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Abstract

Background—Deficient retro-aortic rim is of concern as a risk factor for aortic erosion

following device closure of atrial septal defects (ASD). However, its prevalence and contribution

to technical failure and adverse outcomes has not been delineated.

Methods—A single-center retrospective cohort study of children and adults undergoing cardiac

catheterization for device occlusion of ASD from 1/1/1999 to 4/1/2012 was performed. Risk

factors for technical failure and early adverse outcome were assessed using multivariate logistic

regression.

Results—Four-hundred forty-five consecutive subjects of median age 5.9 years (range: 0.8–80

years) underwent catheterization during the study period. Of subjects with reviewable

echocardiograms, 60% had deficient retro-aortic rim. No attempt was made at device closure in

3.6% of subjects. Of the remaining 429 subjects, 96% underwent successful device occlusion.

Major early adverse events occurred in 1.2% (95% CI: 0.4–2.7%) of cases, all either device

embolization or malposition. Deficient retro-aortic rim was not a risk factor for composite

outcome of technical failure or early major adverse event. No deaths, late re-interventions, or

erosion events occurred over 2,395 total person-years of follow-up (median 5.8 years). Deficient

retro-aortic rim was associated with increased risk of device impingement on the aorta, but no

association was seen between device impingement or deficient retro-aortic rim and the

development of new/progressive aortic insufficiency.

Conclusion—Deficient retro-aortic rim is highly prevalent but did not increase risk of adverse

outcomes. Its contribution to the risk of aortic erosion could not be addressed by this study.
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Introduction

Catheter-based closure of atrial septal defects (ASD) was first reported by King and Mills in

1976[1]. Since then, device occlusion with the Amplatzer septal occluder (ASO) has been

widely adopted with excellent rates of technical success[2–5], along with favorable

mortality rates [6–8] and reduced overall incidence of procedural adverse events[8] relative

to operative closure. Recent studies incorporating device closure with the Helex septal

occluder (HSO) have shown similarly excellent outcomes[9–12]. Transcatheter device

occlusion of ASD is not without risk, however, with adverse events including residual

shunt[13], device embolization [3, 7, 8], pericardial effusion[6–8, 14], aortic erosion or

aortic-atrial fistula[7, 8, 14], device thrombus [7, 13], endocarditis[7], dysrhythmia[7, 8],

and aortic insufficiency[15] reported. Device erosion, a potentially catastrophic

complication of the procedure, has received increased attention of late. A retrospective

review of cases of erosion implicated deficient retro-aortic rim as a potential risk factor[14,

16], leading to changes in recommendations for device use[17–19]. However, the prevalence

of deficient retro-aortic rim in children and adults who have undergone device closure has

not been well defined, limiting the ability to determine to what degree it represents a true

risk factor for erosion.

We performed a single-institution retrospective cohort study of children and adults

undergoing catheterization for possible device occlusion of ASD to determine the

prevalence of deficient retro-aortic rim and determine if it affects the risk of both technical

failure and treatment-associated adverse events.

Methods

Study Population

The study protocol was approved by the institutional review board of The Children’s

Hospital of Philadelphia, and waiver of consent was granted. We conducted a retrospective

cohort study, based on review of medical records and imaging data from subjects treated at

The Children’s Hospital of Philadelphia (Philadelphia, Pennsylvania). Subjects were

identified through our center’s cardiac catheterization laboratory and cardiac surgical

databases. Children and adults across all ages were included if they underwent cardiac

catheterization for possible device closure of ASD between January 1, 1999 and April 1,

2012. Subjects who were referred for operative closure without cardiac catheterization were

not included. No additional exclusion criteria were applied.

Study Procedures

Medical records were reviewed including pre-catheterization assessments, inpatient

admissions and emergency room visits, clinic letters, catheterization reports, angiograms,

and echocardiograms performed during the study period. Subject demographics (age, sex,

and race), growth parameters (height, weight, body surface area, and body mass index), and

clinical history (cardiac and non-cardiac medical and operative history) were extracted. Data

from cardiac catheterizations including oximetry, hemodynamics, exposure to radiation,

contrast dose, and procedural adverse events were extracted from catheterization reports and
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records from hospitalization. Over the study period, the approach to device closure was

consistent with device placement guided by fluoroscopy and either trans-esophageal or intra-

cardiac echocardiography. In subjects with deficient retro-aortic rim, operators did not

systematically vary their device deployment technique using previously variations[20, 21].

Specific variations in deployment technique were not recorded as part of the data collected

for this study. Defect size was measured by echocardiography with balloon sizing using

stop-flow technique.

