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Objective: To assess aortic dilatation and determine its related factors in infants with coarctation of the aorta (CoA) by using computed tomography angiography (CTA).

Methods: The clinical data of 55 infantile patients with CoA diagnosed by CTA were analyzed retrospectively. Aortic diameters were measured at six different levels and standardized as Z scores based on the square root of body surface area. The results of simple and complex CoA were compared. Univariate and multivariate logistic regression were used to analyze the effects of sex, age, hypertension, degree of coarctation, CoA type, bicuspid aortic valve (BAV), and other factors related to aortic dilatation.

Results: In total, 52 infant patients with CoA were analyzed, including 22 cases of simple CoA and 30 cases of complex CoA. The ascending aorta of the infants in the simple CoA group and the complex CoA group were dilated to different degrees, but the difference was not statistically significant (50.00% vs. 73.33%, P = 0.084, and 2.05 ± 0.40 vs. 2.22 ± 0.43 P = 0.143). The infants in the complex CoA group had more aortic arch hypoplasia than those in the simple CoA group (33.33% vs. 9.09%, P = 0.042). Compared to the ventricular septal defect (VSD) group, the Z score of the ascending aorta in the CoA group was significantly higher than that in the VSD group (P = 0.023 and P = 0.000). A logistic retrospective analysis found that an increased degree of coarctation (CDR value) was an independent predictor of ascending aortic dilatation (adjusted OR = 0.002; P = 0.034).

Conclusion: Infants with simple or complex CoA are at risk of ascending aortic dilatation, and the factors of ascending aortic dilatation depend on the degree of coarctation. The risk of aortic dilatation in infants with CoA can be identified by CTA.
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Introduction

Coarctation of the aorta (CoA) accounts for 5 to 9% of all congenital heart malformations (1, 2). As the course of the disease progresses, the patient may develop hypertension, left heart failure, and aortic dilatation, and CoA may even cause aortic aneurysm, aortic dissection (3, 4). In recent years, the perioperative morbidity and mortality of CoA in children and adults have been greatly reduced (5). However, recent follow-up studies have shown that after surgical correction of CoA, patients were still at risk of developing developmental restenosis, hypertension, and aortic aneurysms (6–8). In fact, the early state of an aortic aneurysm is dilation of the aorta. Studies showed that not only untreated patients with CoA were prone to worsen aortic dilatation, but also patients who received treatment still had the risk of aortic dilatation (9, 10). Meanwhile, infants with a degree of root dilation may maintain the dimensions over the course of many years, and conversely infants with normal roots (and a BAV) may develop root dilation as young adults. Dynamic follow-up of infants with CoA can provide early warning information. Therefore, it is necessary to evaluate the inner diameter of the aorta in infants with CoA and to explore the relevant factors affecting aortic dilatation. At present, multi-slice spiral computed tomography angiography (CTA) has been widely used to evaluate congenital heart disease (11, 12). Some studies have shown that patients with complex CoA have a more severe developmental spectrum than patients with simple CoA (13). We conducted a retrospective study to evaluate and quantify the dilatation of the entire thoracic aorta in infants with CoA. In addition, we compared the results of complex and simple CoA to identify determinants of aortic dilatation.



Materials and methods

According to the inclusion and exclusion criteria, 55 infants with CoA were selected as the research subjects from January 2020 to August 2022. All infants underwent routine CTA and transthoracic echocardiography before surgery. The baseline data, echocardiography, CTA, and other examinations of the patients were retrospectively collected and obtained from medical records. The inclusion criterion was as follows: patients diagnosed with CoA by CTA and echocardiography before surgery. The exclusion criteria were as follows: (1) insufficient clinical data; (2) associated with deformities, such as double aortic arches, right ventricular double outlet, tetralogy of Fallot, and supra-aortic stenosis; (3) combined with Turner syndrome, Marfan syndrome, Loeys–Dietz syndrome, mucopolysaccharidosis, and other diseases; and (4) combined with aortic compression.

