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Abstract: Background: Atrioventricular septal defects (AVSDs) are screened and diagnosed usually rely on the imaging characteristics of fetal echocardiography (FE). However, diagnosis on images is heavily depended on sonographers’ experience and the quantitative data are rarely studied. Objective: This study aimed to realize the prenatal diagnosis of AVSDs by analyzing the quantitative data on FE. Methods: One hundred and thirteen cardiac quantitative data was analyzed in 370 normal and 49 AVSDs fetuses retrospectively. The top six with the highest diagnostic accuracy rate were acquired according to the area under the curve (AUC), and the diagnostic value of six variables was analyzed. Results: Six parameters obtained on the four-chamber view (4CHV), including the atrial to ventricular length ratio in end-diastole (AVLR-ED), AVLR-ED combined with the atrial to ventricular length ratio in end-systole (AVLR-ES), quantile score (Q score) of AVLR-ED, Q score of AVLR-ES, Q score of ventricle length in end-diastole (VL-ED), and AVLR-ES, were the top six with the highest diagnostic value, and the AUC was 0.99 (95%CI 0.99–1.00), 0.99 (95%CI 0.99–1.00), 0.99 (95%CI 0.98–1.00), 0.95 (95%CI 0.91–0.99), 0.93 (95%CI 0.87–0.99), and 0.91 (95%CI 0.83–1.00), respectively. And within the 20% false positive rate, the diagnostic sensitivity was greater than 100%, 100%, 100%, 90%, 90%, and 88%, respectively. Conclusions: Six variables could be used for prenatal diagnosis of AVSDs. Among them, AVLR-ED and Q score of AVLR-ED, obtained on the 4CHV, were more convenient to acquire and had higher diagnostic accuracy.
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Abbreviations



	AVSD
	Atrioventricular septal defect



	CHD
	Congenital heart disease



	FE
	Fetal echocardiography



	AVLR
	Atrial to ventricular length ratio



	GA
	Gestational age



	VSD
	Ventricular septal defects



	HLHS
	Hypoplastic left heart syndrome



	HRHS
	Hypoplastic right heart syndrome



	M
	Median



	IQR
	Interquartile range



	HL
	Heart length



	VL
	Ventricle length



	AL
	Atrium length



	4CHV
	Four-chamber view



	ED
	End diastole



	ES
	End systole



	Q score
	Quantile score



	AUC
	Area under the curve



	PPV
	Positive predictive value



	NPV
	Negative predictive value



	PLR
	Positive likelihood ratio



	NLR
	Negative likelihood ratio



	N
	Normal



	95%CI
	95% confidence intervals





1  Introduction

The spectrum of atrioventricular septal defects (AVSDs) ranges from simple to critical in congenital heart diseases (CHDs) [1]. The formation of AVSDs is due to the abnormally embryonic development of the crisscross structure [2,3]. Several syndromes, especially Down syndrome and heterotaxia syndrome usually exist together with AVSDs [4–6]. Additionally, other intracardiac malformations are often encountered [7,8]. For complete AVSDs, the repair is challenging, and the ventricular development affects the choice of surgery as well as the survival rates of patients [9–11]. Therefore, timely and accurate detection of AVSDs is crucial for prenatal counseling and perinatal management.

Careful examination of some marks, including complete or partial crisscross defect, linear insertion of the atrioventricular valves, and the number of atrioventricular annuli on fetal echocardiography (FE) is contributed to checking AVSDs prenatally [12–14]. But these are imaging data, and the detection of these lesions depends heavily on the operators’ experience. van Nisselrooij et al. [15] investigated the prenatal screening of 114 fetuses with severe CHDs (contained AVSDs) in the northwest of the Netherlands in 2020 and found more than half were missed diagnoses due to the standard views could not be obtained or the lesions could not be accurately identified. In 2023, a national cohort study in the UK showed the prenatal screening rate of AVSDs was 69.2% although was higher than 50% which was expected by the National Health Service Fetal Anomaly Screening Program [16].

Atrial to ventricular length ratio (AVLR), firstly proposed by Machlitt [17] in 2004, was a quantitative data to diagnose AVSDs prenatally and with a diagnostic rate of more than 85%. In the big data area, artificial intelligence software could provide new diagnostic methods and may help to improve diagnostic accuracy. Q score, a more reliable range system of normal FE quantitative data, was established by Gu et al. [18] in 2019, and it has not been applied in AVSDs fetuses so far. Therefore, the purpose of this study was to realize the antenatal diagnosis of AVSDs by analyzing the quantitative data on FE and evaluate their diagnostic efficacy.

