of spontaneous closure of ductus arteriosus.

In this study, we observed that the smooth muscle of ductus arteriosus in premature infants with PDA is poorly developed, the arterial wall is thin, and the contractility is poor. These factors further reduce the possibility of early spontaneous closure of ductus arteriosus. According to the principle of hydrodynamics, when a fluid flows steadily in a pipe, the flow velocity is inversely proportional to the diameter of the pipe. In this study, the DA shunt velocity in the PDA group was lower than that in the control group. It may be speculated that that the lower the shunt flow speed and the wider the internal diameter of ductus arteriosus, the lower the possibility of spontaneous closure of ductus arteriosus. However, the internal diameter parameters of ductus arteriosus within 48 h in this study had no significant statistical significance in univariate analysis. This is consistent with the research reported in Jeong HY, Lee JH and others (14, 15). By drawing the ROC curve, the optimal critical point of echocardiographic DA shunt velocity in premature infants 48 h after birth was 1.165 m/s, and the corresponding specificity, sensitivity, and negative likelihood of the critical point predicting the early natural closure of PDA were obtained. The results have important guiding significance for clinical practice.

In this study, the parameters of the inner diameter of the PDA within 48 h did not have significant statistical significance in the single factor analysis. We speculate that it may also be related to the changeable shape of the PDA. The ductus arteriosus can be divided into the tube type, the funnel type, the window type, the dumbbell type, and the aneurysm type. In some cases, the PDAs are distorted, so the statistical significance of evaluating PDA with DA inner diameter parameters is not obvious.

With an existing PDA, when PASP is greater than AOSP, it will cause ductus arteriosus right-to-left shunt. In this scenario, the high PASP is controlled by drugs, which is not included in the scope of this study. When AOSP is greater than PASP, left to right shunt occurs. A left heart failure caused by left ventricular over volume load may lead to a secondary increase of PASP, and a decrease of the pressure difference between the two ends of the shunt. Therefore, it was found that the ΔPs of the PDA group were lower than that of the control group.

The study of (16) mentioned the multi-factor analysis of the early echocardiographic parameters, and considered that the ultrasonic parameters interact with each other and cannot be analyzed alone. In this study, the multivariate Logistic stepwise regression analysis showed that only the maximum shunt velocity of ductus arteriosus was related to the early natural closure of ductus arteriosus in premature infants. It is speculated that there is an interaction among the parameters of ultrasound, such as the thickness of the shunting affects, the increase of DA shunt velocity, PASP of the shunting indirectly affects the pressure of the left and right atrium, leading to the change of shunt velocity of foramen ovale, and also affects the diameter of atrioventricular and artery.

The shunt diameter is usually measured at the narrowest point of two-dimensional echocardiography. However, this may be difficult to identify manually, especially in the scenario where infants with very low birth weight would be affected by mechanical ventilation, and the ductus arteriosus in premature infants is tiny, and measurement error prone. Therefore, we will consider how to further observe the influence of DA diameter in follow-up studies. In comparison, the velocity of the ductus arteriosus shunt is less affected by manual measurement, and it can indirectly reflect the changes in DA width and the pressure difference between the two ends of the ductus arteriosus. For this reason, the maximum velocity of ductus arteriosus shunt is suggested by us as an optimal parameter in predicting whether PDA may be naturally closed.

Concerning the limitations of the study, we were only able to analyze limited number of echocardiographic parameters, because our study was a retrospective study, and data collection was limited to available ultrasound data based on our routine echocardiography. These parameters were selected as research parameters because they are easy to be popularized and repeated. However, more parameters, e.g., the lung ultrasound measurements could be added to the current parameter data set. This will be incorporated in our future work in subsequent prospective studies.



Conclusion

The echocardiographic parameters 48 h after birth are of great value to predict the early spontaneous closure of ductus arteriosus in premature infants. In particular, the blood flow velocity in the ductus arteriosus shunt is related to the early spontaneous closure of ductus arteriosus.
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Background: To explore the diagnostic clues and abnormality spectrum of heterotaxy syndrome by prenatal ultrasonography and postnatal verification.



Methods: The prenatal ultrasonic data of 88 heterotaxy syndrome fetuses were analyzed retrospectively as left isomerism (LI) and right isomerism (RI). Prenatal ultrasound compared with the anatomical casting of the fetal body after labor induction, and the confirmatory postnatal diagnosis after delivery.



Results: Fetal LI showed typical malformations of gastric vesicles on different sides from the heart, absence of hepatic segment of the inferior vena cava (IVC), abdominal aorta (AO) parallel with the azygos vein (AV), bilateral left bronchus, bilateral left atrial appendages, and polysplenia; intracardiac malformations of AV septal defects (AVSD), single atrium (SA), left ventricular outflow tract obstruction (LVOTO), and double-outlet right ventricle (DORV); and cardiac conduction abnormalities of sinus bradycardia and AV blockage. Fetal RI reported typical malformations of gastric vesicles on different sides from the heart, juxtaposition of the IVC with AO, anomalous pulmonary venous connection (APVC), asplenia, and bilateral right atrial appendages; intracardiac malformations of AVSD, SA, single ventricle, pulmonary atresia and stenosis, and DORV. The postnatal verification revealed 3 malformations misdiagnoses and 4 malformations missed diagnoses in LI fetuses and 10 misdiagnoses and 8 missed diagnoses in RI fetuses.



Conclusions: The proposed five-step prenatal ultrasonography has an important diagnostic value for the identification and classification of heterotaxy syndrome. The different sides of gastric vesicles and cardiac apex are important diagnostic clues for heterotaxy syndrome, featuring disconnected or hypoplastic IVC, typical complex cardiac malformation, and atrioventricular block in fetal LI, and shown APVC, juxtaposition of IVC and AO, and intracardiac malformations such as AVSD, DORV, and LVOTO in fetal RI.
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heterotaxy syndrome, anatomic casting, five-step ultrasound screening, left isomerism, right isomerism





Introduction

Heterotaxy syndrome (HS) is a rare and complex condition with abnormal arrangement of organs in relation to the left-right axis of the body, different from complete situs solitus or situs inversus which occurs 0.8 in 10,000 at live birth (1). HS has two recognized types: left isomerism (LI) and right isomerism (RI). The severity of the cardiac malformation is the main determinant of the outcomes (2). Overall, the five-year survival rate of RI and LI fetuses ranges within 30%–74% and 65%–84%, respectively (3, 4). As the treatment regimens for and prognoses of LI and RI fetuses vary greatly (5, 6), an accurate identification and classification of HS cases warrant due attention. LI and RI involve a wide range of malformations, as well as an array of overlapping disease features. Some cases have atypical characteristics, making a clear distinction between left and right isomers even more difficult (7, 8). Studies have proposed distinguishing HS into LI or RI by evaluating the morphology of atrial appendages (9, 10). In addition, another study further proposed classification by assessing the shape of the atrial appendages and the venous atrial connection (11). However, due to the small size, a location beyond the standard planes, and the not-always-coordinated arrangement of organs with the atrial appendages, atrial appendages cannot be reliably identified by prenatal ultrasonography, posing considerable challenges to accurate identification and classification of HS (12).

A combination of the cardiac sequential segmental method with the extracardiac characteristic sonography has been explored in HS fetuses (13, 14), in which an LI diagnosis was indicated in the presence of at least two of the following features: (1) complete atrioventricular septal defect or other structural heart diseases; (2) interrupted inferior vena cava (IVC) with azygos continuation; (3) early fetal heart block; (4) viscerocardiac heterotaxy, while a RI was suspected in the presence of at least two of the following: (1) complete atrioventricular septal defect or other structural heart diseases; (2) juxtaposition of inferior vena cava and descending aorta; (3) viscerocardiac heterotaxy. Studies have found atrioventricular heart block and IVC interruption to be typical characters of LI, and complete anomalous pulmonary venous connection and juxtaposition of inferior vena cava and aorta to be typical signs of RI, which also could be consistent by varying imaging approach (12, 15–17). However, due to the diversity in the arrangement and combination of multiple malformations in HS fetuses, the general characteristics of classical HS may not be manifested in more than 20% of HS patients (18), signifying that these existing classification methods do not apply to all HS fetuses (19). Given the malformation diversities and challenges in the identification and classification of HS, the aim of this approach to propose a comprehensive and sequential five-step prenatal ultrasonic method to diagnose and classify fetuses with suspected HS, which delineates the disease characteristics of each organ system and depicts each malformation independently. The proposed method can provide a reliable basis for prenatal consultation and clinical decision-making.



Methods

This retrospective study analyzed all HS fetuses diagnosed by the prenatal five-step approach using ultrasonography in Fujian Maternity and Child Health Hospital, Fujian Medical University between January 2014 and May 2022. Informed consent forms were obtained from the guardians of all study subjects. The Ethics Committee of Fujian Maternity and Child Health Hospital, Fujian Medical University (2014FY110700) approved the study. Data on prenatal diagnosis and postnatal follow-ups were obtained from the electronic medical record. Postnatal validation methods include anatomical casting and Ultrasonography. HS patients were excluded from the study if the data from antenatal or postnatal follow-ups were unavailable.


Prenatal ultrasonography

All patients underwent ultrasound screening performed with GE Voluson E8 or E10, Siemens ACUSON S2000, Philips IE33 ultrasound machine with a 4–8 MHz transabdominal probe. Ultrasound settings for fetal echocardiography and pregnancy examination were set according to the parameters recommended by the manufacturer. Prenatal Ultrasound was performed according to the AIUM Performance of Fetal Echocardiography guideline (20), which was performed using the segmental analysis method, combined with Color Doppler and Power Doppler. The atrial and ventricular movements were recorded in M-mode to observe the cardiac rhythm (21). The diagnostic criteria proposed by Berg et al. were adopted for diagnosing HS (12).

Five step approach by Echocardiography: Step 1: The position of viscera and heart was examined to determine: (1) the position of abdominal organs, the course of the portal vein (PV), and the development of IVC and its position in relation to the abdominal aorta; (2) the position of the heart. Step 2: The systemic and pulmonary venous return was examined to detect: (1) the structure of IVC or the interrupted IVC with continuity of the azygos vein (AV). The latter was manifested as a “double vessel” sign in the chest and drainage of the umbilical vein to the right atrium in the sagittal view of the fetal abdomen on a color Doppler flow diagram, showing an absence of the upper part of the inferior vena cava; (2) the drainage characteristics of venous ducts (VD) and hepatic vein (HV) and their connection with atrium; (3) the location and number of superior vena cava and its connection with atrium; (4) the connection between the pulmonary vein and the atrium or systemic vein, and the centrifugal venous flow in the mediastinum or the hepatic inflow in the liver except the umbilical vein and portal vein. Step 3: Signs of any intracardiac malformations were examined for: (1) a common atrium; (2) a single ventricle, two symmetrical ventricles, or a ventricular septal defect (its size and location, if indicated); (3) regurgitation in AV valve or a common AV valve in determining the type of AV valve and its connection with the ventricle; (4) blockage of the outflow tract; (5) defects in aortic and pulmonary artery trunks and branches; (6) displacement of aortic arch; (7) abnormalities in the position and blood flow direction of the ductus arteriosus. Step 4: The fetal heart rate and heart rhythm were measured. In case of abnormality, M-mode ultrasonography was performed to determine the type of arrhythmia. Step 5: Other abnormal signs were surveyed in the spleen, auricle, bronchus, gallbladder, and other organs. Postnatal verification.



Pathological anatomy and vascular casting

The pathological anatomy of the specimens was combined with in-situ observation and post-mortem examination after in vitro fixation. The main steps of the vascular casting were as follows: (1) the umbilical vein was separated, into which a tube was inserted, ligated, and fixed with a silk thread. Afterwards, normal saline was injected into the tube to rinse the blood vessels until the color of the heart and lungs turned lighter; (2) the rinsed samples were cast with epoxy resin, polyamide resin curing agent, and ethyl acetate as the main hardening materials, and red pigment as casting agent; (3) the thoracic and abdominal organs were subsequently removed and corroded in potassium hydroxide solution. The features of intracardiac malformation and systemic and pulmonary venous connection routes were observed after the molding. The samples were photographed and archived before and after casting, and the casting results were recorded. The pathological anatomic diagnosis was referred to the published standards (22). Postnatal imaging data: In case of refusal of anatomical casting after induction of labour, the specimens were examined by conventional thoracic and abdominal ultrasonography. A routine physical examination was performed for live newborns, and an imaging examination was selected according to specific conditions, including abdominal ultrasonography, echocardiography, and electrocardiography.



Statistical analysis

All statistical analysis was performed using SPSS v25.0 software. Comparisons were performed using Student t-tests assuming unequal variance between groups and Fisher’s exact chi-square. Quantitative data were expressed as mean ± standard deviation, and inter-group comparisons were analyzed by t-test. P < 0.05 was considered statistically significant.




Results

The flowchart of this study is shown in Figure 1. Thirteen fetuses were excluded from further analysis due to a lack of follow-up data. A total of 88 fetuses (33 LI, 37.5%; 55 RI, 62.5%) were included. Of the 33 LI cases, there were two intrauterine fetal demises (IUFDs) due to atrioventricular blockage, 26 pregnancy terminations and five live births. Among the five live births, there were two cases of normal cardiac formations, one case of the ventricular septal defect, and one double superior vena cava, who grew up well until the present study. The remanent case died at over one-year-old due to repeated postoperative cholangitis and liver failure, whose diagnosis included heterotaxy, intestinal malrotation, duodenal portal vein, omphalocele, and type I biliary atresia. Of the 55 RI cases, there were two IUFDs, 48 pregnancy terminations, and five live births with complex cardiac malformation. Two died in the newborn period, one was treated conservatively after birth, and the other underwent Glenn operation after birth. The latter three cases reported acceptable general health conditions up to the study. The mean gestational age at diagnosis of LI and RI fetuses was 24.56 ± 6.7 weeks (range: 15–34 weeks) and 23.03 ± 3.15 weeks (range: 13–28 weeks), respectively (P = 0.14). There were 4 cases of gender unknown in LI, and 5 cases in RI. The proportion of males and females in LI cases was similar (14/29 vs. 15/29, p > 0.05), while the number of males was far more than females in RI cases (33/50 vs. 17/50, p = 0.003).


[image: Figure 1]
FIGURE 1
Flowchart of patients with the prenatal diagnosis of heterotaxy syndrome in this cohort. LI, left isomerism; RI, right isomerism; TOP, termination of pregnancy; IUFD, intrauterine fetal demise.



Prenatal findings of fetal left isomerism

The spectrum of cardiovascular and extracardiac lesions screened prenatally. Typical extracardiac malformations by ultrasonography in the 33 LI fetuses were as follows: gastric vesicles on different sides from the heart, absence of hepatic segment of the IVC, a parallel arrangement of the abdominal AO and the (semi) AV (Figures 2A,B), and double superior vena cava (Figure 2D). Further exploration of the venous drainage route in these LI fetuses revealed: hepatic veins infused separately with both atriums (6%); hepatic veins and ductus venous (DV) were separately introduced into both atriums (3%); or bilateral pulmonary veins flowed separately into both atriums (12%). Typical intracardiac malformations included atrioventricular septal defect, single atrium, left ventricular outflow tract obstruction, pulmonary atresia, double-outlet right ventricle, and bilateral left atrial appendage. Cardiac conduction abnormalities in the LI fetuses included sinus bradycardia and atrioventricular blockage. Other systemic abnormalities involved typical bilateral left bronchi, midline liver, and polysplenia. Atypical ultrasonographical signs detected included hypoplasia of the hepatic segment of the inferior vena cava with AV dilation, normal spleen morphology, and nondetectable atria and bronchi.
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FIGURE 2
Prenatal and postnatal ultrasonography of LI fetuses. Prenatal sonography in the transverse section of the abdomen (A–D). (A) absence of a hepatic segment of IVC with dilated azygos; ST gastric vesicle, AO, abdominal aorta, AV azygos vein, and UV umbilical vein. (B) the parallel arrangement of the azygos vein and descending aorta. DAO, descending aorta. (C) the dilatation of coronary sinus. CS, coronary sinus. (D) double superior vena cava, L-SVC, left superior vena cava; R-SVC, right superior vena cava; PA, pulmonary artery. Postpartum sonograms (E–H): the images by postpartum sonography were consistent with prenatal ones.




Anatomy and casting characterization of fetal left isomerism

Of the 26 terminated cases, 20 cases received autopsy (76.92%), and the remaining six cases underwent vascular casting (23.08%), which confirmed the prenatal diagnosis (100%). The typical malformations of LI included inconsistent positions of gastric vesicles and the heart, bilateral bi-lobar lungs, bilateral left atrial appendages, absence of a hepatic segment of IVC with dilatation of azygos or semi-azygos veins, intracardiac abnormalities (atrioventricular septal defect with left ventricular outflow tract obstruction), and extracardiac malformations (midline liver, polysplenia, intestinal malrotation, short pancreas, etc.). Postnatal pathological anatomy reported atypical left morphological structure in some cases: two cases (8%) of hypoplasia of the hepatic segment of the IVC turned out to be thin and narrow; three cases (12%) of small left atrial appendage and unclear morphological features did not feature bilateral left atrial appendage morphology; 10 cases (38%) of polysplenia at the back of stomach turned out basically normal; three cases (12%) of bilateral lobar insufficiency were not the typical bilateral bi-lobar lung. Two intracardiac malformations were misdiagnosed: one case of the single ventricle was mistaken as an unbalanced atrioventricular septal defect and one case of pulmonary atresia as pulmonary artery stenosis; four intracardiac malformations were overlooked, including one case of anomalous pulmonary venous connection and three cases of abnormal hepatic venous return. Among the extracardiac malformations, one case of type I biliary atresia was misdiagnosed as a choledochal cyst (Figure 3).
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FIGURE 3
Ultrasonography of BASM in LAI fetuses. (A) The right-sided stomach and the portal vein branch show a “T” sign. (B) The IVC was small and flowed back to the right atrium after collecting hepatic vein blood. (C,D) A cystic structure was observed in the liver hilum, which was related to the gallbladder.




Prenatal ultrasound findings of fetal right isomerism

As shown in Table 1, the typical signs of extracardiac malformations in RI fetuses included stomach bubbles on a different side from the heart, the juxtaposition of IVC and descending aorta, and bilateral superior vena cava (Figure 4A). The exploration of venous drainage reported 32 cases (58%) of hepatic venous connection to both atriums and 27 cases (82%) of anomalous pulmonary venous connection (APVC), including 10 cases (18%) of mixed APVC, 7 cases (13%) of complete superior cardiac APVC that drained to superior vena cava, and 10 cases (18%) of complete subcardiac APVC that finally converged into the portal vein (Figure 4B). Typical intracardiac malformations in the RI fetuses were as follows: atrioventricular septal defects, single atrium, single ventricle, pulmonary atresia and pulmonary stenosis (Figure 4C), and double-outlet right ventricular. No arrhythmia was found. In addition, bilateral right atrial appendages, midline liver, asplenia, and bilateral right bronchi were also reported. Atypical ultrasound anomalies of the RI fetuses were common pulmonary venous atresia, normal spleen, undetermined atria and bronchial morphology.
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FIGURE 4
Prenatal ultrasonography and anatomical and vascular casting images of RI fetuses. (A) the “+” cross in the center of the heart disappeared during diastole in the four-chamber view, which was a complete endocardial cushion defect. (B) Common pulmonary vein entered the portal vein downwards via the descending vertical vein. (C) AO and pulmonary artery from the right ventricle. Figure (D–F): Front view of the specimen: right-sided heart, midline liver, bilateral right atrial appendage, aorta emanating from the front of the ventricle, left aortic arch, pulmonary artery at the rear, and double superior vena cava were seen. The back view of the specimen: four pulmonary veins formed a common pulmonary vein and flowed downwards via the descending vertical vein to the portal vein. CPV, a common pulmonary vein; VV, descending vertical vein.



TABLE 1 Prenatal ultrasound characterization of left and right isomerism.
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Anatomy and casting characteristics of fetal right isomerism

Of the 46 terminated cases, 41 cases received autopsy, which confirmed the prenatal diagnosis, and 5 cases underwent vascular casting. The typical malformations of RI included the right heart, bilateral right atrial appendages (Figure 4D), and APVC (Figures 4E,F). The combined intracardiac abnormalities included AVSD, single atrium, single ventricle, double-outlet right ventricle, and pulmonary arterial stenosis or atresia, etc. The extracardiac malformations included gastric blisters on the right side and the posterior part of the abdominal cavity near the spinal column, the abdominal aorta and IVC arranged on the same side of the spine (Figure 4E), bilateral lungs with three lobes, midline liver (Figure 4F), and asplenia. Atypical signs included one case (2%) of gastric vesicles located in the center of the posterior part of the abdominal cavity and partially herniated into the thoracic cavity, four cases (7%) of a small, thin spleen at the back of the stomach, two cases (4%) of bilateral lungs with four lobes, five cases (9%) of the small left atrial appendage of unclear morphological features, and one case (2%) of double superior vena cava with bridging vein connection.

One case of the single ventricle was misdiagnosed as an unbalanced atrioventricular septal defect and one case of pulmonary atresia as pulmonary arterial stenosis. In four cases, the spleen was seen in the right posterior part of the stomach, which was misdiagnosed by prenatal ultrasonography. Three cases of APVC were misdiagnosed by ultrasonography, including one case of common vena cava atresia mistaken as complete APVC and two cases as mixed APVC (Figure 5); four APVC cases were overlooked, including one case of abnormal drainage of sub-cardiac pulmonary vein and three cases of common cava atresia of a pulmonary vein; four cases of the hepatic vein were missed by ultrasound scanning.
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FIGURE 5
Prenatal ultrasonography and anatomical images of RI fetuses with atresia of common pulmonary vein (ACPV). (A) The AO and IVC were on the left side of the spine, and the IVC was in the left front of the abdominal aorta. (B) One group of common atrioventricular valve blood flow was seen in the CDFI four-chamber section during the diastolic period. (C) Pulmonary veins form a common cavity of the pulmonary vein behind the atrium. (D) The aorta and pulmonary artery originated parallelly from the single ventricle, complicated with pulmonary stenosis. Figure (E–H) anatomical images. (E) Midline liver, intestinal malrotation, the appendix in the right upper abdomen. (F) Single ventricle, double superior vena cava with bridging vein connection. (G) The heart turned upside down, and the pulmonary veins formed a closed common cavity behind the atrium. (H) The heart specimen was clam-opened, exposing a single ventricle consisting mainly of a right ventricle common atrioventricular inlet, and atrioventricular valve. SA, single atrium; SV, single ventricle; LPV, left pulmonary vein; RPV, right pulmonary vein; CPV, common cavity of the pulmonary vein.




Comparison of ultrasound characteristics between LI and RI cases

The fetuses with LI or RI feature typical and shared ultrasound manifestations, especially in the systemic pulmonary venous circulation and cardiac malformations. All malformations of patients with LI and RI were recorded in Table 1. Most HS fetuses (61% of the LI fetuses and 71% of the RI fetuses) showed an inconsistency between the positions of gastric vesicles and the heart. Of note, more than half of the HS cases reported a left-sided heart and right-sided gastric vesicles; only LI cases displayed an absence of a hepatic segment of IVC with AV dilatation (P < 0.0001), although the double SVC was found in both LI and RI cases (LI vs. RI: 33% vs. 51%, P = 0.11). The reflux characteristics of hepatic veins were observed. Only three LI cases (9%) had hepatic veins and venous ducts flowing into both atria separately, while 76% of RI cases reported hepatic veins flowing into both atria or one atrium separately. Compared with LI, RI showed more abnormal reflux of the hepatic vein and reported more cases of APVC (P < 0.05). The intracardiac malformations in LI included AVSD, single atrium, and left ventricular outflow tract obstruction, while the proportion of RI with intracardiac malformations was much higher, including pulmonary stenosis, pulmonary atresia (P < 0.05), and double-outlet right ventricle. Fifty-two percent of LI fetuses reported heart conduction problems, such as bradycardia and atrioventricular block, which were not found in the RI cases.




Discussion

The available literature has documented typical ultrasonic features in LI and RI during an ultrasound examination (2, 13). In our study, after routine ultrasound screening, when the HS cases were preliminarily suspected according to these associative features, they were further subjected to distinction and classification by the proposed five-step prenatal ultrasonic examination, with each individual system of atypical HS fetuses described systemically. The proposed five-step procedure emphasizes the step-by-step recording of the abnormal arrangement of internal organs and extracardiac abnormalities (ECA), which facilitates the depiction of the anomaly spectrum of fetal HS and accurate ultrasound diagnosis of the fetus during early pregnancy. The incidence of anomalies in HS fetuses was consistent with the previous literature (23). In this study, the inconsistency of gastric vesicles with the heart position was reported in 60% of LI and 71% of RI fetuses, which indicates a great possibility of HS. The LI fetuses mostly showed an absent hepatic segment of IVC accompanied by a dilated AV, which is consistent with previous reports (24). Two LI cases did not indicate an absence of the hepatic segment of the IVC but showed a small hepatic segment of the IVC accompanied by the dilatation of the AV. The common cardiac abnormalities of LI are atrioventricular septal defect and single atrium. In LI fetuses, the development or disappearance of the sinus node can lead to sinus bradycardia, borderline escape, and atrioventricular block. 13 cases of bradycardia were reported in the LI group in our current cohort. As the heart block may present in LI fetuses in early pregnancy (25), detecting the heart block in early pregnancy might be crucial for the early prenatal diagnosis of LI.

In the current study, most of the RI fetuses reported APVC. Those who mixed APVC had multiple drainage sites, such as the atrium, portal vein, superior vena cava, and venous catheter. An accurate exploration of the drainage location can provide supportive information for surgical interventions (26). Previous studies seldom focus on the abnormalities of hepatic veins in HS fetuses (27). In the current study, the anomalies involved more than three hepatic veins: which differs from previous reports (28). In 76% of RI cases, hepatic veins and venous ducts flowed into both atriums and both sides of the single atrium, respectively. The potential explanation for this disparity may be the updated examination methods. Right isomerism is often associated with intracardiac malformations, including atrioventricular septal defect, double-outlet right ventricle, pulmonary arterial stenosis or atresia. The five-step prenatal ultrasound examination yields satisfactory reliability. One case was misdiagnosed as a choledochal cyst with no obvious intracardiac malformation, which was confirmed as biliary atresia splenic malformation syndrome (BASM) after birth. The fetus suffered from recurrent cholangitis after the operation and died of liver failure at the age of 1 year. According to the available evidence, biliary atresia may occur in about 10% of LI cases (25). Of the various types of biliary atresia, BASM may develop into cirrhosis and liver failure in the early stage and may be complicated with many other malformations, posing challenges even to liver transplantation and suggesting a poor prognosis (26). Although challenges remain regarding the prenatal ultrasound diagnosis of biliary atresia, efforts should still be made to evaluate the gallbladder-related conditions in the suspected LI fetuses. The possibility of BASM should be indicated in the presence of a small gallbladder that is abnormal in shape and unclear on display or isolated small cysts near the gallbladder.

Atresia of the common pulmonary vein (ACPV) is a rare congenital cardiovascular malformation. The left and right pulmonary veins form a common pulmonary vena cava, which is not connected to the left atrium, right atrium, or other main body veins (29). As ACPV is often located in the dorsal side of the heart, it is prone to missed diagnosis or misdiagnosis as a complete anomalous pulmonary venous connection (30). However, vascular casting greatly assists ultrasonologists in examining intracardiac malformations and systemic and pulmonary venous connections, broadening their understanding of the disease (31). The postnatal mortality rate of ACPV is extremely high, and the afflicted rarely survive for more than 4 weeks (32). The possibility of ACPV should be considered when prenatal ultrasound detects a common pulmonary venous lumen behind the fetal atrium but fails to clearly show the vertical venous drainage of the common pulmonary venous lumen. In such a scenario, the gain of blood flow should be adequately adjusted to prevent excessive gain from being mistaken for the running drainage vessel.

The prognosis of HS is associated with combined intracardiac and extracardiac malformations. When the malformations only involve IVC absence without the complications of other malformations, or complicated with mild cardiac malformations, LI fetuses usually have an acceptable prognosis (4, 33, 34). Therefore, the parents should be encouraged to avoid excessive induction of labor after diagnosis. Fetal edema and IUFD are more likely to occur in LI fetuses with abnormal heart rhythms, especially atrioventricular blocks. In addition, a complete atrioventricular block, in an LI subject, may be associated with myocardial noncompactness, which is characterized by local ventricular wall thickening and deep trabecular fovea. Such association almost always indicates a poor prognosis. RI is usually combined with conotruncal defects, right ventricular outflow tract obstruction and hypoplastic left heart syndrome. Given the high incidence rate of CHD in RI cases, it commonly faces worse perinatal outcomes than LI. In the current cohort, nearly half of the RI fetuses had a complete anomalous pulmonary venous connection, especially in the case of obstruction, which involved high-risk adverse outcomes. The surgical plan may be prescribed for biventricular repair (LI) and single ventricular repair (RI). However, despite these babies having surgery planned, the mortality rate during and after the operation is still high due to the need for staged operations and the difficulties encountered during operation (3). Considering the poor prognosis of HS, most of the family members chose labor termination in this study. However, HS abnormalities should be accurately diagnosed before decision-making. We should provide appropriate counselling and detailed information for the families. When an HS case was suspected after the routine fetal anatomy screening, it underwent rigorous examination and classification following the five-step prenatal ultrasonography.

In general, the gist of the five-step ultrasonic examination is to observe the location of the heart and gastric vesicles, the return of the systemic and pulmonary veins, intracardiac and extracardiac malformations and heart rhythm, especially spleen, liver and other organs. This set of ultrasonic procedures has an important diagnostic value for HS that could be verified by pathological anatomy. HS is caused by various genetic mutations that impact critical developmental pathways during embryogenesis. Characterization of the fetal organs by ultrasound provides diagnostic biomarkers for HS. Further investigation is imperative to provide information on the underlying mechanisms of this rare disease and improve future prenatal management and guidance.



Limitations

This study is a retrospective analysis of verified diagnoses. Many pregnant women chose termination of pregnancy instead of surgical intervention. We have limited clinical follow-ups. The findings of the patients are only based on the data derived from prenatal ultrasonography.



Conclusions

The proposed five-step prenatal ultrasonic approach can produce an accurate prenatal diagnosis of HS, which would facilitate timely intervention, prenatal counselling and management. Anatomical casting helps improve the understanding of HS. The different sides of gastric vesicles and cardiac apex are important diagnostic indicators for HS. Disconnection or hypoplasia of IVC, characteristic of complex cardiac malformation, atrioventricular block and BASM are some indicators for left isomerism; For the right isomerism, the diagnostic clues include anomalous pulmonary venous connection, parallel IVC and AO, and intracardiac malformations, such as atrioventricular septal defect, double-outlet right ventricle, and right ventricular outflow tract obstruction.
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Persistent fifth aortic arch (PFAA) is an extremely rare congenital cardiovascular anomaly resulting from the failure of the fifth aortic arch to degenerate during embryonic development; it is often associated with various other cardiovascular anomalies. Despite being first reported by Van Praagh in 1969, there have been only a few individual case reports. Owing to its rarity and lack of comprehensive understanding, PFAA is often misdiagnosed or missed diagnosed during clinical. Thus, this review aimed to summarise the embryonic development, pathological classification, imaging diagnosis, and clinical treatment of PFAA to improve its overall understanding, ultimately helping in accurate diagnosis and treatment.
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1. Introduction

Persistent fifth aortic arch (PFAA) is widely recognised as a rare congenital cardiovascular malformation that results from the failure of the fifth aortic arch to degenerate during embryonic development (1). It was first reported by Van Praagh through autopsy in 1969 (2). PFAA has an extremely low incidence rate, with Gerlis (3) reporting an incidence of only 0.3%. Clinical symptoms of PFAA are nonspecific and mainly depend on the combination of other deformities and their haemodynamic changes. PFAA is usually confirmed during the neonatal or infant period, with only a few cases reported in adults (4). PFAA is earliest classified by the Weinberg classification (5). Subsequently, some new classifications have been reported according to the proximal and distal connections of the vessel and the direction of blood flow (6, 7). Due to the rarity of PFAA and the fact that only individual cases are reported, misdiagnosis and missed diagnosis are common in clinical practice (8–10). Thus, this review aimed to improve the comprehensive understanding of PFAA by summarising its embryonic development, pathological classification, imaging diagnosis, and clinical treatment to improve diagnostic accuracy and treatment.



2. Mechanisms of embryonic development

The aortic arch develops from the aortic sac. During normal embryonic development, six pairs of branchial arches originate from the pharyngeal arch and extend to the dorsal aorta (Figure 1). However, these arches do not always persist and undergo a sequence of orderly digestion and absorption processes between embryonic weeks 3–8 (11). The embryonic development of the arch is asymmetrical. Typically, the first and second branchial arches evolve into the transcranial artery (maxillary and hyoid arteries), whereas the third branchial arch exists permanently, forming the left and right common carotid arteries and part of the internal carotid artery, with their roots connected to the aortic sac. The right fourth branchial arch connects to the right seventh intersegmental artery and then to the right third branchial arch, ultimately forming the brachiocephalic trunk. The left fourth branchial arch connects to the distal and proximal left dorsal aortas to form the horizontal aorta. The right sixth branchial arch forms the right pulmonary artery, whereas the left sixth branchial arch forms the ducts or arterial ductal ligament.


[image: Figure 1]
FIGURE 1
The developmental process of each pair of aortic arches in the embryonic stage. (A) Each pair of arterial arches connects to the ventral aorta and dorsal aorta; (B) a simple graph of the development of each pair of arterial arches in the embryo.


During normal embryonic development of the arterial system, the bilateral fifth branchial arch is immediately absorbed after its development. However, PFAA develops if any unilateral and/or bilateral branchial arches fail to degenerate or completely degenerates and participates in vascular ring formation (12), resulting in hypoplastic blood vessels (13, 14).



3. Clinical classification

As PFAA can occur unilaterally or bilaterally, it can present as various clinical types. The Weinberg classification is commonly used in clinical practice to categorise PFAA based on different abnormal vascular connections (5) (Figure 2). Weinberg type A is characterised by a double-lumen aortic arch, where the upper arch is the fourth arch, and the lower arch is the fifth arch, known as PFAA. The right innominate, left carotid, and left subclavian arteries typically arise from the fourth aortic arch. Weinberg type B is characterised by a single-lumen aortic arch, with the fourth aortic arch being interrupted, and the fifth arch originating from the ascending aorta and connecting to the descending aorta. Weinberg type C is characterised by the fifth arch originating from the proximal innominate artery of the ascending aorta and connecting to the pulmonary artery (Table 1).


[image: Figure 2]
FIGURE 2
Diagram of Weinberg classification (5). (A) Weinberg type A, double-lumen aortic arch; (B) Weinberg type B, single-lumen aortic arch; (C) Weinberg type C, pulmonary to descending aorta.



TABLE 1 Comparison of improved classification and weinberg classification of PFAA.

[image: Table 1]

In the present study, we conducted a literature search and collected data on 104 reported cases of PFAA from 77articles. We accurately classified these cases according to the Weinberg classification, excluding cases with unclear descriptions of the images and arterial connections. Among the 104 cases, Weinberg type A was the most common type of PFAA, accounting for 40.4% (42/104) of the cases, followed by Weinberg type B, accounting for 38.5% (40/104) of the cases. Weinberg type C was the least common, accounting for 18.3% (19/104) of the cases; the remaining 3 cases could not be classified using the Weinberg classification.

Subsequently, as more cases of PFAA were reported and a deeper understanding of the condition was gained, many scholars began to suggest that the Weinberg classification could not sufficiently cover the various types of PFAA. Therefore, they proposed an improved classification based on the anatomical origin and haemodynamic changes of PFAA (6, 7, 40). This improved classification divides PFAA into four types (Figure 3 and Table 1).


[image: Figure 3]
FIGURE 3
Diagram of improved classification (7). Type A, systemic-to-systemic connection; Type B, systemic-to-pulmonary connection; Type C, pulmonary-to-systemic connection; Type D, Bilateral PFAA, with right double-lumen aortic arch and left PFAA. Ao, ascending aortic arch; IV, aortic arch; V: fifth aortic arch; PA, pulmonary artery; RPA, right pulmonary artery; and VI, sixth branchial arch (arterial ducts).


Table 1 shows that the A1 type of the improved classification is equivalent to Weinberg type A, as both are characterised by a double-lumen aortic arch. The A2 type of the improved classification is equivalent to Weinberg type B, which is a single-lumen aortic arch, with the fourth arterial arch occluded or interrupted and the fifth aortic arch serving as the arterial arch supplying blood between the aorta and descending aorta. The B type of the improved classification is equivalent to Weinberg type C, where PFAA is connected from the ascending aorta and terminates in the pulmonary artery. Table 2 shows that the modified classification could cover all of our cases, including the 3 cases that were not defined by Weinberg classification, demonstrating that the relationship between the improved and Weinberg classifications is not a purely one-to-one correspondence. The improved classification covers the Weinberg classification and is relatively more comprehensive and specific. Therefore, the improved classification is a supplement and derivative based on the Weinberg classification, which can more completely summarise different common and rare types of PFAA. The Weinberg classification only covers the common PFAA types corresponding to the improved classification.


TABLE 2 Characteristics of the 104 cases of PFAA reported in the literature.
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4. Clinical symptoms and complications

The clinical symptoms of PFAA are nonspecific and mainly depend on the combination of other deformities and their haemodynamic changes (41). Patients usually do not exhibit any obvious clinical symptoms when PFAA is not associated with other vascular malformations, and they may even be asymptomatic. This condition is more common in Weinberg type A patients, who are often diagnosed during physical or accidental examinations (12, 19, 42).

Patients with congenital heart disease, such as aortic atresia, interruption of aortic arch (IAA), coarctation of the aorta, patent ductus arteriosus (PDA), pulmonary atresia (PA), tricuspid atresia, atrial septal defect, and ventricular septal defect (VSD), may experience a range of symptoms, including heart murmur, cyanosis, cough, shortness of breath, pneumonia, and bronchitis. For instance, Li et al. (43) reported a 50-day-old boy with Weinberg type B PFAA who had IAA and PDA and presented with shortness of breath and abnormal heart murmur. Interestingly, for some patients with PFAA who are associated with PA, the presence of PFAA can be beneficial, as the fifth arch serves as an important system for pulmonary shunt (31, 33). However, severe cases may result in congestive heart failure, cardiogenic shock, and multiorgan failure (35, 44). For instance, Sinha et al. (33) reported the case of a 2-month-old boy with Weinberg type C PFAA who had a VSD and PA. The patient presented with central cyanosis, poor feeding, and failure to thrive.