The present study included two groups of CoA. The first group was the simple CoA group, including infantile patients with or without patent ductus arteriosus (PDA). This group also included infantile patients with small atrial septal defect (ASD) or patent foramen ovale (PFO) who did not need surgical treatment. The second group was the complex CoA group, including infantile patients with ventricular septal defect (VSD) and/or ASD/PFO, and some of them also had PDA. For additional comparisons, we set up a third group as a simple VSD group.

Aortic arch hypoplasia was defined as a diameter of the proximal or distal transverse arch less than 50% of the diameter of the ascending aorta (14). The diagnostic criteria of hypertension included children less than 1 year old who were diagnosed according to the summary table of neonatal BP values compiled by Dionne et al. (15). The anatomical structure of aortic arch could be directly displayed by three-dimensional reconstruction technique, which could effectively guide the operation. Therefore, CTA was used as a routine examination for infants with CoA. This study was approved by our institution’s research ethics committee.


CT angiography

A GE Revolution 256-slice multislice CT scanner equipped with a 16 cm wide detector was used in this study, and the rotation of the tube was 0.28 s. The time resolution of cardiovascular CT imaging can be improved by combining with snapshot freeze (SSF) algorithm reconstruction technology, a new motion correction algorithm that was developed to compensate for coronary artery motion and optimize diagnostic utility in CTA images (16). Under the condition of any heart rate or arrhythmia, the whole heart scan can be completed by an axial scan in one cardiac cycle, which greatly reduces the cardiac and respiratory movement artifacts and improves the diagnostic efficiency and image quality of the disease (17). At the same time, ASiR-V reconstruction technology has the advantages of real-time reconstruction, which further reduces noise and improves low density (18).

All infants were given oral 10% chloral hydrate sedation (dose 0.5 ml/kg) before the examination. The scanning range was from the entrance of the chest to 5 cm below the left diaphragm. The following scanning parameters were used: ECG-controlled prospective axial scanning; 2.5 mm slice spacing; 2.5 mm slice thickness; 0.625 mm reconstructed slice spacing; tube voltage of 70–90 kV, tube current of 100–200 mAs. For the contrast agent, lopromide injection (300 mg/ml iodine) was administered by a high-pressure syringe through peripheral veins, such as the hand and dorsum of the foot, at a dose of 1.5–2 ml/kg. For image post-processing and analysis, the original data were automatically reconstructed by the machine, and the reconstructed thin-layer image was transmitted to the image post-processing workstation for image reconstruction. Methods, including maximum intensity projection (MIP), multiplanar reconstruction (MPR), and volume rendering (VR), were used to visualize intracardiac structures, cardiac great vessel connections, extracardiac great vessels, and collateral vessels. The average effective radiation dose of CTA for all infants was 0.3 ± 0.05 mSv. All the images in this study met the needs of clinical diagnosis.



Image analysis

The internal diameter of the aorta at all levels and concomitant cardiac malformations, including bivalvular aortic valve (BAV), aortic arch hypoplasia, PDA, VSD and ASD, were recorded. Two radiologists performed image measurements at the same time, and the average of both measurements was calculated to reduce the error of the data. The intracardiac malformations and cardiac valves were evaluated by transthoracic echocardiography. The diameter of the aorta was measured at the following six locations: ascending aorta at its maximum diameter (ascending aorta); aorta proximal to the origin of the brachiocephalic trunk (pre-coarctation aorta); aortic arch at the largest size (aortic arch); coarctation site at the narrowest size (coarctation site); widest region of the descending aorta (post-coarctation aorta); and descending aorta at the level of the diaphragm (Figure 1; 19–21). The aorta measurement was performed along the vertical direction of the long axis of the aorta in the median sagittal plane of the aortic arch. The ratio of the aortic diameter at the coarctation site to that at the diaphragm (coarctation site-diaphragm ratio, CDR) was calculated to describe the degree of coarctation as follows: CDR < 75%, diagnosed as aortic coarctation; 50% < CDR > 75%, diagnosed as mild coarctation; and CDR < 50%, diagnosed as severe coarctation (22, 23). To account for growth-related changes, the aortic diameter was normalized to a Z score, which was the ratio of aortic diameter to the square root of body surface area. If the Z score was more than 2, aortic dilatation was considered (24, 25). The body surface area (BSA) was calculated by the DuBois formula (26) and aortic dilatation was defined as a main artery Z score > 2.0 (24).
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FIGURE 1
Sagittal multiplanar reformatted image shows the measurement of aortic diameters at different levels: 1. ascending aorta; 2. pre-coarctation aorta; 3. aortic arch; 4. site of coarctation; 5. descending aorta after the site of coarctation; 6. descending aorta at level of diaphragm.