2  Materials and Methods

2.1 Study Population

Three hundred and seventy normal fetuses, forty-nine AVSDs fetuses, and forty-three cases with other CHDs were selected retrospectively and were named as normal group, AVSDs group, and the cohort 3 which was used to make the further differential diagnosis. According to the last menstruation, the gestational age (GA) for normal and AVSDs fetuses was 18.3–36.2 and 21.1–35.3 weeks respectively when performing FE. Cohort 3 included fifteen ventricular septal defects (VSD), sixteen hypoplastic left heart syndrome (HLHS), and twelve hypoplastic right heart syndrome (HRHS) fetuses, and GA in this group ranged from 21.4 to 35 weeks.

All cases were from the database of the Maternal-Fetal Consultation Center of Fetal Congenital Cardiac Disease in Beijing Anzhen Hospital between January 2019 and February 2022. And pictures and cine loops of each fetus were stored in the database. The median maternal age was 29.6 years old, and the interquartile range (IQR) was 22.0 to 36.3. The study was approved by the ethics committee of Beijing Anzhen Hospital (2020016X).

2.2 Inclusion and Exclusion Criteria

The inclusion criteria of the normal group were (1) singleton pregnancy with normal growth and development, (2) second or third-trimester pregnancy; and the exclusion criteria were (1) twins or multiple pregnancies, (2) first-trimester pregnancy, (3) combined with maternal diseases that could affect the fetal heart, (4) combined with intracardiac, extracardiac structural abnormalities, cardiomyopathy, or genetic anomaly, and (5) cardiac arrhythmia. In AVSDs and cohort 3, fetuses with discordance connection in atriums and ventricles, ventricles and great arteries, and the cardiac tumor were excluded. All FE image quality was evaluated by one sonographer with senior title and images with poor quality were excluded.

2.3 Fetal Echocardiography Examination

All FE images were performed by Voluson E10-C1-5-D machine equipped with a 2- to 4-MHz transducer (GE Healthcare, Milwaukee, Wisconsin), and Aloka 10-UST-9130 equipped with a 3–6 MHz transducer (Aloka, Tokyo, Japan). FE images were obtained and analyzed according to the segmental analysis method [19] published by the American Heart Association in 2004. The final diagnosis was confirmed by the postnatal imaging examination, the autopsy, or two doctors with more than 8 years of FE experience.

2.4 Study Variables

Measurements of conventional parameters, including 2-dimensional fetal cardiac structural values, the Doppler parameters, and the umbilical and cerebral Doppler measurements, a total of 48 measurements were obtained based on the guidelines published by the American Society of Echocardiography [20]. The special parameters, including heart length (HL), ventricle length (VL), atrium length (AL), and the AVLR (AL/VL ratio), a total of 8 variables were acquired on the four-chamber view (4CHV) at the end diastole (ED) and end systole (ES). All special parameters were calculated with an image review. ED was a frame just prior to the start of the systolic period. At this time, both the atrioventricular valve and the semilunar valve were closed, and the ventricle was the largest. ES was a frame before the start of the diastolic period. And both the atrioventricular valve and the semilunar valve were also closed at this moment, but the ventricle was the smallest. In the ED, measuring methods of HL and VL were consistent with Machlitt’s [17]. But AL in the normal group and cohort 3 was the measurement from the top of the atrium to the attachment point of the mitral valve at the interventricular septum (Fig. 1A); and in AVSDs, AL was the measurement from the roof of the atrium to a closed common atrioventricular valve (Fig. 1B). In the ES, the measurement rule was consistent with that in the ED. All values were measured twice by the same operator who had 5 years of FE experience, and the average value was taken.
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Figure 1: The VL (point V to C), AL (point C to A), and HL (point V to A) measured in end-diastolic period on the apical four-chamber view in the normal fetus at 24.3 gestational weeks (A) and in the AVSDs fetus at 25.1 gestational weeks (B). AVLR = AL/VL

The quantile score (Q score) of 48 conventional as well as 8 special parameters were acquired. Additionally, a combination of AVLR-ED and AVLR-ES was added to observe the diagnostic value. Finally, 48 conventional variables, 8 special parameters, Q score of 48 conventional variables, Q score of 8 special parameters, and one combination of AVLR-ED and AVLR-ES, a total of 113 variables were included in this study. Among these variables, the critical diagnostic variables of AVSDs would be identified and the diagnostic value would be evaluated.