Furthermore, some patients with PFAA may exhibit distinct facial and bodily abnormalities in clinical practice, which may be linked to genetic and chromosomal abnormalities, such as 22q11.2 chromosome deletion (16, 20, 45, 46), PHACE (25), and Cornelia de Lange syndromes (CdLS) (47). Based on our literature review, six cases of PFAA were associated with 22q11.2 chromosome deletion syndrome, and they primarily presented with scoliosis (48), palate abnormalities, facial deformities, hypocalcaemia (46), T-cell-mediated immune deficiency (49), and mild-to-moderate growth retardation. Growth retardation and poor feeding were the most common symptoms. In addition, two PFAA patients were found to have CdLS (14, 50) and were classified as Weinberg type A. CdLS is a genetic syndrome typically characterised by intellectual disability, distinct facial features, upper limb abnormalities, and atypical growth (51). In contrast, only one PFAA patient has been reported to have PHACE syndrome. The patient was classified as Weinberg type B and was associated with aneurysmal dilatation of the fourth aortic arch (25). The patient exhibited typical clinical manifestations of PHACE syndrome, such as frontotemporal cutaneous haemangioma, posterior fossa malformation, arterial abnormality, cardiac defects, and ocular abnormalities (52). Furthermore, the repeats of 22q11.2 (20) and 9q (47) are associated with PFAA. Therefore, clinicians should consider the possibility of PFAA in cases where a patient exhibits distinct facial features and abnormal cardiac haemodynamics.



5. Diagnostic imaging

Imaging technology plays a crucial role in the diagnosis of PFAA. Echocardiography is a non-invasive and cost-effective imaging method that allows real-time evaluation of dynamic anatomical structures, haemodynamics, and cardiac functions. It is recognised as the first-line diagnostic tool for PFAA, even in foetuses, owing to its ability to provide detailed information. Furthermore, echocardiography can be used to assess the systolic function of blood vessels preoperatively and postoperatively. However, complex extracardiac anatomy may lead to missed or incorrect diagnoses (8, 10). Computed tomography angiography (CTA) is considered to be more accurate than ultrasound in showing vascular origination, branching, aortic arch complexities, surrounding blood vessels, and their spatial structure. However, CTA is less effective in assessing intravascular blood flow. Magnetic resonance angiography (MRA) provides a clearer anatomical structure of the arch of aorta and its relationship with surrounding structures, thus making it a useful diagnostic tool before surgery or cardiac catheterisation. MRA has gradually replaced cardiac catheterisation as an effective non-invasive method in clinical practice. However, MRA application in clinical practice is limited by its high cost. Digital subtraction angiography is considered the gold standard for the diagnosis of PFAA (53); however, it involves radiation exposure and intervention (54).

Of the 104 cases we reviewed, almost all patients underwent echocardiography. According to our statistical analysis (Table 2), 18(17.3%) patients were initially diagnosed using echocardiography, 39(37.5%) patients were initially diagnosed using CTA, 23(22.1%) patients were initially diagnosed using cardiac catheterisation, 5(4.8%) patients were confirmed using MRA (29, 30, 38, 55, 56), 10(9.6%) patients were diagnosed during the operation, and 9(8.7%) patients were confirmed post-mortem (2–4, 9, 31, 57). The results indicate that various imaging techniques have great diagnostic values in identifying cardiovascular malformations. Echocardiography can serve as the first-line diagnostic tool for PFAA, and when combined with CTA and/or MRA, it can provide a more accurate evaluation of the pathological anatomy, clinical type, and haemodynamics of PFAA.



6. Treatment of PFAA

Patients with PFAA and no clinical symptoms may not require intervention. However, when PFAA is associated with other cardiovascular malformations caused severe haemodynamic change, surgical treatment and prostaglandin E1(PGE1) are often used to manage severe clinical symptoms in infancy (28). PGE1 is used to dilate blood vessels, reduce blood pressure, and prevent platelet aggregation (58). The surgical procedure typically involves resection of the narrow part or ligation of the fifth arch to reconstruct the fourth arch, patch enlargement of the arch stenosis, and patch augmentation of the fifth arch to replace the fourth arch, sometimes using the Gore-Tex tube grafts or stenting (8, 47, 59–61).

Of the 104 cases, 64 have undergone surgery and six patients underwent resection of the stenotic segment of the fifth arch and end-to-end anastomosis of the fifth arch with the descending aorta. In the present review, 14 patients received PGE1 treatment and 12 of them were subsequently treated surgically. Among the 14 patients who received PGE1 treatment (8, 38), except for the two patients who showed ineffective for PEG1 treatment, 12 patients showed good results in dilating the narrowed blood vessels (3, 15, 21, 23, 28, 30, 34, 58, 62–65). In our reviewed 104 cases,five patients underwent interventional balloon dilation; among them, two patients experienced long-term restenosis and required secondary balloon dilation or surgery (66, 67). Six patients received stent implants, and follow-up results showed normal ventricular ejection function and no definitive stenosis (24, 42, 47, 66, 68, 69).



7. Conclusion

PFAA is a rare congenital cardiovascular malformation typically reported as individual case studies. The clinical symptoms of PFAA are nonspecific and mainly depend on its complications. Due to the inadequate understanding of PFAA, patients with this condition are often misdiagnosed or missed diagnosed. In this review, we collected literature on reported cases of PFAA and summarised its embryonic development, pathological classification, imaging diagnosis, and clinical treatment. We aimed to provide a comprehensive understanding of PFAA and improve its diagnosis and treatment.
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Objective: To study the differences in computed tomography angiography (CTA) imaging of gothic arches, crenel arches, and romanesque arches in children with Aortic Coarctation (CoA), and to apply computational fluid dynamics (CFD) to study hemodynamic changes in CoA children with gothic arch aorta.



Methods: The case data and CTA data of children diagnosed with CoA (95 cases) in our hospital were retrospectively collected, and the morphology of the aortic arch in the children was defined as gothic arch (n = 27), crenel arch (n = 25) and romanesque arch (n = 43). The three groups were compared with D1/AOA, D2/AOA, D3/AOA, D4/AOA, D5/AOA, and AAO-DAO angle, TAO-DAO angle, and aortic arch height to width ratio (A/T). Computational fluid dynamics was applied to assess hemodynamic changes in children with gothic arches.



Results: There were no significant differences between D1/AOA and D2/AOA among gothic arch, crenel arch, and romanesque arch (P > 0.05). The differences in D3/AOA, D4/AOA, and D5/AOA among the three groups were statistically significant (P < 0.05), D4/AOA, D5/AOA of the gothic arch group were smaller than the crenel arch group, and the D3/AOA and D5/AOA of the gothic arch group were smaller than the romanesque arch group (P < 0.05). The difference in AAO-DAO angle among the three groups was statistically significant (P < 0.05), and the AAO-DAO angle of gothic arch was smaller than that of romanesque arch and crenel arch group (P < 0.05). There was no significant difference in the TAO-DAO angle between the three groups (P > 0.05). The difference in A/T values among the three groups was statistically significant (P < 0.05), and the A/T values: gothic arch > romanesque arch > crenel arch (P < 0.05). The CFD calculation of children with gothic arch showed that the pressure drop between the distal stenosis and the descending aorta was 58 mmHg, and the flow rate at the isthmus and descending aorta was high and turbulent.



Conclusion: Gothic aortic arch is common in CoA, it may put adverse effects on the development of the aortic isthmus and descending aorta, and its A/T value and AAO-DAO angle are high. CFD could assess hemodynamic changes in CoA.
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1. Introduction

Aortic coarctation (CoA) refers to a certain degree of narrowing of the aortic arch caused by various causes. It causes high blood pressure in the proximal end of stenosis, low blood pressure at the distal end, congestive heart failure, refractory hypertension, etc. It is one of the most common complex congenital heart diseases in children (1–3). At present, the disease mostly relies on transthoracic echocardiography (TTE), computed tomography angiography (CTA), and cardiac magnetic resonance (CMR) for morphological diagnosis, and reflects the development of the aortic arch by measuring the diameter of each level of the aortic arch and then calculating the proportion (4, 5).

The treatment of CoA requires restoring aortic anatomy as much as possible, thereby lowering systolic blood pressure in the upper extremities and increasing blood perfusion in the lower extremities. However, children with CoA could develop a specific aortic arch morphology. For example, in Turner Syndrome (TS), the aortic arch morphology often presents with an elongated transverse arch and a flattened and twisted arch (6). Studies have shown that this arch morphology is at great risk of hypertension and ascending aortic dilation in patients with TS, and it is recommended to include an evaluation of aortic arch morphology in the hypertensive risk stratification of TS (7). The shape of the aortic arch can be described as Gothic, Crenel, and Romanesque (8), derived from the corresponding architectural style. The Gothic arch is triangular, with an acute angle between the ascending and descending aorta, and the transverse arch of the aorta is shortened or absent; the Crenel arch is rectangular, and the length of the aortic transverse arch is normal; the Romanesque arch is somewhere in between, round (9). Whether different arch morphologies have an effect on the morphological development and hemodynamic changes of the aortic arch has not been confirmed by relevant studies. At the same time, Computational fluid dynamics (CFD), as a medical-engineering combination technology, could calculate intravascular hemodynamic indicators based on images (10, 11), and has made certain research progress in the diagnosis, treatment, and follow-up of intracranial aneurysm, aortic dissection, atherosclerosis, and other vascular diseases. Therefore, this study aims to evaluate the morphology and arch development of aortic arches in CoA patients and apply CFD to describe the kinetic significance of special aortic arch morphology in patients with CoA, so as to provide more powerful clinical references.



2. Materials and methods


2.1. General data

Retrospectively collected 95 children with CoA in our hospital from March 2017 to October 2022, 54 males and 41 females, aged 0.03–77.43 months. The median age was 3.00 months. Patients could be included when they met the following conditions: (1) patients received both chest CTA and TTE confirmed CoA within 2 weeks prior to surgical correction; (2) patients excluded aortic arch branch development variant, transposition of the great arteries (TGA), interrupted aortic arch (IAA), and aortitis and other aorta-related diseases. This study is retrospective and has been reviewed by the Ethics Committee of Children's Hospital Affiliated to Chongqing Medical University (No. 394 of 2021).



2.2. Echocardiography

GE Vivid E9 (General Electric, USA) and Philips iE 33 (Philips, Netherlands) multifunctional ultrasound diagnostic instruments, probe frequencies of 1.7–3.3 and 1–5 MHz. Record Peak Systolic Pressure Gradient (PSPG) at the aortic arch across stenosis.



2.3. CTA scanning

The patients underwent CTA scan with Philips Brilliance iCT at the initial diagnosis. Dexmedetomidine nasal sedation was performed by the anesthesiology department for children who could not cooperate. The scan ranged from the lower neck to the diaphragm level. The tube voltage was 80–100 kV, the tube current was automatically adjusted, the acquisition slice thickness was 5.0 mm, the pitch was 1.1 mm, the collimation was 0.6 mm, and the reconstruction slice thickness was 1.0 mm. The contrast scan was performed respectively at 15–30 and 50–60 s by hand or dorsal foot venously injected iodine contrast medium (320 mg/L, 1.5–2.0 ml/kg, and a flow rate of 0.5–3.5 ml/s).



2.4. CTA image analysis

Import CTA images into Philips IntelliSpace Portal V6.0 workstation post-processing software using thoracic macrovascular volume reproduction (VR), maximum density projection (MIP), and other image post-processing techniques, so that the ascending aorta, aortic arch, descending aorta and thoracic aorta transverse septum are at the maximum level in the oblique sagittal position. The maximum inner diameter of the ascending aorta (AOA) at the level of the main pulmonary artery, the maximum inner diameter of the proximal arch (D1), the distal arch (D2), and the isthmus (D3), the middle section of the descending aorta (D4) and the descending aorta at the transverse septum (D5) were measured. AAO-DAO angle, TAO-DAO angle, aortic arch height (A), and aortic arch width (T) were measured in the way shown in Figure 1, and the arch morphology was defined. Two senior pediatric imaging physicians engaged in cardiovascular disease research measured the images blinded, and agreed upon disagreement; all measurements were carried out 2 times and then take the average. According to the diagnostic criteria proposed in the Chinese expert consensus on the surgical treatment of congenital heart disease, D1/AOA, D2/AOA, and D3/AOA were calculated to evaluate the development of the aortic arch, and D4/AOA, D5/AOA and the height-to-width ratio (A/T) were calculated.


[image: Figure 1]
FIGURE 1
(A) Oblique sagittal MIP image measurement, AOA: maximum inner diameter of the ascending aorta; D1: maximum inner diameter of the proximal arch; D2: maximum inner diameter of the distal arch; D3: maximum inner diameter of the isthmus; D4: the middle section of the descending aorta; D5: maximum inner diameter of the descending aorta at the transverse septum; (B,C) oblique sagittal position MIP image measurement, AAO-DAO angle and the TAO-DAO angle are the angle between straight line AAO and DAO, TAO and DAO, respectively; AAO: a straight line connecting AAO to the anterior border of the left brachiocephalic trunk artery along the internal border of the ascending aorta; DAO: a straight line connecting the descending aorta to the posterior border of the left subclavian artery (LSCA) along the internal border of the descending aorta; TAO: a straight line connecting the anterior border of the left brachiocephalic trunk artery to the posterior border of the LSCA along the internal border of the transverse arch of the aorta; (D–F) aortic arch height to width ratio measurement: aortic arch width (T) refers to the maximum horizontal distance between the end point of the ascending aorta and the midpoint of the descending aorta, aortic arch height (A) refers to the vertical distance from the highest point of the aortic arch centerline to the straight line of the aortic arch, gothic arch (D), romanesque arch (E), crenel arch (F).




2.5. Computational fluid dynamics technology

(1) Image reconstruction: the original CTA images (DICOM format) of the patient were imported into Mimics software, by adjusting the threshold range to fit the blood in the heart and aorta, and editing the mask many times to preliminarily construct a three-dimensional model of the aorta. The aortic starts from 0.5 cm above the aortic valve to the descending aortic perforating diaphragm, and the three aortic branches, including the brachiocephalic trunk, the left common carotid artery (LCCA) and the left subclavian artery (LSCA), are retained, and then the model is smoothed and meshed in 3-matic software to save the model. (2) Setting boundary conditions and establishing hemodynamic model: the blood vessel wall is assumed as a rigid wall without slip, the blood is an insulated incompressible Newtonian fluid, the density is 1,050 kg/m3, the kinematic viscosity coefficient is 0.0035 Pa·s, and the flow mode is laminar flow. The inlet (0.5 cm above the aortic valve) border has a velocity 1.2 m/s, measured by TTE. The puncture pressure of the left upper limb is the outlet boundary of the brachiocephalic trunk, LCCA and LSCA, and the puncture pressure of the left lower limb is the exit boundary of the descending aorta. (3) Flow simulation: using Fluent software to solve the fluid flow, the conservation of mass (continuity equation) and the conservation of dynamics (Navier-Stokes) partial differential equation of fluid flow and control of blood flow by finite volume method, set the cardiac period to 0.8 s. The calculation time step is 0.005 s, and the maximum number of iterations in each time step is 200; (4) The convergence calculation results are extracted, the calculation results of the last cycle are extracted, and post-processed in CFD-Post software to output the systolic peak blood flow pressure along the central axis from the beginning of the aorta to the descending aortic diaphragm. The above process is shown in Figure 2.


[image: Figure 2]
FIGURE 2
Computational fluid dynamics technical process.




2.6. Statistical analysis

SPSS26 software was used for statistical analysis. Quantitative data are expressed as mean ± standard deviation (M ± SD) and qualitative data are expressed as frequency (%). The normal distribution test uses the Kolmogorov-Smirnov method, and the homogeneity of variance test uses the Levene test. The t-test or χ2 test was used for comparison between groups, and the difference was statistically significant at P < 0.05.




3. Results

According to the arch morphology, 95 patients were divided into gothic arch (n = 27, 28.4%), crenel arch (n = 25, 26.3%), and romanesque arch (n = 43, 45.3%) (Table 1). There was no significant difference in clinical data such as gender, age, weight, and PSPG in the three groups (P > 0.05). The morphological measurements of CTA in three groups of patients are shown in Figure 1. There were no significant differences between D1/AOA and D2/AOA among gothic arch, crenel arch, and romanesque arch (P > 0.05). The differences in D3/AOA, D4/AOA, and D5/AOA among the three groups were statistically significant (P < 0.05), D4/AOA, D5/AOA of the gothic arch group were smaller than the crenel arch group (P < 0.05), and the D3/AOA and D5/AOA of gothic arch group were smaller than the romanesque arch group (P < 0.05). The difference in AAO-DAO angle among the three groups was statistically significant (P < 0.05), the AAO-DAO angle of gothic arch was smaller than that of romanesque arch and crenel arch group (P < 0.05). There was no significant difference in the TAO-DAO angle between the three groups (P > 0.05). The difference in A/T values among the three groups was statistically significant (P < 0.05). The average A/T values in the gothic arch, crenel arch, romanesque arch group were 0.70148 ± 0.014898, 0.49028 ± 0.013728, 0.58212 ± 0.012791, respectively. The A/T values: gothic arch > romanesque arch > crenel arch (P < 0.05).


TABLE 1 Comparison of clinical data and CT morphological data of the three groups (M ± SD).

[image: Table 1]

The CTA image of one CoA child showed the gothic aortic arch and the hemodynamic changes of the aortic arch obtained by computational fluid dynamics calculations were shown in Figure 3. The pressure in the ascending aorta, arch, and brachiocephalic trunk, left common carotid artery, and left subclavian artery are high, and the pressure value does not decrease significantly. The pressure at the stenosis is drastically reduced, and the pressure difference between the distal stenosis and the descending aorta is about 58 mmHg, while the PSPG measured by TTE was 57.2 mmHg.


[image: Figure 3]
FIGURE 3
Hemodynamic changes in CFD in CoA patients with gothic aortic arch, (A) pressure distribution; (B) flow rate distribution; (C) Streamlined distribution; (D) pressure distribution at the ascending aorta level; (E) pressure distribution at the narrow level; (F) pressure curve.




4. Discussion

CoA is a localized stenosis of the lumen of the aortic arch, which tends to occur at the level of the ductus arteriosus and the distal left subclavian artery. As a group of complex congenital heart diseases in children, it occurs slightly more in men than in women, accounting for about 6%–8% of all congenital heart diseases (1, 2). The pathogenesis of CoA is still unclear, there are several theories discussing the occurrence of CoA: (1) multiple genetic variants involved in cardiac angiogenesis and cardiac development, such as NOTCH1 genetic mutations could cause abnormal embryonic development; (2) The theory of catheter tissue migration holds that abnormal ductus arteriosus tissue in the aortic wall narrows the lumen of the aorta in the isthmus, and is further aggravated by the contraction and closure of the ductus arteriosus after birth; (3) Fetal hemodynamic theory believes that due to the presence of fetal ductus arteriosus, blood flow through the isthmus of the aorta is reduced, resulting in poor development and obvious fineness of the isthmus (2). Hypertension in the upper extremities and low blood perfusion in the lower extremities are characteristic of CoA, and stenosis leads to increased aortic pressure, aggravates left ventricular afterload, could induce myocardial hypertrophy, and eventually evolves into chronic heart failure (12). CoA has a poor natural prognosis, with approximately 5% of patients dying within the first few weeks, and approximately 10% of patients aged 1-6months occurs heart failure, and the median survival age is only 31 years old (13).

Many studies have pointed out that clinical consequences such as hypertension are related to abnormal aortic arch morphology (14). According to the shape of the aortic arch, it can be defined as gothic, crenel, or romanesque arch, which comes from the corresponding architectural style. They are triangular, rectangular, and round in shape respectively. Normally the aortic arch is generally romanesque (9). Among the CoA cases included in our study, romanesque arches accounted for the majority, some were crenel arches, and gothic arches showed a high proportion, suggesting that the occurrence of CoA may affect the arch morphological structure of the aorta. Possibly because the above theory (2) points out, abnormal ductus arteriosus tissue contracts and pulls the aortic arch in the isthmus, causing the arch to be sharp or blunt, then the shape changes. The study of Sophocleous et al. (15) showed that as the height increases and the width decreases, the aortic arch curvature was greater, which correlated with the presence of CoA (P = 0.02). Ou et al. defined (8) defines arch morphology in terms of the height to the width ratio (A/T), and when A/T is greater than 0.8, it is defined as a gothic arch, A/T less than 0.6 is a crenel arch, and a romanesque arch in between. In this study, the difference in the A/T ratio between the three groups was statistically significant, but the mean A/T value of the gothic arch group did not reach more than 0.8, varying from Ou's study. It may be that the aortic arch in some children is sharp and triangular in shape, which could be clearly defined as a gothic arch. However, the aortic arch is poorly developed, showing a small height or width of the aortic arch. Also, the limitation caused by the small number of cases can not be excluded.

Several fetal cardiac ultrasound or magnetic resonance studies have proposed two new methods for measuring AAO-DAO angle and TAO-DAO angle (16). Arya et al. divided the patients into CoA and non-CoA groups by postnatal examination, and the results showed that the two angles obtained by prenatal echocardiogram measurement present significant differences between the two groups (17). The critical values were obtained: AAO-DAO angle ≤20.31° and TAO-DAO angle ≥96.15°, they two are novel indicators of accurate postnatal outcomes-presence or absence of CoA, making prenatal diagnosis of CoA more accurate and helping to improve delivery planning. In children, echocardiography could observe stenosis of the lumen of the aorta, the direction of blood flow, and measure the blood flow velocity at the narrowest part of the aorta and the pressure gradient across the stenosis. Cardiac magnetic resonance could show the aorta and its surrounding blood vessels in multiple directions and sequences without contrast agent, which is a non-invasive examination method, but it has high requirements for heart rate and respiration and children are not easy to cooperate, limiting its application. CTA is performed through powerful post-processing techniques, including maximum density projection (MIP), multiplanar reconstruction (MPR), and thoracic macrovascular volume reproduction (VR). These 2D/3D images show multi-plane, multi-angle intuitive stereoscopic imaging of CoA and provide accurate measurement of the length and degree of CoA. The collateral circulation and other malformations, as well as the position relationship between blood vessels and between blood vessels and soft tissues could be seen clearly (18, 19). Echocardiography and CTA complement each other to provide a strong reference for clarifying the diagnosis, location, and extent of CoA, and are more commonly used in children. This study is the first to propose the measurement of AAO-DAO angle and TAO-DAO angle in CoA children in CTA images. No significant difference was seen in the TAO-DAO angle among the three groups, and the results were similar to Wang's study (20). AAO-DAO angle exists differently when the arch morphology is different, and compared with the crenel arch and the romanesque arch, the AAO-DAO of the gothic arch is small and sharp. The AAO-DAO angles of the crenel arch are blunt. Thus, regarding the definition of the aortic arch morphology of CoA, in 2004 Phalla defined the gothic arch as an A/T ratio of >0.8. The definition of the height-to-width ratio of the three arch forms, the population turnover over the past 10 years, the need to establish a large database for contemporary children, combined with the subjective evaluation of arch morphology, the height-to-width ratio (A/T) and AAO-DAO angle, to re-obtain the guideline value finally.

Chinese experts such as Zhang a et al. (21) believed that aortic coarctation could be divided into simple CoA and Hypoplastic Aortic Arch (HAA). The diagnostic criteria of the latter commonly is that the diameter of the aortic near arch, distal arch, and isthmus is less than 60%, 50%, and 40% of the diameter of the ascending aorta, respectively. It is generally believed that the patient's imaging examination shows that the diameter of the aortic arch stenosis is ≤50% of the normal value, so the diagnosis is confirmed. In this study, the measurement data of CTA images were used to analyze the development of the aortic arch, and the D3/AOA ratios of the three groups are less than 0.40, yet CoA could be confirmed (22). There were no significant differences between the three groups of D1/AOA and D2/AOA, indicating that different arch morphologies had little effect on the development of the proximal and distal arches of the aorta. Due to the presence of stenosis, blood flow through the isthmus of the aorta and descending aorta is reduced, which could cause poor development of the aorta. In gothic arch, the D4/AOA and D5/AOA were smaller than that of the crenel arch group, and the D3/AOA and D5/AOA were smaller than that of the romanesque arch group, indicating that the gothic arch morphology had a greater adverse effect on the development of the aortic isthmus and descending aortic segment (23). Therefore, the gothic arch should be actively reconstructed during surgical repair of CoA, and similarly, if the stenosis is not corrected intraoperatively and the postoperative gothic arch is produced, the risk of severe postoperative hypertension will also be significantly increased, so the gothic arch should be avoided during surgery. Furthermore, previous studies of CoA have mostly measured the diameter of the aorta at all levels to calculate the degree of stenosis and the development of the aortic arch. But CoA is not only a disease with a narrowing aorta, it also causes dynamic changes. Clinically, malformed geometry is strongly correlated with hemodynamic complications. Several studies have pointed out that the incidence of hypertension in the gothic aortic arch is significantly higher than that of the crenel arch and the romanesque arch (24). The special arch morphology complicates the hemodynamic changes of the aortic arch.

Computational fluid dynamics (CFD) could show dynamic changes in the aortic arch. This technology reconstructs blood flow pipelines based on CTA, magnetic resonance angiography (MRA), or other imaging methods. CFD simulates blood flow and calculates flow rate, pressure, and other parameters to non-invasively evaluate hemodynamic changes. The 2022 American Heart Association (ACC)/American College of Cardiology (AHA) report states that TTE showing the peak systolic pressure gradient (PSPG) >20 mmHg based on upper extremity hypertension or left ventricular hypertrophy confirms the diagnosis of CoA (25). As shown in Figure 3, the aortic arch in this case is a gothic arch, with high pressure of about 125 mmHg from the ascending aorta to the distal of the stenosis, excessive blood supply to the brain and upper limb, sharp decrease in pressure at the stenosis, low blood pressure of the descending aorta, and insufficient blood supply to the lower body, according to which the clinical results such as oliguria and weakened femoral pulse could be explained from kinetics (26). The flow rate of the section of the aorta from ascending aorta to stenosis is uniform, about 1.2–1.7 m/s, and the blood flow is in a good laminar flow state. The flow rate of the stenosis and descending aorta segment increased significantly, and there was a velocity distribution greater than 2 m/s and different degrees of turbulence. Abnormal blood turbulence could increase aortic pressure drop, heart work, and even cause platelet aggregation and thrombosis. CFD simulation could be used to visually detect abnormal changes in the aorta of patients with CoA, such as abnormal blood flow velocity distribution, and abnormal turbulence, which is useful for providing relevant references to study the extent of CoA, the causes of associated complications, and the prognosis of treatment. Some studies have also proposed wall shear stress (WSS), a hemodynamic indicator acting on endothelial remodeling and arterial dilation (27). WSS leads to vascular inflammation, endothelial proliferation, and apoptosis imbalance through signal transduction, and uneven thickness of the tube wall, then aortic dilation, aneurysms, or atherosclerosis could occur (28, 29). Related studies have proposed that in CoA, WSS strongly depends on the geometry of the aortic arch, and the gothic arch has a higher WSS in the ascending aorta and transverse aorta, showing an eccentric distribution (30). Meanwhile, the sharp corners of the gothic arch could lead to greater pressure changes, which adversely affect the cardiovascular system. Increased aortic arch WSS causes structural changes in the aortic wall, increased stiffness, and decreased compliance, and long-term changes lead to progressive damage and pathological remodeling of vascular structure (31, 32), and eventually may lead to ascending thoracic aneurysms (ATAA) (33).

In addition, PSPG was correlated with the degree of stenosis (18). In this study, the 95 cases were grouped according to arch morphology, and there was no significant statistical difference in PSPG between the groups as measured by echocardiography. It was statistically found that 3 groups of CoA with patent ductus arteriosus (PDA) accounted for more than 70%. There was no significant statistical difference in the proportion of PDA among the three groups. In the presence of ductus arteriosus, the blood flow discharged from the right ventricle could enter the descending aorta through the pulmonary artery and PDA, supply lower extremity blood flow perfusion, and compensate for the effect of aortic arch stenosis on descending aorta dynamics in CoA patients. Lu et al. (34) included 36 patients with both CoA and PDA, of whom only 14 (38.9%) had upper arm-leg blood pressure difference (>10 mmHg). A pressure gradient >10 mmHg with significant collateral circulation could also be diagnosed CoA when the trans-aortic pressure gradient is not above 20 mmHg (25). The collateral circulation of CoA has abundant sources, which could originate from the internal mammary artery, intercostal artery, thyroid cervical trunk, vertebral artery, etc. (27). Agarwa et al. (35) reported a 5-year-old male with no obvious symptoms, presenting with a heart murmur, and TTE measured aortic isthmus blood flow velocity within the normal range, but abdominal aortic blood flow continued to be low, and blood pressure in upper and lower extremities was 139/87, 72/48 mmHg, respectively. Further improve CTA examination to diagnose CoA with extensive vertebral collateral supplying the descending aorta, the diameter of the lumen of the surgically resected aortic isthmus is less than 1 mm. Thus, the velocity is measured by TTE, then calculating the pressure gradient generated by blood flow from the Bernoulli equation (36). The greater the velocity of blood flow to the aortic wall, the greater the pressure gradient between the ends of the stenosis. When stenosis is severe and persistent, the presence of collateral circulation blood flow may reduce blood flow through the aortic stenosis, and the pressure gradient measured by TTE may not be severe.

There are still certain limitations in this study: (1) the morphological definition of the aortic arch and the determination of the cut-off value need to be further explored and verified; (2) The exact clinical significance of CFD in CoA needs to be further analyzed and verified by more cases.



5. Conclusion

In summary, when the arch morphology of patients with aortic coarctation is gothic arch, the development of the aortic isthmus and descending aorta segment is often poor, which seriously affects the clinical consequences from morphology and kinetics. The evaluation of aortic arch morphology should be combined with subjective evaluation, height-to-width ratio, AAO-DAO angles, etc. At the same time, the application of computational fluid dynamics could visually display the hemodynamic changes in the aortic arch in CoA patients, which provides references for explaining comorbidities such as hypertension.
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Objectives: This study aims to investigate the efficacy of prenatal ultrasonography in diagnosing the anomalous origin of the fetal pulmonary artery (AOFPA).



Methods: A total of 26 AOFPA cases were retrospectively analyzed from January 2014 to January 2023. The features of the AOFPA were characterized by comparing the prenatal ultrasonic data with the results of anatomical casting after pregnancy termination or postnatal imaging and surgical intervention. Missed diagnoses and misdiagnoses were expounded.



Results: Of the 26 AOFPA cases, there were 13 cases of pulmonary artery sling, 8 cases of anomalous origin of the unilateral pulmonary artery, and five cases of unilateral absence of the pulmonary artery; 17 cases received pathological anatomy and casting after pregnancy termination, and nine cases were confirmed by postnatal imaging and surgery. Nineteen cases were accurately prenatally diagnosed (19/26, 73.1%), and seven cases were missed or misdiagnosed (7/26, 26.9%).



Conclusions: Prenatal ultrasonography has a favorable diagnostic efficacy for anomalous origin of the fetal pulmonary artery. The absence of either the left or right pulmonary artery from the image of pulmonary artery bifurcation may indicate origin abnormalities of the pulmonary artery in fetuses, which signifies the necessity to detect the abnormal origin of the pulmonary artery on the affected side and other potential intracardiac malformation complications.
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fetus, prenatal ultrasound, pulmonary artery sling, anomalous origin of the unilateral pulmonary artery, unilateral absence of the pulmonary artery





Introduction

The anomalous origin of the pulmonary artery (AOPA) is a rare congenital cardiovascular malformation, including pulmonary artery sling (PAS), anomalous origin of the unilateral pulmonary artery (AOUPA), and unilateral absence of the pulmonary artery (UAPA) (1). The condition may occur independently or be complicated with other cardiovascular malformations. Due to the disparities in pathologic anatomy, its prognosis varies greatly for different patients (2, 3). As the right pulmonary artery sling is rare and may occur only in the presence of visceral isomerism (4), PAS usually refers to the left pulmonary artery sling, in which the left pulmonary artery originates from the posterior wall of the right pulmonary artery and travels between the esophagus and trachea to form a vascular ring to reach the left hilus (5). PAS is usually associated with tracheobronchial abnormalities and other congenital heart defects (6). In AOUPA, the anomalous pulmonary artery branch originates from the ascending aorta, with an incidence of about 0.12% (7), and the other pulmonary artery branch continues with the main pulmonary artery. Anatomically, AOUPA can be divided into the anomalous origin of the right pulmonary artery branch from the aorta (AORPA) and the anomalous origin of the left pulmonary artery branch from the aorta (AOLPA) (1). It can be further divided into proximal and distal types according to the distance between the location of anomalous pulmonary artery origin and the aortic valve: (1) the proximal type accounts for 85% of AOUPA, with the opening of the pulmonary artery located close to the aortic valve; and (2) the distal type accounts for 15% of AOUPA, with the opening of the pulmonary artery located near the beginning of the innominate artery (1, 8). Studies have documented different embryonic developmental mechanisms for AOLPA and AORPA and for the proximal and distal types of AOUPA (9, 10). A recent study speculates that the distal type of AOUPA might be a manifestation of UAPA during the fetal period (3). The latter is a rare form of congenital pulmonary vascular dysplasia, with an incidence of about 1 in 200,000 (11), referring to unilateral proximal pulmonary artery occlusion or unilateral absence of the intrapericardial segment of the pulmonary artery (12).

To date, an accurate diagnosis of abnormalities in fetal pulmonary artery origin remains challenging. Due to its rare occurrence, AOPA runs an extremely high risk of missed diagnosis or misdiagnosis (3, 13). Other studies have demonstrated that infants with AOPA report a grave mortality rate if postnatal surgery is not performed in due time (13–15). Some selected cases are controversial in the partial literature. Therefore, an accurate prenatal diagnosis of AOPA is essential for antenatal counseling, perinatal management, and postnatal care. This study aims to improve the accuracy of prenatal diagnosis of AOPA by retrospectively analyzing the prenatal ultrasound images, postnatal anatomical manifestations, and postnatal examinations of AOPA cases.



Materials and methods


Study population

From January 2014 to January 2023, 103,227 fetuses underwent systematic ultrasonography and 68,198 fetuses were examined at 11–13+6 weeks. A total of 3,867 cases were identified for congenital heart disease, and 26 AOPA cases were confirmed by pathological autopsy, postnatal imaging, or surgery, with the pregnancy age ranging from 23 to 40 years and the gestation age ranging from 12.7 to 35.6 weeks. The study was approved by the Ethics Committee of Fujian Maternity and Child Health Hospital, Fujian Medical University (2014FY110700), and informed consent was obtained from the families. In pregnancy termination cases, the families signed an informed consent for autopsy or casting verification.



Fetal echocardiography

Philips IU22 and GE Voluson S8, E8, and E10 ultrasound diagnostic instruments were applied, with the probe frequency set at 4.0–8.0 MHz. According to the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) fetal cardiac screening guidelines (16), the fetal heart was scanned by segmental sequence analysis. For suspected AOPA cases, the three-vessel series section (three-vessel section, trivascular-tracheal section, trivascular-pulmonary artery bifurcation section) should be used for observation, and the left/right ventricular outflow tract, ascending aorta, pulmonary artery trunk and its branches, ductus arteriosus (DA), etc. should be explored. In the case of a suspected PAS, the coronal section of the trachea was scanned to reveal the course and inner diameter of the trachea and the details of tracheal stenosis.



Neonatal echocardiography

Postnatal echocardiography was performed with a Philips EPIQ 7C and IE Elite ultrasound diagnostic instrument, with the probe frequency set at 3.0–8.0 MHz. According to the American Society of Echocardiography (ASE) pediatric echocardiography guidelines (17), the heart was comprehensively scanned by segmental analysis to observe the origin, internal diameter, and blood flow of the pulmonary artery and its branches. The development of other cardiovascular structures was also evaluated.



Computed tomography angiography

Computed tomography angiography (CTA) was performed with a GE revolution CT (256 slices) for infants with suspected AOPA. Iopromide was injected according to the infant’s body weight (1.5 mL/kg). For infants with poor cooperation during the examination, chloral hydrate was applied. The orthostatic image was scanned in the supine position, and the region of interest was placed in the pulmonary trunk. After 5–6 s of injection, the exposure scan began when the CT value reached the threshold (70 Hu), with the following parameters: thickness 0.625 mm, exposure time 0.6–1 s, and voltage 80 kV. The observed data were postprocessed with the Advantage Windows 4.6 workstations, including volume rendering (VR) reconstruction, maximum intensity project (MIP) reconstruction, and three-dimensional (3D) tracheobronchial reconstruction, to reveal the shape of the bronchi and the movement of blood vessels more intuitively and three-dimensionally.



Dissection and casting

Abnormal specimens of fetal pulmonary artery origin were mainly dissected by combining in situ observation and ex vivo immobilization. The specific steps are as follows: (1) after the removal of the thymus, the heart and large blood vessels were exposed and the pericardium was removed; (2) in situ observation of the heart was proceeded, focusing on (a) the position, axis, size, and shape of the heart; (b) the external shape of the atria and ventricles; (c) the location and size of the aorta; and (d) the size and continuity of the aortic arch, ductus arteriosus, and descending aorta after the displacement of the lungs; (3) the heart–lung tissue was removed and fixed with formalin liquid; (4) the fixed heart specimen was autopsied along the direction of blood flow to reveal the atrium, ventricle, atrioventricular septum, valve and the opening position, inner diameter, branched blood vessel, and direction of the aorta. For smaller hearts, abnormalities were observed by removing part of the atrioventricular wall or blood vessel wall. Cardiovascular casting was performed by the combination of the thoracic and abdominal cavity casting, observing the following three steps: (1) the blood vessels were rinsed with normal saline until the color of the heart and lungs turned lighter; (2) the casting agent was prepared; (3) after perfusion with the casting agent, the organs in the chest and abdomen were removed when the specimen hardened and placed in the potassium hydroxide solution for corrosion, and the molding was completed.



Statistical analysis

The data were analyzed with SPSS 25.0. The prenatal ultrasound results were compared with the findings of postnatal imaging, surgical results, pathological anatomy, or casting. The measurement data were expressed as x ± s, and the counting data were expressed as frequency or percentage.




Results

The 26 cases of abnormal fetal pulmonary artery origin, including 13 PAS cases, eight AOUPA cases, and five UAPA cases, are summarized in Table 1. Of them, 17 cases were confirmed by pathological autopsy after pregnancy termination and nine cases were confirmed by postnatal echocardiography, surgery, or CTA. Nineteen cases (19/26, 73.1%) were accurately diagnosed by prenatal ultrasonography, and seven cases (7/26, 26.9%) were missed or misdiagnosed.