Statistical analysis

Statistical analysis was performed using SPSS 23.0 software. All measurement data were tested for normality. A t-test was used if the data conformed to the normal distribution, and non-parametric tests were used if the data did not conform to the normal distribution. Univariate analysis was used to evaluate the possible related factors with the occurrence of ascending aortic dilatation, and multivariate binary logistic regression analysis was used for factors with p < 0.15 in univariate analysis. One-way analysis of variance (ANOVA) was used to compare the Z scores among the three groups, and the results were plotted in the form of histograms by GraphPad Prism (8.0) software. P < 0.05 was considered statistically significant.




Results

Three of the infants with CoA were excluded from the study because they had a double outlet of the right ventricle, double aortic arch, and tetralogy of Fallot. In total, 52 cases with CoA were selected for further analysis, including 22 cases in the simple CoA group and 30 cases in the complex CoA group. In addition, we included 25 cases with simple VSD in the VSD group (no combined with CoA). The basic characteristics of the three groups are shown in Table 1. There were 13 cases of mild CoA and 9 cases of severe CoA in the simple CoA group, and there were 10 cases of mild CoA and 20 cases of severe CoA in the complex CoA group; there was no significant difference in the number of cases with mild and severe CoA between the two CoA groups (p = 0.065). There were four cases of BAV in the simple CoA group and eight cases of BAV in the complex CoA group, but there was no significant difference in the number of cases with BAV between the two groups (P = 0.447). In addition, there were eight cases of hypertension in the simple CoA group and 17 cases of hypertension in the complex CoA group, but the difference in the number of hypertension cases between the two groups was not statistically significant (P = 0.148) (Table 1). There was one case complicated with severe cardiac insufficiency did not show hypertension in the simple CoA group. Most severe CoA cases were associated with varying degree of cardiac insufficiency in both groups.


TABLE 1    General characteristics of the population.
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The CT measurement results showed that among the 52 infantile patients, the ascending aorta, descending aorta, pre-coarctation, and aortic arch were dilated in 33, 21, 17, and 6 cases, respectively. In the simple CoA group, 11 patients had dilated ascending aortas, and 7 patients had dilated descending aortas. In the complex CoA group, 22 patients had dilated ascending aortas, and 14 patients had dilated descending aortas. In both CoA groups, the main area of dilation occurred in the ascending aorta. The number of ascending dilatations in the complex CoA group was slightly higher than that in the simple CoA group, but the difference was not statistically significant (P = 0.084). Further comparison of the Z score showed that the Z scores of the ascending aorta and descending aorta in the complex CoA group were 2.22 ± 0.43 and 2.00 ± 0.34, respectively, which were slightly higher than those in the simple CoA group (2.05 ± 0.40 and 1.91 ± 0.29, respectively), but the difference was not statistically significant (P = 0.143 and P = 0.356, respectively). There were two cases of aortic arch hypoplasia in the simple CoA group and 10 cases of aortic arch hypoplasia in the complex CoA group, and the difference in the number of aortic arch hypoplasia cases between the groups was statistically significant (P = 0.042) (Table 2).


TABLE 2    Comparison of aortic dilatation and arch hypoplasia between the two groups.
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To further verify the dilatation of the ascending aorta in infantile patients with CoA, we compared both CoA groups to the VSD group. The Z score of the ascending aorta in both CoA groups was significantly higher than that in the VSD group (P = 0.023 and P = 0.000, respectively). Although some infantile patients had descending aorta dilatation, there was no significant difference in the Z score of the descending aorta between the two CoA groups and the VSD group (P > 0.05). These results suggested that infantile patients with CoA are mainly characterized by ascending aortic dilatation (Figure 2).
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FIGURE 2
Z scores of the ascending (A) descending aorta (B) in the simple coarctation of the aorta (CoA) group, the complex CoA group, and the ventricular septal defect (VSD) group were compared.