2.5 Statistical Analysis

Statistical analysis of all variables was performed by using the Medical (19.0 version) and IBM SPSS (23.0 version) software. Normal distribution tests, including the Kolmogorov-Smirnov and the Shapiro-Wilk test, were performed for echocardiographic variables at each gestational week in normal fetuses. In 113 variables, the top six parameters were selected according to the area under the curve (AUC). In this study, the quantitative parameters were expressed in median and IQR. Kruskal-Wallis statistical test was used to compare the statistical differences among different groups. All statistical methods were two-sided with p-values less than 0.05 considered to have a statistical difference. The sensitivity, specificity, Youden index, cut-off value, positive predictive value (PPV), negative predictive value (NPV), positive likelihood ratio (PLR), negative likelihood ratio (NLR) as well as the 95% confidence intervals (95%CI) were also calculated.

3  Results

3.1 Types and Combinations in AVSDs

In AVSDs group, the number of complete, partial, and transitional fetuses was 32, 10, and 7, respectively. And in those 49 AVSDs fetuses, there were 8 cases combined with right ventricular outflow tract obstruction, 11 cases with left ventricular outflow tract obstruction, and 30 were isolated.

3.2 Key Parameters Analysis

Of the 113 variables, 6 parameters including AVLR-ED, AVLR-ES, Q score of VL-ED, Q score of AVLR-ED, Q score of AVLR-ES, and AVLR-ED combined with AVLR-ES, showed the highest diagnostic value, and all the AUC were more than 0.90 (Fig. 2). Medians and IQRs of the six parameters were presented in Table 1. Within the 20% false positive rate (FPR), a range acceptable to doctors, the diagnostic sensitivity for AVSDs was greater than 88%, 90%, 90%, 100%, 100%, and 100% in AVLR-ES, Q score of VL-ED, Q score of AVLR-ES, AVLR-ED, Q score of AVLR-ED, and AVLR-ED combined with AVLR-ES, respectively.
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Figure 2: Receiver operating characteristic curves of detecting atrioventricular septal defects in six parameters
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The AUC of AVLR-ED was 0.99 (95%CI 0.99–1.00), and the diagnostic accuracy could reach 96.30% with a sensitivity of 97.62% and a specificity of 98.63%. When a 0.60 was selected, 97.0% of AVSDs could be detected within the PFR of 3.0%; and when 0.56 was selected, all AVSDs and 5.0% of normal fetuses could be included (Fig. 3A). The AUC of AVLR-ED combined with AVLR-ES was 0.99 (95%CI 0.99–1.00) and the diagnostic accuracy was 0.95 with a sensitivity of 100% and a specificity of 95.34%. When 0.49 was selected, 90.0% AVSDs could be screened within the range of 1.0% FPR (Fig. 3B). The AUC of the Q score of AVLR-ED was 0.99 (95%CI 0.98–1.00). When the smallest data (0.85) was chosen, all AVSDs and 7.0% normal fetuses were included (Fig. 3C). Compared with the first three parameters, the Q score of AVLR-ES, the Q score of VL-ED, and AVLR-ES had relatively poor diagnostic effectiveness; AUC and the 95%CI of three parameters were showed in Table 1. Diagnostic accuracy with Q score of AVLR-ES was 0.78, and when 0.785 was selected, more than 90.0% of AVSDs fetuses could be detected with a PFR of 12.0% (Fig. 3D). The accuracy of the Q score of VL-ED was 0.74. Selecting 0.21 as a cutoff value, 90.0% AVSDs and 17.0% normal fetuses could be included (Fig. 3E). The accuracy of AVLR-ES was 0.78. Selecting 0.748 as the cutoff value, more than 88.0% AVSDs and less than 10.0% normal fetuses were included (Fig. 3F). The PPV, NPV, PLR, NLR, and the relevant 95%CI were shown in Table 1.
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Figure 3: Scatter plot of AVLR-ED (A), AVLR-ED combine with AVLR-ES (B), Q score of AVLR-ED (C), Q score of AVLR-ES (D), Q score of VL-ED (E), and AVLR-ES (F) in normal group and AVSDs group