Echocardiograms available on digital imaging system were reviewed by one member of the

study staff (MLO). The echocardiograms reviewed included the first trans-thoracic

echocardiogram prior to cardiac catheterization, the echocardiogram performed during

catheterization, the first post-procedural echocardiogram, and the most recent

echocardiogram within the study period. All measurements were performed blinded to

original clinical reports, prior and subsequent echocardiograms, and clinical outcomes.

On pre-procedural echocardiogram septal length and defect size in orthogonal views

(subcostal frontal and sagittal), tissue rims (right upper pulmonary vein, superior vena cava,

inferior vena cava, mitral valve, and aorta), presence of valvar insufficiency, and the

presence of right-sided atrial and ventricular enlargement were measured. On procedural

echocardiograms, septal length, retro-aortic rim, and maximal defect size were measured.

Deficient retro-aortic rim was defined as a retro-aortic rim measuring less than or equal to 5

mm on any view on the echocardiogram as has been described previously[14, 16, 22].

Defect size during balloon inflation using stop-flow technique (which was used for all cases)

was also measured, with device sizing based on this measurement. Presence of residual

shunt, pericardial effusion, impingement on mitral and tricuspid valve, pulmonary veins,

inferior vena cava, and superior vena cava as well as impingement on or contact with the

aorta, as well as the presence of aortic insufficiency, device thrombus, device malposition,

arrhythmia, and device fracture were extracted from first and most recent post-procedural

echocardiograms. The presence of impingement on the aorta was recorded. The manner in

which the implanted device impinged on the aortic valve was also recorded, with

impingement divided between “splaying” of the device around the aorta and impingement of

the device on the aorta perpendicular to the aortic wall (“poking”) with or without

deformation of the valve.

To assess inter-rater reliability, 40 randomly selected pre-procedural studies were re-

measured by another member of the study staff (DJG), representing a 20% sample of the

205 digitally available echocardiograms from subjects with single ostium secundum ASD.

Intra-class correlation coefficients for continuous variables were calculated. Inter-rater

reliability of all outcome measures was at least moderate for all measurements

(Supplementary Table 1).

Subject medical records following catheterization were reviewed to assess for post-

procedural adverse events and other clinical outcomes. Subjects were considered at risk if an

attempt was made to deploy (though not necessarily release) a device. Technical success

was defined as a successful deployment of a device without residual shunt greater than 3

mm. Major adverse events included device embolization, malposition followed by repeat
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intervention, procedure-associated cerebrovascular events, heart block persisting after the

procedure, and death. Minor adverse events noted included arrhythmia, fever, hematoma

(defined by follow-up notes from cardiologists or visits to other healthcare facilities),

emesis, and pericardial effusion (not requiring intervention).

Complications were sub-divided between early (less than 30 days of initial procedure) and

late (greater than 30 days). Early follow-up time of included subjects was uniform, so event

rates were described as risk per case. Late follow-up was not uniform, so duration of follow-

up was measured in terms of events per person-years of follow-up. Clinical follow-up was

calculated in two ways: first as time from ASD device deployment until end of study period

and second as time elapsed between initial catheterization until most recent documented

clinical visit at our center. This provides bounds for measurement of time at risk.

Echocardiographic follow-up time was determined as the time elapsed from catheterization

to most recent echocardiogram in the study period.

Statistical Analysis

Standard descriptive statistics were calculated. Continuous variables are expressed as mean

± standard deviation or median (range and interquartile range (IQR)) as appropriate.

Categorical variables are described as proportions and counts.

The primary outcome for early adverse events was a composite of technical failure and/or

early, major adverse event as defined above. Assessment of risk factors for primary

composite outcome was performed using logistic regression. Because this was an

exploratory analysis, bi-variable screening was used to identify risk factors, with potential

risk factors included in the initial model if p<0.2 [23, 24]. Prior to any testing, the decision

was made to include deficient retro-aortic rim in the final model as the primary exposure.

Backwards selection was used to refine the model with variables retained if p<0.05 or if

their inclusion resulted in a change in the odds ratio of >20%. Model fit was assessed post

hoc with likelihood ratio test for nested models or comparison of Akaike information

criterion for non-nested models[24]. Since the cohort size was fixed, no formal procedures

were performed to calculate statistical power. No formal compensation for multiple

comparisons was performed. For subjects with missing data, case elimination was used, and

no attempt was made to replace missing data via imputation. A threshold for statistical

significance was set at p<0.05. All data analysis was performed using Stata SE v12

(Statacorp, College Station, TX).