We divided infants with CoA into groups with or without ascending aortic dilatation and compared the related factors between the two groups by t-test or chi-square test. Comparison of the related factors indicated that there was no significant difference in BAV, aortic arch hypoplasia, complexity, or hypertension between the ascending aortic dilatation group and the non-ascending aortic dilatation group; however, there was a significant difference in the degree of aortic coarctation between the two groups (P = 0.004) (Table 3). Univariate analysis was used to determine the factors related to ascending aortic dilatation, and the results showed that CoA complexity, CDR, and BAV were related to aortic dilatation (p < 0.15). To reduce the collinearity in multivariate analysis, multivariable binary logic regression analysis was used to correct confounding factors, which indicated that only the degree of coarctation (CDR value) was independently related to aortic dilatation (adjusted OR = 0.002; 95% CI 0.00–0.62; P = 0.034) (Table 4).


TABLE 3    Analysis of factors affecting dilatation of ascending aorta.
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TABLE 4    Univariate and multivariate analyses for the presence of the ascending aortic dilation.
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Discussion

Coarctation of the aorta occurs as a simply isolated disorder or in a more complex form, in which it is combined with associated other congenital intracardiac abnormalities (1, 2). The presence of these abnormalities in patients with complex CoA suggests that these patients have a more severe developmental spectrum. Due to the high late complication rate, some studies have suggested that CoA, rather than being an isolated entity characterized by a simple mechanical obstruction of the aorta, are a general disease of the cardiovascular system (26). In the present study, complex CoA was often associated with hypoplasia of the aortic arch; that is, hypoplasia of the aortic arch was more common in cases of CoA with intracardiac malformation. This concept was supported by the hemodynamic underdeveloped theory of the pathogenesis of CoA (27). We also made a comparison between the infantile patients with simple and complex coarctation of the aorta and the simple VSD group and found that the Z score of the ascending aorta in the complex and simple groups was significantly different from that in the VSD group, indicating that the ascending aorta of infantile patients with CoA may be dilated to different degrees. At the same time, we conducted multivariate analysis of the Z score of the ascending aorta in infantile patients with CoA and found that complexity was not a risk factor. Thus, these findings suggested that the hemodynamic effect of CoA mainly lies in the degree of coarctation, while intracardiac deformities, such as VSD, ASD, and PDA, do not increase aortic wall shear stress. Different types of VSD might have different hemodynamic effects, but the type of VSD in the complex CoA group were all the peri-membranous VSD.

Compared to the VSD group, there was no obvious dilatation of the aorta in infants with CoA, except for the ascending aorta. A previous study has suggested that the changes in the functional and structural characteristics of the aorta are limited to the narrowing of the anterior artery, while the morphology of the posterior artery is retained (28) which was consistent with the present results. However, Zhang et al. showed that with the increase in the degree of coarctation, the number of high-intensity vortices significantly increase, leading to dilatation of the lower aorta (9). The non-dilatation of the lower aorta (descending aorta) may have been related to the following factors: (1) the selected infantile patients were relatively young, and the action time on the wall of the tube was short; and (2) the formation of collateral circulation in CoA alleviates the blood flow in the lower segment, thus weakening the impact on the wall of the lower segment. Previous studies have reported that approximately half of CoA patients are associated with BAV (29). In children with BAV, NadorlikH et al. suggested that abnormal genetics and hemodynamics may lead to remodeling of pathogenic cells and extracellular matrix in the proximal aorta, eventually leading to ascending aorta dilatation (30). In addition, some genes are related to the molecular basis of BAV, such as mutations in NOTCH1 and GATA5, which are associated with human mitral and aortic valves (30). Some scholars have suggested that genetic abnormalities that lead to BAV may also lead to histopathological changes, which are prone to aortic aneurysms (30). In the present study, the percentage of patients with BAV was only 23.1%. Considering the small sample size and the small number of positive cases with BAV, the conclusion was quite different.

