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Abstract: Aim: To determine the profiles of clinical features including four-limb blood pressure (BP), saturations of peripheral oxygen (SpO2), and echocardiographic features in infants with coarctation of aorta (CoA) to facilitate congenital heart diseases screening. Methods: The charts of infants with CoA were retrospectively reviewed. All in-hospital infants suspected of congenital heart diseases by clinical teams were prospectively measured of four limbs BPs and SpO2 in a regional cardiac transferring center during 2013 and 2019. Echocardiography as a gold standard test was followed within 2 days after suspicion. All infants were divided into non-significant CoA group or significant CoA group based on the difference of BPs between right arm and lower limbs. Predictors of non-significant CoA were determined with multivariable logistic regression. Results: One hundred thirty-three infants with CoA were identified. The BPs on upper limbs were higher than those on lower limbs (P = 0.001). No statistical difference in SpO2 was found between four limbs. Fifty-three (39.8%) infants presented with significant CoA. Thirty-four infants presented with low SpO2 and 26 of 34 presented with non-significant CoA. Small ascending aorta diameter [0.070 (95% CI: 0.005–0.136), P = 0.036] was an independent risk factors for non-significant CoA. Eighteen (13.5%) infants with CoA didn’t present with any of the BP difference, low SpO2, murmur, or weak femoral pulse. Conclusion: Less than half of the infants with CoA presented with a significant BP difference. Another one fifth presented with low SpO2. Small ascending aorta diameter was an independent factor for non-significant CoA.
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1  Introduction

Coarctation of aorta (CoA) is one of the critical congenital heart diseases (CHD), who might need surgical intervention within 1 year after birth. It accounts for half of missed critical CHD infants [1]. Late detection of these patients, particularly following cardiovascular collapse, is associated with poor outcomes and neurological morbidity [2–4]. Although PxO2 screening was introduced to enhance CCHD screening rate, CoA is still not on the list due to its non-cyanotic profile. At 2 days of age, more than 60% of CHD with a ductus-dependent circulation had not been diagnosed [5]. It is also being missed by enhanced prenatal detection of outflow tract anomalies with fetal echocardiography [6,7].

Based on the anatomic and hemodynamic properties of CoA, four-limb blood pressure (BP) was tried to screen this group of patients. Patankar et al. [8] did a case-control study of four limb BPs at birth in 138 infants and 60% CoA infants were reported with no significant BP gradient. Boelke et al. [9] even identified no critical CoA by prospective BP screening in 10,012 infants. Besides four limb BPs and SpO2, evaluation of left ventricular cardiac output by femoral pulse palpation or peripheral perfusion index (PI) had also been tried as an approach of screening CoA with no positive results [10–14]. There is no effective way to identify these groups of patients, especially those presenting without differential BPs on four limbs.

As a regional cardiac transferring center, our hospital admitted hundreds of CHD infants every year. CoA is common among these infants. We initiated a two-step CoA improvement program to determine the optimal approach to facilitate CoA management, which includes step one as retrospectively reviewing and identifying the profiles of these infants, and step two as prospectively following up for years and improving CoA management strategy depending on their outcomes. This study is the first step to determine the clinical and echocardiographic features, including four limb BPs, SpO2, and murmurs, in these infants to try to increase the efficacy of CoA identification.

2  Methods

This study was approved by the Institutional Review Board at Guangdong Provincial People’s Hospital. As a routine procedure to newly admitted infants of suspected CHD by clinical teams, four limb BPs and SpO2 had been prospectively collected for more than 7 years at Guangdong Provincial People’s Hospital, a regional cardiac transferring center. The charts of infants with confirmed CoA admitted to our department between January 2013 and December 2019 were retrospectively reviewed. All infants were diagnosed by echocardiography or cardiac computer tomography within 2 days after admission. If the results were inconsistent, the post-operative diagnosis was retrieved.

Four limb BPs and SpO2 were measured at admission in infants suspected of CHD with abnormal physical examinations, abnormal prenatal or postnatal echocardiography finding, or low SpO2 by well-trained nurses with suitable cuffs (two-thirds of the length of infant’s arm or leg) and SpO2 sensors when they were quiet or sleepy. Low SpO2 was defined as SpO2 less than 95% at any limbs. Repeated measurements were performed if the results were questioned by clinical teams. All BPs and SpO2 were acquired by bedside monitors (Draeger Infinity Kappa or Infinity Delta), which were regularly quality-controlled by the Guangzhou Bureau of Quality and Technical Supervision.