Results

Study population

Between January 1, 1999 and April 1, 2012, 445 consecutive children and adults underwent

cardiac catheterization with an indication for possible device closure of an ASD (Figure 1).

Their median age and weight were 5.9 years (range: 0.8–80 years, IQR: 3.6–14.2 years) and

21.7 kg (range 5.4–132.5 kg, IQR: 15.2–15.7 kg) respectively (Table 1). Fifteen percent of

subjects had congenital heart disease in addition to their ASD, which includes 34 subjects

who had residual ASD following other cardiac operations (8% of the study cohort) and 32
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subjects (7% of the cohort) who had other anatomic cardiac disease without previous

operation. These counts do not include subjects with mild valvar pulmonic stenosis.

Of the original 445 subjects, 248 (56%) had reviewable pre-procedural echocardiograms

(Figure 1). Of the 330 subjects with single ostium secundum ASD, 205 (62%) had

reviewable pre-procedural TTE (Table 2). Amongst subjects with isolated secundum ASD,

the median size of secundum ASD on pre-procedural transthoracic echocardiograms was 9.8

mm (range: 1–20.5 mm IQR: 7.5–12.2 mm) in subcostal frontal view and 9.5 mm (range:

3.9–26.3 mm IQR: 7.7–12.1 mm) in the subcostal sagittal view (Table 2). The median defect

size with balloon sizing using stop-flow technique was 14 mm (range 5–38 mm IQR: 12–19

mm). The median retro-aortic tissue rim was 4.2 mm (range 0–15.3 mm IQR: 2.9–6.2), with

60% of subjects having deficient retro-aortic rim. The prevalence of deficient retro-aortic

rim was 61% (116/190) in subjects with age <18 years with images of the retro-aortic rim

unavailable in six subjects, and 44% (4/9) in subjects with age>18 years, but this difference

was not significant (p=0.3)

Of the original 445 subjects, 3.6% (n=16) were deemed inappropriate for device closure and

were referred for operative closure without attempted device placement. These were

secondary to a combination of defect size, position, and rim size. None were due to

insufficient retro-aortic rim. Of the remaining 429 subjects who underwent attempted device

closure, 96% (n=411) were technically successful. A single ASO device was used in 61% of

cases; a single HSO device was used in 24% of cases; and an NMT Starflex device was used

in 9%. Results of subjects in whom multiple devices were used are summarized in Table 3.

For subjects with single secundum ASD and deficient retro-aortic rim (n=116), device

closure was accomplished with ASO in 67% of subjects and HSO in 33% of subjects. No

other devices were used for this subgroup.

In subjects who underwent device occlusion with ASO device, the median ratio of device

diameter to balloon-sized defect diameter was 1.0 (range: 0.8–1.8, IQR: 1.0–1.1) (Table 3).

Of subjects with single secundum ASD occluded with ASO (n=217), only one subject (0.5%

95% CI: 0.01–2.5%) had an ASO diameter to defect ratio >1.5:1. For subjects with single

secundum ASD occluded with HSO device (n=81), the median ratio of HSO diameter to

defect size was 2.1 (range: 1.5–3.6, IQR: 1.7–3.1).

Follow-up and Adverse Events

The 413 subjects who underwent device closure had median total follow-up of 5.8 years

(range: 12 days to 12.6 years) for total time at risk of 2395 person-years. In 83% of subjects,

a follow-up visit at our center was documented after discharge with most recent visit at

median time 2.2 years (range 2 days to 12.5 years) representing 1079 person-years, of time

at risk. Follow-up echocardiograms could be reviewed in 330 subjects (80%). Median

echocardiographic follow-up was 1.5 years (range: 1 day to 12.5 years) for a total of 845

person-years, of which 267 subjects (65%) had echocardiograms after the first post-

procedure day.

Of the 413 subjects with successful occlusion of their ASD, 319 subjects (77%) had clinical

follow-up of at least 30 days. Adverse events within the first 30 days of follow up are
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summarized in Table 4. Major adverse events occurred in 1.1% of subjects (95% CI: 0.4–

2.6%), including 3 subjects (0.7% of those undergoing device closure, 95% CI: 0.1–2.0%) in

whom device embolization occurred, and 2 subjects (0.4% of those undergoing device

closure, 95% 0.1–1.6%) in whom device malposition resulted in re-intervention. All re-

interventions were accomplished through repeat catheterization. In these re-interventions the

only adverse event was new mild mitral regurgitation in a single patient after an HSO device

embolized to the LV and was retrieved with snare catheter. One subject presented to the

emergency department with fever and emesis two days after catheterization with a small

pericardial effusion and was admitted for observation. The patient was eventually

discharged without receiving medical therapy or any procedure to drain the effusion. Eight

other subjects had trivial pericardial effusions (total n=9, 5.7% of subjects who underwent

device closure with complete 30 day follow-up, 95% CI: 3.2–9.4%), none of which resulted

in emergency room visits or hospitalization and all of which were self-resolved.