Further analysis of the risk factors for the ascending aortic dilatation found that hypertension, gender, age, and the complexity of CoA and BAV were not risk factors for the ascending aortic dilatation. Only the degree of coarctation was an independent risk factor for the ascending aortic dilatation. Similarly, Sehested et al. histologically analyzed arterial tissue in patients with CoA and reported that the arrangement of elastin in the middle layer of the ascending aorta is disrupted compared to the posterior segment of aortic coarctation, and they also reported that the content of collagen is increased and that the mass of smooth muscle is decreased in the middle layer of the ascending aorta (31). The presence of CoA disrupts the blood flow of the ascending aorta and harms the hemodynamics of the aorta, leading to dilatation of the ascending aorta (32). These hemodynamics have been demonstrated to aggravate vascular endothelial dysfunction, arterial smooth muscle dedifferentiation, and endothelial thickening, while abnormal aortic wall or blood flow changes may lead to abnormal aortic walls and are prone to complications, such as aortic dilatation, aortic aneurysm, and endovascular inflammation (28, 33). Zhao et al. (24) showed ascending aorta dilatation and suggested that the degree of dilatation is related to the degree of coarctation, which agreed with the present study; however, their results also showed that the descending aorta was accompanied by dilatation, which was quite different from our findings. This difference may be due to the different ages of the subjects. In the present study, 48.08% of the infantile patients with CoA were complicated with hypertension. Related studies have also shown that hypertension in CoA patients may lead to vascular dysfunction due to endothelial shear stress. In addition, hypertension may activate gene expression and lead to proliferation and hypertrophy of vascular smooth muscle (33). However, the present results suggested that there was no significant association between hypertension and ascending aortic dilatation, considering that they were both secondary manifestations of CoA. In the present study, 23.1% of the infantile patients were complicated with BAV. It is well known that the presence of BAV may lead to eccentric blood flow in the ascending aorta and significantly increase the shear stress of the aortic wall, resulting in dilatation of the ascending aorta (34). Sinning et al. showed that approximately 70% of children with CoA have BAV and that aortic dilatation is more common in children with CoA-BAV than in children with simple CoA (35). However, in the present study, CoA combined with BAV did not significantly affect ascending aorta dilatation, and we determined that BAV cannot be used as a predictor of ascending aortic dilatation, which contradicted previous studies (34). The differences may be due to several factors. First, the sample size was small, indicating that the incidence of BAV and the factors of aortic dilatation need to be further verified. Second, the subjects in the present study were young, and Sinning et al. reported that aortic dilatation in children with CoA-BAV progresses with age (35). Thus, it is necessary to conduct longitudinal studies in the future to confirm this conclusion. Finally, we considered that the pathophysiology of CoA-BAV was significantly different from that of isolated BAV disease in the present study.

Multi-slice spiral CT angiography has the following advantages: fast scanning speed, high spatial resolution, not affected by heart rate, and low radiation dose. The combination of original axial images and three-dimensional images has unique advantages in the diagnosis of CoA, which is incomparable to DSA and MRA, especially in the diagnosis of macrovascular malformations (17, 18). Rupture and dissection of the aorta, which develop from aortic dilatation, are considered to be important causes of death in patients with CoA (7). The present results showed that infantile patients with CoA may present with ascending aorta dilatation, and related studies have shown that with increasing age, the ascending aorta progressively dilates and increases the risk of aortic rupture (12). Therefore, for infantile patients with CoA, CTA scans should be routinely performed both pre-operatively and post-operatively to predict the possible risk of aortic dilatation.

The present study had several limitations. First, this study used data from a single institution, and it was a retrospective study with a small sample size, indicating that further verification with a large sample is required in the future. Fewer cases of BAV were included in this study, which might be related to the small sample size and might affect the statistical results. Second, we only performed a pre-operative evaluation (horizontal study). Because related studies have reported that the aorta of children with CoA dilate progressively with age, it is necessary to perform long-term follow-up (longitudinal study) after surgery in the future. In addition, studies should be performed in children of different ages to determine whether the aorta dilates progressively with age in children with CoA.



Conclusion

Infants with simple and complex CoA are at risk of ascending aortic dilatation, and complex CoA is often associated with aortic arch hypoplasia. The degree of aortic dilatation in infants with CoA is mainly related to the degree of coarctation, and the condition of the aorta in infants with CoA can be evaluated by CTA.
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