As not all infants with CoA had BP gradient, in order to maximally distinguish CoA infants without BP gradient and to determine risk factors of CoA, these infants were divided into non-significant CoA group (also as CoA group) and significant CoA group based on four-limb BP gradient. Significant CoA was defined as having systolic BP on right arm at least 10 mm Hg higher than those on lower limbs. The cutoff of 10 mm Hg was based on Patankar et al. [8,15] and our previous study, both of which found that 10 mm Hg BP gradient was the best predictor of CoA with the optimal area under the ROC curve. Clinical variables including anthropometrics, demographics, four limb BPs and SpO2 at admission, reasons for echocardiography except for BP gradient were extracted. The diameter of coarctation isthmus and ascending aorta, ascending aorta/CoA ratio, maximal velocity at coarctation isthmus (Vmax), the relative position between CoA and patent ductal arteriosus (PDA) (preductal or postductal) were retrieved as aorta indices, diameter of PDA and PDA/CoA ratio, PDA/left pulmonary artery ratio, PDA/weight at surgery ratio, left atrium/aorta ratio as PDA indices for infants with PDA, left ventricular ejection fraction (EF) and fractional shortening (FS) as left ventricular indices, severe pulmonary hypertension (PH) as right ventricular indices. The estimation of systolic pulmonary arterial pressure (sPAP) was based on the peak velocity of the jet of tricuspid regurgitation (TR). The simplified Bernoulli equation and CW-Doppler was used to assess velocity within TR jet [RVSP = PASP = 4 × (TRV)2]. PH was categorized as none or mild if the estimated sPAP to systolic BP ratio was <0.5, moderate if the ratio was ≥0.5 but <1, and severe if sPAP ≥ systolic BP. In the absence of TR, PDA, or VSD, sPAP was estimated by assessing the end-systolic interventricular septal position at the papillary muscle level in short-axis view through the multiple acoustic windows. PH by septal position was categorized as follows: none or mild if the septum was rounded at end systole, moderate if the septum was flattened, and severe if the septum was bowed into the left ventricle at end systole. Z scores of the parameters were also calculated [16]. Other factors potentially influencing hemodynamics at admission were also included such as clinically confirmed sepsis, use of inotropes which might influence BP results and mechanical ventilation which might increase intrathoracic pressure and indirectly result in abnormal BP, and supplemental oxygen for PDA diameter and SpO2. Isolated CoA was defined as CoA without significant associated cardiac defects needing surgery [17].

2.1 Statistical Analysis

Clinical characteristics between significant CoA vs. CoA groups were compared by chi-square tests for categorical variables or Student’s t-test for continuous variables following normal distribution. When expected cell counts were small (<5), Fisher’s exact test was used. Non-normal data were compared using a Wilcoxon rank-sum test. Univariate logistic regression and multivariable logistic regression were used to obtain estimates of the association between non-significant CoA and potential indices which were the predictors of non-significant BP gradient. Predictors that were significant at the univariable level (P < 0.20) and had a sufficient sample size were included in multivariable modeling. Multivariable logistic regression analysis was performed using stepwise selection to identify independent predictors of significant CoA. Results of the multivariable analysis were reported as odds ratio (OR) with 95% confidence intervals (CI). Statistical analyses were performed by SPSS version 21.0 (Armonk, NY, USA). Statistical significance was defined as a P < 0.05.

3  Results

During the study period, 133 infants were identified as having CoA, 53 (39.8%) with significant CoA and 33 (25.6%) with low SpO2. Thirty-six were isolated CoA. The median age at diagnosis was 9 (1, 19) days of age, ranging from 1 h to 31 days of age. Gestational age was 38.5 ± 1.7 weeks and birth weight 2975 ± 712 grams. Four limb BPs and SpO2 were presented in Tab. 1. The BPs on upper limbs were higher than those on lower limbs (P = 0.001). There was no statistically significant difference in BPs between left and right extremity and no difference in SpO2 between four limbs (Tab. 1). BPs and SpO2 of infants with CoA or significant CoA were presented in Fig. 1. BPs and SpO2 of infants with PDA or without PDA were presented in Fig. 2. CoA infants without PDA (37/133, 27.8%) presented with higher BP on upper limbs than those with PDA (Fig. 2). Three infants with weak femoral pulses were noted, and one of them developed shock and was transferred to our hospital with prostaglandin E1 infusion.

Among 53 infants with significant CoA, 44 (83.0%) had surgical correction of cardiac anomaly with 1 dead of post-operative cardiac low output syndrome, 1 discharged without surgery and 8 withdrew with no further treatment due to poor prognosis or financial issues. Among 80 infants with non-significant CoA, 54 (67.5%) had cardiac surgery with 7 died of post-operative cardiac low output syndrome or severe sepsis, 12 (15.0%) discharged with no need of further intervention, 11 (13.7%) withdrew and 3 (3.8%) died of poor cardiac output, multiple organ dysfunction syndrome or severe bronchial anomaly respectively.