A total of 15 subjects (4.6% 95% CI: 2.6–7.5%), presented to an emergency room within 30

days of their procedure, with 3 resultant hospital admissions (0.9% 95% CI: 0.2–2.7%). In

addition to the previously mentioned subject with a small pericardial effusion, 7 subjects

presented with headaches, 3 of whom were admitted for observation and symptom

management. Two subjects with acute chest pain were seen in emergency departments with

one admitted for observation; evaluation demonstrated no evidence of a cardiac etiology.

One subject with a hematoma at access site in the groin was seen and discharged from the

emergency department without additional intervention. The remaining four visits were for

chief complaints (gastroenteritis, viral respiratory infection, lymphadenitis, and chronic

constipation) unrelated to catheterization procedure.

Risk factors for the composite outcome (technical failure to close the defect with trans-

catheter device or major adverse event within 30 days of catheterization) were assessed

using bi-variable logistic regression, the results of which are summarized in Table 5. In

multivariable regression, the presence of deficient retro-aortic rim did not increase the risk

of the composite outcome, and if anything appeared to have a non-significant association

with reduced risk of combined adverse events (OR: 0.28 95% CI: 0.08–1.01 p=0.05). Ratio

of pulmonary to systemic blood flow was associated with increased risk of composite

outcome (OR 2.57 95% CI: 1.2–5.4, p=0.013).

After thirty days, no device embolization, malposition, device thrombus, new arrhythmia,

stroke, or death were seen. No aortic erosions were seen, and no new pericardial effusions

were noted. Of the trivial residual shunts, none underwent further intervention. New or

increased aortic insufficiency was seen in 7 subjects (2% 95% CI: 0.9–4.5%) between their

pre-catheterization echocardiogram and most recent post-catheterization echocardiogram.

One subject developed new mild aortic insufficiency, with the remainder developing new

trivial aortic insufficiency. The association between deficient retro-aortic rim, device

impingement, and aortic insufficiency were examined. In the 181 subjects with isolated

secundum ASD and complete data, deficient retro-aortic rim was associated with increased

risk of impingement of the device on the aortic valve (relative risk (RR): 2.1 95% CI: 1.5–

3.0, p<0.0001) (Table 6). There was a significant association between deficient retro-aortic

rim and the two types of device impingement, with increased risk of device impingement
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without splaying (“poking”) (RR: 1.6) and impinging with splaying of the device (RR: 2.2)

in subjects with deficient retro-aortic rim (p=0.002). Only a single example of poking with

deformation of the valve was seen, so statistical inference was impossible. The incidence of

new or increased aortic insufficiency was not associated with impingement of ASD device

(p=0.66) nor with the specific type of impingement (p=0.85) or deficient retro-aortic rim

(p=0.91). The low event rate was prohibitive for multivariate analysis. Other risk factors for

development of aortic insufficiency were explored using additional univariate analyses.

Device choice between ASO and HSO was not associated with risk of new aortic

insufficiency (p=0.96). Additionally, no association was seen between the ratio of ASO size

to septum (p=1.0), HSO size to septum (p=0.67), and ASO left atrial disc to septum

(p=0.92).

Discussion

This cohort study summarizes the experience with device occlusion of ASD at a single

center over a twelve-year period. In this cohort, deficient retro-aortic rim was highly

prevalent. The clinical significance of deficient retro-aortic rim is not clear. Deficient retro-

aortic rim was associated with an increased risk of impingement of the device on the aorta

but was not associated with increased risk of early adverse outcome or development of

aortic insufficiency. There were no aortic erosions, and there were no late, major adverse

outcomes. Thus, we cannot comment on the contribution of deficient retro-aortic rim to the

risk of late adverse events or aortic erosion. We can state that it was not an independent risk

factor for early adverse events or technical failure.