TABLE 1 Prognosis of 26 cases of fetal pulmonary artery origin combined with intracardiac malformations.
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Prenatal findings of the anomalous origin of the pulmonary artery

The prenatal ultrasonography indicated that the absence of the typical bifurcation structure in the section of pulmonary artery bifurcation was a common ultrasound manifestation of AOPA. The main pulmonary artery continued to be only one pulmonary artery. Details of the PAS cases are shown in Table 2. The ultrasound images of PAS showed that the right pulmonary artery extended directly from the main pulmonary artery and the left pulmonary artery originated from the right pulmonary artery and formed a “C”-shaped vascular ring from right to left behind the trachea and traveled between the trachea and esophagus to the left hilus. Among the 13 PAS cases, five cases (5/13, 38.5%) had different degrees of compression and narrowing of the trachea, in which one reported an enlarged right lung, with an enhanced echo and left deviation of the heart axis, due to severe stenosis of the right bronchi; three cases underwent fetal cardiac ultrasonography during the early pregnancy (11 w–13+6 w), in which one case (Case 4) showed no apparent abnormalities; one case (Case 3) reported a right shift in the heart position, with an enlarged volume of the left lung and a slightly enhanced echo; and one case (Case 5) showed that the left pulmonary artery originated from the right pulmonary artery and bypassed behind the trachea at 12+5 weeks, diagnosed as PAS. Case 3 was confirmed as PAS during the middle and late pregnancy. In the same PAS population, there were five isolated PAS cases (5/13, 38.5%) and eight cases (8/13, 61.5%) complicated with other intracardiac malformations, including ventricular septal defect (VSD), permanent left superior vena cava (PLSVC), pulmonary artery dysplasia, coarctation of the aorta (CoA) and tetralogy of Fallot (TOF).


TABLE 2 Associated malformation and prognosis of PAS.
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Of the eight AOUPA cases, ultrasonography revealed that the main pulmonary artery only branched out the left (or right) pulmonary artery, with the right (or left) pulmonary artery originating from the proximal ascending aorta (closer to the aortic valve) or distal ascending aorta (near the beginning of the innominate artery), in which seven cases reported an abnormality in the origin of the right pulmonary artery and one case displayed an abnormal origin of the left pulmonary artery (Table 3). Of the seven AORPA cases, stenosis of the right pulmonary artery was found in two cases, with the right pulmonary arteries originating near the innominate artery; except for three isolated cases, complications with other intracardiac structural abnormalities (such as VSD, CoA, interruption of the aortic arch, mitral valve atresia, etc.) were shown in four cases, in which one case was coupled with aortic-pulmonary window, interruption of the aortic arch, intact ventricular septum and diagnosed as Berry syndrome. The remaining AOLPA case was complicated by TOF and the right aortic arch with mirror branches.


TABLE 3 Associated malformation and prognosis of AOPA.
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All five UAPA cases reported an absence of the left pulmonary artery (Table 4), only with the right pulmonary artery directly extending from the main pulmonary artery in the section of the pulmonary artery bifurcation. The distal pulmonary artery and intrapulmonary blood flow at the left hilus were tracked, revealing that the left pulmonary artery was connected to the innominate artery or the transverse arch of the aorta via the ductus arteriosus. Of the five UAPA cases, three were concomitant with TOF, in which one case reported both TOF and absent pulmonary valve syndrome (APVS).


TABLE 4 Associated malformation and prognosis of UAPA.
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Prognosis of the anomalous origin of the pulmonary artery

Among the 13 PAS cases, five patients were re-examined for PAS by postnatal echocardiography and received no intervention due to a lack of clinical symptoms and two cases were confirmed as PAS by surgery, in which one underwent an integrated prenatal (Figure 1) and postnatal (Figure 2) management—a dynamic tracking and observation covering the early pregnancy, middle, and late pregnancy, postnatal (preoperative) period, surgery, and postoperative care. In this particular patient, signs of PAS were suspected during early pregnancy and confirmed during mid-to-late pregnancy review and postnatal echocardiography/CTA review. The patient received tracheoplasty and pulmonary artery sling surgery and recovered favorably. Of the 13 PAS cases, six cases received pregnancy termination, and the pathological anatomy and casting evidenced that the left pulmonary artery originated from the right pulmonary artery, passed by the right side of the trachea, and extended between the trachea and the esophagus into the left hilus.


[image: Figure 1]
FIGURE 1
Integrated prenatal and postnatal management of PAS (prenatal portion). (A) Ultrasound examination at 13+4 weeks showed that the heart shifted to the right and the volume of the left lung increased compared with the right lung. (B–D) Ultrasound detected PAS at 17+2 weeks. Ultrasound examination showed that the left pulmonary artery originated from the right pulmonary artery, bypassed behind the trachea from right to left, and the right pulmonary artery had a narrow inner diameter. These suggested PAS and dysplastic right pulmonary artery. (E,F) Ultrasound examination at 30 weeks confirmed the same diagnosis. PA, pulmonary atresia; DA, ductus arteriosus; AO, aorta; LPA, left pulmonary artery; RPA, right pulmonary artery; SVC, superior vena cava; T, trachea.



[image: Figure 2]
FIGURE 2
Integrated prenatal and postnatal management of PAS (postpartum portion). (A,B) Neonatal echocardiography and CTA showed PAS. (B–D) Minimum density projection and 3D tracheobronchial reconstruction reported long-term stenosis in the middle and upper long segment of the airway, the stenotic lower trachea, and the stenotic trachea above the carina. (E) Postoperative echocardiography showed that the left and right pulmonary arteries originated from the main pulmonary artery. (F) 3D tracheobronchial reconstruction indicated a significant improvement in tracheal stenosis when compared with the preoperative period.


Of the eight AOUPA cases, two AORPA cases reported stenosis at the beginning of the right pulmonary artery and were presented with the right pulmonary atresia after birth, with one case (Case 6 in Table 3) showing a blood supply for the right lung via collateral vessels from the descending aorta by postnatal ultrasonography and CTA. For the other case (Case 8 in Table 3), a narrowed right pulmonary artery originating from the ascending aorta (near the innominate artery) was found on the first postnatal day by ultrasonography and pulmonary atresia was evident on the 25th postnatal day, accompanied by small collateral blood vessels from the descending aorta. On the 26th postnatal day, CTA was performed, which revealed no right pulmonary artery and no collateral blood vessels in VR reconstruction. However, on the 30th postnatal day, an ultrasound examination reported thicker collateral blood vessels (Figure 3). To date, these two cases have no clinical symptoms and are still followed. The remaining six cases received pregnancy termination and the pathological anatomy precisely located the origin of the branch of the pulmonary artery at the root of the ascending aorta or near the beginning of the innominate artery.


[image: Figure 3]
FIGURE 3
Progressive atresia of the right pulmonary artery originating from the ascending aorta in one of twins. (A–C) Main pulmonary artery continued only as the left pulmonary artery and ductus arteriosus. The right pulmonary artery originated from the ascending aorta, and a crest-like protrusion was seen at the opening of the right pulmonary artery at 24+3 weeks, reporting consistent results at 27+5 weeks and 31+3 weeks. (D, E) Echocardiographic review on the 1st postnatal day was consistent with prenatal results, with the right pulmonary artery originating from the lateral wall of the ascending aorta in the vicinity of the opening of the innominate artery. The course was tortuous, with the color Doppler image indicating colorful blood flow signals. (F) Cardiac ultrasound on the 25th postnatal day revealed a thickening of the main pulmonary artery and left pulmonary artery, and the small collateral vessels originating from the descending aorta (indicated with a yellow arrow). (G,H) Postnatal CTA examination and VR reconstruction only showed the left pulmonary artery branching from the main pulmonary artery, with the right pulmonary artery absent. However, no collateral vessels from the descending aorta were seen. (I) Repeated echocardiography on the 30th postnatal day did not expose the right pulmonary artery but revealed thicker collateral blood vessels from the aortic arch and descending aorta. MAPCA, major aortopulmonary collaterals.


In this study, pregnancy termination was adopted for all five UAPA cases and pathological anatomy and casting confirmed the absence of the left pulmonary artery. The left pulmonary artery was attached to the innominate artery or the aortic arch. Interestingly, one case was complicated by the absence of a pulmonary valve and TOF, in which the anatomical casting showed that the absence of the pulmonary valve created a “whale’s tail” sign in the right pulmonary artery and that the left pulmonary artery originated from the transverse arch of the aorta (Figure 4).


[image: Figure 4]
FIGURE 4
Unilateral absence of pulmonary artery with absent pulmonary valve in tetralogy of Fallot. (A) Outflow tract section showed the ventricular septal defect and aortic riding span. (B) Indistinct pulmonary valves, small development of the pulmonary annulus, significantly widened pulmonary artery and high-speed blood flow signal of two-way round trip in the spectrum Doppler. (C,D) Right subclavian artery was vagus, and the left pulmonary artery originated from the transverse arch of the aorta. (E,F) Anatomical casting showed that the absence of the pulmonary valve created a “whale’s tail” sign in the right pulmonary artery and that the left pulmonary artery originated from the transverse arch of the aorta. LV, left ventricle; RV, right ventricle; ARSA, aberrant right subclavian artery; LPV, left pulmonary vein; ARCH, aortic arch; DAO, descending aorta.




Missed and misdiagnosed conditions of the anomalous origin of the pulmonary artery

Of the four missed AOPA cases (4/26, 15.4%), one AORPA case (Case 5 in Table 3) and three PAS cases were missed. In the PAS population, two cases (Cases 11 and 12 in Table 2) were two sets of twins, with abnormality found in one of the twins for each set, and the remaining case (Case 13 in Table 2) was a singlet. They were all missed during the second-trimester screening and PAS was found by postnatal echocardiography. The AORPA case received a pathological autopsy and was complicated with multiple, severe intracardiac malformations.

Three UAPA cases were misdiagnosed (3/26, 11.5%), in which the absence of the left pulmonary artery was misdiagnosed as an anomalous origin of the left pulmonary artery branch from the aorta. They were all ultrasonically misdiagnosed as AOLPA during the second trimester and all opted for induction, in which one case (Case 3 in Table 4) was confirmed as UAPA by vascular casting and the other two cases (Cases 2 and 4 in Table 4) were confirmed as UAPA by pathological anatomy.




Discussion

Prenatal ultrasonography can be adopted to observe the pulmonary artery on multiple sections as there is no gas interference in the lungs during the fetal period, which can depict the location, course, and inner diameter of the pulmonary artery throughout the process. The standard prenatal ultrasound examination may indicate the absence of a normal pulmonary artery bifurcation as a common ultrasonic feature of AOPA, in which one pulmonary artery extends directly from the main pulmonary artery and the pulmonary artery on the affected side is not detected. However, ultrasonic disparities remain regarding specific types of abnormalities. The pulmonary artery on the affected side of AOPA originates at the root of the ascending aorta or near the innominate artery and that of UAPA is connected to the aortic branch by ductus arteriosus, whereas the left pulmonary artery of PAS originates from the right pulmonary artery and travels posteriorly and leftward to the left hilus through the right side of the trachea. For AOPA incidences, color Doppler examination can reveal no connection between the abnormal origin of the pulmonary artery branch and the main pulmonary artery. Further spectral Doppler analysis may show that the blood vessels draining into the lung are characterized by the feature of the pulmonary artery spectrum. An important indicator of AOPA is the absence of one pulmonary artery on the pulmonary artery bifurcation section, in which the origin of the abnormal pulmonary artery should be detected in the right pulmonary artery, ascending aorta, or aortic arch branches and can be traced backward from the distal end of the pulmonary artery branch at the hilus on the affected side.


Pulmonary artery sling

PAS is divided into the complete type and partial type (18). In the former, the main trunk of the left pulmonary artery originates from the right pulmonary artery. In the latter, although a rare case, part of the left pulmonary artery branches originates from the right pulmonary artery while the left pulmonary artery trunk and other branches remain normal in origin and course. A previous study reported a case of partial PAS in children (19), and the current study found 13 complete PAS cases. PAS is often complicated with segmental or extensive tracheal stenosis and tracheomalacia (20, 21), resulting in symptoms such as stridor, breath shortness, and recurrent lung infections. The clinical course and prognosis depend primarily on the degree and extent of airway narrowing. In this study, five of the 13 PAS cases reported tracheal narrowing, with one showing abnormal lung development due to severe bronchial stenosis. Therefore, when PAS is suspected during prenatal ultrasonography, the coronal section of the trachea should be scanned for abnormalities in morphology, course, and stenotic degree of the trachea. Available literature documents that about 40%–50% of PAS cases are complicated with other cardiovascular malformations (1) and that PAS can be associated with right ventricular myocardial insufficiency and total anomalous pulmonary venous connection (22, 23). In the current study, 61.5% of PAS cases were accompanied by other intracardiac malformations, such as PLSVC, TOF, and VSD.

With the recent development of high-resolution ultrasonic instruments and the accumulation of experience on the part of sonographers, the structure of fetal hearts can be better depicted during early pregnancy. In addition, nuchal translucency (NT) and ductus venosus flow spectrum can greatly improve the specificity and accuracy of screening for congenital cardiac malformations (24). In the current study, three of the thirteen PAS cases underwent fetal cardiac screening at 11–13+6 weeks, in which one case reported fetal NT thickening, reversed A wave in ductus venosus, and direct intracardiac signs of PAS; one case showed indirect signs, such as a right shift of the heart and increased left lung volume, and was diagnosed as PAS during middle and late pregnancy; and one case reported no obvious fetal heart structural abnormalities but was confirmed during the second trimester. Due to the small structure of the fetal heart during early pregnancy, as well as factors such as fetal position, the resolution of the instrument, and the expertise of the operator, an accurate diagnosis of PAS remains a challenge during early pregnancy, so a dynamic follow-up should be prescribed during the middle and late pregnancy.

Although PAS has typical antenatal echocardiographic features, it is prone to missed diagnosis. In this study, three PAS cases were missed, of which two were set of twins and one was a singleton. The potential explanations for the missed diagnosis may be as follows: (1) the relatively challenging and prolonged ultrasound examination for twins, which may bring about insufficiencies on the part of the technician and changes in the fetal position, thus resulting in the missed diagnosis; (2) the under-recognition of the importance of the three-vessel series section and insufficient knowledge of PAS; and (3) the adjacence of the fetal ductus arteriosus to the left pulmonary artery, which increases the chances of mistaking the ductus arteriosus for the left pulmonary artery.



Anomalous origin of the unilateral pulmonary artery from the aorta

Available literature indicates a 5–6-fold higher incidence of AORPA than that of AOLPA (25). Consistently, the current study found, of the eight AOUPA cases in the enrolled study cohort, seven cases of AORPA and one case of AOLPA. Studies have demonstrated that after birth, the abnormal pulmonary artery receives a high-pressure blood flow from the aorta, while the unaffected pulmonary artery receives all the blood from the right ventricle, leading to pulmonary hypertension, obstructive pulmonary disease, and even heart failure (13). So, an early diagnosis and timely surgery are required to prevent irreversible vascular lung disease (26). If the initial part of the pulmonary artery originating from the ascending aorta is narrowed, gradual stenosis or even atresia may develop in that part of the unilateral pulmonary artery (1). In this study, two cases of the right pulmonary artery originating from the ascending aorta reported a narrowed start, in which the affected part deteriorated into the right pulmonary artery atresia after birth and the blood flow to the right lung was supplied by collateral blood vessels originating from the descending aorta. However, the transcollateral vessels were not revealed by CTA examination in Case 8. A possible explanation may lie in that the infant was young and the collateral blood vessels supplying the right lung were thin and could not be satisfactorily detected. Therefore, when the pulmonary artery is abnormally originating from the ascending aorta, attention should be paid to whether the beginning of the pulmonary artery is narrowed. Although AOUPA can be diagnosed early and repaired surgically, restenosis still may occur postoperatively (27).

In addition, AOUPA can be prone to other intracardiac structural abnormalities (28), such as TOF, CoA, interruption of the aortic arch, and VSD, which dictates huge prognostic disparities. Some studies suggest that AOLPA is more commonly associated with either TOF or the right aortic arch (25) and that AOLPA is more common than AORPA in TOF (28). In our study, the AOLPA case was complicated with TOF and the right aortic arch with mirror branches. Also, one of the AORPA cases was complicated by aortopulmonary window and disconnection of the aortic arch, which was diagnosed as Berry syndrome. The latter is an extremely rare complication of cardiovascular malformations, with an incidence of about 0.046% (29), mainly featuring distal aortopulmonary septal defect, dysplastic aortic arch (coarctation or disconnection of the aortic arch), a right pulmonary artery originating from the ascending aorta, and complete ventricular septum (30). Therefore, when AOUPA is detected prenatally, attention should be paid to the potential coexistence of other intracardiac malformations. The complications of other severe and frequent intracardiac malformations may mask the presence of AOUPA, resulting in missed diagnosis and misdiagnosis, and one case of AORPA was missed in this study. It is worth mentioning that we also need to distinguish AOUPA from persistent truncus arteriosus (PTA). AOUPA has separate pulmonary valves and a pulmonary artery trunk. In the PTA, the arteriosus also emits branches of the pulmonary artery, but the truncus arteriosus originating from the ventricle has only one set of semilunar valves.



Unilateral absence of the pulmonary artery

UAPA is characterized by a disconnection between the main pulmonary artery and the pulmonary vessels in the lung parenchymal (the proximal unilateral pulmonary artery) but a connection between the distal part of the pulmonary artery and the intrapulmonary vessels. The distal pulmonary artery in the fetus is connected to the aortic arch branch or the transverse aortic arch via DA (12). In the UAPA group, five cases were reported. Due to the study protocol and the inclusion criteria of UAPA, we did not enroll cases of pulmonary atresia with ventricular septal defect (PA/VSD), unilateral pulmonary dysplasia, or absence because the vessels supplying the affected lung in the PA/VSD are collateral vessels from the descending aorta (31) and pulmonary agenesis is a complete absence of the pulmonary parenchyma, airways, and vasculature unilaterally or bilaterally (32). Therefore, they are not UAPA in the strict sense of the word. With the closure of DA on the affected side after birth, the distal part of the pulmonary artery in the lung also gradually atrophies or even deteriorates into atresia, forming a typical UAPA pathological change after birth (33). Unfortunately, all UAPA cases in this group chose to terminate the pregnancy, making unrealistic and impractical an analysis of postnatal UAPA fetuses. Although the absence of the right pulmonary artery is more common than the absence of the left pulmonary artery, the latter may occur more frequently if other cardiovascular malformations are combined (1). The missing pulmonary artery is usually located on the opposite side of the aortic arch (1). In this study, all five UAPA cases reported an absence of the left pulmonary artery, with blood supply via DA from the innominate artery or the transverse arch of the aorta, three of the left aortic arch, and two of the mirror branch of the right aortic arch.

UAPA is often associated with other congenital heart defects, of which TOF is the most common (15). The incidence of UAPA with TOF is about 1%–3% and that of the absent pulmonary valve (APV) with TOF is 5% (34). A complication of UAPA with TOF and APV is extremely rare. A previous study documents that the absence of the left pulmonary artery in 2% of patients with TOF is more frequent in 14.3% of patients with APVS (35). The study also reports one case of the absent right pulmonary artery with APVS (35). In our study, three of the five cases with the absent left pulmonary artery were complicated with TOF and one was coupled with TOF and APVS. Three UAPA cases were misdiagnosed as AOLPA, which may be attributed to the following considerations: (1) the location of the abnormal origin of the pulmonary arteries is both located in the distal end of the ascending aorta (immediately adjacent to the beginning of the innominate artery), which makes it difficult to accurately differentiate the distal AOUPA and UAPA before delivery; and (2) concomitant multiple cardiovascular malformations may confound the detection of the ductus arteriosus, which implies the necessity to detect the presence of DA.




Limitation

This is a single-center study with a small sample size, and long-term outcomes are unavailable for analysis. Although this cohort reports a high induction rate and a frequent complication with multiple malformations, without genetic testing results, the causes of the anomalous origin of the fetal pulmonary artery cannot be determined. Future multicenter studies and further genetic verification are urgently awaited.



Conclusions

Prenatal ultrasonography has a crucial value in diagnosing the anomalous origin of the fetal pulmonary artery. The absence of one pulmonary artery on the section of pulmonary artery bifurcation is an essential clue for diagnosing abnormal origins of the pulmonary artery. The location of the abnormal origin of the pulmonary artery on the affected side should be traced and attention should be paid to the potential complications with other intracardiac malformations. Pathological anatomy, postnatal CTA, and CT reconstruction may contribute to a better understanding of the anomalous origin of the pulmonary artery.
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Fetal cardiac MRI is a rapidly evolving form of diagnostic testing with utility as a complementary imaging modality for the diagnosis of congenital heart disease and assessment of the fetal cardiovascular system. Previous technical limitations without cardiac gating for the fetal heart rate has been overcome with recent technology. There is potential utility of fetal electrocardiography for direct cardiac gating. In addition to anatomic assessment, innovative technology has allowed for assessment of blood flow, 3D datasets, and 4D flow, providing important insight into fetal cardiovascular physiology. Despite remaining technical barriers, with increased use of fCMR worldwide, it will become an important clinical tool to improve the prenatal care of fetuses with CHD.
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Introduction

While fetal echocardiography remains the first line to diagnose cardiovascular anomalies in-utero, MRI has increasingly been used as a complement to ultrasound-based modalities. Fetal echocardiography was first introduced in the mid-1980s (1) and soon thereafter became the mainstay for assessment of the fetal cardiovascular system, as it is safe, widely accessible, and highly accurate in the diagnosis of congenital heart disease (CHD) (2). There are limitations to fetal echocardiography, however, that includes unclear imaging due to maternal body habitus, fetal position, fetal bone ossification, oligohydramnios, and a limited field of view (2, 3). In addition, there continues to be some assessments that remain elusive, including accurate diagnosis of congenital defects such as coarctation of the aorta that may be better appreciated with acquisition of blood flow characteristics. Acquisition of ventricular volume and flow data would be useful to better quantify valve regurgitation and ventricular function to determine the degree of cardiovascular compromise in fetal conditions at risk for hydrops fetalis. Therefore, there is a clinical need for a complementary imaging modality to improve current prenatal care for CHD and the fetal cardiovascular system.

In contrast to other organ systems, assessment of the fetal cardiovascular system requires dynamic imaging to resolve cardiac motion and blood flow. Fetal cardiac MRI (fCMR) to date has been technically limited due to fetal motion, small size of fetal structures, and lack of a real time fetal electrocardiogram (ECG) to synchronize data acquisition to the fetal cardiac cycle. Innovative technology has allowed some of these barriers to be overcome and increased the potential for application of fCMR clinically (4). In addition, there have been improvements in acquisition techniques allowing for improved image quality, acquisition speed, and correction of motion artifact in both anatomic and flow assessments. MRI techniques including radial undersampling and compressed sensing have allowed for creation of motion corrected cine reconstructions (5–9). fCMR is a promising supplementary imaging modality to fetal echocardiography for the diagnosis of CHD in weeks 30–40 of pregnancy. The ability of MRI to assess blood flow and 3D volumes and application of this technology to the fetus may provide new insight into fetal cardiac physiology and development. Important challenges remain including the cost, long scan time, and need for experienced clinicians to acquire and interpret each study. Few centers across the world are utilizing this technology, with fCMR in the early phases of clinical implementation with practical obstacles to overcome (10).

This paper will review the state-of-the-art of fCMR, including new technologies instituted in recent years, methods and workflow of fCMR, safety, current clinical applications of fetal MRI and fCMR, and opportunities for innovation.



Challenges in fetal CMR gating techniques and advancements of fetal ECG

There are inherent challenges of motion, cardiac gating, and achieving adequate spatiotemporal resolution that have limited the clinical use of fCMR (11). Cardiac motion can be addressed with appropriate gating. The gold standard for gating in pediatric cardiac MRI is surface electrocardiography (ECG). There are two current alternatives commonly being used in fCMR—metric optimized gating and Doppler ultrasound gating. In metric optimized gating, data is temporally over acquired and utilizes a postprocessing technique to identify the correct heart rate after scanning (5, 11). More recently, MR-compatible Doppler ultrasound (DUS) probes have been developed as an alternative to ECG for gating the fetal heart rate, as seen in Figure 1A to produce dynamic cine images shown in Figure 1B. The device provides triggers based on Doppler waveforms of the heart rate and is connected directly to the MR scanner for data synchronization. This method is subject to technical issues with re-positioning of the device necessary if the fetus moves out of the field of the transducer (13).


[image: Figure 1]
FIGURE 1
(A) Doppler ultrasound trigger device. (a) Schematic illustration of the experimental setup during fetal CMR showing placement of the Doppler ultrasound (DUS) transducer (*) on the maternal abdomen. The connecting cable has four traps (**) to avoid electromagnetic interferences from radiofrequency pulses. (b) Example of generated DUS gating signals represented by maximum signal peaks. The fetal heart beat was recorded by the DUS transducer and processed to allow for maximum peak detection. Figure reprinted with permission from Kording et al., (12). http://creativecommons.org/licenses/by/4.0/. No changes were made to the figure. (B) Multiple phases of DUS Gated Cine Images. DUS-gated balanced SSFP cine images (20 phases) of the fetal heart in the 4-chamber view (gestational week 36). DUS gating allowed for clear differentiation of the myocardium versus lumen throughout the cardiac cycle. Symmetric contraction of the ventricles and expansion of the atria is seen with maximum ventricular contraction and minimum ventricular blood volume in cardiac phases 10–12. Figure reprinted with permission from Kording et al., (12). http://creativecommons.org/licenses/by/4.0/. No changes were made to the figure. (C) Fetal electrocardiogram tracing in a 26 weeks of gestation fetus. (a) Maternal ECG tracing (b) combined abdominal signal showing larger maternal and smaller fetal tracings (c) separated fetal ECG showing clear R waves.


While fetal electrocardiogram devices have been available for a century as research tools, electrocardiography in the fetus has not yet become a part of routine clinical care. Prior work has required intensive signal averaging (14) or had significant delays between real and visualized fetal heart signals. Challenges include increased maternal body habitus, insulation of the fetus with vernix coating, fetal movement and low signal to noise ratio (15). Advances in fetal electrocardiography (fECG) in the last few decades have brought us closer to a time resolved, “beat to beat” fECG, as shown in Figure 1C. With attention to signal collection strategies and appropriate timing during gestation, it is possible to obtain clear time resolved fECG. Rapid advances in technology and processing power have the potential to overcome and facilitate current challenges in gating for fCMR (16).



Methods and workflow of performing fetal cardiac MRI

fCMR has been successfully performed using both 1.5 and 3 T MR scanners (13). Fetal CMR is typically reserved for the third trimester after 30 weeks gestation, when the fetus is larger with fewer movements. When using the DUS device for cardiac gating, the MR-compatible DUS transducer is secured on the maternal abdomen after finding the position with the most consistent fetal cardiac signal. The device is held in place with an elastic belt. The DUS is connected directly to the CMR scanner, which can employ an external triggering using the DUS signal as a gating signal for the fCMR (13).

The most common sequences utilized for static imaging of the fetal heart include balanced steady-state free precession (bSSFP) and single-shot fast spin echo or “black blood” sequences including half-fourier acquisition single-shot turbo spin echo (HASTE) and single shot fast spin-echo (SS-FSE). b-SSFP allows for contrast between the blood pool (hyperintense) and myocardium (hypointense). The fast spin echo sequences produce T2 weighted images with black blood contrast that provide excellent contrast between the vasculature and lung/thymus (2). These sequences allow for excellent visualization of gross anatomy, mediastinal vascular anatomy, and extracardiac abnormalities (3). The benefits of these sequences include high spatial resolution (∼1.0–1.5 mm in-plane) with a short acquisition time (>500 ms) but are subject to artifact from cardiac motion. However, the static images do not provide information on detailed intracardiac anatomy, ventricular function, or valve functionality (5).

Time resolved (CINE) bSSFP imaging can be utilized with gating to obtain dynamic high spatial and high temporal resolution images (∼1 mm × 1 mm, <50 ms) that provide an assessment of both cardiac structure and function. Acquisition time of each slice of gated bSSFP cine imaging is a few seconds, making it susceptible to both fetal motion and maternal breathing (3).

To minimize artifacts from maternal respiration, maternal breath holds or shallow maternal breathing has been utilized with success (17). However, there have also been free-breathing methods developed that use motion correction to suppress artifacts enabling multi-slice acquisitions (5). There are other automated methods that have been implemented using a statistical outlier-rejection method that was previously used for fetal brain volumetric reconstruction. With outlier rejection, inconsistent data is rejected that reduces artifact and produces sharper images (5).

There is no sedation or contrast used for fetal CMR. After a scout acquisition, a series of static images in multiple planes (axial, sagittal, and coronal) are obtained. Dynamic images using gating with cine b-SSFP sequences in multiple planes (axial, sagittal, coronary, short-axis, and four-chamber views) are obtained for each fetus. Multi-slice imaging to provide whole heart coverage using parallel overlapping slices in three orthogonal planes or single-slice imaging in specific imaging planes of interest can be utilized.

The typical scanning time studies have reported are 30–60 min; however, placement of the DUS device and finding a stable fetal heart rate signal often adds time to the scan. CMR localizer sequences or fetal echocardiogram images can be used prior to the scan to help visualize the position of the fetus and fetal heart prior to DUS device placement. Some centers have successfully utilized imaging post processing techniques to produce higher resolution images (6). Depending on the goal of the study and access to post-processing software, a significant amount of time can be spent on post-processing techniques. One study successfully used an open-source imaging processing software to create high resolution 3D visualization of the fetal heart using a motion-corrected slice-volume registration from non-gated 2D MRI images. They report 30 min of total MRI time and 30 min of postprocessing time to produce 3D volume rendered images of the fetal heart (6). Accurate interpretation of fetal cardiovascular MRI should be performed by an experienced team of cardiology and radiology experts (10).



2D Phase contrast MRI

Phase-contrast MRI (PC-MRI) is a powerful tool that has allowed for non-invasive quantification of blood flow and is the gold standard for the hemodynamic assessment postnatally in children with congenital heart disease (18) With the technology of metric optimized gating, PC-MRI has been shown to be feasible to measure flow in major vessels in the fetus late in gestation (18). PC-MRI has been shown the flow distribution of the normal human fetal circulation with success (18, 19). There are preliminary reference ranges for late gestation human fetuses that are consistent with measurements made in fetal lambs in prior studies (18). PC-MRI has been used in combination with oximetry measurements to show many expected changes in fetal circulatory physiology in fetuses with CHD including a reduction in ascending aortic flow and increase in flow across the main pulmonary artery and ductus arteriosus in fetuses with hypoplastic left heart syndrome (20). Limitations to this technique include vulnerability to movement artifact earlier in gestation, only localized flow information at the plane of interest, and a long acquisition time to measure multiple vessels to provide a more comprehensive flow distribution assessment (18). 4-Dimensional Flow MRI (4D flow) is an appealing technology to provide a comprehensive blood flow quantification in a single acquisition.



4D Flow MRI

Beyond 3D anatomy and cine functional assessment, cardiac MRI allows for three-directional velocity encoding (4D flow) to comprehensively analyze vascular and valvar flow in the fetal heart. 4D flow provides qualitative dynamic blood flow imaging by streamline mapping or particle tracing to visualize phasic flows such as ductal shunts, atrial shunts, and venous flows (21, 22). The simultaneous cine and flow components in a 4D flow dataset also allow for blood flow quantification at multiple levels in a single acquisition instead of multiple acquisitions (19, 23). Both components have been applied to fetal imaging in animal trials and pilot studies (24–27). Dynamic blood flow imaging of sheep fetuses has confirmed the “spiraling” effect of umbilical vein acceleration through the ductus venosus into the foramen ovale (24). For humans, Doppler-ultrasound gating has now enabled simultaneous time-velocity/flow curves quantification of the aorta, main pulmonary artery, and ductus arteriosus in normal fetuses (27).

At the same time, considerable technical challenges remain, accounting for a considerable failure rate (∼25%) in feasibility studies (27). 4D flow is sensitive to magnetic eddy currents, has limited spatial/temporal/velocity resolution and significant potential for respiratory/motion artifact, all of which affect the derivation and calculation of flow parameters (28, 29). There continues to be ongoing development of 4D flow sequences specific to the fetal heart, such as slice-to-volume registrations combined with velocity-encoding (covering the entire heart in a series of non-coplanar stacks) (30, 31). Other general developments to 4D flow will also be advantageous for fMRI, such as incorporation of compressed sensing (32) that could reduce scan time. Machine learning is in the early stages of development with a goal to incorporate expected fluid behavior (as derived by computational fluid dynamic simulations) and enhance the resolution of 4D flow imaging (33). These developments will help reduce the uncertainties behind measuring flows in small vessels, in a non-sedated fetus with an inherent fast heart rate.

The advantage of 4D flow is that it offers the potential for a “true” 3D representation of fetal flow, allowing for in-vivo investigations of flow characteristics governing heart remodeling/disease progression that were previously limited to computational methodologies (34). Intriguing hypotheses such as the significance of flow mediated factors in developing HLHS could be addressed as one example. Flow phenomena previously visualized qualitatively by echocardiography could potentially be quantified and used to guide therapy, such as comprehensive flow/shape quantification of the aorta and ductus arteriosus to improve the sensitivity of detecting aortic coarctation (35), or flow markers to quantify the effect of CHD on the fetal cerebral circulation (36). As technical developments continue to enhance 4D flow, there will be a role for improved flow visualization, shunt quantification and intracardiac flow assessment by fCMR.



The safety of fetal MRI

The American College of Obstetrics and Gynecology (37, 38) and the American College of Radiology (39) support the use of MRI for fetal anomalies when ultrasound-based imaging is inadequate. Fetal MRI and fCMR do not generally use contrast-based agents, like gadolinium. There are theoretical risks of MRI during pregnancy, including fetal heating and energy deposition in fetal tissue, as well as acoustic noise. These risks are increased as magnet strength increases. Data has been limited to small populations, single institutions, and short-term follow-up. Nonetheless, there has been no reported adverse events, with more data on 1.5 T scanners compared to 3 T. Specifically, there is no difference in the incidence of congenital anomalies, neoplasm, fetal growth retardation, or vision or hearing loss in children exposed to MRI in-utero compared to controls (40, 41). Furthermore, compared to 1.5 T, fetal exposure to 3 T does not increase the risk of neurodevelopmental impairment (42). Recent data has shown promise using low-field MRI (0.55 T) for fetal imaging that may provide similar diagnostic quality images with lower specific absorption rate, low acoustic noise, and real-time imaging capabilities (43).



Clinical utility of fetal MRI


Extracardiac anomalies

Fetal MRI has been used over the last 30 years as an adjunct to ultrasound to define extra cardiac structures. This technology is useful in extracardiac pathology in the thorax including congenital lung malformations (44), congenital diaphragmatic hernia (45), and abdominal structures in heterotaxy (46), due to large field of view and excellent tissue contrast. In addition, fetal MRI has been shown to be useful to define extracardiac defects that impact the assessment of the heart such as identifying vascular tumors in fetuses with cardiomegaly or defining structural brain abnormalities in fetuses with concern for or confirmed genetic syndromes.



Fetal MRI in CHD

The assessment of the fetal lungs by fetal MRI in CHD has been instrumental in understanding the presence of pulmonary lymphangiectasis in pulmonary venous obstruction from either primary pulmonary venous disease (total anomalous pulmonary venous return with obstruction) or restriction of the foramen ovale in hypoplastic left heart syndrome (HLHS) (47). Pulmonary lymphangiectasis, or the so-called “nutmeg lung,” has been associated with increased postnatal mortality and transplant (48). In tetralogy of Fallot with absent pulmonary valve, fetal MRI can be used to evaluate anatomic airway and lung findings that may be predictive of postnatal compromise from bronchial compression or congenital lobar emphysema (49). In fetuses with CHD, fetal MRI of the brain has been shown to be useful to define structural brain anomalies, brain volume, and brain injury that may impact neurodevelopmental outcomes (50, 51).



Fetal CMR

Postnatal cardiac MRI is a common component of the pre-operative planning for many surgical procedures in the neonate. Similarly, subtleties in the cardiac anatomy can have major prognostic significance which may be useful in counseling prenatally. At present, the use of fCMR clinically is in its infancy. fCMR can clarify anatomy and physiology across a wide range of CHD. Prior studies have shown feasibility of performing fCMR in specific clinical scenarios including ectopia cordis (52), fetal arch anomalies (53), cardiac tumors (54), and other cardiac anomalies (55). In a retrospective study of 68 women carrying fetuses with CHD, 79% of the cases had agreement between fCMR and post-natal diagnosis (56). This is in comparison to 82% by fetal echocardiography. In fetuses with suspected coarctation by echocardiography compared to normals, fCMR revealed reduced ascending aorta flow and proximal displacement of the aortic isthmus in the third trimester to be highly predictive of postnatal neonatal critical coarctation. Thus, fCMR is a useful adjunct to help predict postnatal intervention (35).

In addition to anatomic clarification, the measurement of fetal cardiac axis, chamber size, ventricular function, and quantification of atrioventricular valve regurgitation is important for lesions with the potential for hydrops fetalis. These include extracardiac diagnoses like agenesis of the ductus venosus, twin to twin transfusion, cerebral arteriovenous malformations, pulmonary arteriovenous malformations, and sacrococcygeal teratoma. Primary cardiac abnormalities including fetal cardiomyopathy, fetal arrhythmias, cardiac tumors, Ebstein's anomaly and tetralogy of Fallot with absent pulmonary valve are at risk for worsening heart failure in utero. fCMR has been used successfully to quantitatively assess ventricular volumes, showing agreement with fetal echocardiography (57).

MRI can explain complex physiology using velocity-encoded phase contrast imaging. This conventional MRI approach can be used in fetal circulation to determine direction of blood flow through intracardiac shunts, cardiac output, and flow through the umbilical cord, ductus venosus, and cerebral artery (20). The impact of blood flow on the growth or lack of growth of cardiac structures may be better understood using 3D and 4D flow MRI. An extension of understanding flow distribution and velocity wave forms, is gaining insight into vascular resistance of various fetal vessels (11).

More granular details of fetal physiology involving oxygen transport and consumption have also been explored with MRI. Combining phase contrast imaging with T1 and T2 mapping to measure oxygen content, researchers can determine oxygen delivery and oxygen consumption (58). Cerebral oxygenation can be directly measured or reflected by the levels in the superior vena cava and aorta in CHD or cases of low cardiac output (59).

As fCMR becomes more available, expected appropriate referrals for fCMR in CHD will typically fall in three main categories. (1) extracardiac vascular structures, including aortic arch shape (60), (2) systemic and pulmonary venous anatomy (2), and (3) size of ventricles, either to monitor for ventriculomegaly or to gauge adequacy of biventricular physiology. Ventriculomegaly can be accurately assessed and serially monitored using CMR. Referrals for ventricular size assessment in prior studies have included cases of left sided obstruction, atrioventricular canal, and pulmonary atresia with intact ventricular septum (61). A list of potential use cases is presented in Table 1.


TABLE 1 Potential clinical use cases of fCMR.
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Conclusions

fCMR is a promising technology that can be used in conjunction with fetal echocardiography to improve accuracy of diagnosis, heighten sophistication of counseling and postnatal planning of CHD, and provide a comprehensive assessment of the cardiovascular system. Additionally, it may help cardiovascular surgeons and interventionalists plan for neonatal care in the fetal period. Data to support clinical insurance coverage for indications for fCMR are yet to be defined, though preliminary work suggests a role in both extracardiac vascular examination and intracardiac ventricular size and function. Research with phase contrast imaging, 4D flow, and T1 and T2 mapping may allow for a deeper understanding of fetal physiology including oxygen delivery and consumption in different forms of CHD and heart failure.