Table 1: The profiles of four limb blood pressures and saturation of peripheral oxygen in infants with coarctation of aorta
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Figure 1: The profiles of four limb blood pressures and saturation of peripheral oxygen in infants with or without significant coarctation of aorta. BP indicates blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; SpO2, saturation of peripheral oxygen; RA, right arm; LA, left arm; RL, right leg; LL, left leg. ** denotes P < 0.01, * P < 0.05
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Figure 2: The profiles of four limb blood pressures and saturation of peripheral oxygen in coarctation of aorta infants with or without Patent Ductal Arteriosus. BP indicates blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; SpO2, saturation of peripheral oxygen; RA, right arm; LA, left arm; RL, right leg; LL, left leg. ** denotes P < 0.01, * P < 0.05

Comparisons of baseline or echocardiographic characteristics of infants with CoA or significant CoA were listed in (Tab. 2). Provided with similar gestational age and birth weight, infants with significant CoA were older than CoA infants (6.6 vs. 16.5 days of age). No statistical significance was found between groups on reasons for echocardiography. But more infants in the CoA group were asymptomatic and were suspected of CHD prenatally. More than half of these infants in both groups presented with murmurs due to complicated cardiac defects. More infants in the CoA group presented with PDA (80.2% vs. 58.5%). There was no statistical difference between groups on aorta indices, PDA indices, left ventricular indices, and right ventricular indices, except for PDA, ascending aorta diameter and its derivative ascending aorta/CoA ratio.

Table 2: Baseline and echocardiographic characteristics of infants with or without significant coarctation of aorta at admission
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CoA, coarctation of aorta; CHD, congenital heart defects; EF, ejection fraction; FS, fractional shortening; PDA, patent ductal arteriosus; Vmax, maximal velocity at coarctation isthmus; *, calculated based on infants with PDA

To determine independent predictors of non-significant CoA, univariable and multivariable logistic regression analysis was performed. The univariable regression analysis showed that young age, low ascending aorta diameter, and PDA were associated with non-significant CoA (Tab. 2). In the multivariable regression analysis, ascending aorta diameter [0.070 (95% CI: 0.005–0.136), P = 0.036] was an independent risk factors for non-significant CoA.

In order to determine the special features among these infants, a thorough analysis was performed case by case (Fig. 3). Among 64 infants with significant BP difference between upper limbs and lower limbs, 53 had 10 mm Hg higher SBP on upper limbs than those on lower limbs and 11 with 10 mm Hg higher lower limb SBP than those on upper limbs. Forty-seven of 53 presented with higher SBP on both arms, 6 with higher SBP on right arm. Eight of 11 presented with low cardiac output, 3 complicated with aortic arch obstruction. Among the 8 with low cardiac output, 2 presented with poor left ventricular cardiac output. The other 6 with severe PH and significant right-to-left shunt at ductal level. Among 69 with no BP difference between upper and lower limbs, 56 presented with PDA (3.1 ± 2.5 mm). Ten of 13 without PDA presented with severe PH, 2 with poor left ventricular cardiac output, 1 with mild CoA (Vmax 2.1 m/s). Among 3 infants with a weak femoral pulse, 2 presented with significant BP gradient and the other with neither BP gradient nor low SpO2 (Fig. 3). Among 7 infants with postductal CoA, 2 presented with higher BP on upper limbs, 5 left without BP difference. All these infants presented with severe PH and poor cardiac output and 1 presented with sufficient collateral supply to descending aorta.

When 95% of SpO2 value was chosen as a cutoff, 31, 31, 34, and 34 infants failed the test respectively on right arm, left arm, right leg, and left leg. 10 infants presented with more than 5% of SpO2 gradient between right arm and lower limbs. Among them, 1 presented with SpO2 higher than 90% on four limbs (right arm 99% and right leg 92%). Three infants presented with more than 5% SpO2 gradient between right and left arm. Two of them also presented with significant BP gradients.
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Figure 3: The distribution of infants with different positive features. BP indicates blood pressure; SpO2, saturation of peripheral oxygen

4  Discussion

After extensive prenatal echocardiography and postnatal SpO2 screening, CoA is still the most probably being missed CHD [1,6,7,17–26]. This study tried to determine the profiles of the clinical and echocardiographic features in these infants. Fifty-three of 133 (39.8%) infants could be spotted out by BP gradient and 34/133 (25.6%) by SpO2. CoA infants of older age are more likely to present significant BP gradient, even with PDA. Infants without BP gradient might have CoA, if the ascending aorta is smaller than usual.