3.3 Verification of Key Parameters in Other CHDs

To further verify the value of these six indicators, cohort 3 was used to make the differential diagnosis. The results showed except Q score of VL-ED, all variables in the AVSDs were larger than other CHDs; And Q score of VL-ED was smaller than other groups (p < 0.05). Details of medians and IQR of the three differential groups were shown in Table 2. For parameters of AVLR-ED, AVLR-ES, Q score of AVLR-ED, Q score of AVLR-ES, and Q score of VL-ED, there were statistical differences between AVSDs and other CHDs (p < 0.05, Figs. 4A–4E), but it was not statistically different among the normal, VSD, HLHS, and HRHS fetuses (p > 0.05, Figs. 4A–4E). For AVLR-ED combined with AVLR-ES, though there was no statistical difference between AVSDs and HRHS fetuses (p > 0.05, Fig. 4F), the variable in AVSDs was greater than in HRHS; And the p value was statistically significant between AVSDs and HLHS, VSD, as well as the normal group (p < 0.05, Fig. 4F).
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Figure 4: Comparation of AVLR-ED (A), AVLR-ES (B), Q score of AVLR-ED (C), Q score of VL-ED (D), Q score of AVLR-ES (E), and AVLR-ED combined with AVLR-ES (F) among the normal, AVSDs, VSD, HLHS, and HRHS groups. * p < 0.05; ** p < 0.01, *** p < 0.001

4  Discussion

In this study, five special parameters and one combination, AVLR-ED, AVLR-ES, Q score of AVLR-ED, Q score of AVLR-ES, Q score of VL-ED, and AVLR-ED with AVLR-ES were the top six in prenatal diagnosis of AVSDs. The reason why the parameters did not contain the conventional parameters was determined by the anatomical characteristics of AVSDs, which were mainly reflected in the absence of crisscross and the resulting shortened inflow tract on 4CHV [21]. In addition, AVSDs are easy to be associated with other intracardiac abnormalities [8], and there exist unbalanced types of AVSDs [9]. Under the above circumstances, conventional parameters could not screen them out accurately.

Among the six parameters, AVSD-ED and Qscore of AVSD-ED had the best diagnostic performance, which included AUC, diagnostic accuracy, sensitivity, specificity, and the differential diagnosis of other CHDs. Though AVLR-ED combined with AVLR-ES had the same efficiency to distinguish AVSD from normal fetuses, it could not distinguish AVSDs from HRHS. In addition, the acquisition of AVLR-ED and AVLR-ES was on both diastolic and systolic periods, it was less convenient compared with the acquisition of AVSD-ED and Qscore of AVSD-ED.

AVLR-ED, based on four-chamber views and proposed by Machlitt [17], was a simple and effective method for prenatal diagnosis of AVSDs, but was merely used to compare with normal fetuses. In this study, we comprehensively verified its effectiveness in the diagnosis of AVSDs by increasing the sample size of the case group and made the differential diagnosis with other CHDs. Additionally, the diagnosis and differential diagnosis of the AVLR in systole was also analyzed in our study and the results showed AVLR-ED has the highest diagnostic efficiency.

Q score, defined as the percentile of each measured value on the quantile line in the quantile regression model corresponding to the given GA and representing the variables’ changes under normal growth and development, is a method to standardize quantitative data of non-normal distribution [18]. Previous studies [22–24] have used percentile to calculate the size of the human body to determine whether the heart was abnormal and the extent of the abnormality; and quantiles methods were used to manage the blood pressure of children in other studies [25,26]. In FE area, Q score has been proven to provide a more accurate reference range for normal fetal cardiac measurements, and has been used to make differential diagnosis between big VSD and Tetralogy of Fallot [27], but has not been used in diagnosing AVSDs so far. Therefore, this was the first time to apply Q score system to the field of prenatal diagnosis of AVSDs. In this study, we established the Q scores of 56 parameters, and the top three with better diagnostic efficacy were selected. The results showed that the comprehensive diagnostic efficiency of the Q score of AVLR-ED was similar to AVLR-ED.