New technology, including DUS device enabling fetal cardiac gating, has allowed more centers to start performing fCMR. There are inherent technical challenges including achieving adequate spatiotemporal resolution and availability of trained staff and physicians to acquire, interpret, and communicate the imaging findings to the care team. Research in fetal electrocardiography may eventually allow for direct fetal cardiac gating, similar to postnatal CMR. With new technology in this rapidly advancing field, image, flow, and volume acquisition will be easier and more centers will obtain experience performing fCMR, allowing for it to be a more accessible and useful imaging tool in clinical care. Future research will help to delineate the clinical use of fCMR and effect on fCMR on long term outcomes of prenatally diagnosed CHD.
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We report a case of a 10-year-old male patient with pulmonary artery aneurysm (PAA) caused by infective endarteritis of the pulmonary artery attributed to patent ductus arteriosus. He was found to have patent ductus arteriosus at the age of 2, but he was not treated because of the absence of symptoms and normal physical development. He sought medical attention for fever and cough in August 2022. Echocardiography showed pulmonary artery aneurysm, intrapulmonary artery bulge, patent ductus arteriosus, and pericardial effusion. Contrast-enhanced CT showed pulmonary artery aneurysm, patent ductus arteriosus, and a slight compression of the left main bronchus. Surgery was performed to reconstruct the main pulmonary trunk and repair the ductus arteriosus in November 2022. The surgical outcomes were satisfactory.
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Introduction

Pulmonary artery aneurysm (PAA) is a rare clinical disease, with a prevalence rate of only 7.3/100,000, according to Deterling and Clagett autopsy statistics (1), and only a few cases have been reported domestically, especially in children. Reports of pulmonary artery aneurysm caused by infective endarteritis of the pulmonary artery attributed to patent ductus arteriosus in children are rare (2). The rarity of the condition leads to a general lack of knowledge on the part of pediatricians regarding the diagnosis and management of the disease, and currently, there are no diagnosis and treatment guidelines. In November 2022, we admitted a patient with pulmonary aneurysm formation following patent ductus arteriosus and infective endarteritis. This report summarizes the clinical data in order to promote awareness among pediatricians of this type of disease.



Case description

A 10-year-old boy was admitted to the hospital with a cardiac murmur for 8 years. The patient had no previous history of cyanosis, squatting, syncope, hemoptysis, chest pain, or recurrent pneumonia, and showed shortness of breath after activity since the age of 6. In August 2022, the patient was hospitalized in our department of cardiology with a diagnosis of “pneumonia, septic pericarditis, infective endarteritis, hydropericardium and pleural effusion”, and no pulmonary aneurysm was detected by cardiac ultrasound and chest CT several times during the hospitalization. The boy was diagnosed with infective endarteritis because of positive blood culture (micrococcus luteus), high white blood cell count (28.28 × 109/l), and echocardiogram indicating vegetation in the left pulmonary artery. We administered anti-infective therapy according to the guidelines of infective endocarditis, waited for a negative blood culture result, followed by a full course of antibiotics for more than 4 weeks before proceeding with surgery. He was discharged after 17 days of anti-infective treatment and was continued on oral linezolid for 18 days. In September 2022, a follow-up chest CT showed a significantly enlarged cardiac shadow, and most of the pericardial and pleural effusions were absorbed. The follow-up chest x-ray from August to November is shown in Figure 1. The following were the results of the physical examination performed on admission: there was no differential cyanosis in the upper and lower extremities, thrill could be felt, persistent mechanical murmur could be heard between the second and third ribs at the left edge of the sternum, there was accentuation of P2 cardiac sound without fixed splitting, there were no clubbed fingers, and there was congenital absence of the left hand. An echocardiogram performed on 14 November 2022, revealed patent ductus arteriosus, with a left-to-right shunt flowing at 4.2 m/s; a mild tricuspid regurgitation flowing at 2.4 m/s; the size of the pulmonary artery was 31 × 19 mm, with an inner diameter of 9.8 mm; a strong echogenicity of 3 × 5 mm in size was detected at the opening of the left pulmonary artery. A cardiac CT angiography (CTA) revealed that the size of the pulmonary artery was 31 × 26 × 25 mm, and the end of the pulmonary artery of the patent ductus arteriosus was 5.8 × 4.8 mm (Figure 2). The electrocardiograph (ECG) showed sinus rhythm with high left ventricular voltage and electrical gradients in the QRS wave (QRS) wave group. Preoperative routine blood test, blood biochemical examination, CRP, hematocrit, syphilis screening, and tuberculosis screening showed no significant abnormalities.


[image: Figure 1]
FIGURE 1
The follow-up chest x-ray from August to November: (A) chest x-ray on 10 August 2022; (B) chest x-ray on 21 August 2022; (C) chest x-ray on 16 September 2022; (D) chest x-ray on 14 November 2022.



[image: Figure 2]
FIGURE 2
Cardiac contrast-enhanced CT on 14 November 2022; the PAA is indicated by the arrow. (A) Cross-section of CT images; (B) sagittal plane of a CT image; (C,D) 3D reconstruction of a CT image.


We performed the surgery, which lasted for over 9 hours. We performed a median sternotomy and found severe pericardial adhesions; possibly the boy had pericarditis due to infective endarteritis. After instituting cardiopulmonary bypass, we freed along the distal pulmonary trunk, and its surrounding tissues were severely adherent and not easily identifiable. Thus, we decided to lower the anal temperature to 18°C in preparation for deep hypothermic circulatory arrest; the heart and cardiopulmonary bypass were arrested with del Nido cardioplegia through the aortic root. A longitudinal incision was made in the pulmonary trunk to identify the pulmonary artery end of the ductus arteriosus, the diameter of which was 10 mm. We used a bovine pericardial patch (Balance Medical) to repair the defect from the medial aspect of the pulmonary artery. After freeing the structures surrounding the pulmonary artery aneurysm, the aneurysm was seen to be approximately 30 mm in diameter and spherical in shape (Figure 3). A dissection of the aneurysm revealed no vegetations inside it or at the opening of the left pulmonary artery. After complete resection of the aneurysm, the pulmonary trunk was repaired with a bovine pericardial patch (Balance Medical) and continuous sutures with 5–0 Prolene sutures. The temperature was increased, the aorta was deaired, and the aortic clamp was removed. The anastomosis of the bovine pericardial patch oozed blood significantly, and repeated reinforcement and trimming of the pulmonary artery wall around the aneurysm proved ineffective. During the fourth aortic cross-clamp, a complete resection of the pulmonary aortic wall around the aneurysm was done, and a reconstruction of the pulmonary artery trunk with the bovine pericardium patch was carried out, following which the bleeding abated, the circulation finally stabilized, gauze compression was applied to stop bleeding, and the closure of the chest was delayed. The cardiopulmonary bypass time was 382 min. The aortic cross-clamp time was 60 + 36 + 2 + 69 min, 167 min in total. The deep hypothermic circulatory arrest time was 37 min. An intraoperative transesophageal echocardiography showed a patent pulmonary artery flow. After the operation, the patient was admitted to the cardiac intensive care unit (CCU), and the chest was closed successfully on the third postoperative day.


[image: Figure 3]
FIGURE 3
Surgical findings: (A) PAA bulge on the left side of the main pulmonary trunk (arrow); (B) appearance of aneurysm wall tissue.


The patient's surgery was successful with no serious complications. The postoperative cardiac CTA revealed that the pulmonary aneurysm disappeared, the pulmonary artery flow was patent, and the pulmonary artery trunk was significantly reduced (Figure 4). A pathological examination of the pulmonary artery aneurysm showed a vascular wall-like structure with a smooth inner layer and uneven thickness with varying degrees of fibrosis and mucoid degeneration, and a focal infiltration of acute and chronic inflammatory cells could be seen in the thick position. The boy reported no abnormal results on the postoperative follow-up echocardiogram at 1, 3, and 6 months. The CT scan also showed a smooth PA reconstruction and no aneurysm on the pulmonary artery.
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FIGURE 4
Cardiac contrast-enhanced CT on 2 December 2022, and HE-stained pathology of aneurysm wall tissue: (A) cross-section of CT images; (B) sagittal plane of a CT image; (C) 3D reconstruction of a CT image; (D) HE-stained pathology of aneurysm wall tissue.




Discussion

Pulmonary artery aneurysm can be classified into proximal PAA and peripheral PAA depending on their location. Proximal PAA is used to describe aneurysms involving the pulmonary artery trunk and/or branch pulmonary arteries, 80% of which occurs in the pulmonary artery trunk. Peripheral PAA is used to describe aneurysms involving distal vessels (3). PAA is classified by etiology into congenital (patent ductus arteriosus, ventricular septal defect, and atrial septal defect) and acquired (syphilis, tuberculosis, atherosclerosis, and trauma) (1). The pathogenesis of an aneurysm is considered to be initiated by processes of injury and repair within the vascular wall. Congenital heart disease [patent ductus arteriosus (PDA) is the most common] is more susceptible to bacterial endocarditis, endovasculitis, or tricuspid valve endocarditis. Bacteria can directly invade or spread to the pulmonary arteries, which can lead to a degenerative necrosis of the middle elastic fibers and muscular layer of the arterial wall (4). The patient in our case had a proximal PAA that was caused by patent ductus arteriosus. The presence of a prolonged left-to-right shunt in the arterial duct created turbulence at the pulmonary artery end, where bacteria could easily colonize and thus induce bacterial endarteritis. Endarterial inflammation can lead to a degenerative necrosis of the middle elastic fibers and muscular layer of the arterial wall, which, together with a high-velocity shunt from the arterial duct impacting on the left lateral wall of the pulmonary trunk, can aggravate the damage to the vessel wall present there and eventually lead to acquired pulmonary aneurysm. Vasculitis has also been identified as an acquired cause of PAA (5).

The diagnostic gold standard of PAA is angiocardiography. However, an angiography can visualize only the patent lumen of the PAA, and it is invasive, expensive, and less common nowadays. With the development of CT technology, angiography is being gradually replaced. Enhanced CT allows multiplanar reconstruction, which, combined with echocardiography and MRI, can provide surgeons with highly accurate information. PAA is very rare and not well documented in books, appearing only in case reports. Many physicians lack awareness of PAA, such that missed diagnosis of the disease frequently occurs on imaging examination. A retrospective study showed that 46% of pulmonary artery pseudoaneurysms were overlooked by radiologists on the initial CT scans, all of which were contrast-enhanced studies (6). The fact that this patient's pulmonary artery aneurysm was not reported on multiple ultrasound and CT examinations before the diagnosis was confirmed indicated that a number of physicians had overlooked the imaging features of PAA, and more case reports were needed to provide experiences to minimize the omission diagnostic rate of PAA.

The clinical manifestations of PAA are atypical and varied, with hemoptysis, cough, or dyspnea as the initial symptoms. In our case, cough, fever, and dyspnea were the first symptoms. The development of PAA in our case showed that PAA can form in the short term after the occurrence of infective endarteritis, indicating that infection is a risk factor for PAA (7). On the other hand, PDA should be managed as early as possible to reduce the occurrence of PAA, provided that the indications for surgery are met. The appearance and the pathological report of the aneurysm showed that the wall of the aneurysm was thick and it would not rupture in a short time, but the risk of rupture will increase with time, especially when there is a non-uniform disruption in the arterial wall (8). According to Duijnhouwer's systematic review (9), pulmonary hypertension in congenital heart disease, fast PA diameter growth (>2 mm/year), and tissue weakness due to infection are high-risk factors for dissection or rupture of PAA, and therefore, we advocate early surgical management for children with congenital heart disease.

For the management of pulmonary aneurysms, both conservative and surgical treatments are available. A complete remission rate of 63.6% and an overall mortality rate of 18.2% were reported in patients who received only drug therapy (10). The development time of PAA in our case was short, and it could have been life-threatening in the event of dissection or rupture if it had not been operated in a time-bound manner. There are no clear guidelines on the indications for surgery in children, and therefore, we suggest that if PAA grows rapidly or is symptomatic, surgery should be performed soon after the diagnosis is made and if surgical contraindications are excluded. Radical surgery is preferred over surgical treatment, i.e., to correct the cause together with the aneurysm, either by aneurysmectomy with repair or by replacement of the pulmonary artery. Pulmonary arterioplasty can be performed using homogeneous arteries, artificial vessels, and an autologous pericardium; pulmonary artery replacement can be performed using artificial vessels or homogeneous external tubes (11). We used a glutaraldehyde-treated bovine pericardial patch to repair the pulmonary artery, the anastomosis of the bovine pericardial patch oozed blood significantly, and repeated reinforcement and trimming of the pulmonary artery wall around the aneurysm proved ineffective. During the fourth aortic cross-clamp, a complete resection of the pulmonary aortic wall around the aneurysm was carried out, and a reconstruction of the pulmonary artery trunk was done by using a bovine pericardium patch; the bleeding abated, and circulation finally stabilized. Repeated bleeding from the anastomosis is associated with infective endarteritis. Infection leads to inflammatory exudation of the pulmonary artery wall around the aneurysm, causing the artery wall to become lax and also cause recurrent bleeding after suturing, almost leading to fatal consequences. If a similar case is encountered, the pulmonary artery wall around the aneurysm needs to be removed and the main pulmonary trunk needs to be reconstructed. Hou et al. advocate that the most common procedure is the replacement of the pulmonary artery and the pulmonary trunk; this can be performed using Gore-Tex or Dacron tubes, homografts, or xenografts (10). In our patient, the pulmonary artery flow was patent postoperatively, and the patient recovered well.



Conclusions

PAA caused by secondary infection of intimal inflammation of the pulmonary artery due to patent ductus arteriosus is rare and potentially fatal in children. Early diagnosis by echocardiography and contrast-enhanced CT is essential. PAA associated with anatomical anomalies, rapid growth, and compression of neighboring critical structures is a proper candidate for surgery. The surgical options include correction of anatomical anomalies, aneurysmectomy, and pulmonary arterioplasty/replacement. The surgical outcomes are satisfactory.
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Diagnosis and surgical outcomes of coarctation of the aorta in pediatric patients: a retrospective study

Ting Gong1,2†, Feiyan Zhang2,3†, Lingxin Feng2, Xu Zhu2, Dan Deng4, Tingting Ran2, Liling Li2, Li Kong2, Liqun Sun5* and Xiaojuan Ji2,6*

1Department of Ultrasound, Chengdu Women’s and Children’s Central Hospital, School of Medicine, University of Electronic Science and Technology of China, Chengdu, China

2Department of Ultrasound, Children’s Hospital of Chongqing Medical University, Chongqing, China

3Department of Ultrasound, The First Affiliated Hospital of Chongqing Medical and Pharmaceutical College, Chongqing, China

4School of Medical Imaging, Changsha Medical University, Changsha, China

5Division of Cardiology, Department of Pediatrics, The Hospital for Sick Children, University of Toronto, Toronto, ON, Canada

6Department of Ultrasound, Chongqing General Hospital, Chongqing, China

EDITED BY
John Frank LaDisa, Medical College of Wisconsin, United States

REVIEWED BY
Nazmi Narin, Izmir Katip Celebi University, Türkiye
Aylen Perez Barreda, Instituto de Cardiología y Cirugía Cardiovascular, Cuba

*CORRESPONDENCE Liqun Sun liqun.sun@sickkids.ca
Xiaojuan Ji jixiaojuan2003@163.com

†These authors have contributed equally to this work

RECEIVED 23 October 2022
ACCEPTED 10 July 2023
PUBLISHED 24 July 2023

CITATION Gong T, Zhang F, Feng L, Zhu X, Deng D, Ran T, Li L, Kong L, Sun L and Ji X (2023) Diagnosis and surgical outcomes of coarctation of the aorta in pediatric patients: a retrospective study.
Front. Cardiovasc. Med. 10:1078038.
doi: 10.3389/fcvm.2023.1078038

COPYRIGHT © 2023 Gong, Zhang, Feng, Zhu, Deng, Ran, Li, Kong, Sun and Ji. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: Coarctation of the aorta (CoA) is a common congenital cardiovascular malformation, and improvements in the diagnostic process for surgical decision-making are important. We sought to compare the diagnostic accuracy of transthoracic echocardiography (TTE) with computed tomographic angiography (CTA) to diagnose CoA.



Methods: We retrospectively reviewed 197 cases of CoA diagnosed by TTE and CTA and confirmed at surgery from July 2009 to August 2019.



Results: The surgical findings confirmed that 19 patients (9.6%) had isolated CoA and 178 (90.4%) had CoA combined with other congenital cardiovascular malformations. The diagnostic accuracy of CoA by CTA was significantly higher than that of TTE (χ2 = 6.52, p = 0.01). In contrast, the diagnostic accuracy of TTE for associated cardiovascular malformations of CoA was significantly higher than that of CTA (χ2 = 15.36, p < 0.0001). Infants and young children had more preductal type of CoA, and PDA was the most frequent cardiovascular lesion associated with CoA. The pressure gradient was significantly decreased after the first operation, similar at 6 months, 1 year, and 3 years follow-ups by TTE.



Conclusions: CTA is more accurate as a clinical tool for diagnosing CoA; however, TTE with color Doppler can better identify associated congenital cardiovascular malformations. Therefore, combining TTE and CTA would benefit clinical evaluation and management in patients suspected of CoA. TTE was valuable for post-operation follow-up and clinical management.
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coarctation of the aorta, congenital heart disease, transthoracic echocardiography, computed tomographic angiography, surgical outcome





Introduction

Coarctation of the aorta (CoA) is a cardiovascular malformation commonly described as the narrowing of the aortic isthmus between the left subclavian artery and ductus arteriosus, which has been reported to take three forms: preductal, ductal, and postductal CoA (1). CoA accounts for approximately 5%–7% of all congenital heart defects (2) with an incidence of 2.5–4 per 10,000 live births (3) and is approximately 4 times more frequent in males than females (4). CoA can be presented as a solitary defect but has been associated with other cardiac malformations such as bicuspid aortic valve, transposition of the great arteries, ventricular septal defect (VSD), and patent ductus arteriosus (PDA) (5). Despite the progress made in fetal diagnosis and treatment, prenatal screening for CoA is a diagnostic challenge. It is the most commonly missed diagnosis of fetal congenital heart disease (CHD), with less than one-third of cases detected (6, 7). More importantly, 60%–80% of newborns with CoA are not diagnosed before hospital discharge (8–11), and one study found that 27% of undiagnosed patients with CoA died at a median age of 17 days (12). Furthermore, recent studies have shown that in the presurgical era the median survival age was 31 years (13, 14).

Newborns are usually asymptomatic right after birth because of the PDA. Some infants complained manifestation of clinical symptoms: cardiogenic shock, absent/feeble femoral pulse, delayed capillary refill, feeding problems, decreased responsiveness, metabolic acidosis, mesenteric ischemia, myocardial depression, etc. (14). Unrepaired CoA leads to premature coronary artery disease, ventricular dysfunction, aortic aneurysm/dissection, and cerebral vascular disease by the third or fourth decade of life (7, 15, 16). However, those who have got surgical or transcatheter intervention, the natural history of the disease has significantly changed with most patients making it to adulthood (14). There is a need to improve diagnosis and early intervention to prevent unrepaired CoA complications. Postnatally, transthoracic echocardiography (TTE) is the gold standard imaging modality for preliminary and diagnostic screening for clinical suspicion of CoA, which involves 2D echo for structural evaluation and color Doppler for the direction of blood flow (6).

Different modalities could be used to assess CoA, including chest radiography, transthoracic echocardiography, computed tomography (CT) and computed tomographic angiography (CTA), cardiac magnetic resonance imaging (CMR), and catheter angiography (6). However, advanced modalities such as CMR and CTA confirm a suspected vascular diagnosis. Primary imaging of TTE modality for suspected CoA has given its availability, safety, and capacity to provide hemodynamic parameters. TTE can assess cardiac function and associated cardiac and valvular abnormalities. TTE is limited in evaluating extracardiac structures and collateral circulation due to poor acoustic window and operator dependence (6). It is one of the first-line imaging modalities used in the evaluation of cardiac function and disease owing to its low cost, portability, widespread availability, and lack of ionizing radiation. It is important for CoA to be diagnosed and repaired early due to its high mortality rate and the fact that even those with repaired CoA are now no longer considered benign conditions and need continuous follow-up (17). This retrospective study aimed to assess the diagnostic accuracy of TTE with CTA for the diagnosis of CoA, and the clinical management and surgical outcomes.



Materials and methods


Study population

We collected the patients suspected of CoA and excluded ineligible patients (Figure 1). A total of 197 children assessed by preoperative TTE and CTA with a diagnosis of CoA confirmed at the surgery between July 2009 and August 2019 were included in this retrospective study. Overall, each patient had a preoperative diagnostic TTE and CTA and a postoperative TTE. The patients with incomplete clinical data were excluded from the research. This retrospective study was approved by the research ethics committee of the Children's Hospital of Chongqing Medical University, China.


[image: Figure 1]
FIGURE 1
A flowchart of this retrospective cohort.




TTE examination

The patients were examined by TTE using a Philips IE33, GE Vivid I, and GE E9 color Doppler ultrasonic instrument with a 1–8 MHz transducer. The children less than 3 years old were orally or rectally given chloral hydrate sedative at a dose of 0.5 ml/kg. The patients underwent detailed echocardiography according to published guidelines (18). The apical four-chamber view, left ventricular (LV) long-axis view, large artery short-axis view, and suprasternal view were assessed to confirm the structures and connections of the atria, ventricles, and aorta. The suprasternal view was used to assess the aortic arch and its branches. In addition, the descending aorta was assessed to determine the location and extent of the stenosis. The location and the diameter of the narrowest part at the coarctation site were evaluated. The segment of the aortic arch was measured from the inner edge to the inner edge on two-dimensional images during systole. In addition, the maximum blood flow velocity and pressure gradient by color Doppler at the coarctation site were recorded.



CTA examination

Before the CT examination, the guardians of the patients provided informed consent for the potential adverse reactions to contrast medium and exposure to radiation. The images were acquired with Lightspeed VCT 64-slice spiral CT (GE Healthcare, USA) and Brilliance ICT 256-slice spiral CT (Philips, Netherlands) by using the following parameters: tube voltage, 90–120 kV; automatic tube current, 60–100 mAs; pitch, 0.984; slice thickness, 5.0 mm; and slice interval, 5.0 mm. The patients were scanned in the supine position from the neck to the diaphragm. A contrast agent (Omnipaque, GE Healthcare, USA) was injected during the scan into the scalp vein or elbow vein of the patient at 300–350 mg/ml at 2–5 ml/s, dosage of 2.0 ml/kg. The children under 5 years old were sedated with contrast agent (0.5 ml/kg). The post-processing methods in the CT scanner included multiplanar reconstruction and three-dimensional volume rendering. All images were reconstructed with 1.25 mm slice thickness with a 0.625 mm slice interval. Multi-directional and multi-angle reconstruction images were used to evaluate the heart structure and origin of the blood vessels.



Surgical management and outcome follow-up

All cases in this cohort underwent end-to-end anastomosis, end-to-side anastomosis, extended end-to-end anastomosis, extended end-to-side anastomosis, pulmonary artery patch, pericardial patch, GORETEX patch or aortic release depending on the different type of CoA and associated cardiac malformations, the aortic arch, innominate artery, left common carotid artery, left subclavian artery, and descending aorta were completely released to prevent recoarctation. A patient follow-up was required until the first discharge and checked if any patient underwent the second operation. Transcoarctation systolic pressure gradient higher than 20 mmHg was considered a recoarctation. The postoperative pressure gradient was followed up at post-operation before discharge, 6 months, 1 year, and 3 years by TTE.



Statistical analysis

Graphpad 9.0 (Prism, USA) was used for the data analysis. Quantitative data with normal distributions were expressed as mean ± standard deviation (SD). The Chi-squared test (χ2) was used to compare the diagnostic accuracy rate of TTE and CTA, and the rates in preductal, ductal, and postductal groups. The Mann–Whitney test, paired t-test, and ANOVA were used in groups. A p-value of <0.05 was considered statistically significant.




Results

Of the 197 children assessed, there were 129 (65.5%) males and 68 (34.5%) females, with a median age of 4.1 months (1 day–14.5 years) and a median weight of 2.5–44 kg. Among these cases, 174 (88.3%) children were under 3 years old. The symptoms that prompted a clinical investigation for these patients included dizziness, headache, hypertension, recurrent respiratory infection, shortness of breath, feeding difficulty, developmental delays, and abnormal blood pressure gradient between the upper and lower extremities.


TTE

The two-dimensional images captured from TTE showed luminal narrowing of the aorta. Despite the different types of CoA (preductal, ductal, or postductal), a pre- and post-stenotic dilatation often developed. The color Doppler images showed an increased systolic blood flow velocity with multicolored flow signal, and a blood pressure gradient of >20 mmHg. The blood flow velocity was decreased at the distal end of the stenosis. In addition, left ventricular hypertrophy, thickened interventricular septum and left posterior ventricular wall, and decreased left ventricular systolic function were observed (Figure 2). The postoperative median inner diameter and systolic pressure gradient of the preductal, ductal, and postductal CoA were all significantly higher than the preoperative measurements (p < 0.0001) (Table 1). However, there were no significant differences between the three different types of CoA in terms of the internal diameter of the aorta and pressure gradient at the pre- and post-surgical TTE evaluation (p > 0.05).


[image: Figure 2]
FIGURE 2
TTE with color Doppler flow imaging showed the location of the CoA and increased blood flow velocity: (A) indicate the location of the CoA and multicolored flow signal; and (B) increased blood flow velocity with a high-pressure gradient, which was estimated by a continuous-wave Doppler. (C) Left ventricular hypertrophy.



TABLE 1 Preoperative and postoperative stenosis diameters in different types of CoA.
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CTA

A three-dimensional reconstruction from multiple two-dimensional CTA acquisitions established the opportunity to evaluate aortic coarctation vessel diameter, location and degree of stenosis (Figure 3), and associated vascular malformations. CTA was superior to TTE in detecting aortic arch hypoplasia and delineating great vessel branching. The reconstructed three-dimensional CTA images showed the ascending aorta, brachiocephalic artery, left common carotid artery, left subclavian artery, descending aorta, coarctation sites, and collateral circulation. In short, CTA comprehensively showed the diameter of the aortic coarctation, the morphology and anatomy of the aortic arch and the heart, and the state and number of collateral circulations before surgery.


[image: Figure 3]
FIGURE 3
Ductal CoA by CTA. (A) The anatomical measurements by CTA before cardiac surgery; (B,C) sagittal multiplanar reconstruction showed volume rendering images with CoA.




TTE vs. CTA diagnostic accuracy

The diagnostic accuracy of TTE and CTA were compared against the diagnosis of CoA confirmed at surgery. Of the 197 cases assessed, 184 patients (93.4%) were diagnosed correctly by TTE, nine (4.6%) were missed, and four cases (2.0%) were misdiagnosed as interrupted aortic arch (IAA) type B. In comparison, 194 children (98.5%) were diagnosed correctly by CTA, 2 cases (1.0%) were misdiagnosed as IAA, and 1 (0.5%) was missed. The diagnostic accuracy of CTA was significantly higher than TTE for CoA (χ2 = 6.52, p = 0.01) (Table 2). One patient with a preductal CoA was misdiagnosed in both TTE and CTA examinations. There were 468 associated cardiovascular malformations confirmed at surgery (Table 3). Among them, 434 were correctly detected by TTE. At the same time, 34 were misdiagnosed, with 4 cases misdiagnosed as other malformations: 1 patent foramen ovale (PFO), 1 atrial septal aneurysm, 1 collateral, and 1 vascular malformation (pulmonary artery origin); and 30 cases misdiagnosed from being undetected: 12 hypoplastic aortic arch (HAA), 6 collateral circulation, 3 PDA, 2 persistent left superior vena cava (PLSVC), 2 ventricular septal defect (VSD), 1 atrial septal defect (ASD), 1 aortic valve hypoplasia, 1 PFO, 1 aortic angulation, and 1 total anomalous pulmonary venous connection (TAPVC).


TABLE 2 Diagnostic accuracy of TTE and CTA compared with surgery.
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TABLE 3 CoA with different cardiac malformations.
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In comparison, 396 associated cardiovascular malformations were correctly detected by CTA, and 72 were misdiagnosed, with 11 cases misdiagnosed as other malformations: 5 PFO, 3 PDA, 1 ASD, 1 aortic arch dysplasia, and 1 vagus subclavian artery. The undetected cases include 15 PFO, 12 VSD, 10 valvular malformations, 7 collaterals, 1 PDA, 2 TAPVC, 3 vascular malformations, 2 HAA, 1 aortic angulation, 1 endocardial elastofibrosis (EFE), 1 PLSVC, 1 ASD, 1 atrial septal aneurysms, 1 double-chambered left ventricle (DCLV), 1 double-chambered right ventricles (DCRV), and 1 double outlet right ventricle (DORV). The diagnostic accuracy of TTE and CTA for associated cardiovascular defects was 92.7% (434/468) and 84.6% (396/468), respectively, where the diagnostic accuracy of TTE was significantly higher than CTA for CoA (χ2 = 15.36, p < 0.0001) (Table 2).



Surgical management and outcomes

Based on the surgical findings, three types of CoA were identified: the preductal type (n = 93, 47.2%), the ductal type (n = 86, 43.7%), and the postductal type (n = 18, 9.1%) (Table 4). The surgical findings confirmed that 19 patients (9.6%) had isolated CoA and 178 (90.4%) had CoA combined with other congenital cardiovascular malformations (Table 3). The top five congenital cardiovascular malformations combined with CoA were PDA (25.0%), VSD (24.8%), ASD (22.2%), PFO (7.1%), and HAA (4.7%). The surgical procedures predominantly included extended end-to-end anastomosis (n = 20), extended end-to-side anastomosis (n = 62), end-to-end anastomosis (n = 47), end-to-side anastomosis (n = 30), pulmonary autograft patch aortoplasty (n = 20), aortic arch release (n = 10), and others (n = 8). Among them, the surgical procedures with isolated CoA included end-to-end anastomosis (n = 11), end-to-side anastomosis (n = 4), aortic arch release (n = 2), extended end-to-end anastomosis (n = 1), and extended end-to-side anastomosis (n = 1) (Table 5). The surgical management of different types of non-isolated CoA is shown in Table 6. Out of the 197 cases, 191 cases (97.0%) survived after surgical repair, and in-hospital mortality occurred in six patients (3.0%). One patient died from renal failure and had a preductal CoA with severe mitral stenosis, PDA, VSD, and ASD. The other five patients died from heart failure: two patients had DORV, VSD, ASD, and PDA, one of which died during the operation while the other patient died post-surgery in addition to respiratory failure; one other patient had abnormal origin of the right pulmonary artery with postoperative pulmonary hemorrhage; one with VSD and huge ASD died as severe arrhythmia and gastrointestinal bleeding; one with preductal CoA, ASD had severe bradycardia and died with the pacemaker. The postoperative pressure gradient was significantly decreased at post-operation before discharge, 6 months, 1 year, and 3 years (Figure 4). Although the TTE systolic pressure gradient in some patients was higher than 20 mmHg, most had no clinical symptoms, and TTE indicated a normal left heart function without significant recoarctation. Therefore, no patient underwent re-operation diagnosed with recoarctation. When the pressure gradient was higher than 40 mmHg, patients received clinical consultation.


TABLE 4 Clinical management and short-term outcomes in different types of CoA.
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TABLE 5 Surgical managements of different types of isolated CoA.
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TABLE 6 Surgical management of different types of non-isolated CoA.
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FIGURE 4
The comparison of the pressure gradient between pre-operation and post-operation before discharge, 6 months, 1 year, and 3 years by TTE.





Discussion

Our cohort consisted of 197 patients with a male:female ratio of 1.87:1, slightly lower than the reported literature. The pathophysiological mechanisms that underlie CoA remain poorly understood and have been described to be multifactorial. These hypotheses include the following: (1) abnormal embryogenetic development, (2) reduced vessel blood flow, and (3) aberrant duct-like arterial tissue constriction around the aortic lumen at the isthmus (6, 19). One study suggested that coarctation frequently occurs at the ductal position (20). However, another study showed that infants and young children had more of the preductal CoA type (21), which aligns with our results. Our clinical data were composed of 174 infants less than 3 years old, which suggests that preductal CoA commonly presents in infancy. This is important because if patients, particularly newborns, have severe aortic coarctation, their left ventricle cannot efficiently pump blood against the high pressure in the aorta (1), and thus, it leads to hypertrophy. CoA is often accompanied by other cardiovascular anomalies. In this study, 19 patients had isolated CoA, and 178 children had CoA combined with other congenital cardiovascular malformations, consistent with the previous data (13, 22). In the literature, bicuspid aortic valve is the most associated abnormality that affects ≤75% of all CoA cases (23). However, our results suggested that PDA was the most frequent cardiovascular lesion associated with CoA. The treatment options for CoA include surgery and endovascular intervention, including surgical, balloon angioplasty, and stent treatment (24, 25). Because of our retrospective study design, all our patients had undergone surgery based on preoperative TTE and CTA results, with 41.4% of the patients undergoing extended end-to-end anastomosis and extended end-to-side anastomosis, 39.4% of the patients with end-to-end anastomosis and end-to-side anastomosis, 13.1% of the patients with the patch, including patch aortoplasty, pericardial patch and GORETEX patch. The surgical decision-making depended on the type of CoA and associated cardiac malformations.

In this group, 184 cases were correctly diagnosed by TTE with nine cases undiagnosed and the remaining four cases misdiagnosed as IAA. The limitations of TTE included poor acoustic window, narrow field of view, and operator dependence. Two CoA cases with PDA and VSD were misdiagnosed, which we suggest was because the forward blood flow velocity in the descending aorta did not change significantly and thus no multicolored flow signal was detected by color Doppler. Vergales et al. suggested that a PDA in addition to CoA might affect the physiologic obstruction in neonates (26). Therefore, coarctation in newborns might not be present until the ductal tissues insert completely. In CoA with VSD, the left ventricular end-diastolic pressure is increased by the ventricular preloading, and it is shown as cardiac hypertrophy and left heart dysfunction, which is caused by the progressive of pulmonary venous and arterial hypertension (27). Severe CoA can be distinguished from IAA if there is a long stenotic section. The patients with IAA exhibit blood flow interruption between the ascending aorta and the descending aorta. Thus, the blood that flows into the descending aorta is solely supplied by the PDA. Most diagnoses of IAA are accompanied by ascending aortic arch dystrophy and moderate to severe pulmonary hypertension (28). However, this is not usually associated with pulmonary hypertension unless other cardiovascular abnormalities exist (29). Several imaging methods have been used to detect CoA. Conventional angiography was regarded as the gold standard for clinical assessment of the aorta. However, it is invasive and requires considerable radiation exposure (30). In addition, magnetic resonance imaging is a common tool for vascular diseases, but is limited by its high cost, long examination times, and patients with claustrophobia (31). TTE often serves as the first-line imaging tool for assessing cardiovascular function. It has been widely used for diagnosing CoA and other accompanying cardiovascular lesions due to its low cost and radiation-free properties (32).

CTA is now considered a more reliable technique than TTE for the diagnosis of aortic diseases, because it allows better visualization, especially in the detection of extracardiac-vascular abnormalities, with short acquisition time and high spatial resolution (4). With the recent advances in modern scanning techniques, the overall radiation burden required for CTA has significantly reduced, which means that this examination is relatively safe for infants and young children. However, considering that young patients require lifelong follow-up, radiologists should be careful with the use of ionizing radiation in serial examinations. In the current study, the accuracy rate of CTA for the diagnosis of CoA was significantly higher than that of TTE (p = 0.01). The multi-directional and multi-angle reconstructed images from CTA accurately detected the origin and morphology of the great vessels, and their relationship with the heart, which might compensate for the limitations of TTE. Although CTA was superior to TTE when assessing extracardiac-vascular anomalies, the associated cardiovascular lesions remain difficult to detect by CTA alone. TTE failed to diagnose 34 associated cardiovascular malformations, which included 12 HAA, 10 vascular malformations, 3 PDA, 2 VSD, 1 ASD, 1 aortic valve hypoplasia, 2 PFO, and 1 atrial septal aneurysm, 1 collateral and 1 vascular malformation (pulmonary artery origin).

In comparison, CTA misdiagnosed 72 associated cardiovascular malformations, which included 20 PFO, 19 vascular-related malformations, 14 VSD, 13 valvular lesions, 1 EFE, 1 PLSVC, 1 atrial septal aneurysm, 1 DCLV, 1 DCRV, and 1 DORV. These data suggest that TTE was better than CTA in detecting associated cardiovascular lesions, presumably because TTE provides hemodynamic information. In addition, TTE combined with color Doppler can evaluate blood shunting, valvular anomalies, and other intracardiac structures.

Furthermore, TTE has been widely used in postoperative follow-up of patients with repaired CoA for recoarctation. Currently, we use TTE to screen patients with suspected CoA by anatomic structural abnormality, the increased flow velocity of the descending aorta, and assess the intracardiac malformations, using CTA to confirm the diagnosis of CoA, and then managing the surgical plans. The in-hospital mortality rate was 4.9% in this group, which is higher than a large cohort that analyzed 2,424 CoA cases from 43 centers. The main reason for the deaths was attributed to congenital heart disease or other complications. Regarding long-term survival, the outcomes of patients with repaired CoA in infancy were excellent, but they had a small ongoing mortality risk in the early childhood (24). As recoarctation and high blood pressure may occur after repair (22, 33), it is important to continue long-term clinical and cardiovascular imaging follow-up in this population. We showed a significantly decreased pressure gradient after the operation, similar at 6 months, 1 year, and 3 years follow-ups. Although some patients still had systolic pressure gradient higher than 20 mmHg, no patient underwent the second operation with significant recoarctation in our follow-up. We recommend that if patients have no significant clinical symptoms and have normal left heart function, then they can undergo dynamic observation by TTE.

The median age of death is 31 years if 60%–80% of newborns are undiagnosed. Increased left ventricular afterload can cause the potential downstream effects (34, 35). CoA represents a form of pressure afterload that affects the LV. Correction of CoA before irreversible LV dysfunction is vital, which is more crucial if associated with other cardiovascular malformations. LV longitudinal strain is decreased, and LV maximum torsion is elevated in children with moderate LV pressure load secondary to LV obstructive lesions such as mild CoA, which changes rapidly after a successful interventional treatment resulting in LV maximum torsion reduction (36). In another study, the ejection fraction remained normal, but a decrease in strain was measured. Distinct left ventricular outflow tract obstruction (LVOTO) demonstrates different strain values. It is important for an early heart failure treatment to be performed in cases of LV aberrations before the onset of functional abnormalities (37). However, one study showed that non-neonatal CoA repair may be more beneficial than neonatal CoA repair in terms of LV systolic dysfunction recovery, but this may be confounded as neonates intervened during the neonatal period may have more severe CoA, which leads to circulatory problems and early intervention (38). When the PDA closes after birth, severe CoA will lead to aortic obstruction with hypoperfusion of the lower body, renal dysfunction, and metabolic acidosis. Increased afterload of the LV may lead to LV failure. Prostaglandin E is needed to keep the PDA open for lower body perfusion. Milder cases of CoA are important because hypertension and compensatory LV hypertrophy due to increased LV afterload may occur later in life (6). Limited restrictions are indicated for patients with high blood pressure, recoarctation, and aorta dilatation. There is an excellent survival but with a small ongoing mortality risk into early adulthood (39), and lifelong risk of developing aortic aneurysm, hypertension, and cerebral aneurysms. Therefore, patients diagnosed with CoA should seek lifelong follow-up with a cardiologist. Lifelong regular cardiology evaluations are important to monitor for later complications (24). Adequate and timely diagnosis of CoA is crucial for a good prognosis, as early treatment is associated with lower risks of long-term morbidity and mortality (6). Overall, our retrospective study presented the diagnosis and surgical management and outcome follow-up in the large Chinese population and summarized the surgical prognosis of CoA.