CoA is a narrowing of the descending aorta. This defect generally results in higher BP before the coarctation and lower BP after the coarctation [9,10,27]. BP gradient between right arm and lower limbs has been supposed to be a feature of CoA. The severity of BP gradient depends on the lumen of coarctation isthmus. Based on this principle, CHD screening with BP was performed [9]. Boelke et al. [9] retrospectively reviewed 10,012 asymptomatic infants and 12 infants failed the BP screening. Nine of 12 were excluded of CoA by echocardiogram and 3 did not finish echocardiography but presented well at 1 year old. The other one was lost to follow-up. But this study was performed in a region of advanced prenatal echocardiography screening and all infants with prenatal diagnosis of CHD or admitted to NICU were excluded. As reported, high antenatal detection rate of CHD could offset the efficacy of postnatal CHD screening [22,28]. No death records reviewed in Boelke’s study might underestimate the incidence of CoA. On the contrary, Patankar et al. [8] did a case-control study of four limb BPs in CoA/IAA infants and found out that ≥10 mm Hg gradient cutoff might be the best point of CoA BP screening. But only 40% patients had this BP gradient. Similar to Patankar’s study, 53/133 (39.8%) infants in this study could be screened out by the BP gradient. Notably, infants without BP gradient couldn’t be ruled out of CoA, especially when infants were at the first several days of age. Moreover, although coarctation between left common carotid artery and brachiocephalic trunk could result in a BP gradient between right arm and left arm, in this study only 6 cases presented with this kind of BP gradient. There was no difference in BPs between lower limbs. SBP gradient is more prominent than diastolic BP gradient. So SBP gradient between right arm and lower limbs might be the best choice of CoA screening in high-risk population.

Pulse oximetry testing had been adopted by many countries as a routine to screen cyanotic CCHD [20,29]. As a potentially non-cyanotic CHD, 60%–80% of the infants with CoA failed to be diagnosed during their early lives [11,17,18,27,30,31]. Hu et al. [32] screened 167,190 infants at 15 hospitals and 5 of 6 CoA infants were missed by SpO2 screening. Lannering et al. [17] reviewed 90 CoA infants. Among 19 screened by SpO2, 15 CoA infants were missed. Ewer et al. [1] missed 5/8. de-Wahl Granelli et al. [26] missed 7/13. Garg et al. [25] missed 14/15. All 4 CoA infants passed SpO2 screening in Koppel’s study, 1 prenatally diagnosed, 1 with murmur, and 2 missed and progressing to heart failure [33]. Reich et al. [34] identified 2 CoA, both with SpO2 ≥ 95%. In this study, 34/133 (25.6%) of infants with CoA presented with low SpO2. Ten of 34 infants also presented with SpO2 gradient. One presented with SpO2 higher than 90% on four limbs. Due to 8 failed infants also presenting with significant BP gradient in this study, SpO2 screening could find out 26 more cases, which added up to 79 cases among 133 CoA infants (Fig. 3).

Beside four limb BPs and SpO2, evaluation of left ventricular cardiac output by femoral pulse palpation or peripheral perfusion index (PI) had also been tried as an approach of screening CoA [10–14]. With no equipment required, femoral pulse palpation was introduced into clinical practice much earlier than PI which came from oximeters by measuring the ratio of infrared light signals from arterial blood vs. venous blood and tissues. There are two means to determine a weak femoral pulse. One is to directly palpate the femoral artery pulse and the other is to indirectly compare the difference in pulses between femoral artery and radial artery or carotid artery. Lannering et al. [17] retrospectively reviewed 90 CoA infants and 31 of 53 infants had weak femoral pulses. Patankar et al. [8] found out 21 of 46 infants with CoA/IAA had decreased femoral pulses. Hoke et al. [35] screened 2,876 newborns and screened out 4 CoA, 3 of them with decreased femoral pulses. Furthermore, Khammari Nystrom et al. [12] used femoral pulse palpation test to screen CoA or other left-sided obstructive heart anomalies in 118,592 newborn infants at Stockholm-Gottland. All infants were followed up until 1–2 years of age. Weak or absent femoral pulses were noted in 432 infants. Fifteen of 78 infants with CoA had a positive test at femoral pulse palpation (absent or weak femoral pulses) and 63 had a negative test (normal femoral pulses). The sensitivity for CoA increased greatly when examined from <12 h of age to ≥96 h of age. In this study, there were 3 infants identified with weak femoral pulse, which is much less than the former studies. The possible reason might be no routine femoral pulse evaluation and subjectiveness of femoral palpation results. No comparison of pulse palpation between upper limbs and lower limbs could also decrease the positive rate of femoral pulse screening. PI is a sensitive indicator of peripheral perfusion [10]. Several studies combined PI with SpO2 screening and successfully identified CoA infants with low PI who passed SpO2 screening [10,11,13,14]. Others combined physical examination with PI and reported no additional benefit from PI screening because these infants with low PI always had pathological murmur [36]. Jegatheesan et al. [10] even reported that some healthy or non-CCHD neonates had ‘low’ PI. The reason for the controversy might in part be no normal range of PI had been determined so far [37]. In our study, weak femoral pulse could add one more case into 79 cases screened out by BP gradient and SpO2. Therefore, it’s difficult to count on femoral pulse palpation and PI as a way to identify CoA if clinicians didn’t get well trained. But from a long perspective view, due to no substitute to identify CoA, femoral pulse palpation and PI might be an addition to BP screening in the future.