Diagnosis of imaging characteristics of AVSDs mainly relies on the experience of the ultrasound physician and is easily caused missed diagnosis [16]. Quantitative parameters could eliminate the influence of subjective factors as much as possible. This is of great significance for the early, rapid, and effective diagnosis of AVSDs on FE, especially in places without prenatal screening for CHD; and the six parameters which could be used to improve the prenatal detection rate of AVSDs would be helpful for perinatal management and prognosis consultation. In addition, the diagnostic parameters in this study were acquired on the 4CHV only, which reduced the difficulty in obtaining the diagnostic views.

There were some limitations in our study. On the one hand, this study may only could be used as a pilot study in the quantitative diagnosis of AVSDs in the area of big data. Because even though the sample size of the normal group and AVSDs group has been increased, the sample size was still small in the big data field. On the other hand, due to the lack of fetal electrocardiogram as well as the inability to simultaneously measure the cardiac structure when using M-mode for fetal cardiac cycle monitoring, the selection of cardiac cycle was subjective more or less.

5  Conclusion

Our research demonstrated that prenatal diagnosis of AVSDs and the differential diagnosis with other CHDs could be achieved by using quantitative FE data. Compared with the images, the quantitative parameters were more objective and with high diagnostic accuracy. Among 6 parameters, AVLR-ED and Q score of AVLR-ED could be recommended as the optimal parameters.
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Table 1: Medians, IQR, AUC, Youden index, cut-off value, sensitivity, specificity, PPV, NPV, PLR, NLR, and
their 95%CI among the six quantitative parameters for prenatal diagnosis of AVSDs

AVLR-ED AVLR-ED Qscore of  Q score of Q score of  AVLR-ES
with AVLR-ED AVLR-ES  VL-ED
AVLR-ES

N M) IQR 0.43 0 0.40 0.48 0.45 0.62

0.39-0.47 0-0.01 0.27-0.58 0.34-0.65 0.30-0.65 0.56-0.69
AVSD (M) 0.69 0.96 1.43 1.06 —0.10 0.85
IQR 0.64-0.89 0.68-1.00 1.15-2.08 0.90-1.36  —0.30——0.09 0.76-0.97
AUC 0.99 0.99 0.99 0.95 0.93 0.91
95%CI 0.99-1.00 0.99-1.00 0.98-1.00 0.91-0.99  0.87-0.99 0.83-1.00
p value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Youden index 0.96 0.95 0.94 0.78 0.74 0.78
Sensitivity (%) 97.62 100.00 100.00 90.32 90.32 88.10
95%CT (%) 87.40-99.90 91.20-100.00 88.8-100.00 74.20-98.00 74.20-98.00 74.40-96.00
Specificity (%) 98.63 96.80— 95.34 93.91 88.09 83.52 90.19
95%CT (%) 99.60 92.60-97.30  90.90-96.10 84.30-91.20 79.30-87.20 86.70-93.00
PLR 71.46 21.47 16.41 7.58 5.48 8.98
95%CI 29.88-170.87 13.50-34.15 10.93-25.32 5.60-10.27 4.23-7.11 6.46-12.49
NLR 0.02 0 0.03 0.11 0.12 0.13
95%CI 0.00-0.17 / 0.01-0.24 0.04-0.32  0.04-0.34 0.06-0.30
PPV (%) 89.10 70.20 58.80 39.40 32.20 50.70
95%CT (%) 7.40-95.10  59.70-78.90  48.40-68.50 32.50-46.90 26.80-38.10 42.50-58.80
NPV (%) 99.70 100.00 99.70 99.10 99.00 98.50
95%CT (%) 98.10-100.00 / 98.00-100.00 97.30-99.70 97.10-99.70 96.70-99.30
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Table 2: Medians and IQR of six variables in VSD, HLHS, HRHS groups

AVLR-ED AVLR-ED with  Q score of Q score of Q score of  AVLR-ES

AVLR-ES AVLR-ED AVLR-ES VL-ED
VSD (M) 0.44 0 0.38 0.38 0.39 0.60
IQR 0.41-0.48 0-0.33 0.19-0.59 0.25-0.62 0.31-0.49 0.52-0.65
HLHS (M) 0.44 0.05 0.23 0.25 0.27 0.55
IQR 0.38-0.47 0.01-0.27 0.08-0.47 0.08-0.46 0.23-0.58 0.47-0.63
HRHS (M) 0.43 0.34 0.47 0.57 0.52 0.56

IQR 0.39-0.49 0.05-0.82 0.19-0.65 0.35-0.81 0.25-0.76 0.49-0.64
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