Limitation

This study was limited by its retrospective design where some patients had incomplete clinical data, and not all patients had genetic testing performed. Furthermore, only the raw diameter of the CoA was recorded as there is no adequate and available Z-score COA calculator for the Chinese population when quantifying the TTE results. We only assessed patients who underwent surgical intervention and not balloon or stent catheterization. Since this was surgery, these cases were probably more extreme compared with those who ended with a catheterization treatment. For the pressure gradient follow-ups by echocardiography, as this was a retrospective study, the follow-up rate of the surgical outcome was lower than expected at 6 months, 1 year, and 3 years.




Conclusions

This study demonstrates that the diagnostic accuracy of CTA for CoA was higher than that of TTE, and TTE was superior to CTA when detecting other cardiovascular lesions. The combined use of CTA and TTE may improve the preoperative diagnostic accuracy of CoA and associated cardiovascular malformations, respectively, providing a more comprehensive assessment for the clinical management and surgical decision-making. TTE was beneficial for post-operation follow-up and clinical management.
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Objective: The objective of the study is to explore the value of the four-section approach in detecting fetal heart defects in the first trimester (11–13+6 weeks), analyze the reasons for the inconsistency between the results of ultrasound examination in the first trimester and subsequent verification, and describe the most common abnormal flow patterns of four sections.



Materials and methods: Between June 2019 and June 2021, a prenatal four-section approach (upper abdominal transverse section, four-chamber section, three vessel–trachea section, and bilateral subclavian artery section) with verification results in early pregnancy was analyzed.



Results: In total, 9,533 fetuses were included. Finally, 176 fetuses with congenital heart disease (CHD), containing 34 types, were identified. The total detection rate of cardiac abnormalities was 1.85%. 102 cases were accurately diagnosed by ultrasonography during early pregnancy. A total of 74 fetuses who had inconsistent results between fetal cardiac ultrasound and verification in early pregnancy were reported, of which the cases of 22 fetuses were inconsistent due to disease evolution and progression and the cases of 52 fetuses were inconsistent due to missed diagnosis and misdiagnosis. The sensitivity, specificity, positive predictive value, and negative predictive value of the four-section approach were 67.05%, 99.96%, 96.58%, and 99.33%, respectively. In this study, a total of 30 abnormal ultrasonic imaging patterns in four sections were summarized.



Conclusion: We confirmed that the four-section approach in early pregnancy has a good diagnostic efficacy for fetal CHD. Intrauterine evolution of the fetal heart, missed diagnosis, and misdiagnosis are the reasons for the inconsistency between the results of early pregnancy ultrasound and subsequent verification. This study also presents the abnormal imaging patterns of four scan sections of CHD in early pregnancy, which are instructive for the rapid identification and diagnosis of CHD in the first trimester.
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Introduction

Congenital heart disease (CHD) involves the formation of the heart and large blood vessels in the early stages of embryonic development disorders, resulting in structural and functional defects in the fetal heart and main vessels (1). CHD is the most common congenital defect (2). The incidence rate of CHD among live births in China is approximately 8.98%, and among these cases, the incidence rate of death in the neonatal period or of critical CHD requiring intervention is 1.46% (3). Studies have shown that prenatal diagnosis of CHD in early pregnancy can significantly improve the perinatal outcome (4). The exploration of CHD screening and diagnostic methods in early pregnancy to identify affected fetuses has become an area of interest that is also challenging. Many studies have shown that observation of the fetal heart in early pregnancy is feasible (5–8), and the four-chamber section (4CV section) and the three vessel–trachea section (3VT section) have been proposed to be the most important basic sections for cardiac screening in the first trimester (9–11). The 4CV section has a sensitivity of 26.0%–45.7% for CHD in early pregnancy (12–14). The 3VT section can also provide anatomical information such as the morphology, size, and route of the two large arteries, which is an effective alternative for the outflow tract section in early pregnancy. The 3VT section improves the detection rate of abnormally large blood vessels (10). Most current studies have used 4CV and 3VT sections to screen the fetal heart in early pregnancy (10, 14–17). In practice, we have found that the upper abdominal (UAb) transverse and bilateral subclavian sections are significantly feasible during early pregnancy. The upper abdominal transverse section plays an important role in determining the position of the fetal visceral atrium. Bilateral subclavian artery (BSa) sections can show the relationship between bilateral subclavian arteries and the trachea, and these two sections can be used as supplements of 4CV and 3VT sections. While the diagnostic efficacy of the combination of these four sections has not been confirmed, few data are available on the appearance of the four-section views in fetuses with specific structural cardiac defects in the first trimester. The factors affecting the accuracy of fetal cardiac ultrasonography in early pregnancy also need to be further studied.

Therefore, this study used the four-section approach (including upper abdominal transverse section, 4CV section, 3VT section, and bilateral subclavian artery section) to examine the fetal heart during early pregnancy (11–13+6 weeks). We compared fetal echocardiography with the verification results and evaluated the diagnostic efficacy of the four-section approach in early pregnancy. Moreover, we analyzed the reasons for the inconsistency between the results of ultrasound examination in the first trimester and subsequent verification, demonstrated the abnormal ultrasonic imaging pattern of fetal CHD in early pregnancy, and described their association with specific CHD types, which could provide more evidence for clinical decision-making.



Material and methods


Study population

Between June 2019 and June 2021, 22,615 pregnant women were screened for nuchal translucency (NT) examination in the Department of Ultrasound Medicine at Fujian Maternity and Child Health Care Hospital. A total of 9,533 pregnant women met the inclusion criteria. The pregnant women who at the same time met criteria (1), (4), and (2) or (3) were included in the study: (1) NT screening was performed in our hospital, and the four-section approach was completed; (2) pathological examinations such as cardiac micropathological anatomy during early pregnancy, heart topographic anatomy, and cardiovascular casting during middle pregnancy were completed; (3) fetal echocardiography was performed in our hospital during pregnancy, delivery was catered in our hospital, and neonatal congenital heart disease screening was completed; and (4) only singleton pregnancy was considered.

The average age of pregnant women was 27.5 ± 3.8 years, and the gestational age of the fetal scan was 11–13+6 weeks. Pregnant women and their families have been informed and agreed to the study, which was approved by the Ethics Committee of Fujian Maternity and Child Health Care Hospital (2018-017).



Study protocol

By using GE Voluson E8 or E10 color Doppler ultrasound diagnostic instrument, the frequency of the transabdominal ultrasound probe is 4–5 MHz. The frequency of cavity probe is 6–10 MHz. The frequency of high-frequency linear array probe is 8–12 MHz. Fetal NT and early pregnancy cardiac examination mode were selected for screening.

According to the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) Fetal Ultrasound Guidelines for Early Pregnancy (18), routine transabdominal ultrasound was performed, and transvaginal ultrasound was also performed, when necessary, in combination with the fetal examination protocol of the center at 11–13+6 weeks of gestation.


Four-section approach at 11–13+6 weeks

The acquisition includes upper abdominal transverse section, 4CV section, 3VT section, bilateral subclavian artery section, two-dimensional or superimposed color Doppler flowing imaging (CDFI), static blood flow, and arterial images (Figure 1). Upper abdominal transverse section: ultrasound scanning method—the acoustic beam was scanned through the gastric bubble and liver in the fetal upper abdomen, and the upper abdominal transverse section could be obtained. Observations: (1) the integrity of the abdominal wall, (2) the main structures of the upper abdominal transverse section (gastric vesicles, abdominal segment of umbilical vein, abdominal aorta, inferior vena cava), and their positions to judge the position of internal fetal organs. Four-chamber section: ultrasonic scan method—based on the examination of the upper abdominal transverse section, the probe was shifted to the head side to display the four-chamber incisal plane, and the ultrasonic beam was directed to the interventricular septum at approximately 45°. This not only ensured ventricular blood flow filling but also allowed the two-dimensional heart structure to be most clearly displayed. Observations: (1) the heart was located in the left chest cavity, and the apex of heart was facing to the left, (2) the heart cross structure, (3) combined with two-dimensional and color Doppler to observe whether the size of the heart cavity was symmetrical, and (4) whether there was tricuspid regurgitation. Three vessel–trachea section: ultrasonic scan method—based on the color Doppler ultrasound examination of the four-chamber section, the acoustic beam was tilted to the fetal head side to obtain the color Doppler vessel–trachea section. According to the actual situation, the incidence angle of acoustic beam was adjusted to achieve the optimization of the image: (1) the position relationship between the pulmonary artery and the aorta was determined, (2) the inner diameter of the pulmonary artery and the aorta were symmetrical, and (3) the ductus arteriosus and the aortic arch blood flow were normal. Bilateral subclavian artery section: ultrasound scanning method—based on the color Doppler ultrasound examination of the three vessel–trachea section, the acoustic beam continued to the fetal cephalic deflection, then the bilateral subclavian artery section was obtained, and the image was optimized by means of energy Doppler or adjusting the incidence angle of the acoustic wave. Observations: bilateral subclavian artery route.
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FIGURE 1
Four-section approach in early pregnancy. (A) Upper abdominal transverse section. (B–D) Two-dimensional, color Doppler, and tricuspid spectrum Doppler ultrasound of 4CV section. (E) 3VT section. (F) Bilateral subclavian artery section.




Verification of congenital heart disease

The routine ultrasound examination of the fetal heart in the second and third trimesters adopts the nine-slice sequential segmentation analysis method of the fetal heart (19). The routine fetal heart screening in the third trimester adopts the 4CV and 3VT sections. When fetal CHD was identified, further genetic suggestions were proposed. For cases of termination of pregnancy, malformation micropathological anatomy, heart topographic anatomy or cardiovascular casting were selected according to the size of the gestational week and the type of malformation.

The pathological anatomy of the fetal heart was mainly conducted by the method of in situ observation after formalin fixation and in vivo or in vitro autopsy. The cast specimen was established by combined chest and abdominal cavity casting (19). In the case of labor induction during the second trimester, a single large cardiac blood vessel was cast in vivo. The specimens were photographed and archived, and the casting results were recorded. The cases of fetuses with CHD whose mothers continued their pregnancy routinely underwent nine-section cardiac ultrasound during the second trimester. If CHD is identified, it is necessary to recommend fetal echocardiography and provide perinatal management and prognosis counseling. A pediatrician clinically examines all births for neonatal CHD, and those screened positive for neonatal CHD infants with prenatal CHD should undergo neonatal echocardiography. When the screening result of CHD is normal after birth, the heart structure is considered normal.



Identification and classification of fetal CHD

Determination of fetal heart abnormalities in early pregnancy—the presence of one of the following three conditions in fetal echocardiography during early pregnancy can be considered abnormal: (1) indication of a specific CHD, (2) suspicion of specific CHD, and (3) discovery of cardiac minor lesions such as ventricular ratio imbalance, aortic ratio imbalance, abnormal cardiac position, and valvular regurgitation that cannot be determined. The abnormal statistics did not include persistent left superior vena cava, patent foramen ovale, atrial septal defect, and patent ductus arteriosus. Classification principle: fetal CHD is classified according to the main malformation. For example, coarctation of the aorta with ventricular septal defect is classified as coarctation of the aorta. When an atrioventricular septal defect and a double outlet right ventricle coexist, it is classified as atrioventricular septal defect. The diagnosis of the major malformation is correct. Then, the case diagnosis is considered correct. In addition, first-trimester diagnoses that are modified in later pregnancy or initial abnormalities evolve, and the classification of the CHD is based on the final diagnosis. According to different segments of the heart, CHD is divided into the following five categories: abnormal internal and cardiac positions, abnormal inflow tract, abnormal outflow tract, abnormal aortic arch and its branches, and other abnormalities.




Statistical analysis

SPSS 19.0 software was used for the statistical analysis of data. For the statistical description of quantitative data, mean ± standard deviation (x ± S) is used, frequency is used for qualitative data (n), and percentage (%) is expressed. The receiver operating characteristic (ROC) curve was drawn to calculate the area under the curve (AUC), sensitivity, specificity, positive predictive value, and negative predictive value of each indicator, to evaluate the diagnostic effectiveness of different section approaches. The DeLong test compared multiple ROC curves.




Results

A total of 34 types of cardiac abnormalities and 176 fetuses were examined through pathological and clinical verification, and the total detection rate of cardiac abnormalities was 1.85%. In total, 183 fetuses with abnormal heart were identified by ultrasound during early pregnancy (including 61 fetuses with tricuspid regurgitation), of which 120 fetuses were subsequently confirmed to have CHD and 63 fetuses were excluded (including 59 fetuses with tricuspid regurgitation). A total of 9,350 fetuses with normal heart were identified by ultrasound in the first trimester, of which 56 fetuses with CHD were noted in a follow-up screening (40 fetuses were identified in the second trimester, two fetuses were identified in the third trimester, and 14 fetuses were identified in the neonatal period), and 9,294 fetuses were reported as normal, as presented in Figure 2.
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FIGURE 2
Flow chart of this cohort.



Diagnostic efficacy of four-section approach

In the 176 fetuses with CHD in this study, 5.68% (10/176) had an abnormal upper abdominal transverse section, 34.09% (60/176) had an abnormal 4CV section of the heart, 53.41% (94/176) had abnormal 3VT section, and 19.89% (35/176) had abnormal bilateral subclavian artery section. Approximately 67.04% (118/176) of the fetuses were reported to be abnormal in at least one section, and 60.23% (106/176) were abnormal in 4CV section combined with 3VT section, presented in Table 1. The upper abdominal transverse section was most found in an abnormal fetal visceral heart position (88.88%, 8/9), abnormal 4CV section was most found in the abnormal inflow tract (78.26%, 18/23), and abnormal 3VT section was most found in the abnormal outflow tract (71.70%, 38/53). Abnormalities in bilateral subclavian artery sections were most common in the aortic arch and its branch anomalies (27/53, 50.94%). The 4CV section, 4CV section combined with 3VT section, and the four-section approach were used to evaluate heart defects in early pregnancy. The AUC values of 4CV section, 4CV section combined with 3VT section, and the four-section approach had significant statistical differences (all p < 0.01). AUC values, sensitivity, specificity, and positive and negative predictive values of the diagnosis of CHD are presented in Table 2 and Figure 3.


TABLE 1 Cardiac abnormality by different section approaches.
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TABLE 2 Diagnostic efficacy of different screening methods in the first trimester for CHD.
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FIGURE 3
ROC curve comparison between different section approaches for diagnosis of CHD.


A total of 176 fetuses were diagnosed with CHD. The accurate detection rates of fetal visceral heart position abnormality, inflow tract abnormality, outflow tract abnormality, aortic arch and its branches abnormality, and other heart abnormality were 100% (9/9), 73.9% (17/23), 62.3% (33/53), 73.6% (39/53), and 10.5% (4/38), respectively. CHD types with higher accurate diagnosis rates during early pregnancy include ectopic heart (2/2,100%), displaced heart (1/1, 100%), mirror-image dextrocardia (2/2, 100%), isomeric syndrome (4/4,100%), mitral atresia (1/1, 100%), hypoplastic left heart syndrome (3/3, 100%), tricuspid atresia (1/1, 100%), hypoplastic right heart syndrome (4/4, 100%), absence of semilunar valve (7/7, 100%), aortic atresia (1/1, 100%), aberrant right subclavian arteries (22/26, 84.6%), right aortic arch (7/8, 87.5%), transposition of the great artery (5/6, 83.3%), double outlet right ventricle (4/5, 80.0%), Ebstein's anomaly (2/3, 66.7%), tetralogy of Fallot (11/16, 68.8%), atrioventricular septal defect (6/9, 66.7%), pulmonary atresia (6/9, 66.7%), aortic arch stenosis (8/14, 57.1%), and double aortic arch (1/2, 50.0%). CHD that are more difficult to diagnose in early pregnancy include ventricular septal defect (4/30, 13.3%), pulmonary valve stenosis (0/10, 0%), pulmonary artery sling (0/2, 0%), anomalous pulmonary venous connection (0/2, 0%), retroaortic left innominate vein (0/1, 0%), myocardial insufficiency (0/1, 0%), coronary fistula (0/1, 0%), and rhabdomyoma (0/1, 0%). CHD in early pregnancy that indicate only minor cardiac abnormalities without a clear diagnosis include aortic arch dissection and main-pulmonary window.



Missed diagnosis and misdiagnosis during early pregnancy

In this study, a total of 176 fetuses with CHD were identified by pathological and clinical verification, and 102 fetuses were accurately diagnosed during early pregnancy. Seventy-four fetuses were inconsistent with the verification results of fetal cardiac ultrasound during early pregnancy (including 22 fetuses with unreliable diagnosis caused by disease evolution and progression and 52 fetuses with inconsistent diagnosis due to missed misdiagnosis), as presented in Table 3.


TABLE 3 Inconsistency between first trimester ultrasonography and final diagnosis.

[image: Table 3]

A total of 22 fetuses with inconsistent diagnosis caused by the progression of CHD in the uterus were reported, among which 16 fetuses (72.7%, 16/22) progressed from the first to the second trimester, three fetuses (13.6%, 3/22) progressed from the second to the third trimester, and three fetuses (13.6%, 3/22) progressed after birth. Among the 22 fetuses, 12 fetuses (54.6%) had valvular diseases, eight fetuses (36.4%) had arterial obstructive diseases, one fetus (4.5%) had cardiac tumors, and one fetus (4.5%) had cardiomyopathy.

Three types of missed misdiagnosis are noted: Class I is the limitation of cardiac ultrasound limited in the first trimester. Class II is impaired subjective cognition leading to missed misdiagnosis. Class III has missed misdiagnosis due to instrument adjustment problems or poor fetal position. A total of 14 CHD types were detected in the second trimester. Pulmonary stenosis, total anomalous pulmonary venous connection, pulmonary artery sling, retroaortic left innominate vein, coronary artery fistula, and cardiac rhabdomyoma were the CHD types not detected in the first trimester. Two CHD types were detected in the third trimester, such as tricuspid valve dysplasia and non-compaction of ventricular myocardium. Both were not detected by ultrasound in the first trimester. Four types of CHD were detected in the neonatal period, among which ultrasound did not detect mitral stenosis during pregnancy.



Abnormal imaging pattern of four-section approach

Among the 176 fetuses with CHD, 10 fetuses had an abnormal upper abdominal transverse section. According to the integrity of the fetal abdominal wall and the spatial position of four U-shaped structures (gastric bleb, inferior vena cava, aorta, and spine), four abnormal image patterns of UAb transverse section were found, which could be seen in normal cases, situs inversus, left isomerism syndrome, and right isomerism syndrome (Figure 4). According to the location, size, cardiac axis, the central crisscross structure of the heart and the size and direction of blood flow bundles, 16 kinds of 4CV section abnormal patterns were found (Figure 5). According to the number of large arteries, the relationship between the pulmonary artery and the aorta, the diameter of the pulmonary artery and the aorta, and the direction of blood flow between the ductus arteriosus and the aortic arch, eight abnormal patterns of 3VT section were found (Figure 6). According to the course of bilateral subclavian arteries, two abnormal patterns of BSa sections were found (Figure 7).
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FIGURE 4
Abnormal image pattern of ultrasound in the upper abdominal transverse section. (A) Patterns of UAb-1: The stomach is on the right side of the abdomen, the superior vena cava is on the left front of the spine, and the abdominal aorta is on the right front of the spine. (B) Patterns of UAb-2: The stomach is small and located near the midline, while the superior vena cava is on the same side of the spine as the abdominal aorta. (C) Patterns of UAb-3: The stomach is small and located near the midline, and the dilated (hemiazygos vein) azygos vein is seen behind the right (left) of the descending aorta. (D) Patterns of UAb-4: The stomach is not seen on the transverse section of the upper abdomen.



[image: Figure 5]
FIGURE 5
Abnormal ultrasound image pattern of 4CV section. (A) Patterns of 4CV-1 showed that the heart is partially or completely located outside the chest cavity. (B) Patterns of 4CV-2 showed displacement of heart. (C) Patterns of 4CV-3: the cardiac axis is abnormally shifted to the forward. (D) Patterns of 4CV-4: The cardiac axis is abnormally shifted to the right. (E) Patterns of 4CV-5 indicate an increase in cardiothoracic ratio. (F) Patterns of 4CV-6, filling of both ventricles, but the left ventricle appears smaller. (G) Patterns of 4CV-7: The left heart is spherically enlarged, and the filling of left ventricle appears smaller. (H) Patterns of 4CV-8: The filling of the right heart increased obviously. (I) Patterns of 4CV-9, filling of both ventricles, but the right ventricle appears very smaller. (J) Patterns of 4CV-10, filling of only the right ventricle. (K) Patterns of 4CV-11, filling of only the left ventricle. (L) Patterns of 4CV-12 showed a central singular inflow. (M) Patterns of 4CV-13 indicate “Y”-shaped filling of the ventricular inflow tract during diastole. (N) Patterns of 4CV-14 indicate a ventricular septal defect. (O) Patterns of 4CV-15, mitral or tricuspid regurgitation. (P) Patterns of 4CV-16, common valve regurgitation in atrioventricular septal defect.
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FIGURE 6
Abnormal ultrasound image pattern of 3VT section. (A) Patterns of 3VT-1, one vessel with a curved course or a straight course. (B) Patterns of 3VT-2: The aorta was smaller than the pulmonary artery. (C) Patterns of 3VT-3: The pulmonary artery was smaller than the aorta. (D) The aorta was smaller than the pulmonary artery, and reverse flow was observed in the aortic arch. (E) The “in–out sign” of the aorta and/or pulmonary artery. (F) Patterns of 3VT-6, two large arteries forming a “U” sign around the trachea. (G) Patterns of 3VT-7, two large arteries forming an “O” sign around the trachea. (G) Patterns of 3VT-8: The subclavian artery and aorta together form a “C” sign around the trachea. (H) Patterns of 3VT-8: The subclavian artery originates from the origin of the descending aorta and runs behind the trachea to form a “C”-type vascular ring.
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FIGURE 7
Abnormal ultrasound image pattern of the bilateral subclavian artery section. (A) Normal bilateral subclavian arteries are in front of the trachea, and they form a “bow” structure. (B) BSa-1 pattern: The right subclavian artery originates from the descending aorta, bypasses the trachea, and then runs to the right. (C) BSa-2 pattern shows that the left subclavian artery originates from the descending aorta and is circumvented behind the trachea to the left.





Discussion

Based on the 4CV section and 3VT section, the upper abdominal transverse section and bilateral subclavian artery section were added. The upper abdominal transverse section is the first section of the heart segment analysis and should be considered as part of the cardiac screening during early pregnancy. The bilateral subclavian artery section complements the 3VT section, providing additional anatomical information about the aortic arch and its branches. Four-section approach has a high detection rate for fetal visceral heart position abnormalities, inflow tract abnormalities, outflow tract abnormalities, and aortic arch and branch abnormalities. In our study, 67.05% of all CHD were diagnosed in early pregnancy, considering that ventricular septal defect was not included in most studies. The sensitivity and specificity reached 77.55% and 99.98% after excluding the ventricular septal defect, and this is higher than other studies (15). It is proved that the four-section approach adopted by our center in early pregnancy is reliable and effective for diagnosing CHD.

With the improvement of ultrasonic instrument resolution and blood flow imaging mode, the imaging ability of cardiac structure in early pregnancy has been significantly optimized. Previous studies have described the most common abnormal blood flow patterns of the 4CV section and 3VT section in fetuses of 11–13+6 weeks by two-section method (14), which will significantly promote the development of cardiac screening in early pregnancy. This study analyzed CHD’s ultrasonic characterizations based on the four-section approach at 11–13+6 weeks and further complemented the pattern of abnormal images. We summarized the four abnormal image patterns in the upper abdominal transverse section, representing the four types of abnormalities. The observation of the size and location of the gastric vesicle in the transverse section of the upper abdomen and the location of the inferior vena cava and abdominal aorta plays an important role in determining the position of the viscera, which can assist in the diagnosis of the isomeric syndrome (20, 21). 4CV section abnormalities were most common in the inflow tract of the heart. The abnormal image patterns of 4CV section can be divided into eight categories. Irregular heart size is mainly manifested as the increased cardiothoracic ratio, and heart failure caused by severe valvular regurgitation is expected in early pregnancy. The abnormal balance of left and right ventricular blood flow bundles can be divided into right heart dominant and left heart dominant. Right heart dominance is mostly caused by coarctation of the aortic arch, hypoplastic aortic arch, or interrupted aortic arch. In addition, tricuspid valve developmental abnormalities such as Ebstein’s anomaly may contribute to the right heart-dominant flow pattern in early pregnancy. Some studies have shown that right heart dominance is also seen in atrioventricular junction inconsistencies or related to partial proper ventricular double outlet (22). Left heart dominance is common in right ventricular dysplasia, but it is also a sign of severe aortic stenosis (23). Since some valvular pathologies are progressive, it is essential to regularly review and monitor the asymmetry of the left and right ventricular flow bundle widths. A single blood flow bundle in the heart is a manifestation of severe CHD (14). The single arterial blood flow bundle is vertically oriented, suggesting a pulmonary bundle, which is common in HLHS; if the single arterial blood flow bundle is curved to the side, it suggests an aortic arch blood flow bundle, which is common in conotruncal defects. Due to the aliasing of left and right ventricular blood flow bundles, it is difficult to show the transseptal blood flow bundles of the ventricular septal defect in early pregnancy. If suspicious cases are found based on grayscale ultrasound, multi-section scanning and follow-up are needed. Mitral and/or tricuspid valve regurgitation are often transient, and mild atrioventricular valve regurgitation can be easily missed by color Doppler observation alone. Therefore, it is important to routinely use pulsed Doppler for standard sampling. When 4CV section abnormalities are found, further careful evaluation of 3VT section should be performed.

In this study, 3VT section abnormalities were most seen in outflow tract malformations. The abnormal image patterns can be divided into eight categories. The single arterial blood flow bundle can be divided into two types according to its course (24). The single arterial blood flow bundle is vertically oriented, suggesting a pulmonary bundle, which is common in HLHS; if the single arterial blood flow bundle is curved to the side, it suggests an aortic arch blood flow bundle, which is common in conotruncal defects. When a single blood flow bundle is found, the diagnosis should be further refined by observing the blood flow of the ductus arteriosus and the connection between the large artery and the ventricle. The proportion of blood flow bundles can also be divided into two types. A small aortic blood flow bundle, especially in 4CV views with right heart–dominant flow, suggests a narrowing of the aortic arch. Conversely, a narrow pulmonary artery blood flow bundle that forms a “Y” blood flow bundle with a widened aorta may indicate pulmonary stenosis, and it is most common in tetralogy of Fallot and can also be seen in type IV double outlet right ventricle and simple pulmonary artery stenosis (11). In atypical cases, ventricular septal defect and MPA/AO ratio can be suggested, and the diagnosis can be improved in the follow-up review (25). “Back and forth” flow bundles are characteristic of the absence of a semilunar valve, which can be seen in the absence of aortic valve, pulmonary valve, or bisemilunar valve. Some scholars call it “in and out” (26, 27). “U”-, “0”-, and “C”-shaped blood flow bundles are found in vascular rings formed by the abnormal aortic arch and its branches. It is difficult to accurately identify them in early pregnancy. To summarize, after obtaining a 3VT section under optimal conditions, if a “V” sign is not observed on this view, which is not formed by the ductus and aortic arch, careful analysis of the abnormal pattern is needed, and multiple sections should further confirm the diagnosis. The bilateral subclavian artery section is an effective complement to 3VT section. Because the angle between the acoustic beam and the flow direction of the right subclavian artery is too large, it is difficult to show the aberrant subclavian artery on the 3VT section. In contrast, the transverse “arch,” like the structure of the bilateral subclavian artery, is easy to identify. By observing the spatial location of bilateral subclavian arteries and their relationship with the trachea, their abnormal image patterns can be divided into two categories. Failure to show this typical structure suggests the presence of an aberrant subclavian artery.

Recognizing abnormal image patterns in different sections benefits the rapid recognition and accurate diagnosis of fetal CHD in early pregnancy. However, it should be noted that different abnormal image patterns may appear in the same disease, and the same image patterns may also appear in various conditions. When abnormalities are found, the types of CHD should be determined by combining abnormal image patterns on different sections and using multi-section scanning. In addition, the ultrasonic beam incident angle, Doppler gain, pulse repetition rate, and wall filtering are the key to obtaining the standard image, which should be dynamically adjusted according to the observation object and purpose.

It should be noted that, under the influence of multiple factors such as the examiner's operating experience, instrument resolution, pregnant women's BMI, and gestational age (28–31), missed diagnosis and misdiagnosis are still the main reasons for the inconsistency between early fetal echocardiography and subsequent verification. By classifying and summarizing different causes of missed diagnosis and misdiagnosis, cardiac screening in early pregnancy and prenatal consultation will be beneficial. In this study, the cases of the 56 fetuses with CHD were found to be missed diagnoses and misdiagnoses by ultrasound during early pregnancy. The causes of missed diagnosis and misdiagnosis can be divided into three categories: Category I was the fetal heart during early pregnancy and the limitations of the ultrasound equipment, Category II was the lack of subjective understanding, and Category III was caused by instrument adjustment problems or poor fetal position. Class I included ventricular septal defect, mild tetralogy of Fallot, and anomalous pulmonary venous connection. The early diagnosis of some CHD is still a significant challenge due to objective reasons such as small fetal hearts in early pregnancy and the resolution of ultrasonic instruments. The false-positive and false-negative rates of VSD in early pregnancy are both high because the ventricular septum is prone to produce echo loss artifacts on the 4CV section and the color Doppler left and right ventricular flow tracts are inclined to produce aliasing artifacts (32, 33). According to the study by Hutchinson (34), only 5% of pulmonary veins in 12–13 weeks of fetuses can be observed by conventional ultrasound mode. With the high-resolution blood flow imaging technology (31), the detection of pulmonary veins in early pregnancy is expected to be realized. A total of 11 fetuses in class II were misdiagnosed due to a lack of understanding. For example, a small left heart is one of the indications of coarctation of the aortic arch, but it can also be seen in normal fetuses or aneuploidies. Therefore, based on the color Doppler ultrasound, when fetal heart abnormalities or minor abnormalities are found, the cardiac structure should be carefully evaluated by two-dimensional ultrasound and carefully judge the two large arteries and the relationship between the large arteries and the ventricle. Transvaginal ultrasound is an essential adjunct for detailed anatomical observation (34). In Class III, seven fetuses were misdiagnosed due to instrument adjustment or poor fetal position. For example, excessive color Doppler gain in 4CV section leads to the missed diagnosis of atrioventricular septal defect. Therefore, to avoid missed diagnosis and misdiagnosis of Class III, we should pay attention to the adjustment of Doppler gain and ultrasonic incidence angle during the fetal heart examination in early pregnancy.

The intrauterine progression of the fetal heart is another major reason for inconsistency between ultrasound examination in the first trimester and subsequent verification. With the advancement of technology, we are able to diagnose various forms of CHD at different stages before birth, which provides a prerequisite for observing the hemodynamic changes and intrauterine progression of fetal CHD from early to late pregnancy. In this study, we analyzed intrauterine progression of the fetal heart at different stages and found that progression between 11 and 24 weeks was the most common. The reasons may be considered as follows. On the one hand, fetal weight and heart will experience the maximum growth throughout the entire pregnancy period. Therefore, a decrease in blood flow to the ventricles or major arteries may seriously affect the development and growth of the corresponding ventricular structures (22, 35), while on the other hand, most fetuses with congenital heart disease are induced after early diagnosis, making it unable to observe the complete natural progression. This study recorded the progression of CHD in 22 fetuses in different periods, including inflow tract obstructive diseases, outflow tract obstructive diseases, aortic arch obstruction, cardiomyopathy, and heart tumors, among which heart valve diseases are the most common, followed by arterial obstructive diseases. The intrauterine progression of CHD increases the uncertainty of the disease and poses a huge challenge to clinical consultation. Therefore, it is crucial to understand the occurrence and potential development trends of fetal heart malformations for prognosis consultation, intrauterine treatment, and perinatal management. Once the fetal heart malformation is diagnosed in prenatal testing, the possibility of the progression must be considered.

Due to factors such as ultrasound technology level, fetal position, fetal circulation state, and maternal sound window, the missed diagnosis and misdiagnosis of fetal CHD in early pregnancy may be caused (17). In addition, intrauterine progression may occur in some CHD cases, and the structural and hemodynamic changes of the fetal heart can also be significantly different before and after delivery. Due to these particularities, there are uncertain factors in the prenatal examination of fetal heart malformations (33, 36). Therefore, a routine prenatal ultrasound examination cannot rule out the possibility of subsequent CHD. Attention should be paid to sequential ultrasound examination and follow-up management of fetal echocardiography to maximize the early diagnosis rate of CHD.



Limitation

This study has some limitations. First, although we screen all newborns for congenital heart disease after birth, not all newborns receive echocardiography. Second, only fetuses with the final verification results in our center are included, while fetuses that have been diagnosed with CHD but have yet to be further confirmed in our center are excluded.



Conclusion

The incidence of fetal CHD was 1.85%, and about 67.05% of CHD could be detected by a four-section approach during early pregnancy. The four-section approach has a high detection rate for the abnormal position of the fetal visceral heart, abnormal inflow tract, abnormal outflow tract, and abnormal aortic arch and branches. Different types of CHD in the first-trimester fetuses have characteristic manifestations on the four-section scanning method, and the abnormal image patterns of CHD ultrasound in each section are summarized and familiarized, which is conducive to early pregnancy CHD rapid identification and diagnosis.
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Objectives: To investigate the consistency between the 2016 America Society of Echocardiography (ASE)/European Association of Cardiovascular Imaging (EACVI) guideline-based recommendations and the body surface area (BSA)-transformed Z value-based cut-off for the assessment of left ventricular diastolic function (LVDF) in children.



Methods: Clinical data of children with heart failure (HF) and those with a high risk of HF and a low risk of HF were collected from the Children's Hospital of Chongqing Medical University between March 2021 and October 2022. The mitral annular e′ velocity, lateral E/e′ ratio, left atrial volume index, and peak tricuspid regurgitation velocity were detected by Echocardiography. The cut-off values recommended by the 2016 ASE/EACVI guidelines and the cut-off value based on the BSA-transformed Z value were used to evaluate LVDF. The consistencies and differences of the two criteria were compared.



Results: A total of 132 children with HF, 189 with a high risk of HF, and 231 with a low risk of HF, were enrolled. The consistency of the two criteria in evaluating LVDF in children with HF and with high risk of HF was moderate, with weighted kappa coefficients of 0.566 and 0.468, respectively (P < 0.001). The positivity rate of left ventricular diastolic dysfunction (LVDD) with Z value-based criteria (HF group, 23.5%; high-risk group, 8.5%) was higher than that with guideline-based criteria (HF group, 15.6%; high-risk group, 3.2%). In children with a low risk of HF, no case with LVDD was found. The consistency between the two criteria for grading the degree of LVDD was moderate, with a kappa coefficient of 0.522 (P = 0.001). The degree of LVDD according to the Z value-based criteria was higher than that of the guideline-based criteria (P = 0.004).



Conclusions: The Z value-based criteria used to evaluate LVDD in children with HF and high risk of HF may be more conducive to the early identification of LVDD, thereby permitting the possibility of early treatment intervention.
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children, heart failure, left ventricular diastolic function, left ventricular diastolic dysfunction, Z value





Introduction

Heart failure (HF) is a major threat to global public health, affecting approximately 43 million people worldwide (1). Many clinical epidemiological investigations have shown that over half of HF is heart failure with preserved ejection fraction (diastolic HF) (1, 2). Some studies also show that more than 90% of patients with HF have diastolic dysfunction unrelated to left ventricular ejection fraction (LVEF) (3). Growth retardation or cachexia in children with diastolic HF is more severe than in those with systolic HF (4). Because the treatment methods for systolic and diastolic HF differ, early identification of diastolic dysfunction in patients with HF is beneficial for prompt clinical intervention and prognosis improvement. In 2016, the American Society of Echocardiography (ASE) and the European Association of Cardiovascular Imaging (EACVI) jointly published the “Recommendations for Evaluation of Left Ventricular Diastolic Function by Echocardiography” (5). A simple and feasible procedure for evaluating left ventricular diastolic dysfunction (LVDD) using Echocardiography was proposed, and the cut-off value of each index was determined. However, the cut-off value recommended in that guideline is mainly based on adults and has not been verified in children. These guidelines emphasise that this method is not necessarily applicable to children. If there is an appropriate age-dependent cut-off, then use of that cut-off can be considered in the evaluation of LVDD.

The size of the heart is affected not only by disease but also by many confounding factors, including body size, age, genetics, sex, race, growth and developmental patterns, among which height and weight have been the most influential determinants of the size of the heart in children, and body surface area (BSA) is considered to reflect the growth and development of children more than height and weight alone (6). The normal reference value range of children's hearts changes with age, which in turn presents communication challenges when conveying this intricate description among researchers. In 2010, the Pediatric Measurement Writing Group of the Pediatric and Congenital Heart Disease Committee of the American Society of Echocardiography recommended that the Z value be selected to distinguish the normal and abnormal values of children's hearts in the ‘Quantitative Analysis Guide for Pediatric Echocardiography’. When the Z value is >2 or <−2, the difference between the measured value of the patient and the average value of the reference population is more than twice the standard deviation of the average value, which exceeds the normal range of 95%, and is frequently characterised as clinically “abnormal” (7).

Therefore, literature on how consistent the standardised BSA Z-value is, the cut-off value recommended by the guidelines for the diagnosing of LVDD in children, and which cut-off value is more suitable for children is scarce. Consequently, we aimed to assess the consistency and differences between the cut-off value recommended by the 2016 ASE/EACVI guidelines and the cut-off value based on the BSA-standardised Z value used in the diagnosis of LVDD in children with HF and those with high risk or low risk of HF, and the consistency and difference between the two standards were compared. The results showed that in children with HF and in those with a high risk of HF, the positive rate for the diagnosis of LVDD by using the cut-off value based on the BSA-standardized Z value is higher than the cut-off value based on the guidelines, and there is no significant difference between the two cut-off value standards in the diagnosis of LVDD in children with a low risk of HF, suggesting that using the cut-off value based on the BSA-standardized Z value may be more conducive to the early diagnosis of LVDD in children with HF and those with a high risk of HF.