Most isolated CoA infants don’t present with murmurs, especially when postnatal pulmonary vascular resistance minimized left to right shunt or poor cardiac output presented [17,38,39]. But murmur is still a sign of CHD, which could also be used as an approach to screen CoA, especially when CoA coexists with other cardiac anomalies. Lannering et al. [17] found that 25% of CoA infants presented with murmur. In our study, 86/133 (64.7%) presented with murmurs, including 49/80 (61.3%) in non-significant CoA infants and 65/99 (65.7%) in non-hypoxemic infants. The possible reason might be the difference in the study population. We enrolled 36 isolated CoA infants and 97 CoA infants with other complex CHD. In summary, murmur could add 36 more cases into 79 cases screened out by BP gradient and SpO2 (Fig. 3).

Peak velocity at coarctation isthmus had been used as an indicator for CoA [40–42]. We also tried to determine the association between non-significant CoA with other indices. After multivariable logistic regression analysis, only a smaller ascending aorta diameter was an independent predictor for non-significant CoA. However, this study was dedicated to finding out special features to screen out CoA. If echocardiography were available, it’s hard to miss CoA under 2 Dimension or Doppler echocardiography. We also tried to determine the association between PDA and CoA profiles with no important results identified. With patency of ductal arteriosus, four limb BPs or SpO2 did not add more clue of CoA. Moreover, collateral circulation after coarctation is a cofounding factor. These patients may not progress after PDA closure and may not need further intervention. Dysmorphic features might be a sign of CHD, but with low sensitivity and specificity and limited value at identifying CoA [8].

There are some limitations. First, this is not a population-based study. No incidence or prevalence rate could be calculated. But 133 is a relatively large sample size and could in part represent the proportion of different CoA profiles. The ratio of gender is similar to other population-based studies, which indicates little choosing bias in this study. One notion is that the age of infants in the CoA group was 6.6 days of age, while those in the significant CoA group was 16.6 days of age. Some infants progressing to shock at home could be missed in this study. As in Ward’s study, the cardiovascular collapse happened at 8 to 12 days of age [43]. Second, no follow-up data might decay the value of this study. As Boelke et al. and Lannering et al. [9,17] presented, some CoA infants might not need to be intervened in their first several years of life. We do not have the ability to clarify this question in this study, although we are following up these infants. Third, BP by non-invasive measurement might be variable to lead to false positive or false negative results [44]. Some normal infants also present with BP gradient with no obvious reason [9]. This might be random effects or with some other potential diseases. Since some CoA could also be missed at their first echocardiographic examination [17], we cannot expect much more on BP gradient screening. Therefore, using BP gradient solely to perform a population-based screening of CoA might not be the best option. Focusing on high-risk populations, BP gradient may increase its sensitivity and specificity. Fourth, with neonatal BP properties of variation and increasing with aging, this research only studied BP gradient instead of specific figures. This decision was also supported by Patankar’s study, which showed that BP increased with increasing age or gestational age at birth, but the difference between arms and legs did not change with gestational age [8]. Fifth, some PDA-related echocardiographic parameters were not prospectively collected. This might devalue the importance of echocardiography on the hemodynamic index.

5  Conclusion

In summary, the profiles of four limb BPs and SpO2 in infants with CoA varies very much. The BP gradient between right arm and lower limbs is an approach to identify CoA. A combination of BP, SpO2, and physical examination of murmur and peripheral perfusion may increase the sensitivity of CoA detection. Given some CoA infants presented with normal BP and SpO2 [8,9,45], a population-based long-term follow-up is necessary to determine the outcomes of these infants, especially the most likely being missed population.
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