Research method


Research object

Children with HF and high risk or low risk of HF who were treated in the Children's Hospital of Chongqing Medical University between March 2021 and October 2022 were studied. The diagnostic criteria for HF are described in the “Recommendations for the Diagnosis and Treatment of HF in Children (2020 revised edition)” (7). The exclusion criteria included mitral valve disease, right ventricular outflow tract obstruction and pulmonary artery stenosis. The inclusion criteria for children with a high risk of HF are the following basic diseases or medical history: congenital heart disease, acquired heart disease, cardiomyopathy, myocarditis, coronary artery disease, arrhythmia, toxic drug injury, hypertension, diabetes, obesity, infection, malnutrition, severe anaemia, kidney disease, cardiovascular disease-related family history and previous history (8–11). Children with low risk of HF were referred to those who did not have the aforementioned basic diseases or medical history. This study was approved by the Ethics Committee of Children's Hospital of Chongqing Medical University (96/2021).



Data collection

Clinical data was collected including age, sex, height, weight, Ross score, cause of HF, basic disease and BNP levels, were collected. The Ross scoring standards are described in the 2013 Canadian guidelines (12). Echocardiographic data were collected by a PHILIPS EPIQ 7C or CX50 ultrasonic diagnostic instrument and S5-1 and S8-3 phased array probes, with frequencies of 1–5 MHz and 3–8 MHz, respectively. The main collected data included the following measurements (Figure 1): continuous wave Doppler measurement of the peak velocity of tricuspid regurgitation; pulse-wave Doppler measurement of the peak velocity of early diastolic mitral valve (E), and the peak velocity of late diastolic mitral valve (A); the mitral annular septal e′, mitral annular septal a′, mitral annular lateral wall e′, and mitral annular lateral wall a′, which were measured by tissue Doppler; measurement of left atrial maximum volume index by biplane area-length method (13); and the left ventricular end-diastolic diameter and end-systolic diameter were measured by M-mode Echocardiography. The left ventricular end-diastolic volume index (LVEDVI) and left ventricular ejection fraction (LVEF) were calculated using the Teichholz formula.


[image: Figure 1]
FIGURE 1
Image of left ventricular diastolic function measurement in one of the patients. (A) Apical two-chamber cardiac view: The area and long diameter of left atrial were measured; (B) apical four-chamber cardiac view: The area and long diameter of left atrial were measured; (C) spectrum of tricuspid regurgitation; (D) mitral valve flow pattern; (E) the mitral annular lateral wall TDI; (F) the mitral annular septal TDI. LV, left ventricle; LA, left atrium; RV, right ventricle; RA, right atrium.




Determination of the cut-off value of the left ventricular diastolic function index by Echocardiography

According to the normal reference value of Echocardiography based on BSA, when the Z value is >2 or <−2, as described in the paediatric ultrasound diagnosis edited by Guoying Huang and Bei Xia (14), it means that the measurement has exceeded the cut-off value and is characterised as “abnormal”. The critical BSA values are listed in Supplementary Table S1. Because there is no normal reference value for the peak velocity of tricuspid regurgitation is 2.8 m/s according to the 2016 guidelines. The indices for evaluating LVDF and the corresponding cut-off values based on the guidelines were mitral annular septal wall e′ < 7 cm/s, mitral annular lateral wall e′ < 10 cm/s, mitral annular septal e′ > 15, left atrial maximum volume index >34 mL/m2, and tricuspid regurgitation peak velocity >2.8 m/s. Diagnosis of LVDD was as follows: ≤1 abnormal indicators can be defined as normal LVDF, 2 abnormal indicators was defined as uncertain LVDF, and ≥3 abnormal indicators can be defined as LVDD. For children with HF with reduced LVEF, the grading criteria for LVDD are described in the 2016 ASE/EACVI guidelines (5).



Statistical analysis

Classification variables were expressed as frequencies and percentages, and the chi-square test or Fisher's exact probability method was used for intergroup comparisons. Continuous variables with a normal distribution were expressed as mean ± standard deviation. Intergroup comparisons were performed by analysis of variance, and multiple comparisons were corrected by the Bonferroni method. Continuous variables with skewed distributions were expressed as median and interquartile interval, and intergroup comparisons were performed by the rank sum test. The consistency of the diagnosis results were expressed by the kappa coefficient (two levels) or the weighted kappa coefficient (multiple levels), and the difference test was performed by paired chi-square tests (two levels) or paired rank sum tests (multiple levels). A kappa coefficient of <0.4 was considered to indicated poor consistency, while a kappa coefficient of between ≥0.4 and <0.7 was considered to indicate moderate consistency and ≥0.7 was considered to indicated good consistency; a P value of <0.05 was considered statistically significant.




Results


Basic clinical characteristics in each group

A total of 132 children with HF, 189 children with a high risk HF, 231 children with a low risk of HF, 67 patients with grade II heart function (50.8%), 48 patients with grade III heart function (36.4%), and 17 patients with grade IV heart function (12.9%) were included in this study. The basic clinical characteristics of each group were analysed (Table 1). The results of the basic clinical characteristics of each group were as follows:


TABLE 1 Basic clinical characteristics of children in each group.
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LVEDVI, maximum volume index of the left atrium, peak velocity of tricuspid regurgitation, and mitral annular interval E/e′ showed a downwards trend in the HF, high-risk HF and low-risk HF groups: Particularly, LVEDVI values for HF, high-risk, and low-risk HF groups were 80 [60, 121], 67 [54, 82], and 61 [57, 67] mL/m2, respectively. The maximum volume index of the left atrium was 23 [16, 34], 20 [16, 26], and 16 [14, 20] mL/m2, respectively. The peak velocity of tricuspid regurgitation values for HF, high-risk, and low-risk HF groups were 2.51 [2.08, 3.09], 2.14 [0.01, 2.40], and 2.05 [0.01, 2.16] m/s, respectively. Mitral annular septal E/e′ values for HF, high-risk, and low-risk HF groups were 12 [9, 16], 9 [8, 12], and 9 [8, 10], respectively.

Mitral annular septal e′ and mitral annular lateral wall e′ in the HF group and the high-risk and low-risk HF groups showed an upwards trend. Notably, mitral annular septal e′ values for HF, high-risk, and low-risk HF groups were 0.08 [0.06, 0.10], 0.1 [0.09, 0.12] m/s, and 0.12 [0.1, 0.14] m/s, respectively. The lateral wall e′ of the mitral valve ring values for HF, high-risk, and low-risk HF groups were 0.1 [0.07, 0.12], 0.12 [0.09, 0.14] m/s, and 0.14 [0.11, 0.15] m/s, respectively.



Comparison of the consistency and difference between the two standards in assessing the abnormality of a single index of LVDF

Among the 132 children with HF (Table 2), 94 children were consistent between the two standards in the evaluation of the left atrial maximum volume index, 38 children were inconsistent; 100 children were consistent between the two standards in the evaluation of the mitral annular septal or lateral wall e′, and 32 children were inconsistent; 109 children were consistent between the two standards in the evaluation of mitral annular septal E/e′, while 23 children were inconsistent. Based on the guidelines, 33 cases (25.0%) were identified as having abnormal left atrial maximum volume index, 67 cases (50.8%) were identified as having abnormal mitral annular septal or lateral wall e′ abnormalities, and 40 cases (30.3%) were identified as having abnormal mitral annular septal E/e′. Based on the Z value criteria, 71 cases (53.8%) were identified as having abnormal left atrial maximum volume index, 59 cases (44.7%) were identified as having abnormal mitral annular septal or lateral wall e′, and 41 cases (31.1%) were identified as having abnormal mitral annular septal E/e′. In the HF group, the kappa coefficient of the two criteria that identified the abnormality of left atrial maximum volume index was 0.445 (P < 0.001), the mitral annular septal or lateral wall e′ was 0.516 (P < 0.001), and the mitral annular septal E/e′ was 0.59 (P < 0.001). The consistency strength was medium. The positive rate of identifying the abnormality of the left atrial maximum volume index based on the Z-value was higher than that of the guideline standard (P < 0.001), while the positive rate of the abnormality of mitral septal or lateral wall e′ and mitral septal E/e′ was not significantly different between the two criteria.


TABLE 2 Comparison of single index abnormalities of LVDF evaluated by two standards.
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Among 189 children with high risk of HF (Table 2), 110 children were consistent between the two standards in the evaluation of the abnormal left atrial maximum volume index, and 79 children were inconsistent. The assessment of the mitral annular septal or lateral wall e′ was consistent in 147 patients, and the assessment of 42 patients was inconsistent; 176 children were consistent between the two standards in the evaluation of abnormal mitral annular septal E/e′, while 13 children were inconsistent. Based on the guidelines, 20 cases (10.6%) were identified as having abnormal left atrial maximum volume index, 57 cases (30.2%) were identified as having abnormal mitral annular septal or lateral wall e′, and 12 cases (6.3%) were identified as having abnormal mitral annular septal E/e′. Based on the Z value criteria, 99 cases (52.4%) were identified as having abnormal atrial maximum volume index, 53 cases (28.0%) were identified as having abnormal mitral annular septal or lateral wall e′ abnormalities, and 21 cases (11.1%) were identified as having abnormal mitral annular septal E/e′ abnormalities. In general, in the high-risk HF group, the kappa coefficient of the two criteria for identifying left atrial maximum volume index abnormalities was 0.194 (P < 0.001), and the consistency strength was poor; the mitral annular septal or lateral wall e′ was 0.468 (P < 0.001), and the consistency strength was medium; that for the mitral annulus interval E/e′ was 0.571 (P < 0.001), and the consistency strength was medium. Among them, the positive rates of identifying an abnormal left atrial maximum volume index or mitral annular septal E/e′ abnormalities based on the Z value criteria was higher than those of the guideline standard (P < 0.05), while the positive rate of identifying mitral annular septal or lateral wall e′ abnormalities based on the two standards was not significantly different.

Among 231 children with low risk HF (Table 2), 172 children were consistent between the two standards in the evaluation of the abnormal left atrial maximum volume index, while 59 children were inconsistent. The evaluation of the mitral annular septal or lateral wall e′ in 198 children was consistent, and 33 children were inconsistent. The evaluation of mitral annular septal E/e′ in 230 patients was consistent, and 1 child was inconsistent. Based on the guideline criteria, 2 patients (0.9%) were identified as having abnormal left atrial maximum volume index, 38 patients (16.5%) were identified as having abnormal mitral annular septal or lateral wall e′, and 1 patient (0.4%) was identified as having abnormal mitral annular septal E/e′. Based on the Z value criteria, 61 cases (26.4%) were identified as having abnormal left atrial maximum volume index, 11 cases (4.8%) were identified as having abnormal mitral annular septal or lateral wall e′ abnormalities, and 3 cases (0.9%) were identified as having abnormal mitral annular septal E′. In general, in the low-risk HF group, the kappa coefficient of the two criteria for identifying left atrial maximum volume index abnormalities was 0.048 (P < 0.001), and the consistency strength was poor, while that for the mitral annular septal or lateral wall e′ was 0.273 (P < 0.001), and the consistency strength was poor and that for mitral annulus interval E/e′ was 0.665 (P < 0.001), with moderate consistency strength. Among them, the positive rate of identifying the left atrium maximum volume index abnormalities based on Z value criteria was higher than that of the guidelines (P < 0.05).



Comparison of the consistency and difference between the two standards in identifying LVDD in each group

Among the 132 children with HF (Table 3), 89 children were consistent between the two standards in the evaluation of LVDD, while 43 children were inconsistent. Among 189 children with a high risk of HF, 151 children were consistent between the two standards in the evaluation of LVDD, while 38 children were inconsistent. Among 231 children with low risk of HF, 227 children were consistent between the two standards in the evaluation of LVDD, while 4 children were inconsistent. In general, the weighted kappa coefficient for the evaluation of LVDD using the two standards was 0.566 in the HF group (P < 0.001), with moderate consistency strength. That in the high risk of HF group was 0.468 (P < 0.001), with moderate consistency strength, and that in low risk HF group was 0.326 (P < 0.001), with poor consistency strength.


TABLE 3 Comparison of two criteria in evaluating left ventricular diastolic dysfunction.
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Among 132 children with HF (Table 3), 73 (55.3%) were identified as having normal LVDF, 38 (28.8%) were identified as having uncertain LVDF, and 21 (15.6%) were identified as having LVDD according to the criteria of the guidelines. Based on the Z value criteria, 64 children (48.5%) were identified as having normal LVDF, 37 (28.0%) were identified as having uncertain LVDF, and 31 (23.5%) were identified as having LVDD. The overall difference was statistically significant (P = 0.011), suggesting that in the HF group, the positive rate of diagnosis of LVDD based on the Z value criteria was higher than that which was based on the guidelines.

Among 189 children with a high risk of HF (Table 3), 162 (85.7%) were identified as having normal LVDF, 21 (11.1%) were identified as having uncertain LVDF, and 6 (3.2%) were identified as having LVDD according to the criteria of the guidelines. Based on the Z value criteria, 143 cases (75.7%) were identified as having normal LVDF, 30 cases (15.9%) were identified as having uncertain LVDF, and 16 cases (8.5%) were identified as having LVDD. The overall difference was statistically significant (P < 0.001), suggesting that in the high-risk HF group, the positive rate of diagnosis of LVDD based on the Z value was higher than that based on the guidelines.

Among 231 children with a low risk of HF (Table 3), 229 children (99.1%) were identified as having normal LVDF, 2 (0.9%) had uncertain LVDF, and no cases of LVDD according to the criteria of the guidelines. Based on the Z value criteria, 227 children (98.3%) were identified as having normal LVDF, 4(1.7%) had uncertain LVDF, and none had LVDD. The overall difference was not statistically significant (P = 0.317), suggesting that in the low-risk HF group, there was no statistically significant difference between the two criteria in the diagnosis of LVDD.



Comparison of the consistency and difference between the two standards in the classification of LVDD

According to the recommendations of ASE/EACVI in 2016, the LVDD of 44 children with HF and reduced LVEF (<55%) was graded, and the consistency of the two criteria for the classification of LVDD was analysed. The results (Table 4) showed that the classification of LVDD in 35 children was consistent between the two standards, whereas 9 children were inconsistent. The kappa coefficient of the two criteria for evaluating the LVDD grade was 0.522 (P = 0.001), with moderate consistency.


TABLE 4 Comparison of two criteria in the classification of LVDD.
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Among 44 children with HF with reduced LVEF, 36 (81.8%) children were identified as having LVDD grade I, and 8 (18.2%) were identified as having LVDD grade II based on the criteria of the guidelines; 27 (61.4%) children were identified as having LVDD grade I, and 17 (38.6%) were identified as having LVDD grade II based on the Z value. There was a statistically significant difference between the two criteria in assessing the grade of LVDD (P = 0.004), suggesting that the severity of LVDD based on the Z value criteria was higher than that based on the guidelines.




Discussion

In this study, 132 children with HF, 189 children with a high risk of HF, and 231 children with a low risk of HF were evaluated for LVDF using two different criteria, namely, the cut-off value based on the BSA-transformed Z value and the cut-off value recommended by the guidelines (5). The consistency and positivity rate of LVDD between the two criteria were analysed. First, this study demonstrated that the consistency strength of the two criteria in diagnosing LVDD in children with HF and high risk of HF was moderate. The positive rate of diagnosis of LVDD based on the Z value criteria was higher than that based on the guidelines. Moreover, this study revealed that the consistency strength of the two sets of criteria in diagnosing LVDD in low-risk HF was poor, however, the overall difference was not statistically significant. Additionally, this showed that the consistency between the two sets of criteria for grading LVDD in children with reduced LVEF was moderate, and the severity of LVDD based on the Z value criteria was higher than that based on the guidelines.

Children are at a growth stage, and their heart size and function are also in development; therefore, the normal reference values of children's hearts cannot be the same as those of adults. This study showed that the normal reference value range of children based on BSA is more stable than age, sex, race, etc. (15). Regarding the construction of the normal reference range for children's Echocardiography, research has been gradually optimized over an extended period, leading to a consensus on a normal reference range based on the Z value (15–28). However, owing to the differences in research scales, age distributions and system construction methods, the Z value of the same measurement may vary in different systems (15). The reference range for the normal value in this study was derived from a study on the normal reference values of a children's echocardiographic measurement indexes based on 1,631 healthy children and 300 newborns, encompassing the largest data volume and the most comprehensive measurement indexes in China; performed by Shenzhen Children's Hospital with high reliability.

The elevation of left ventricular filling pressure indicated by cardiac catheterisation is the gold standard for the diagnosing LVDD. As early as 1997 (29, 30), some researchers have studied the correlation between the E peak of mitral valve flow, E/A and E/e′ and left ventricular filling pressure, suggesting that E/e′ has the strongest correlation with invasive left ventricular filling pressure parameters. Since then, many studies have explored the correlation between E/e′ and invasive left ventricular filling pressure parameters. Although there are differences in sensitivity and specificity among various studies, the value of E/e′ in diagnosing LVDD has been recognized by most researchers. Caballero et al. (31) reported that E/e′ is relatively stable and is little influenced by growth and development, suggesting that this indicator is very suitable for growing children. This study demonstrated that the consistency strength of the two criteria for mitral annular septal E/e′ evaluation was moderate, whether in the HF group or control group, which further confirmed the stability and reliability of E/e′ in the evaluation of LVDD.

Left atrial dilation is considered the result of a long-term increase in left atrial pressure. The increase in the left atrial maximum volume index may indicate LVDD. The correlation coefficients between the maximum volume index of the left atrium and invasive filling pressure parameters across studies (32, 33), and the efficiency of diagnosing the increase in left ventricular filling pressure is also inconsistent (34–36). This finding suggests that the left atrial maximum volume index is unstable for evaluating LVDD. This study demonstrated that the two criteria had poor consistency in evaluating the left atrial maximum volume index. The reasons for this are as follows: (1) The left atrial maximum volume index changed significantly with age. (2) The measurement variation between the observers was large. (3) The number of samples required to obtain a normal reference value was insufficient. As few studies on the normal reference value of children's left atrial maximum volume index exist, a multicentre study with large sample data is required for verification.

Tatiana Kuznetsova et al. (37) evaluated the LVDF in 1,407 community residents by using Echocardiography. Two evaluation criteria were used, the age-specific cut-off value based on the population and the cut-off value recommended by the 2016 ASE/EACVI guidelines. The positive rate and severity of LVDD based on the age-specific cut-off value were higher than those based on the guidelines, and the value that predicted adverse cardiovascular events was also higher for the age-specific value than that of the standard based on the guidelines. The present study revealed that the positive rate of diagnosis of LVDD in children with HF and a high risk of HF based on the BSA-transformed Z value standard was higher than that of the standard based on the guidelines. The severity of LVDD based on the BSA-transformed Z value standard was also higher than that of the standard based on the guidelines, similar to results of the research in adults. This study also found that in children with a low risk of HF, no case of LVDD was found based on either of the two evaluation criteria, thus indicating high specificity. This finding suggests that the BSA-transformed Z value standard may be more conducive to the early recognition of LVDD in children with HF and those with high risk of HF.



Conclusion

The evaluation of LVDF in children with HF and in those with a high risk of HF based on the BSA-transformed Z value standard may be more helpful in the early identification of LVDD.



Limitation

As most of the patients did not receive cardiac MRI or catheters examinations, the accuracy of the two criteria could not be compared.
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Objectives: We aimed to investigate the association between right ventricular longitudinal strain measured by two-dimensional speckle-tracking echocardiography (2D-STE) and right heart catheterization data in pediatric patients with pulmonary hypertension (PH).



Methods: Two groups were evaluated, each consisting of 58 patients. Group 1, patients with PH; Group 2, normal matched controls. Data were collected from 58 patients with PH who underwent invasive hemodynamic evaluation. Standard transthoracic echocardiographic assessment was performed in all patients under the same circumstances. All patients underwent 2D-STE, and off-line analysis generated right ventricle longitudinal strain (RVLS) and right ventricular free wall strain (RVFW) and collected echocardiographic conventional parameters of right ventricular function, including the control group. The relationship between invasive characteristics and right ventricular function parameters was analyzed.



Results: In all, 58 PH patients were included in our study. The mean pulmonary artery pressure (mPAP) and pulmonary vascular resistance (PVR) were strongly correlated with right ventricular free wall strain (RVFW) and right ventricular longitudinal strain (RVLS), moderately correlated with the right ventricle myocardial performance index (Tei index), weakly correlated with the transverse diameter of the right ventricle (RV) and the transverse diameter of the right atrium (RA), and moderately negatively correlated with right ventricular fractional area change (RVFAC). In terms of segments of the right ventricular free wall, the basal segment had the highest correlation coefficient with mPAP and PVR (r = 0.413, 0.523, 0.578, r = 0.421, 0.533, 0.575, p < 0.05, respectively). Tricuspid annular plane systolic excursion (TAPSE), main pulmonary artery diameter (MPA), peak systolic velocity of the right ventricle (RV-S’), and RA area parameters were not associated with mPAP and PVR (p > 0.05).



Conclusions: Right ventricular longitudinal strain is a reliable indicator to evaluate right ventricular function in pediatric patients with PH. It can provide valuable reference information for the clinical judgment of the status and severity of the disease in children.
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Introduction

Assessing cardiac function in children is essential to clinical research, particularly in those with pulmonary hypertension (PH). To maintain diagnostic coherence and continuity in the management of pulmonary hypertension, treatment and follow-up from childhood to adulthood are recommended using the most recent guidelines (1). Although various complications have been reported, right heart failure is widely recognized as a serious consequence of PH; therefore, it is important to effectively evaluate right ventricular function in patients with PH. Echocardiography is still the most common method to evaluate cardiac function in the clinical setting. Due to the complex geometry of the right ventricle and the right ventricle functional parameters' dependence on stress, traditional echocardiographic parameters, such as right ventricular fractional area change (RVFAC) and tricuspid annulus plane systolic displacement (TAPSE), have limitations in predicting the prognosis of patients with PH (2). Two-dimensional speckle-tracking echocardiography (2D-STE) is used to quantitatively evaluate the degree and speed of myocardial deformation from different directions by tracking changes in myocardial motion. It is not angle-dependent and has been proven to have a good correlation with the results of cardiac function measured by cardiac magnetic resonance (CMR) (3). 2D-STE can analyze myocardial deformation by tracking myocardial motion and has been used to evaluate global and regional myocardial motion more effectively. Compared with traditional echocardiography, 2D-STE can, theoretically, reflect ventricular systolic and diastolic motion more comprehensively (4, 5). In recent years, STE has been used to evaluate left ventricular function in children with heart disease (6). Previous studies have confirmed that the measurement of left ventricular longitudinal strain (LVLS) by 2D-STE is a reliable quantitative descriptor for left cardiac function in children and is even better than left ventricular ejection fraction (EF) (7–10). Because of the irregular shape of the right ventricle, the evaluation of right ventricular function has always been difficult. Right ventricular myocardial fibers are mainly arranged longitudinally, and longitudinal motor function accounts for 75% of right ventricular systolic function (11). Therefore, analysis of right ventricular longitudinal motor function can represent right ventricular function (12). The application of right ventricular strain in adult studies has been extensively reported (13–15). Whether right ventricular strain can effectively and reliably evaluate right ventricular function in pediatric PH is the main purpose of this study. We analyzed the correlation between RV strain and right heart catheter data to verify the reliability of RV strain in evaluating right heart function in patients with PH and whether it is better than other traditional indicators.



Methods

Pediatric PH patients were analyzed retrospectively from January 2021 to October 2022 at Hunan Children's Hospital. The PH group included patients with a mean pulmonary artery pressure (mPAP) > 20 mmHg when measured by catheterization and excluded those who previously suffered myocardial infarction, left heart failure (16), arrhythmia, and severe valvular disease, and those who were inconsolable and uncooperative. The control group included 58 age-matched healthy subjects, and the quality of all the images of the right ventricle met the standard for analysis. None of the patients had tricuspid or pulmonary valve stenosis. Written informed consent was obtained from the individual(s) or the minor(s)' legal guardian/next of kin for the publication of any potentially identifiable data included in this article.

The patients underwent echocardiograms that were fitted with 3–8 MHz and 1–5 MHz transducers (Philips EPIQ 7C systems). All studies were performed with simultaneous electrocardiographic monitoring. Four dynamic cardiac cycles (frame rate >40 fps) were stored in the supine or left decubitus position for postprocessing analysis. The analysis used Philips QLAB13 Autostrain RV analysis software; each index was measured three times and the average value was taken. 2D-STE was started on the four-chamber view and produced high-quality images, and the right ventricular myocardium was delineated along the endocardial plane. The delineation width and nodes were manually adjusted to obtain the right ventricular longitudinal strain (RVLS), right ventricular free wall strain (RVFW), right ventricular free wall apical strain (RVFW apic), right ventricular free wall midventricular strain (RVFW mid), and right ventricular free wall basal strain (RVFW bas) (Figure 1). Negative strain values indicate tissue shortening, and a smaller value (that is, a higher absolute value) indicates better RV systolic function. When a segment is not fully tracked, this set of data will not be included in the statistics. Right cardiac indices of pulmonary artery main internal diameter (MPA), transverse diameter of the right ventricle (RV), transverse diameter of the right atrium (RA), tricuspid annular plane systolic excursion (TAPSE), right ventricular fractional area change (RVFAC), right ventricle myocardial performance index (Tei index), RV peak systolic velocity (RV-S’) with Doppler tissue imaging (DTI) and area of the right atrium (RA area) were measured and collected.


[image: Figure 1]
FIGURE 1
(A) Right ventricular strain value in normal group. (B) Right ventricular strain value in PH group.


The clearest tricuspid regurgitation image with the highest peak velocity was obtained, the velocity-time integral was recorded to obtain the average pressure gradient between the right ventricle and right atrium, and the mPAP was obtained by adding the right atrial pressure (RAP) (17). If tricuspid regurgitation could not be clearly obtained, the mPAP was estimated by measuring the early velocity of pulmonary regurgitation (18). Estimation of the RAP is based on the inferior vena cava width and the respiratory change rate (19). Images were collected and measurements were taken by two experienced pediatric cardiologists. A dataset of twenty children was randomly selected for the intraobserver and interobserver analysis to observe any variation in the measured echocardiographic indicators.


Right cardiac catheterization

The Swan-Ganz floating catheter was inserted percutaneously into the pulmonary arterioli from the right femoris vein through the right atrium, right ventricle, and pulmonary artery to continuously monitor pressure changes such as the mPAP and the pulmonary artery wedge pressure (PAWP), and cardiac output (CO) was measured by Fick's method. The pulmonary resistance (pulmonary vascular resistance, PVR) index was calculated. The PVR in the control group was determined by the integration of peak tricuspid regurgitation velocity/flow velocity of the right ventricular outflow tract (20). The time interval between ultrasound and catheter was within 24 hours.



Reproducibility

Twenty participants were selected from the normal control group randomly, and the 2D-STE was measured again by the same surveyor and then measured independently by another surveyor.

The data were analyzed using SPSS version 22.0 and MedCalc version 19.7. Summary data are expressed as the mean values ± standard deviations or percentage of patients. The independent sample T-test was used to compare the two groups of samples for the ultrasound parameters and right cardiac catheter data. The Pearson correlation method was used to analyze the correlation between the right cardiac catheter data and ultrasound parameters. Intraobserver and interobserver agreement was based on a combination of Bland–Altman plots. A p-value <0.05 was considered statistically significant.




Results


Study population

A total of 58 pediatric patients with PH were enrolled in the study, including 30 boys and 28 girls. The ages of the patients in the study group ranged from 3 years 4 months to 8 years 6 months, with an average age of 6 ± 2.6. There were 38 cases of congenital heart disease combined with pulmonary hypertension (CHD-PH), 8 cases of idiopathic pulmonary arterial hypertension (IPAH), and 12 cases of bronchopulmonary dysplasia with pulmonary hypertension (BPD-PH). A total of 58 healthy volunteers were enrolled in the study. The ages of the patients in the control group ranged from 2 years and 9 months to 8 years and 7 months, with an average age of 5.8 ± 2.9. The baseline clinical and demographic characteristics of all the patients and the individual PH and normal groups are listed in Table 1.


TABLE 1 Baseline characteristics.
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Comparison of ultrasonic indicators between the PH group and the control group

Compared with those in the control group, the RV, RA, RA area, MPA, mPAP, and PVR increased, while RVFAC, RV-S', Tei index, TAPSE, absolute values of RVLS and RVFW, and absolute values of right ventricular free wall segments decreased in the PH group. The differences were statistically significant (p < 0.05) (Table 2).


TABLE 2 Comparison of right ventricular parameters between normal and PH group.
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Correlation between invasive characteristics and ultrasound indicators

The mPAP and PVR were strongly correlated (0.6–0.8) with RVFW and RVLS, moderately correlated (0.4–0.6) with the Tei index, and weakly correlated (0.2–0.4) with RV and RA, and moderately negatively correlated with RVFAC. Regarding segments of the right ventricular free wall, the basal segment had the highest correlation coefficient with mPAP and PVR (r = 0.413, 0.523, 0.578, r = 0.421, 0.533, 0.575, p < 0.05, respectively). TAPSE, MPA, RV-S', and RA area parameters were not associated with mPAP and PVR (p > 0.05) (Table 3).


TABLE 3 Correlation analysis between invasive characteristics with echocardiographic indicators.
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Interestingly, 2 cases of severe right heart failure were found during the statistical analysis. Their FAC and absolute values of RVLS and RVFW were significantly reduced and PVR was increased, while the mPAP indicated mild pulmonary hypertension pressure.



Reproducibility

STE had high repeatability and consistency in measuring right ventricular strain in the normal group. The 2D-STE was used by the same surveyor for the second time and the intraobserver agreement as measured by the ICC was very good (Table 4). The second surveyor measured the above 20 children again and the interobserver agreement as measured by the ICC was very good (Table 4). The intra-observer and inter-observer Bland–Altman plots showed that the 95% confidence intervals were clinically acceptable (Supplementary Figure 1 and Supplementary Figure 2).


TABLE 4 Inter-and intra-observer analysis.
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Discussion

We applied 2D-STE to evaluate right ventricular function in pediatric patients with PH. The absolute values of RVLS and RVFW were decreased in the PH group and had significantly correlated coefficients with the mPAP and the PVR when compared with other indicators. The results showed that strain was more sensitive to changes in right heart pressure than other indicators. The absolute value of right ventricular strain decreased with increasing pulmonary artery pressure and pulmonary vascular resistance. The decrease in the absolute value of right ventricular strain also indicates deterioration of right ventricular systolic function. Reduced systolic function of the right ventricle leads to decreased output of the right ventricle, which further increases the volume load. Long-term right ventricular afterload and end-diastolic volume increase with pulmonary hypertension, leading to increased myocardial cell length, reintegration of sarcomeres, right ventricular compensatory remodeling (21), right ventricular wall hypertrophy, and severe increases in right ventricular load, which further inhibit right ventricular contraction. In particular, the extensive proliferation of subendocardial interstitial fibers and perivascular fibers (22) also reduced the motion amplitude of the ventricular wall and affected the strain of the right ventricle. This vicious cycle leads to right heart failure. Therefore, the adaptation of right ventricular function to increased afterload, known as RV-arterial coupling, is key to determining the prognosis of pulmonary hypertension (23), so the treatment strategy cannot be determined by pulmonary artery pressure alone. Pulmonary artery pressure is determined by cardiac output and PVR. When right ventricular function decreases significantly, right cardiac output decreases, and pulmonary artery pressure may not increase even though pulmonary vascular resistance increases with disease progression. Increased PVR is the result of pathological changes in the pulmonary artery, resulting in RV pressure overload and RV systolic dysfunction in PH. RV pressure overload directly affects RV longitudinal systolic function and results in impaired RVLS. PH is the result of an abnormal mismatch between the right ventricle and pulmonary vessels, which reminds us that clinicians should pay more attention to right ventricular function than to the level of pulmonary artery pressure.

In RV strain analysis, the longitudinal strain was divided into RVLS and RVFW. The RVLS value includes the strain value of the ventricular septum and RVFW. In our study, the correlation coefficient of RVFW with the mPAP and the PVR was higher than that of RVLS, considering that RVLS is affected by the ventricular septum. Because it also participates in the systolic and diastolic movements of the left ventricle, the free wall fully acts on the right ventricle, which can better reflect the function of the right ventricle (24, 25). Among the three segments of the right ventricular free wall, the basal segment had the highest correlation coefficient with the mPAP and the PVR, indicating that the basal segment of the right ventricular free wall played an important role in right ventricular contraction, while the apical segment played a lesser role. In fact, our study had 2 cases of severe dyskinesia in the late stage of PH, and the absolute value of right ventricular strain was significantly decreased, but the assessed pulmonary artery pressure indicated mild pulmonary hypertension, which indicated that the right ventricular strain had high sensitivity in evaluating the decrease in right ventricular function, which was consistent with the patient's condition (11). A meta-analysis also showed that RVLS can independently predict the prognosis of PH and may even be of value in optimizing the current predictive model to better predict clinical events or mortality in PH patients (13). Interobserver and intraobserver agreement was measured by the interclass correlation coefficient (ICC) and showed a strong correlation for all measurements. It was confirmed that right ventricular strain measurement has high repeatability and reliability.


Limitations

The sample size was small, and the follow-up time was not long enough. We cannot assess whether RVLS provides long-term prognostic information. Only a few types of pulmonary hypertension diseases were included, and the effects of different causes on right ventricular systolic function may be different. We analyzed the RVLS with stored images; however, its utility may be influenced by image quality and different echocardiography machines. Second, we used a vendor-independent platform, and it may be more rigorous to measure RVLS using echocardiographic images studied by different echocardiographic machines. Multicenter long-term follow-up studies with larger sample sizes are needed in the future to verify the reliability of the conclusions of this study.




Conclusion

Right ventricular longitudinal strain is a reliable indicator for evaluating right ventricular function in pediatric patients with PH and can provide valuable reference information for the clinical diagnosis and treatment of PH. We recommend it as a routine indicator to evaluate cardiac function in pediatric patients.
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Supplementary Figure 1

Bland-Altman plot of intraobserver measurements of RVLS, RVFW, RVFW apic, RVFW mid, RVFW bas. (A) RVLS, right ventricular longitudinal strain; (B) RVFW, right ventricular free wall strain; (C) RVFW apic, right ventricular free wall apical strain; (D) RVFW mid, right ventricular free wall midventricular strain; (E) RVFW bas, right ventricular free wall basal strain. N = 20.

Supplementary Figure 2

Bland-Altman plot of interobserver measurements of RVLS, RVFW, RVFW apic, RVFW mid, RVFW bas. (A) RVLS, right ventricular longitudinal strain; (B) RVFW, right ventricular free wall strain; (C) RVFW apic, right ventricular free wall apical strain; (D) RVFW mid, right ventricular free wall midventricular strain; (E) RVFW bas, right ventricular free wall basal strain. N = 20.
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Type | Diagnostic GA | Maternal | Location Size Size | Neck diameter | Vaginal delivery/ | CTR Perin:
(weeks) age (years) (length x width, mm) | (mm?) (mm) VA area/ventricular complic
area

1 LVD 237 26 Apical 9.6%47 79 99 036 027 | —

2 LVA 24" 36 Apical 16x 111 121 121 043 043 | —

3 LVA 32 28 Free-wall 163%7 82 56 026 038 | —

4 LVA 34 39 Apical 19.5x 7.6 205 87 0.49 0.32 Fetal arrhy

5 RVA 6" 32 Free-wall 8.8x99 61 5 029 031 VSD

6 LVA 2+ 28 Free wall 177%9.9 141 72 049 049 | PE,MR

7 LVD 34 29 Apical 219x167 280 85 05 043 | Fetal arrhy

8 LVD 247 2 Apical 109 %105 80 75 039 031 | —

9 LVD 28° 38 Free-wall 168 %9 139 42 049 038 | —

10 LVA 267 35 Apical 152x8.5 9 95 038 039 | —

VA, ventricular aneurysm; LVD, left ventricular diverticulum; LVA, left ventricular aneurysm; RVA, right ventricular aneurysrm; GA, gestational age; CTR, cardiothoracic ratio; VSD, ventric
requrgitation: TOP. terination of pregrancy: GW. gestational week
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Precontrast Postcontrast P value

Group 1 (1=19)

LMT | 2360 (1624-31.71) 33.45 (28.90-41.80) 0.008
LAD 2245 (14.54-28.68) 30.10 (24.45-38.76) 0.026
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1626 (13.08-22.02) 0.006

LAD 829 (3.86-11.40)

13.36 (8.67-18.94)

LCX 863 (5.22-13.15)

13.93 (8.70-17.51)

RCA 313 (1.63-10.08)

16.98 (8.92-14.46)

Group 2 (n=17)

LMT 2181 (13.92-27.02) 3160 (26.13-38.87) 0.001
LAD 13.92 (9.50-18.24) 2038 (14.96-25.69) 0.009
LCX 16.24 (10.04-19.39) 2101 (18.77-31.07) 0.002
RCA 13.91 (7.46-18.68) 18.19 (10.66-24.41) 0.028

Group 3 (n1=43)

LMT 2458 (23.32-36.95) 30.80 (29.77-40.92) 0.084
LAD 19.71 (18.73-30.90) 2353 (22.12-31.50) 0.234
18.01 (17.87-29.88) 20.06 (24.08-35.96) 0.002
19.17 (15.61-26.04) 2846 (21.75-32.85) 0.004

CNR, contrast-to-noise ratio; LMT, left main trunk; LAD, left anterior descending

covonmry arery: LOK. left Graamilsi coronany. ars:

ICA. it Comrary ariehy.
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Vessel Intraobserver agreement Interobserver agreement

Precontrast Postcontrast Precontrast Postcontrast

Image quality

LMT 0885 0815 0859 0835
LAD 0825 0818 0805 0.806
LCX 0815 0821 0803 0812
RCA 0834 0814 0822 0849
Length

LMT 0995 0997 0994 0.99
LAD 0988 0993 0986 0991
LCX 0991 0995 0971 0983
RCA 0997 0998 0996 0995

LMT 0911 0917 0.898 0873
LAD 0922 0919 0903 0890
LCX 0898 0904 0834 0880
RCA 0921 0923 0.886 0896

LMT 0907 0880 0381 0895
LAD 0918 0585 083 03884
Lex 0901 0.908 ) 0855 I 0887
RCA 0911 0902 0389 0878

LT, left i tranike: LD, left anterior descanding coronary arten: LEX, efl crciamilen cononisy. ariery: RCA: fiaht coronsty srbery:





OPS/images/fped-11-1159347/fped-11-1159347-g003.jpg





OPS/images/fped-11-1159347/fped-11-1159347-t001.jpg
Side branches
Group 1 (n=19)

Precontrast | Postcontrast | P value

Diagonal

Right conal

Total

Group 2 (n=17)

Diagonal

Obtuse marginal

Right conal

Acute marginal

Right posterior descending artery

Total

Group 3 (n=43)

Diagonal

Left conal

Anterior septal

Obtuse marginal

Right conal

Right anterior ventricle

Acute marginal

Right posterior descending artery

Total
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Precontrast Postcontrast P value

LMT 1(087-239) 3(193-3.34) 0.002
LAD 1(0.75-230) 3 (206-3.31) 0.001
LCX 2 (095-252) 2 (181-3.03) 0.008
RCA 2(121-247) 2 (1.67-2.96) 0.013
Group 2 (n=17)

LMT 4(279-4.08) 4(292-4.08) 0317
LAD 4(271-392) 4 (2.80-3.95) 0317
LCX 4(263-3.75) 4(2.99-3.76) 0.180
RCA 4 (3.00-387) 4 (3.11-3.89) 0.180
Group 3 (n=43)

LMT 3(278-341) 4 (2.87-3.56) 0225
LAD 3(292-351) 4(287-352) 0.740
LCX 3 (276-334) 3 (273-3.46) 0.769
RCA 3 (297-3.50) 4 (298-3.60) 0.830

LMT, left main trunk; LAD, left anterior descending coronary artery; LCX, left
cireLimifles coronary artery: RCA. right ooronany arteny.
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Precontrast Postcontrast P value

Group 1 (1=19)

LMT | 650 (476-7.06) 610 (4.26-6.88) 0.083
LAD 1380 (9.51-27.57) 23.80 (17.68-32.07) 0.005
LCX 1095 (7.17-20.88) 2325 (1552-34.02) 0.004
RCA 38.25 (22.70-48.63) 46 (31.19-53.89) 0056
Group 2 (n=17)

LMT 9.00 (7.40-15.06) 10.70 (8.18-15.12) 0248
LAD 2490 (2051-36.21) 27.50 (22.73-39.55) 0055
LCX 4690 (26.68-48.96) 48.70 (43.47-61.95) 0023
RCA 6630 (53.96-71.57) 66.90 (54.94-8131) 0234
Group 3 (n=43)

LMT 11.05 (10.52-15.31) 1130 (1082-16.06) 0071
LAD 38 (36.28-55.26) 4320 (39.39-53.55) 0325
LCX 36.45 (34.95-50.19) 42.70 (38.57-54.53) 0.081
RCA 725 (67.63-88.62) 8645 (70.06-91.72) 0.062

LMT, left main trunk; LAD, left anterior descending coronary artery; LCX, lef
e Limifles coronary artery: RCA. right ooronsny arteny.
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RAA with ALSA and Left DA

DAA . i
RAA with Mirror Image branching and RUDA | 245 | 235 | |2 X 283 | 308 | 290 | 465 |

3.40

Normal Controls . y ; .
. 3.00‘ X ‘ y ‘

270

Aol, aortic arch isthmus; DA, ductus arteriosus; Min, minimum; Max, maximum; SD, standard deviation; RAA with ALSA and left DA, right aortic arch with aberrant left
subclavian artery and left ductus arteriosus; DAA, double aortic arch; RAA with mirror-image branching and RLDA, RAA with mirror-image branching and

rstrossophagesl left duchis srieriosus:
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Associated RAA with RAA with Mirror-
abnormalities ALSA and image branching an

Tricuspid regurgitation

Extracardiac

PLSVC
ASLBV

Airway compression N=15 None N=1

Three cases of RAA with ALSA and Left DA with duplicate counts, due to one
suffering both tricuspid regurgitation and PLSVC  simultaneously and  tw
suffering both VSD and PLSVC simultaneously.

CHD, congenital heart disease; VSD, ventricular septal defect; TOF, tetralogy of
Fallot; PLSVC, persistent left superior vena cava; ASLB, abnormal subaortic lef
brachiocephalic vein; RAA with ALSA and left DA, right aortic arch with aberrant
left subclavian artery and left ductus arteriosus; DAA, double aortic arch; RAA
with mirror-image branching and RLDA, RAA with mirror-image branching and
T T —
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TR (ms)

TE (ms)

FOV (mm?) Matrix Slice thickness (mm) Spacing (mm) Flip angle
SSEP 36 18 260-325 216218 24 -2-0 70°-80°
SSTSE 12,000 80 260-355 236220 2 0 %0°
Real-time SSFP cine 27 134 280-310 128x 128 8 -6 65°
PC 79 48 300 232x230 5 0 12

SSEP. steady-stats fres-pracassion: SSTSE, Shole-shot trke iifechio: PC. phass cofitrast TR, Regietition Tine. TE. E¢ha Til

OV, field of view.
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Fluoroscopy duration (min) Fluoroscopy dose (mGy) DAP (mGy.cm

Type (n) &) C3U P 3 C3U 7 C3U
107 +47 58+49 18765 + 12363 751.1 5288
AVNRT (35) 10732 4326 <0.05 129+54 6231 <0.05 2169.7 * 17536 8180 =370.2 <0.05
AT (20) 15782 4517 <0.05 135+53 6634 <005 2524.1 % 18964 908.2 = 697.3 <0.05
AF (12) 87+32 37:27 <0.05 8335 4120 <0.05 17595 +838.9 8126+ 5915 <005
VA (55) 7.7+42 22:18 <0.05 59+37 22:15 <0.05 13863 = 1057.1 3805+ 184.4 <0.05
Total (200) 99+5.7 39:23 <0.05 10147 52228 <005 1903.2 + 14165 7341 £514.4 <0.05
AVRT, atrioventricular fold tachycardia; AVNRT, atri nodal fold AT, atrial ia; AF, atrial flutter; VAs, ventricular arrhythmias, including

rernatre vantricular basts and ventriciisr tactacardia: DAP. doss ares prodct.
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Characteristic

Trials, n (%)

Randomized

145 (58.9%)

Non-randomized

29 (11.8%)

NA

72 (29.3%)

Intervention model

Single group assignment

82 (33.3%)

Parallel assignment

147 (59.8%)

Crossover assignment

11 (4.5%)

Factorial assignment

2(0.8%)

Sequential assignment

2(0.8%)

NA

2(0.8%)

Masking

None (open label)

149 (60.6%)

Single

23 (9.3%)

Double

18 (7.3%)

Triple

15 (6.1%)

Quadruple

41 (16.7%)

Primary purpose

Diagnostic

19 (7.7%)

Treatment

157 (63.8%)

Prevention

28 (11.4%)

Health services research

3(1.2%)

Supportive care

7 (2.8%)

Screening

7 (2.8%)

Basic science

6 (2.4%)

Other

16 (6.5%)

NA

3 (1.2%)

21 (8.5%)

18 (7.3%)

35 (14.2%)

10 (4.1%)

45 (18.3%)

15 (6.1%)

102 (41.5%)
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Characteristic
Observational model

Trials, n (%)

Cohort

105 (64.0%)

Case Only

19 (11.6%)

Case-Control

29 (17.7%)

Case-crossover

3 (1.8%)

Ecologic or Community

1(06%)

Other

3 (1.8%)

NA

4 (24%)

Time

Prospective

125 (762%)

Retrospective

8 (4.9%)

Cross-Sectional

25 (15.2%)

Other

6 (3.7%)
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Characteristic
Location

0Odds ratio (95% Cl)

Single

1.00

Union

4193 (3.27-538)

Masking

None (open label)

1.00

Single

144 (0.27-7.67)

Double

3.06 (0.35-26.69)

Triple

09 (0.05-16.06)

Quadruple

22.64 (1.83-280.37)

NA

0 (0~Inf)
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Al trials registered in ClinicalTrials.gov on
May.13, 2022 (n=414752)

Excluded : (n=413661)
Trials not related to pediatric
echocaridiogarphy (n=413661)

All pediatric echocardiography clinical trials
(ages 0-18) registered in ClinicalTrials.gov up
to May.13, 2022 (n=1091)

Excluded : (n=681)

Did not report clear age information
>l (n=484)

Mixed age (children and adult) trials
(n=197)

Trials included in data analysis (n=410)
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ion Approach to Fetal Heart at 11 to 13+6 weeks (9533 cases)

'

| No CHD (9350 cases) [ ‘ CHD (183 cases) ‘
‘NoCH.D(EScases) | [ e 20eses) |
[ ! 1
[ mmduced Labor (77 cases) || Fetal demised (3 cases) H Birth (40 cases)

Fetal Echocardiography in 2% Trimester ‘

Lost Follow-up (337 cases)
No CHD ( 8968 cases)

CHD (45 cases)

l Fetal Echocardiography in 3 Trimester ’

[ NocHD @965 cases) | [ cop 2 cases) | [ nduced Labor (7 cases) | [ Binth 33 cases) |

Newborn Screening for CHD

NOCHD (®952cases) | | CHD(4cases) |
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Type of
Cardiac
Surgery

n

Preductal (93) Ductal (69) Postductal (16)

Intracardiac Extracardiac Intracardiac Extracardiac Intracardiac Extracardiac
malformation malformation malformation malformation malformation malformation

Extended end-to-
end anastomosis.

Extended end-to-
side anastomosis

End-to-end
anastomosis

End-to-side

Pulmonary patch
aortoplasty ES.

Aortic arch release

Pericardial patch

GORETEX patch

Switch
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Type of cardiac
surgery

n

Preductal Ductal Postductal

Isolated Isolated Isolated
CoA CoA CoA

Extended end-to-end

Extended end-to-side

End-to-end anastomosis

End-to-side anastomosis

Pulmonary patch aortoplasty
ES

Aortic arch release

Pericardial patch

GORETEX patch

Switch
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Variables Control Before Chemotherapy Chemotherapy Chemotherapy

group chemotherapy cycle 2 cycle 4 cycle 8

3) (n=23) (n=23) (n=19) (n=8)

GLS (%) 218 (2021-23.6) 1893 (18.121.1)* 1939 (17.63-20.96) 1755 (16.94-20.59) 1935 (17.04-21.22) 18.86 (1625-20.18)
GWI 1,580.87 = 189.99 131636 = 230.13* 1,393.90  269.90 1,287.68 +355.53 1,327.00 = 259.01 1,340.43 = 16239
Gew 1,869.00 = 15462 175027 + 28452 187129 £ 297.99 16190538533 | 170391226974 1,704.71 + 22645
GWW 54 (33-79) 82 (59-103)" 88 (73-102) 86 (565-140.75) 88 (55-107.5) 66 (49-114)
GWE (%) 97 (96-98) 94 (92-96)" 95 (94-96) 935 (91.25.9575) | 945 (9225 95.75) 94 (93-96)
LASr (%) 41 (38-46) 41 (37-45) 44 (37-50) 39.5 (34-44.5) 375 (305-50.25) 41 (38-44)
LAScd (%) 29 (28-35) 30 (24-32) 30.45 (26-35) 26 (22-31) 255 (22-345) 30 (28-36)
LASct (%) 10 (9-12) 12 (9-14) 1385 (11-18) 125(10-15.5) 14(85-15) 12(12-15)

GLS, global longitudinal strain; GWI, global work index: GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency; LAST, left atrial strain of
reservoir phase; LAScd, left atrial strain of conduit phase; LASC, left atrial strain of contraction phase.

*p<0.05 compared control group.

** < 0.05 compared the last chemotherapy group.
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Before Chemotherapy Chemotherapy Chemotherapy F P
chemotherapy cycle 2 cycle 4
(n=23) (n=23) (n=19)

CK-MB 112£156 065+ 041 082+0.38

Tnl-Ultra 0.003+0.13 0.000+0.00 | 0.006%0.01 0006+ 001

K-MB, creatine kinase isoenzymes MI

ni-Ultra, troponin | ultra.
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Variables Before Chemotherapy | Chemotherapy | Chemotherapy | Chemotherapy

chemotherapy cycle 2 cycle 4 cycle 6 cycle 8
(n=23) (n=23) (n=19) (n=12) (n=8)

Weight (kg) 36 (19-47) 30 (20-38) 29 (205-40) 3025 (22-40.13) 28 (22-37.25) 35 (26.5-53)
BSA (m’) 12 (0.77-14) 115 (0.8-1.25) 112 (082-1.3) 113 (0.87-1.28) 103 (087-1.2) 12 (1.03-155)
SBP (mmHg) 98.57+5.88 100.83+ 1187 103.13+12.94 97.37+1147 955+935 101+573
DBP 68 (61-80) 62 (60-70)" 62 (60-66) 62 (60-65.75) 615 (60-67.25) 63 (60-73)
(mmHg)

HR 9157+ 888 97.22+8.28 92524676 97.74%10.26 9817 £9.05 8983462
LVEF (%) 0.56 (0.55-0.60) 057 (055-0.59) 059 (0.55-0.61)" 055 (0.52-0.60) 056 (051-0.63) 057 (0.55-0.62)
E/A 157 (1.49-1.63) 148 (1.28-1.59) 146 (1.36-1.58) 151 (1.36-1.65) 151 (145-1.68) 156 (1.33-1.73)
LAEDd 441+087 419+055 4374060 438056 446065 466046
(mm)

LAEDV (ml) 26 (17-33) 21.64 (17-25) 23 (18-28) 22 (15.25-28.5) 22 (17.25-30) 21 (19-29)
LAESV (ml) 7 (5-13) 6 (4-7) 5(4-8) 8 (5-10) 6 (6-7.75) 7 (4-8)
LAEF (%) 067 002 072001 0722002 066 =001 069 002 071+003
LAVI 1599279 1336 +5.05* 1422+ 111 1408147 | 17.15+1.91 1577 +2.09

BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; LVEF, left ventricular ejection fraction; E/A, maximun flow rate in
carly mitral relaxation/left atrial systolic maximumn flow rate; LAED, left atrial end-diastolic dimension; LAEDV, left atrial end-diastolic volume; LASEV, left atrial end-
systolic volume; LAEF. left atrial ejection fraction; LAV, left atrial volume index

Data are expressed as mean + SD or median + interquartile range.

“p<0.05 compared with controls.

#<0.05 compared the last chemotherapy group.
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nts (%) Inter-observer IcC P-value Intra-observer ICC P-value

Inter-observer Inter-observer Intra-observer Intra-observer

RVLS 2557179 0915 <0.01 2557179 0.920 <001
2572155 2594161

RVFW 2653+ 1.05 0846 <001 2653105 0.837 <001
2673086 2680105

RVEW apic 2438150 0893 <001 2438150 0.853 <001
2463157 24612147

RVFW mid 2634193 0912 <001 26342193 0.837 <001
2646+ 147 2654161

RVEW bas 2888+ 136 0836 <001 2888136 0.840 <001
2910126 2924142

Data are presented as mean + SD.
InterCC, Interclass correlation coeffificient; RVLS, right ventricular longitudinal strain; RVFW, right ventricular free wall strain. RVFW apic, right ventricular free wall apical
strain: RVFW mid, right ventricular free wall midventricular strain: RVFW bas, right ventricular free wall basal strain.
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Parameter

Echocardiographic data
RVEW (%)

RVLS (%)

RVEW apic (%)

RVFW mid (%)

RVFW bas (%)

RVEAC (%)

Tei index

RV (mm)

RA (mm)

RV-S' (cm/s)

TAPSE (mm)

RA area (cm”)

MPA (mm)

PVR, pulmonary vascular resistance; mPAP, mean pulmonary artery pressure; RVLS
right ventricular longitudinal strain; RVFW, right ventricular free wall strain; RVFW
apic, right ventricular free wall apical strain; RVFW mid, right ventricular free wall
midventricular strain; RVFW bas, right ventricular free wall basal strain; RVFAC,
right ventricular fractional area change: RV, transverse diameter of right ventricle:
RA, transverse diameter of right atrial; RV-S. the peak systolic velocity of right
ventricle; TAPSE, tricuspid annular

oulmonary artery diameter.

plane systolic excursion; MPA, main
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Image Poorly
(=1)

Histopathological
Diagnosis (n=28)

Indicator
Abnormal (n=1)

Chemotherapy cycle =2
LVEF>53%

Sinus rhythm
(1=23)
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Groups Normal

N 58

MPA (mm) 13.85 434 22192712

RV (mm) 2064+ 669 3272+1122

RA (mm) 2619577 38.26+162

RA area (em’) 818295 13.06+ 11.34

TAPSE (mm) 1538 +4.79 12.00+3.97

RVEAC (%) 6274536 3364+ 1438

Tei index 041008 063023

RV-S' (cm/s) 13.65+229 932+248

RVLS (%) —25.99£2.26 —1273£529

RVEW (%) -27.14%222 1076 +7.69

RVEW apic (%) —2441+2.16 —-1202+625 <0.001
RVFW mid (%) ~27.082.63 14144647 <0.001
RVEW bas (%) ~29.92 £3.66 -1542+7.16 <0.001
mPAP (mmHg) 23.08 =567 45341253 <0.001
PVR (Wood) 15076 12,56 % 6.45 <0.001

Data are presented as mean+SD. Normal group's mPAP was measured by
tricuspid regurgitation. PVR in control group was determined by the integratior
of peak tricuspid regurgitation velocity/flow velocity of right ventricular outflow
tract.

MPA, main pulmonary artery diameter; RV, transverse diameter of right ventricle:
RA, transverse diameter of right atrial; TAPSE, tricuspid annular plane systolic
excursion; RVFAC, right ventricular fractional area change; RV-S, the peak
systolic velocity of right ventricle; RVLS, right ventricular longitudinal strain;
RVFW, right ventricular free wall strain; RVFW apic, right ventricular free wal
apical strain; RVFW mid, right ventricular free wall midventricular strain; RVFW
bas, right ventricular free wall basal strain; mPAP, mean pulmonary artery
arasstre: BURE pokmormry vascUMI-pasitiance:
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Characteristic Normal (n=58) PH (n=58)
Gender female/male 28/38 28138
Age, years 58+29 6+26
Height, cm 1252965 10426 £25.27
Weight, kg 28+146 17.27 £8.66
Heart rate, /min 89+5 866

BSA 090032 070=0.11

SBP, mmHg 119146 115+ 139

DBP, mmHg 637 +12.58 653+1198
0 38

0 8

0 12

Data are expressed as mean + SD.
BSA, body surface area; SBP, systolic blood pressure; DBP, diastolic blood pressure;
CHD-PH, congenital heart disease combined with pulmonary hypertension; IPAH
idiopathic pulmonary arterial BPD-PH, splasia
with pulmonsry hvoertsrsion:
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Variables

Before chemotherapy (n=23)

After chemotherapy (n = 23) Diversification (n=23)
2444493 21.09 =353 289+5.44
Mid-myocardial 2113+4.16° 1830 £2.93 245+455
Subepicardial 18.27+3.67* 1593 £2.67% 193+3.96
*p < 0.05 compared with each layer.
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Criteria based on Z value Criteria based on guideline Kappa value Kappa test Paired chi-square test

P-value P-value
LVDD grade | LVDD grade I Total

LVDD grade I (n, %) 27 (61.4) 00 27 (61.4) 0522 <0.001 0.004
LVDD grade II (r, %) 9 (205) 8(18.2) 17 (38.6)
Total 36 (81.8) 8 (18.2) 44 (100)

LVDD, left ventricular diastolic dysfunction.
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Criteria based Criteria based on Guideline Kappa test | Signed rank sum
on Z value . P-value test
Normal Uncertain LVDD P-value
LVDF LVDF
Normal LVDF 55 (41.7) 1(08) | 64 (485)
Uncertain LVDF 15 (11.4) 4(30) | 37 (280)
LVDD 323) 12(91) 16 (12.1) | 31 (23.5)
Total 73 (55.3) 38 (28.8) 21 (159) | 132 (100)
High risk of HF (n, %) | Normal 139 (73.5) 421 0(0) | 143 (757) 0.468 <0.001 <0001
Uncertain 18 (9.5) 9 (4.8) 3(16) | 30(159)
Abnormal 5(2.6) 8(42) 3(16) | 16 (85)
Total 162 (85.7) 21 (1L1) 6(32) | 189 (100)
Low risk of HF (n, %) | Normal 226 (97.8) 1(0.4) 0 | 227983 0326 <0.001 0317
Uncertain 3(13) 1(0.4) 0 4(17)
Total 229 (%9.1) 2(09) 0 231 (100)

HF, heart failure: LVDF, left ventricular diastolic function: LVDD, left ventricular diastolic dysfunction.
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Criteria based Criteria based on Guideline Kappa Kappa test | Paired chi-square
[LPAZIT value P-value
Normal | Abnormal | Total
Maximum LAVI (n, %) | Normal 61 (46.2) 0 (0.0) 61 (46.2)
Abnormal 38 (28.8) 33(250) | 71(538)
Total 99 (750) | 33 (250) | 132 (100)
Septal or lateral ¢” (n, %) | Normal 53(402) | 20(152) | 73 (55.3) 0516 <0.001 0215
Abnormal 12(91) | 47(356) | 59 (447)
Total 65 (49.2) 67 (50.8) | 132 (100)
Septal Efe’ (n, %) Normal 80 (60.6) 11 (8.3) 91 (68.9) 059 <0.001 1
Abnormal 12 (9.) 29 (22.0) 41 (31.1)
Total 92(697) | 40(303) | 132 (100)
Highrisk | Maximum LAVI (n, %) | Normal 90 (47.6) 0(00) | 90 (47.6) 0194 <0.001 <0.001
of HF Abnormal 79 (41.8) 20 (10.6) | 99 (52.4)
Total 169 (89.4%) | 20 (10.6) | 189 (100)
Septal or lateral ¢” (n, %) | Normal 113 (598) | 23(122) |136(720) 0462 <0.001 0644
Abnormal 19(101) | 34(180) | 53 (28.0)
Total 132 (69.8) 57 (302) | 189 (100)
Septal Ele’ (n, %) Normal 166 (87.8) | 2(11%) | 168 (88.9) 0571 <0.001 0022
Abnormal 11 (58) 10 (53) | 21(11.1)
Total 177 (937) | 12(63) | 189 (100)
Low-risk Maximum LAVI (, %) | Normal 170 (73.6) 00) | 170 (73.6) 0.048 0018 <0.001
of HF Abnormal 59 (255) 2(09) | 61(264)
Total 29(991) | 2(09) | 231(100)
Septal or lateral wall ¢’ | Normal 190 (823) | 30 (130) | 220(95.2) 0273 <0.001 <0.001
(m, %) Abnormal 3(13) 8(35) 11 (48)
Total 193 (835) | 38(165) | 231 (100)
Septal Ele’ Normal 229 (99.1) 00 | 229(99.1) 0,665 <0.001 1
Abnormal 104) 10.4) 2(09)
Total 230(99.6) 104) | 2310100

LAV left atrial volume index: LVDF. left ventricular diastolic function: HF. heart failure.
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Low risk of HF (n=231) | P-value

HF group (n=132)

High risk of HF (n=189)

Age [median (IQR)], years 0.63 [0.36, 4.56] 358 [2.00, 6.50] 3.00 [1.00, 5.96]
Sex (n, %) | Male 65 (49.2) 92 (48.7) 116 (502)
| Female 67 (50.8) 97 (513) 115 (49.8)
BSA [median (IQR)], m* 035 [0.27, 0.73] 0.64 [0.49, 0.84] 0.59 [0.42, 0.81] <00014
ROSS grading (n, %) | I 67 (50.8) / / /
i 48 (36.4) / ! !
v 17 (129) / ! /
BNP [median (IQR)], pg/ml 191 [64, 654] / 1
Basic disease (, %) | Congenital heart disease 83 (629) 154 (815) ! /
Cardiomyopathy 16 (12.1) 2011 ! !
Arthythmia 11 (83) 1(05) / !
Myocarditis 6 (45) 1(05) ! !
Primary pulmonary hypertension 43.0) 0(00) 1 /
Coronary artery disease 3(23) 2011 / /
Pneumonia 2(15) 9 (48) ! /
Sepsis 2(15) 421 ! !
Renal insufficiency 1(0.8) 11 (5.8) / /
[ 1(0.8) 201 / /
Other 3(23) 3016) / !
LVEDVI [median (IQR)], ml/m* 86 [60, 121] 67 (54, 82] 61 (57, 67] <00014
LVEF [median (IQR)], % 61 [51, 68] 66[62, 69] 66 (63, 69] <0.0014
Maximum left atrial volume index [median (IQR)], ml/m* 23 [16, 34] 20(16, 26] 16 [14, 20] <00014
TRV [median (IQR)), m/s 251 [2.08, 3.09] 214 [201, 2.40] 2,05 [2.01, 2.16] <00014
Mitral annular septal ¢’ [median (IQR)], m/s 0.08 [0.06, 0.10] 0.10 [0.09, 0.12] 0.12[0.10, 0.14] <0001a
Lateral wall of mitral annulus ¢’ [median (IQR)], m/s 0.10 [0.07, 0.12] 0.12 [0.09, 0.14] 0.14 [0.11, 0.15] <00014
Mitral annular septal Efe’ [median (IQR)] 129, 16] 9(8,12) 918, 10] <00014

BSA, body surface area; BNP, B-type brain natriuretic peptide; HF. heart failure; LVEDVI, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction;
TRV peak-velocity of tricuspid regovoitaton: & Rank som test: Ac chi-soume teas,
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Missed diagnosis and misdiagnosis The progression of the disease
lead to inconsistencies in diagnosis leads to inconsistent diagnosis

Serial Early pregnancy Final Serial Early pregnancy Final
number diagnosis diagnosis number diagnosis diagnosis
Abnormal inflow tract 1 Normal*
Normal®
HLHS®
Normal®

Abnormal inflow tract Normal®
Normal®
PA<AO®
DORV*
PTA®

Abnormal aortic arch and its Normal®
branches

Normal®

TR®

LV <RV, PLSVC®
PA>AO°
PA<AO® APW®

RAA® DAA®

Normal® vsD*

Normal® TAPVC

Normal* RLINV?

Normal® CAF

Normal® PAS'
LLU>RLU PAS with UHPA®
Displacement of the heart
AVSD® VsD*
vsD* Normal®
LV <RV* Normal®

AVSD, atrioventricular septal defects; C-AVSD, complete atrioventricular septal defect; TAPVC, total anomalous pulmonary venous connection; DORY, double outlet right
ventricle; COA, coarctation of aorta; MS, mitral stenosis; VSD, ventricular septal defect; HLHS, hypoplastic left heart syndrome; RAA, right aortic arch; ARSA, aberrant right
subclavian artery; TOF, tetralogy of Fallot; TGA, transposition of great arteries; P-AVSD, partial atrioventricular septal defect; PA-IVS, pulmonary atresia with intact
ventricular septum; DAA, double aortic arch; IA, interrupted aortic arch; APW, aortopulmonary window; PAS, pulmonary artery sling; RLINV, retroaortic left
innominate vein; CAF, coronary artery fistula; RAA, right aortic arch; CAT, common arterial trunk; TR, tricuspid regurgitation; PA, pulmonary artery; AO, aorta; UHPA,
unilateral hypoplasia of pulmonary arteries; L-LU, left lung; R-LU, right lung; PLSVC, persistent left superior vena cava; LV, left ventricle; RV, right ventricte; TVD,
tricuspid valve dysplasia; CR, cardiac : NVM, of ventricular i
*The missed and misdiagnosis caused by the limitation of cardiac ultrasound in early pregnancy.

"Progressed after birth.
“Misdiagnosis due to equipment adjustment problems or poor fetal position
“Progressed from the second to the third trimester.
“Misdiagnosis due to lack of knowledge.
‘Progressed from the first to the second trimester.
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Total | Type of complicated heart abnormali

CHD
Abnormal position of
organs and the heart
Ectopia cordis /
Displacement of the heart /
Dextrocardia Situs inversus x 1, situs inversus + VSD x 1

RAI Dextrocardia + AVSD + PS + TAPVC x 1; AVSD + PA + TAPVC x 1
AVSD + DORV + PS x2

LAI AVSD + PS + AVB + interruption of IVCx 1

Abdominal inflow tract
AVSD COAx1; DORV + PS x 1; PS x 2
/

VSD + DORV x |

/

VSD + PSx 1

RAAX 1, ARSA x 1

/

Ebstein’s anomaly PSx2

Abnormal outflow tract
TOF RAA + ALSA x 3, RAA x 2, CASV x 1

TGA Mesocardia + VSD x 1; VSD x 3, VSD + PSx2

DORV. Dextrocardia + levoversion of heart + VSD + PS x 1; VSD + PSx 2;
PSx2

PA-VSD RAA X1, RAA + ALSAx2

PA-IVS VCACx1

CASV. Enlarged cardi ic ratiox 13 VSD x 1; VSD + COA x 1

Ps VSDx2

Abnormal aortic arch
ARSA

Cor VSDx2; BAV x 1
RAA ALSA x6, MIRAA x 1
DAA

™
8

VSDx 1
Dextroversion of the heart + ARSA x 1

ol=|=|=[e]x]e

Situs inversus x 1
UHPA x1

Normal heart 9357 0(0%) | 4(0.04%) | 0(0%) | 0(0%) 4 (0.04%)

RA, right atrial isomerism; AVSD, atrioventricular septal defects; PS, pulmonary stenosis; TAPVC, total anomalous pulmonary venous connection; PA, pulmonary atresia;
DORV, double outlet right ventricle; LAI, left atrial isomerism; AVB, bicuspid aortic valve; IVC, inferior vena cava; COA, coarctation of aorta; MS, mitral stenosis; MA, mitral
atresia; VSD, ventricular septal defect; HLHS, hypoplastic left heart syndrome; TVD, tricuspid valve dysplasia; TA, tricuspid atresia; RAA, right aortic arch; ARSA, aberrant right
subclavian artery; TOF, tetralogy of Fallot; ALSA, aberrant left subclavian artery; CASV, congenital absence of semilunar valve; TGA, transposition of great arteries; PA-VSD,
pulmonary atresia with ventricular septal defect; PA-IVS, pulmonary atresia with intact ventricular septum; DAA, double aortic arch; 1A, interrupted aortic arch; A, aortic
atresia; APW, aortopulmonary window; PAS, pulmonary artery sling: RLINV, retroaortic left innominate vein; NVM, non-compaction of ventricular myocardium; CAF,
coronary artery fistula; CR, cardiac rhabdomyomas.

CLD was divided ko five catsgories in ourstidy. bold vahues renresent the summ of Hhess fve categories.
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Parameter

Rest SBP (mmHg)

Cancer survivor
Avg +SD
1185110

Control
Avg + SD
11852%1027

Rest DBP (mmHg)

68.1+6.8

7186+832

Rest HR (bpm)

71487

67.00 = 12.06

Rest max diameler (cm)

061 =005

0.620.07

Rest min diameter (cm)
Rest distensibility by US

053005
014003

054 0.06
0.14+003

Rest tonometry PWV (m/s)

645+097

7.02+1.01

Rest UUI PWV-SF (m/s)

665+ 094

687+ 1.16

Rest UUI PWV-DN (m/s)

826+ 152

863139

Exercise SBP (mmHg)

14353 220,15

14405+ 1544

Exercise DBP (mmHg)

80.47 £ 13.06

79+892

Exercise HR (bpm)

12042 +15.40

11470+ 17.38

Exercise max diameter (cm)

064007

0.65 = 0.09

Exercise min diameter (cm)

053005

055+ 0.07

Exercise distensibility by US

017 +005

0.16 = 0.03

Exercise tonometry PWV (m/s)

722128

813+ 141

Exercise UUI PWV-SF (m/s)

795093

831+ 157

Exercise UUI PWV-DN (m/s)

950  1.19

9.66 =129
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Parameter

Cancer survivor (n =20)

Control (n=21)

Age (years) 21022945 26002891 0.10
Sex (M/F) 12M/8F 12MI9F 0.85
Weight (kg) 67.8+15.3 70.15+17.97 0.67
Height (cm) 1667 £9.35 17063 +7.48 0.16
BMI (kg/m”) 243+46 2400494 0.86
Clinical in survivors
Age at diagnosis (years) 696=3.56
Duration since completion of therapy (years) 1371 £7.63
Cumulative anthracycline dose (mg/m?) 2007+ 12680
With dose exceeding 250 mg/m” (#) 6 (30%)
Use of Dexrazoxane (#) 1(5%)
Use of radiation therapy (¢) 5 (25%)
‘Thoracic (mantle, lung, paraaortic) (#) 3 (15%)
Abdominal (whole, spleen, liver) (#) 3 (15%)
Cranial (#) 1 (5%)
Pelvic (#) 1(5%)
Acute Lymphocytic Leukemia (ALL) (#) 5 (25%)
Ewings Sarcoma (#) 3 (15%)
Hodgkin's Lymphoma (#) 3(15%)
Non-Hodgkin's Lymphoma (#) 3(15%)
Acute Myeloid Leukemia (AML) (#) 2(10%)
O: ® 1 (5%)
Rhabdomyosarcoma (#) 1(5%)
Wilms Tumor (#) 1(5%)
Blood
Total cholesterol 4452092 4532084 078
Triglycerides 100045 082033 019
LDLc 2562081 0.52
HDL 160032 0.91
hs-CRP 094123 019
Fasting glucose 508049 0.44
Insulin 61822561 6061 +31.90 0.90
Hb Alc 500027 4992024 0.95
Vascular
IMT (em) 0.05 0006 004003 0.59

Vakias renorisd as averacs: 4/~ standan devistion: o number of partickarts ).
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“ p=0.46
<0.001
2 r " 1
p=0.56
10 !—1‘—\
<y
£
S 8
2
z
6 7.95+0.93
8.31£1.57
6.65+0.94 6.87 +1.16
4
2
Control rest Oncology exercise Control exercise
PWV-SF PWV-SF PWV-SF

Oncology rest
PWV-SE
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( Carotid US/UUI e UUI: Local PWV
o aemprosmaio | US: carotid diameter, IMT,
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___________ o s distensibility

H 45' At rest and submaximal
Research H exercise
ultrasonographer : T

: Global PWV

At rest and submaximal
exercise

Verasonics Vantage System

! Modified Bruce
1 protocol

* GE11Llinear transducer (ERHR |

* 3 compounded plane waves BP

« Framerate: 3000 fps | HR

* PRF:9KHz ~  TTTTTTTTTmTmmTemmmeetd

* Depth35mm Measured continuously

Duration: 709.3ms
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Parameters | n GA Successful strain | RV average LV average RV average LV average

(weeks) analysis (%) strain (%) strain (%) | strain rate (1/s) | strain rate (1/s)
Di Salvo et al. 2005 .. 1747
(141)
Di Salvo et al. 2008 100 20-32 100 244 —25+4 NA NA
)
Ta-Shma et al. 2008 28| 2038 9% 2125 189+57 23205 23107
(118)
Peng et al. 2009 (80) 151 18-40 87 NA ~17.78 404 NA ~21920.65
Barker et al. 2009 55 17-38 100 ~180+64 -17.7+64 -19+08 -24%12
(96)
Pu et al. 2010 (139) 170 20-41 89 —23.26 to —24.77 NA —2.49 to =2.71 NA
Van Mieghem et al. 55 | 169-36 83 -185+68 ~15152 -2372093 ~18220.68
2010 (121)
Matsui et al. 2011 High FR (27.4- 93 14-39 86 223 =56 NA NA
78) 167.2 fps)
Low FR (25 fps) 76 2 -196 NA NA
‘Willruth et al. 2011 150 13-39 98 -3588+11.21 —26.01 +6.38 —543+241 =3.69+241
(142)
Germanakis et al. 144 1439 83-85 —220+37 219237 NA NA
2012 (12)
Ishii et al. 2012 81| 1742 77-79 ~160+33 —152+27 NA NA
(138)
Kim et al. 2013 122) 1936 78 ~226+50 -215+55 26207 ~25+07
(143)
Kapusta et al. 2013 | Longitudinal 78 20-24 96.2 —2535+4.03 —24.89 £457 —2.76 +0.62 —2.93+0.88
(127) 49 | 3034 89.8 2320412 2468 = 481 -2.29%046 -258+071
Maskatia et al. 2016 60 | 2021 983 -1882+313 | -19612371 -2.042070 ~21520.60
(144) 24-25 933 -18.16+295 —20.08 +2.66 -1.78£041 203043
28-29 8.3 -1947+293 | -2095:292 -178 2041 —200=0.41
32-33 86.7 -1930%275 | -2040=3.13 —1.68=037 —1880,37
36-37 86.7 —1954+256 | -21132290 -1.68+033 —1.98+0.40
Chelliah et al. 2016 | Longitudinal 58 12-14.5 36 —144 155 —13957 NA NA
117) 40 | 2028 100 10 10 NA NA
Dahlbiick et al. 2016 250 19-2 992 —14641 ~151£40 NA NA
(145)
Enzensberger et al. | High FR (60 fps) | 117 17-39 863 ~1647 -17.06 NA NA
2017 (113) Low FR (30 fps) -1607 -17.54 NA NA
Enzensberger et al. 33 18.3-36.6 88 —1465 -1634 NA NA
2017 (146)
Li et al. 2017 (147) 102 15-40 73 NA —223+43 NA —14205
DeVore et al. 2018 200 20-40 100 =22.70 + 407 —2293£352 NA NA
(148)
Alsolai et al. 2018 Longitudinal 276 36 89.8 —142+34 -146+38 -12£02 -1.2103
[S28)] 38 764 -134%30 -13.6+33 -11+02 -1.1£03
40 85.1 -128+28 —123231 -11202 -1.0£03
Erickson et al. 2019 | Longitudinal 50 | 1620 90 -207 NA -18 NA
(149) 21-25 -183 NA -15 NA
26-29 -188 NA -15 NA
30-35 -184 NA -14 NA
36-40 —15.6 NA =53 NA
Luo et al. 2021 (79) 59 | 216-366 100 -189+15 -198+15 NA NA

NA, not available: RV, right ventricle: LV, left ventricle: FR, frame rate.
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= Ductus venosus blood Distal inferior vena cavablood

ARo - Ascending aorta DAo - Descending Aorta DA - Ductus Arteriosus DV - Ductus Venosus.
IVC — Inferior vena cava LA Left Atrium LV - Left Ventricle MPA — Muvn Pulmonary Artery
RA — Right Atrium RV — Right Ventricle SVC - Superior VenaCava UV —
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CARDIOVASCULAR PROFILE SCORE 10 POINTS=NORMAL
NORMAL -1 POINT

-2 POINTS
Hydrops None Ascites or Pleural effusion Skin edema
(2 pts) or Pericardial effusion
Venous Dovpler | [ [
(umbilical vein) uv uv u
(Ductus venosus)
l UV pulsations
DV (2 pts) o
Heart Size _— 0.35-0.50 #0580
(Hoart Aroa /Chest Area) (2pts) <0.20
Normal TV & MV Holosystolic TR or Holosystolic MR or
RVILV S.F.>0.28 RVILV S.F.<0.28 TR dP/dt < 400 or
Cardiac Function Biphasic filling (2 pts) Monophasic filling

Arterial Doppler
(Umbilical artery)

UA
(2pts)

AAA

UA
(AEDV)

AAA

UA
(REDV)
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Variables Mean + SD

GLS 19.04 + 248 13.21 <0.01
GwI 131083227112 138 003
GCwW 1,716.45 + 308.44 6.11 0.02
Gww 8991 = 4241 0587 0.45
GWE 9383 £ 287 e 024
Subendocardial 23.67 +4.51 1.03 031
Mid myocardial 2061 =400 193 017

i 18.00 + 3.70 2.66 0.11
LASt 41302876 601 002
LASed 28442683 432 004
LASct 1287 486 176 019

GLS, global longitudinal strain; GWI, global work index; GCW, global constructive
work; GWW, global wasted work: GWE, global work efficiency: LAST, left atria
strain of reservoir phase; LAScd, left atrial strain of conduit phase; LASct, lef
atrial strain of contraction phase.

p< 0,05, showed & shiorig association with: CTRCD.
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LAScd LASct

E/A 1
LAVI 0373+ 1

LAEF 0059 0.136 1

LVEF 0135 0327 0.183 1

GLS 0.066 0393 0.248" 0568 1

LAST 0.228" 0565+ 0295+ 0513 0.486™ 7

LAScd 0373 0486 0306 0506 0529 08517 1

LASct ~0.138 0391+ 007 0229% 0.145 0.608" 0.179 1

E/A maximum flow rate in early mitral relaxation/left atrial systolic maximum flow rate; LAVI, left atrial volume index; LAEF, left atrial ejection fraction; LVEF, left ventricular
ejection fraction; GLS, global longitudinal strain; LASr, left atrial strain of reservoir phase; LAScd, left atrial strain of conduit phase; LASct, left atrial strain of contraction

phase.
The correlation size is expressed in r: r=0.3-0.5 for weak correlation, r = 0.5-0.7 moderate correlation, r = 0.7-0.9 strong correlation; —, negative correlation.

*At 0.05 level (double tail), significant correlation.
**At 0.01 level (double tail), significant correlation.
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Survivors Non-survivors® Survivors Non-survivors Survivors Non-survivors

MV diameter 0+099 —0.27 +1.28 -099+122 -127+1.55 —-1.78 + 1.16 =214+ 144
p= p=024 p=011

AV diameter 0+099 =022 +1.03 =208 +1.13 =219+121 =117+1.18 -139+1.24
p= p=0.60

LV length 0+099 =017 +0.96 -130+1.28 =147£1.17
p=033 p=044

LV width 0+099 =028 +0.91 -4.72+0.83 —491+0.72

p=020

TV diameter 0+099 —0.18 £ 1.00 -001+1.23 0.18+1.26
p=031 p=044

PV diameter 0+099 ~0.06 +0.98 035+ 1.04 0.34+1.04
p=075 =096

Data presented as mean + SD.
MV, mitral valve; AV, aortic valve; LV, left ventricle; TV, tricuspid valve; PV, pulmonic valve.
°z-score determined by published equations from McElhinney et al. 2009 (29).
°z-score determined by published equations from Schneider et al. 2005 (28)

“Overall, there were 92 survivors and 50 non-survivors. Data were complete for MV and TV diameter. For AV diameter, there were data on 87 survivors and 46 non-
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AV diameter  24% 80% 9% 6% 61%
LV length 16% 87% 0% 6% 61%
LV width 23% 84% 9% 7% 63%
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Classification Correct (n) Incorrect (n)

Supracardiac 1

Intracardiac

3

Infracardiac 1
Mixed 2
0

i

6

Complicated with RAI 30
Other anomalies 10
Isolated 15

TAPVC, total anomalous pulmonary venous connection; RAI right atriurr
isomerism.

The difference of diagnostic rate between four TAPVC groups is not statisticall
significant (P=0.195). The difference of diagnostic rate between TAPVC
complicated with other malformations is statistically significant (P = 0.003).
*p-value was obtained from chi-square test with continuity correction.
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Supracardiac CPV-VV-RSVC (7) 1
Bilateral VV (4) 2
CPV-VV-LBCV-RSVC (4) 2
CPV-VVISVC () 1
CPV-AZV-SVC (2) 1
CPV-VV-LIV (1) 0
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Total 9r62 9

TAPVC, total anomalous pulmonary venous connection; PVO, pulmonary veir
obstruction; CPV, common pulmonary vein; PV, pulmonary vein; WV, vertica
vein; LBCV, left brachiocephalic vein; SVC, superior vena cava; LIV, left interna
jugular vein; CS, coronary sinus: RA, right atrium; DV, ductus venous; IVC.
inferior vena cava; HV, hepatic vein; SCPV, superior common pulmonary vein:
ICPV, inferior common pulmonary vein; INN, innominate vein; RSVC, right
superior vena cave; LSVC, left superior vena cave.

“P-value was obtained from chi-square test with continuity correction. The
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Ventricle Post-LA space Absent of PV-LA CPV Additional Site of connection Associated Outcome Postnatal
imbalance enlarge connection vessel malformation diagnosis
1222 Y Y Y N N PV-CS; LSPV-VV-INN-SVC Y | Isolated Live birth Modified
2|231 X, Y Y Y ¥ CPV-VV-INN-SVC; LIPV-IVC Y | Isolated TOP Confirmed
3[225 N N N Y N CPV-VV- portal vein; LSPV-SVC | N | Isolated Live birth Missed
4[325 v Y Y Y Y CPV-VV-INN-SVC; CPV-VV- N | TR (severe) TOP Confirmed
portal vein
5225 N N N N N RPV-VV-SVC; LPV-VV-portal N | RAA, SUA Live birth Missed
vein
6276 N Y Y. Y X CPV-VV-portal vein; RSPV-SVC | N | RAL DORV, VSD Live birth Confirmed
7(235 N ¥ 52 Y Y CPV-VV-INN-SVC; LIPV-VV- Y | RAL SA. DOSV, AVSD, PA, | TOP Confirmed
portal vein ASVR
8[311 Y Y Y Y Y SCPV-VV-SVG; ICPV-VV-portal | N | RAL AVSD, DORV, PS TOP Confirmed
vein
9226 X Y X; Y ¥ SCPV-SVC; ICPV-VV-DV Y | RAL AVSD, DORY, PA, RAA | TOP Confirmed

TAPVC, total anomalous pulmonary venous connection; GA, gestational age; LA, left atrium; CPV, common pulmonary vein; PV, pulmonary vein; PVO, pulmonary vein obstruction; CS, coronary sinus; LSPV, left superior pulmonary vein; V,
vertical vein; INN, innominate vein; SVC, superior vena cava; TOP, termination of pregnancy: LIPV, left inferior pulmonary vein; IVC, inferior vena cava; RSPV, right superior pulmonary vein; LIPV, left inferior pulmonary vein: SUA, single
umbilical artery; VSD, septum; AVSD, septal defect; PS, pulmonary artery stenosis; RAl, right atrium isomerism; SCPV, superior common pulmonary vein; ICPV, inferior common pulmonary vein; RPV,
right pulmonary vein; LPV, left pulmonary vein; TR, tricuspid regurgitation; RAA, right aortic arch; DORV, double outlet right ventricle; DOSV, double outlet single ventricle; SA, single atrium; PA, pulmonary atresia; ASVR, abnormal
systemic venous return.
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Ventricle Post-LA space Absent of PV- CPV | Abdominal additional

imbalance enlarge connection vessel

Site of
connection

PVO | Associated malformation

Outcome

Postnatal
diagnosis

1 (222 Y N Y Y 4 CPV-VV-DV Y | Isolated TOP Confirmed
2 | 241 N Y Y Y Y CPV-VV-portal vein | N | Isolated TOP Confirmed
3 233 Y Y Y Y Y CPV-VV-DV Y | Isolated Live birth Confirmed
4|23 N N N Y N CPV-VV-HV Y | Isolated Live birth Missed
5 322 X ¥ Y Y Y CPV-VV-portal vein | Y | VSD, PA, oligoamnios TOP Confirmed
6 233 ¥ ¥ Y Y ¥ CPV-VV-portal vein | Y | AVSD, PTA, BSVC TOP Confirmed
7|2 N ¥ N ¥ Y CPV-VV-portal vein | N | TOF, TOP Confirmed
8 234 N ¥ Y X ¥ CPV-VV-DV N | RAL SV, ASD, PA TOP Confirmed
9 | 244 N Y Y Y Y CPV-VV- portal vein | N | RAL DX, AVSD, SV, TGA TOP Confirmed
10| 25 Y Y Y X Y CPV-VV-PV N | RAL MA, VSD, DORY, PS, TOP Confirmed
BSVC
11234 B3 ¥ Y ¥ ¥ CPV-VV-portal vein | N | RAL DX, AVSD, DORV, PA, TOP Confirmed
12223 Y Y Y e ¥ CPV-VV- portal vein | N | RAL AVSD, DORYV, PS, RAA TOP Confirmed
13| 285 N Y Y Y Y CPV-VV-portal vein | N | RAL AVSD, DOSV, PS, hiatal TOP Confirmed
hernia
14| 244 Y Y Y X Y CPV-VV-portal vein | N | RAL AVSD, DORV, PS TOP Confirmed
15| 224 N Y Y X ¥ CPV-VV-portal vein | N | RAL SA, SV, PA TOP Confirmed
16 | 233 Y Y X X Y CPV-VV-portal vein | N | RAL DOSV, ASVR TOP Confirmed
17 | 234 X Y ¥ ¥ Y CPV-VV-portal vein | N | RAL AVSD, DORV, PS, ASVR TOP Confirmed
18222 N Y Y Y Y CPV-VV-portal vein | N | RAL AVSD, DOSV, PS, BSVC TOP Confirmed
19234 Y Y Y X, Y CPV-VV-portal vein | N | RAL AVSD, DOSV, PS, BSVC, TOP Confirmed
ASVR
20| 241 Y i Y Y Y CPV-VV-portal vein | N | RAL AVSD, DORV, PS, ASVR TOP Confirmed
21382 N Y N Y Y CPV-VV-IVC N | RAL SA, SV, CoA TOP Confirmed

TAPVC, total anomalous pulmonary venous connection; GA, gestational age: LA, left atrium; CPV, common pulmonary vein; PV, pulmonary vein; PVO, pulmonary vein obstruction; WV, vertical vein; DV, ductus venous; TOP, termination of
pregnancy: HV, hepatic vein; VSD, interventricular septum; IVC, inferior vena cava; AVSD, atrioventricular septal defect; RAI, right atrium isomerism; SV, single ventricle; TGA, transpasition of great arteries; DORV, double outlet right ventricle;
TOF, tetralogy of fallot; SA, single atrium; PA, pulmonary atresia; PTA, persistent truncus arteriosus; BSVC, bilateral superior vena cave; ASD, atrium septal defect; DX, dextrocardiac; MA, mitral atresia; DORV, double outlet right ventricle; RAA,

right aortic arch: AVSR, abnormal systemic venous return: DOSV, double outlet single ventricle: CoA, aortic coarctation.
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Ventricle Post-LA space Absent of PV-LA connection | CPV | Dilated CS | Site of connection | PVO Associated Postnatal

imbalance enlarge malformation diagnosis
ED N ¥ Y N ¥ PV-CS N | Isolated TOP Confirmed
2|8 Y Y ¥ Y ¥ CPV-CS N | Isolated Live birth Confirmed
3 252 N Y Y Y N CPV-RA N | Isolated TOP Confirmed
4 |22 Y Y Y Y Y CPV-CS N | Isolated TOP Confirmed
5 246 N N Y Y N CPV-CS N | Isolated Live birth Missed
6 |245 N N ¥ Y N CPV-CS N | Isolated Live birth Missed
7 1295 N N Y Y N CPV-CS N | Isolated Live birth Missed
8 | 266 Y ¥ ¥ N Y PV-CS N [1sve TOP Confirmed
9 |281 X Y Y Y Y CPV-CS N | VsD, Coa TOP Confirmed
10234 Y Y Y ¥ Y CPV-RA N [1sve TOP Confirmed
11203 N ¥ Y Y Y CPV-CS Y | DOSV, MA, PS, RAA TOP Confirmed
12| 256 N N Y N N PV-RA N | DORV, VSD, PA, RAA, BSVC | TOP Confirmed

TAPVC, total anomalous pulmonary GA, gestational age; LA, leftatrium; CPV, common pulmonary vein; CS, y PVO, pi PV, pulmonary vein; TOP, termination of pregnancy:; RA, right

atrium; VSD, interventricular septum; PS, pulmonary artery stenosis; DORV, double outlet right ventricle; LSVC, left superior vena cave; PA, pulmonary atresia; CoA, aortic coarctation; DOSV, double outlet single ventricle; MA, mitral atresia;
RAA, right aortic arch; DORV, double outlet right ventricle: BSVC, bilateral superior vena cave.
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Ventricle Post-LA space Absent PV-LA CPV | 3WV additional Prominent Site of connection Associated Outcome Postnatal

imbalance enlarge connection vessel SVC malformation diagnosis
1|25 Y Y Y Y Y Y CPV-VV-INN-SVC Y | Isolated TOP Confirmed
2 [255 N ¥ Y Y N Y CPV-SVC N | Isolated TOP Confirmed
3 |35 Y Y Y Y Y Y CPV-VV-SVC; LSPV-INN | Y | Isolated TOP Confirmed
4 | 246 N Y ¥ Y Y Y CPV-RVV-SVC; LIPV- Y | Isolated TOP Confirmed
LVV-INN
5 354 ¥ Y Y Y ¥ Y CPV-AZV-SVC Y | Isolated TOP Confirmed
6 | 28 N Y Y Y Y Y CPV-VV-INN-SVC N | Isolated TOP Confirmed
7| N Y N Y N N CPV-VV-INN-SVC Y | Isolated Live birth Missed
8 |27 ¥ Y Y Y Y Y CPV-VV-LSVC N | RAL AVSD, DORV, PS, Live birth Confirmed
BSVC
9 243 Y Y Y Y Y Y CPV-VV-LSVC Y | RAL AVSD, DORY, PS, TOP Confirmed
BSVC
10225 Y X Y Y Y Y CPV-VV-INN-SVC N | RAL DX, AVSD, PA, RAA, TOP Confirmed
ASVR
1|25 N Y Y Y Y Y CPV-AZV-SVC N | RAL DX, AVSD, PA, RAA, TOP Confirmed
AVSR
12] 24 Y Y Y Y Y ¥ CPV-VV-SVC N | RAL AVSD, DORY, PS TOP Confirmed
13236 Y Y Y Y Y Y LPV-CPV-VV-INN-SVG; | N | RAL AVSD, DORV, PA, TOP Confirmed
RPV-SVC
14]235 N Y Y Y Y Y CPV-VV-SVC N | RAL SA, DOSV, PS, RAA TOP Confirmed
15]233 N Y Y Y Y Y CPV-VV-LIIV N | RAL SA, AVSD, DORV, PS, | Live birth Confirmed
DLBCV
16| 234 N Y Y Y Y Y LCPV-VV-LSVG; RCPV- | N | RAL DOSV, PS, BSVC, TOP Confirmed
VV-RSVC PRUV
17[235 ¥ Y Y Y Y Y CPV-VV-SVC N | RAL MS, PTA, BSVC TOP Confirmed
18| 242 Y Y Y Y Y Y CPV-VV-SVC Y | RAL DX, DORV, VSD, PA TOP Confirmed
19243 N Y Y Y P Y CPV-VV-SVC N | RAL LEVO, $A, SV, TGA, TOP Confirmed
s
20| 236 N ¥ Y Y N Y CPV-SVC N | DX, DOSV, AVSD, PS TOP Confirmed
TAPVC, total I GA, gestational age; LA, left atrium; PV, pulmonary vein; CPV, common pulmonary vein; SVC, superior vena cava; PVO, pulmonary vein obstruction; VV, vertical vein; INN, innominate
vein; TOP, termination of pregnancy LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; AZV, azygos vein; LIV, left internal jugular vein; RAI, right atrium isomerism; AVSD, atrioventricular septal defect; DORV, double
outlet right ventricle; PS, pulmonary artery stenosis; PRUV, permanent right umbilical vein; VSD, interventricular septum; SV, singl i TGA, greatarteries; LSVC, left vena cave; PA, p WV, three

vessel view; RVV, right vertical vein; LV, left vertical vein; RPV, right pulmonary vein; LPV, left pulmonary vein; LCPV, left common pulmonary vein; RCPV, right pulmonary vein; RSVC, right superior vena cave; BSVC, bilateral superior vena
cave; DX, dextrocardiac; RAA, right aortic arch; AVSR, abnormal systemic venous return; DOSV, double outlet single ventricte; DLBCV, dysplastic of left brachiocephalic vein; MS, mitral stenosis; LEVO, levocardia; SA, single atrium; PTA
persistent truncus arteriosus.
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Parameter Coefficient Constant  Root

® MSE R2
MV diameter 12883 —46913 01521 0.62
(n=92)
AV diameter 11508 ~48060 01513
(n=87)
LV length 11145 -31666 01771 047
(n=90)
LV width 13237 -53737 03022 031
(n=81)
TV diameter 12398 —42647 01702 054
(n=92)
PV diameter 12327 —46852 01256 0.68
(n=89)

Mean predicted value = exp [(3 * gestational age) + constant]

MV, mitral valve; AV, aortic valve; LV, left ventricle: TV, tricuspid valve: PV,
pulmonic valve.

*All coefficients were statistically significant (p < 0.001).
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Parameter LHR> L0 LHR < 1.07 p-value”
MV diameter 008110 —027 %111 0.07
AV diameter 016098 ~027+1.01 0.02
LV length 004109 ~0.14£090 031
LV width 0.06+099 —027+088 0.06
TV diameter 005099 ~0.10 % 1.00 037
PV diameter -0.06=1.16 0+082 073

Data are presented as mean + SD.
LHR, lung-to-head ratio; MV, mitral valve; AV, aortic valve; LV, left ventricle; TV,
tricuspid valve; PV, pulmonic valve.
*Overall, there were 71 fetuses with LHR <10 and 65 fetuses with LHR >10.
Data were complete for MV and TV diameter. For AV diameter, there were
data on 67 with LHR<1.0 and 60 with LHR>10, for LV length, there were
data on 70 with LHR <10 and 64 with LHR>10, for LV width there were
data on 62 with LHR <10 and 56 with LHR>10, and for PV diameter, 66

with LHR <10 and 64 with LHR>10.
*p-value by t-test.
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z-score” ( i et al. 2009) z-score’ (Schneider et al. 2005)

Gestational age at exam (weeks, n = 142)
Mitral valve diameter (cm, = 142)
Aortic valve diameter (cm, n =133)

Left ventricle length (cm, n = 140)

Left ventricle width (cm, n = 124)
Tricuspid valve diameter (cm, n = 142)

Pulmonic valve diameter (cm, n = 136)

25 (23,27)
059014
034007
155%036
034013
078019
050+0.11

~1.09£135 -191£127
212116 ~125%120
~136+124
~479+079
007 %124
035+1.04

Data presented as median (interquartile range) or mean + SD.
°z-score determined by published equations from McElhinney et al. 2009 (29). Data presented as mean + SD.
Bi-tccine dtennined b miblshed seustions fom Schnesiir ot al. 2005 M. Deis svsssrisd 5 misn 4 50
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Parameter Cancer survivor n= Control n=21 P
ASBP (mmHg) 2426+17.8 253521497
ADBP (mmHg) 1058 = 13.60 6.85=8.66

APP (mmHg) 1368 £17.78 1850 £ 9.64
AHR (bpm) 49.16 +10.59 35.70 + 14.98
APWV-SF (m/s) 125+033 145+ 059
APWV-DN (m/s) 1422099 1032079

Change in parameters between rest and submaximal exercise. Values reported as
mean + SD.
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Parameters

Age

Cancer survivor Cancer survivor Control

r p p

Weight

Height

BMI

‘Tonometry PWV

UUI PWV-SF

UUI PWV-DN

DBP

SBP

HR

Max carotid diameter

Min carotid diameter
pindex

Age at diagnosis

Duration since therapy completion

Cumulative anthracycline dose

‘Cumulative dose of Radiation

Total cholesterol

Triglycerides
LDLe

HDLc

hs-CRP

Fasting glucose

Insulin

Hb Alc
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Parameters

Cancer survivor Control Cancer survivo Control

r P r p

Tonometry PWV

UUI PWV-SF

UUI PWV-DN

DBP

SBP

HR

Max carotid diameter

Min carotid diameter

prindex

Age at diagnosis

Duration since therapy completion

Cumulative anthracycline dose

‘Cumulative dose of Radiation

Total cholesterol

Triglycerides

LDLc

HDLc
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Fasting glucose

Insulin

Hb Alc
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Age (case)

Sex (case)

Weinberg Classification (case)

Improved classification (case)

Diagnosis (case)

Treatment (case)

<10 years (88) | Male (59) Type A (42) Al (42) US (18) Surgical repair (52)
Type B (40) A2 (40) CTA (39) PGEL + surgery (12)
Female (39) | Type C (19) A3 (1) CAG (23) Balloon Dilatation (4)
>10 years (12) Bl (5) MRA (5) Stent implantation (5)
Unclear (7) | Cannot define (3) B2 (12) Surgery (10) No intervention (8)
B3 () PGEL (2)
Unclear (4) <) Post-mortem (9) Drug therapy (1)
D(1) Balloon + Stent (1)

Unclear (19)

The numbers in parentheses represent the number of cases.
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Improved classification

A systemic to systemic connection

Weinberg classification

Al Double—lumen aortic arch (13, 14, 15-22)

Double lumen aortic arch

A2 Single-Jumen aortic arch (8, 23-28)

The fifth arch remains, and the fourth arch is interruption

A3 Abnormal brachiocephalic artery origin (29)

B systemic to pulmonary connection

B With pulmonary obstruction (30-33)

B2 Without pulmonary obstruction (13, 30, 34-37)

B3 With unrestricted systemic and pulmonary flows (9)

‘The fifth arch originates from the proximal innominate artery of the ascending aorta and connects
to the pulmonary via the sixth arch

C to systemic

With Aortic atresia (38)

D hybrid

Bilateral PFAA (39)

PFAA, persistent fifth aortic arch: AAO, aorta ascendens.





OPS/images/fped-11-1183345/fped-11-1183345-g003.jpg
Typea TypeB TypeC






OPS/images/fped-11-1183345/fped-11-1183345-g002.jpg





OPS/images/fped-11-1183345/fped-11-1183345-g001.jpg
Aortic sac

Right dorsal aorta (ventral aorta) Left dorsal aorta

Right 1*arch Left 1*arch
Right 2arch

Right 3 arch

Left 2*arch
Left 3 arch
Right 4" arch Left 4" arch
Right 5" arch- Left 5" arch

Right 6" arch. Left 6" arch

Truncus arteriosus

Right 7" intersegmental artery

Fusion of dorsal aorta.

intersegmental artery

Right subclavian
artery

Right pulmonary
artery

Trunk of pulmonary
arter

External carotid

Ventral aorta

Internal carotid

Common carotid

Aortic arch

Ductus arteriosus.

Vertebral arteriosus.

'Subclavian artery

Left pulmonary artery
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u

The position of gastric vesicles and heart

Inconsistent
Levocardia and right-side gastric vsicles 1233 | 2255 | 082
Mesocardiac and right-side gastric vesicles 233 | 10655 | 020
Dextrocardia and left-side gastric vesicles 63 | 1255 | 079
Consistent
Levocardia 1033 | 9/55 | 0.8
Dextrocardia 333 | 355 | 067
Midiine liver 28/33 | 35/55 | 0.0497
Justaposition AO /IVC. 033 | 48/55 | <0001
vC
Interrupted IVC 3133 | 0155 | <0.0001
Hypoplasia of IVC 233 | 055 | 0138
svC
Single left SVC 533 | 955 | 509999
Single right SVC 17733 | 18655 | 015
Bilateral SVC /3 | 2855 | 011
Hepatic veins
HV and DV directy flowing into one atrium 30733 | 13/55 | <0001

HV and DV flowing into both atriums or one atrium | 3/33 | 42/55 | <0.0001

Pulmonary veins

Bilateral PVs flowing into one atrium 29133 | 16/55 | <0.001
Bilateral PVs flowing into bilateral atriums a3 | 455 | <0001
respectively

“The PVs forming a common lumen at the top of the | 0/33 | 6/55 | 008
atrium and flowing back into one side of the atrium
ACPV o33 | 255 | 053

Subcardiac TAPVC 033 | 1055 | 001
Supracardiac TAPVC o33 | 7155 | o0az
Mixed TAPVC 033 | 1055 | 001
Cardiac malformations
AVSD 2073 [ 4155 | 0337
s 1033 | 15555 | 08%
sv 2033 | 3055 | 09999
A 03 | 2055 | 052
woto 7053 | 455 | 009
A0 origining from right ventricle W3 | 455 | 0d67
»s 133 | 26155 | <0.0001
2 433 | 2155 | oot
DORY 433 | 7155 | 509999
Fetal heart rate rhythm
Sinus bradycardia 1373 | 0155 | <0001
Atrioventricular block w3 | 055 | o018
Normal 16/33 | 55/55 | <0.0001

Atrial appendage

Bilaterallet atral appendage 2033 | 0s55 | <0001
Bilateral right atrial appendage 033 | 35/55 | <0001
Uncertain 333 | 555 | 509999
Unobservable 1033 | 15655 | 0810

Bronchus

 Bilateral left bronchus 1633 | 0/55 | <0.0001
Bilateral right bronchus 033 | 25/55 | <0001
Uncertain 333 | 555 | 09999
Unobservable 14733 | 25055 | 0827

Spleen
Polysplenia 23733 | 155 | <0001
Asplenia 0/33 | 50/55 | <0.0001
Basically normal 1033 | 4155 | <0005

IVC, inferior vena cava; AO, aorta; SVC, superior vena cava; DV, ductus venosus;
HV. hepatic vein; PV, pulmonary vein; ACPV. atresia of the common pulmonary
vein; AVSD, Atrioventricular septal defects; SA, Single atrium; SV, Single ventricte:
TA, Tricuspid atresia; LVOTO, left ventricular outflow tract obstruction; PS,
Pulmonary stenosis: PA, Pulmonary atresia: DORV. double-outlet right ventricle.
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Characteristics Manual measurement Al measurement Difference p value

CoA_AOA, median, IQR (mm) 93 (80, 10.5) 88 (7.9, 10.5) 012 (=024, 0.72) 0.040
CoA_D1, median, IQR (mm) 57 (51,67) 6.1(56,7.8) —0.65 (~1.45, 0.12) <0001
CoA_D2, median, IQR (mm) 50 (42,59) 50 (43,5.7) ~0.03 (~0.40, 0.42) 0.968
CoA_D3, median, IQR (mm) 24 (1.9,3.4) 25 (2.1,3.5) ~0.14 (~0.40, 0.20) 0.026
CoA_DA, median, IQR (mm) 65(57,7.7) 64 (58,75) 015 (=0.22, 049) 0.158
No_AOA, median, IQR (mm) 117 (9.8,15.7) 122 (10.2,17.5) —055 (~1.30, ~0.13) 0.019
No_D1, median, IQR (mm) 97 (78, 14.3) 10.9 (8.4, 16.3) ~0.46 (=124, 0.08) <0.001
No_D2, median, IQR (mm) 89 (7.1, 13.7) 10.1 (80, 15.2) —0.38 (~0.65, 0.20) <0.001
No_D3, median, IQR (mm) 84 (69, 129) 9.1 (7.4, 136) ~0.21 (=058, 0.22) 0.001
No_DA, median, IQR (mm) 78 (64, 11.8) 84 (7.1, 120) ~0.46 (=091, 0.23) 0.034

IQR, Interquartile Range; CoA_AOA, CoA_D1, CoA_D2, CoA_D3, and CoA_DA are the diameters of the ascending aorta, proximal arch, distal arch, isthmus, and descending
aorta in patients with CoA, respectively; No_AOA, No_D1, No _D2, No _D3, and No _DA are the diameters of the ascending aorta, proximal arch, distal arch, isthmus, and
descending aorta in patients without CoA, respectively:.
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Parameters Optimal cut-off point | Specificity (%) | Sensitivity (%) | Negative likelihood ratio | Positive likelihood ratio

DA shunt velocity (m/s) 1.165 495 788 | 043
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DA shunt
velocity

5B
value

Wald x?
value

P value

0.049 (<0.05)

OR (95% CI)

1.29 (1.00-21.72)

APs

019

4.66 (0.84-1.04)

PASP

021

0.99 (0.96-1.01)
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DA diameter

DA diameter

DA shunt velocity

267 0.74 1
DA shunt velocity 146 0.65 —0.249"% 1
APs 10.26 9.28 200" 0953 1
PASP 4291 1355 0353+ 0439 0373
w*P <001
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LAD/ | LVEF (%) | FS (%)
AOD

Tricuspid
regurgitation
area (mm°)

DA diameter
(mm)

DA shunt
velocity (m/s)

APs
(mmHg)

PASP
(mmHg)

Foramen ovale
width (mm)

PDA group | 1.39+028 | 65.57+5.05 | 33.07+374 | 31.77+2451 276076 130+0.63 839+762 | 45271393 262067
Control group | 146 +0.29 | 65.65+5.73 | 3310482 | 30.02+2001 259072 162+0.63 12.06+10.37 | 40,65+ 12.84 278076
t 1.76 0.11 0.06 —0.58 -172 371 299 257 ~3.99
P 0.08 0.92 0.96 056 0.08 <0.01 <0.01 <0.05 0.12

LAD, left atrial end-systolic diameter; AOD, aortic root diameter; LVEF, left ventricular ejection fraction; FS, fractional shortening; APs, pressure difference between
T T e ——
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PDA group

Birthweight (g)

2,023.85 = 730.02

Gestational
age (week)
3172+301

Control group

1,894.20 £ 62690

3330+248

yas

142

418

P-value

0.157

<001
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Duration of procedure (min)

Success n (%)

Recurrence n (%)

Complications n

G3 C3U C3U &3 C3U 3
AVRT (78) 918 +36.6 1018+ 43.6 73 (93.6) 75 (96.2) 5 (68) 5(6.7) 3 3
AVNRT (35) 1033+26.9 113.7 £ 39.0 026 35 (100) 34 (97.1) 031 00 0(0) 0 0
AT (20) 1157 £59.7 1263+ 43.0 039 16 (80) 17 (85.0) 067 4(25) 307.6) 0 0
AF (12) 785437 816+322 084 12 (100) 12 (100) 1 1(83) 0 0 0
VA (55) 713390 8281285 012 51 (927) 50 (90.9) 072 2(39) 2(4.0) 1 0
Total (200) 912+412 101.2+37.3 001 189 (945) 190 (95.0) 082 12 (63) 10 (5.3) 420 3(15)

AVRT, atrioventricular fold tachycardia; AVNRT, atrioventricular nodal fold tachycardia; AT, atrial tachycardia; AF, atrial flutter; VAs, ventricular arrhythmias, including

Sherats vanIcUlET Delts snd ventHclar tehyesrdin
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Coarctation (improving accuracy in diagnosis)
Vascular ring anatomy and effect on trachea/esophagus

Double outlet right ventricle (VSD classification and 3D anatomy of the outflow
tracts)

Heterotaxy syndrome (venous anatomy, abdominal findings)

Detailed diagnosis of total or partial anomalous pulmonary venous drainage
(including assessment of vertical vein)

Cardiomyopathy (assessment of myocardium and heart function)
Cardiovascular assessment of fetuses with hydrops fetalis

Cardiovascular assessment of fetuses with viral infections such as parvovirus or
fetal HIV exposure

CHD with a borderline left heart to better determine left ventricular chamber size
P .

Cardiac tumor characterization
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Gestational age Affected Associated with intracardiac Outcome The connection of the pulmonary artery
(weeks) P, malformations on the affected side

1 26 L TOF ‘Termination, Connected to the lower right side of the transverse
dissection arch of the aorta by DA

2 2 L Right aortic arch with mirrored branches | Termination, Connected to the LINA by DA; misdiagnosed as
dissection AOPA

3 2 L TOF, APVS Termination, vascular | Connected to the transverse arch of the aorta by DA,
casting as AOPA

4 26 L TOF Termination, Connected to the transverse arch of the aorta by DA,
dissection as AOPA

5 247 L Right aortic arch with mirrored branches | Termination, Connected to the LINA by DA
dissection

UAPA, unilateral absence of the pulmonary artery; AOPA, lous origin of  TOF, tetralogy of Fallot; APVS, absent pulmonary valve syndrome;

LINA, left innominate artery: DA, ductus arteriosus.
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Case | Gestational

age (weeks)

Associated with
intracardiac malformations
/

‘Termination, dissection

Characteristics of the case

!

/

‘Termination, dissection

/

‘TOF, right aortic arch with
mirrored branches, left innominate
vein under the aortic arch

‘Termination, dissection

‘The left pulmonary artery emanated from the left
side of the aortic root and crossed with the right
pulmonary artery to the left lung

VsD
Dexiocardia, CoA, IAA, VSD, MA,
tricuspid valve dysplasia with severe
regurgitation

‘Termination, dissection
‘Termination, dissection

/
Associated with maltiple intracardiac malformations
and missed diagnosis in the outer hospital

6 23"

!

Full-term delivery, Apgar 10”. The
child is currently 5 years old and
has not undergone any treatment

‘The initial part of the right pulmonary artery
originating from the ascending aorta was narrowed
and progressively developed into atresia

APW, IAA

‘Termination, dissection

/

8 24"

Slightly thinner aortic isthmus

Cesarean section at 32 weeks,
Apgar 8", The child is currently 1*
month old and is still being
followed

One of the twins of the monochorionic double
amniotic sac. The initial part of the right pulmonary
artery was narrowed and progressively developed
into atresia

AOPA, anomalous origin of unilateral pulmonary artery; LINV, left innominate vein; VSD, ventricular septal defect; CoA, coarctation of the aorta; A, interruption of the
sortic srche: MA mitral stresia: APW sortosulmonsry window:
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Group N Maternal Maternal Pregnant women GA at first Inner diameter Peak velocity Pregnancy outcome (N) Delivery week N/ (% + s)
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pregnancy birth N/Weeks born N/
Weeks
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Group N Maternal Maternal Pregnant women GA at first Inner diameter Peak velocity Pregnancy outcome Delivery week N/ (x =+ s)
(N)

age (x £ s) BMI (% £ s) with underlying visit of DA/PI systolic/diastolic
diseases (N) (xts) [z 22 4] (x £ 5) ) )
Terminated Birth Premature Full term
pregnancy birth N/Weeks born N/
Weeks

Mild to 7 +1.62 34.06+2.56
‘moderate

Moderate to

severe
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Associated with major intracardiac malformations Outcome

Termination Parturition
PAS 13 TOF 1, right pulmonary artery dysplasia 1, HLHS 1 6 7
AOPA 8 ‘TOF 1, Berry 1 6 2
UAPA 5 TOF 3, APVS1 5 0
Total 2 17 9

PAS, pulmonary artery sling; UAPA, unilateral absence of the pulmonary artery; AOPA, anomalous origin of unilateral pulmonary artery; TOF, tetralogy of Fallot; APVS,
abisant pulmonany valve smdione: PS pulinonsrny srtery sxenosss: HLHS, Fysoptastic Wit st sidroms:
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Project

Gothic arch

Crenel arch

Romanesque arch

X*/t value

Gender (M, %) 12 (44.4%) 17 (68.0%) 25 (58.1%) 5005
Average age (month) 143444 £ 5.64625 50307 + 193247 67548 + 1.78188 209 2005
Average weight (kg) 6.996 £0.9809 4,808 = 05305 5451 £0.4003 2754 2005
PSPG (mmHg) 38.585 = 35754 43,076 =3.4719 38.557 = 24324 0742 5005
PDA (n, %) 19 (70.4%) 18 (72%) 35 (83.3%) 0670 2005
DI/AOA 0.6304 =0.02607 0.6923 = 0.03201 0.6646 = 0.02213 1168 2005
D2/AOA 05344 20.02710 05614 = 0.02282 0.5634 = 0.02092 0440 5005
D3/A0A 0.2896 002266 03078 = 0.02511 0.3764 = 001492 3692 <005
D4/AOA 0.7098 = 0.02982™" 0.8404 = 004272 0.7729 = 0.02893 3155 <005
D5/AOA 0.6414 = 02788 0.7731 = 0.04082"* 07292 = 0.02083" 4725 <005
AAO-DAO 2674+ 1578 3456+ 1791 31880941 7.321 <005
TAO-DAO 10981 = 1716 11240 £2.106 10857 +0.936 1724 2005
AT 070148+ 049028 = 058212 +0.012791°* 47.107 <005
0014898 0013728

“There were significant differences between gothic arch and romanesaue arch (P<0.05)
“*There was a significant difference between the gothic arch and the crenel arch group (P <0.05).
¥4 Bistisiion v sioriificant ciference Bebaeen e three grouns (<105
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Original CTA images 3D model of aorta Smoothing and boundary Hemodynamic results
meshing conditions
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Case | Gestational age

(weeks)

Associated with
intracardiac
malformations

Trachea (inner
diameter)

Outcome

Characteristics of the case

1 23 VsD Pressed (026 cm) | Termination, dissection Severely narrow right bronchi caused an enlarged
right lung and enhanced echo
2 30°¢ VSD Pressed (0.08 cm) | Cervical opening, urgent labor, 1
fetal death in utero
3 72 Right pulmonary artery ! Full-term delivery, Apgar 10", Reflected the integrated prenatal and postnatal
dysplasia confirmed by postnatal review and | management of PAS
surgery
4 25" PLSVC Pressed (0.08 cm) | Termination, dissection Examination at 11-13" weeks showed no
significant abnormalities
5 12° HLHS MA AA, PLSVC / Termination, dissection Detected in early pregnancy, with NT thickening
(2.8 mm), the blood flow spectrum of DV
exhibited a reverse a-wave
6 29 [ Slightly Termination, dissection 1
compressed
7 29* Mild of the TV | Pressed (0.13 cm) | Full-term delivery, Apgar 10” /
8 267 Slightly narrower aorta / ‘Termination, vascular casting /
9 2 / / Parturition, confirmed by postnatal | /
and surgery
10 27 TOF / Parturition, confirmed by postnatal | One of the twins of the double chorionic and
double amniotic sac was abnormal
1 3% PLSVC ! Parturition, Apgar 9', confirmed | One of the twins of the double chorionic and
by postnatal echocardiography | double amniotic sac, missed case
12 2 / / Parturition, Apgar 10, confirmed | One of the twins of the double chorionic and
by postnatal i double amniotic sac, missed case
13 2% [ ! Full-term delivery, Apgar 10", Missed case
confirmed by postnatal
echocardiography

PAS, pulmonary artery sling; TO, tetralogy of Fallot; PLSVC, persistent left superior vena cava; HLHS, hypoplastic left heart syndrome; MA, milral atresia; AA, aortic atresia;
NT. niichal translicsrcy; POR. paberit ductis arteriosin: ASD. atrial sental dafect DV ductis venasies: TV tricispid vawe.
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Total cases included: 117 patients

8 Were excluded:
extreme lies of the aortic

arch and atypical cases

109 patients

16 Were excluded:
unproven abnormal cases
without surgery

93 patients

53 patients with CoA 40 patients without
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