Device occlusion of ASD in the modern era has demonstrated excellent efficacy with

procedural morbidity and mortality which compare favorably to operative closure of

ASD[2–5, 7–12, 25]. However, the occurrence of aortic erosion, a rare but potentially

catastrophic complication has inspired debate regarding the safety of device occlusion of

ASD. A review of known cases of aortic erosion implicated deficient retro-aortic rim (along

with device-to-defect oversizing) as a potential risk factor for aortic erosion[14]. It is

difficult to assess the contribution of deficient retro-aortic rim to risk, in part because its

prevalence in patients referred for device closure has not been well described. Detailed

echocardiographic assessment has not been included, to our knowledge, in studies of device

occlusion. One study by Butera and colleagues focusing on adult patients (median age: 29

years), measured the prevalence of deficient retro-aortic rim of 24%[26]. Petit and

colleagues, in a series of young children (<3 years of age) measured a prevalence of

59%[12], which is identical to that measured in this study (59% with 95% CI: 53–67%). It

should be highlighted that the current study includes subjects from infancy to adulthood. No

significant difference was demonstrated in the prevalence of deficient retro-aortic rim is

highly prevalent between children and adults, but the small number of adults in our series

limited the statistical power. In this study, an attempt was made to determine if deficient

retro-aortic rim was a risk factor for adverse outcomes across longitudinal follow-up and,

failing that, if there was evidence that it increased risk of precursors to aortic erosion.

Deficient retro-aortic rim did not represent a risk factor for our composite outcome of

technical failure or early major adverse events. Though not significant, the point estimate of
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its association with technical failure or major adverse outcome suggested that it was a

protective factor. There is no mechanism that suggests why this would be true. It is unlikely

the result of selection bias (e.g. excluding higher risk patients with deficient retro-aortic

rim), since the study includes periods before and after deficient retro-aortic rim was

considered a risk factor for bad outcome. The magnitude of left to right shunt (ratio of

pulmonary to systemic blood flow) was an independent risk factor for our composite

outcome. The magnitude of shunt was correlated with defect size (both on pre-procedural

and procedural echocardiograms (data not shown), and though the analysis was not designed

to assess for it, it appears that it is a risk factor for increase risk of technical failure or major

adverse outcome.

No aortic erosions (or other late adverse outcomes) occurred in our series, so the association

between erosion and deficient retro-aortic rim cannot be assessed from our data. Initial

reports proposed the risk of aortic erosion was 1 in 1000 cases[14], with estimates of risk in

the United States of 0.07–0.11% [27]. In this cohort, ASO devices were placed in 271

subjects (250 received single devices, 21 received either multiple ASO or ASO and another

device to occlude multiple ASD), illustrating the limitations of even relatively large single

center studies to address this issue.

However, utilizing the available serial echocardiograms in our series, we attempted to assess

potential risk factors for adverse outcomes, including device impingement on the aorta and

new or progressive aortic insufficiency. Impingement has not been shown to be a sufficient

or necessary cause for aortic erosion, but insofar as it indicates contact between the device

and the aorta it was felt to be a potential risk factor. Development or progression of aortic

insufficiency potentially indicates disruption of normal aortic valve function with ASD

device present. It has been noted following device occlusion of ASD in adults[15] but not

associated with increased risk of any specific clinical outcomes (mortality or specific

morbidity). The risk of new/progressive aortic insufficiency in our cohort was much lower

than that reported in a single study of adults who underwent device occlusion, and the

severity of resultant aortic insufficiency was qualitatively less. From the current study, we

can conclude that impingement occurs with and without deficient retro-aortic rim but more

frequently with deficient retro-aortic rim. Aortic insufficiency developed in subjects without

clear association to deficient retro-aortic rim or to device impingement. Further study is

necessary to determine if impingement contributes to the risk of erosion, and whether this is

a potentially modifiable risk factor. What is clear is that the causes of impingement and

progressive insufficiency may be complicated and that single anatomic measurements may

be insufficient to predict risk.

Limitations of the study

No late adverse events occurred, so, as noted, it has limited utility in determining the

association between deficient retro-aortic rim and these late outcomes. In addition, the

results are derived from a retrospective study at a single center and reflect practice patterns

at our institution. This limits our ability to comment on risk factors that are not observed

commonly. For example, Amin and colleagues identified device over-sizing (ratio of ASO

diameter to diameter of defect on balloon sizing > 1.5:1) as a potential risk factor for aortic
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erosion[14]. Only one subject in our cohort had an ASO to defect ratio >1.5:1. Another

limitation of this study is the presence of missing data. Echocardiograms were reviewable in

56% of subjects. Subjects with echocardiograms that were not reviewable had procedures in

an earlier period (preceding the adoption of digital recording and storage of studies at our

institution). It is unlikely that the prevalence of deficient retro-aortic rim changed over the

study period, and in an earlier era where deficient rim was not of clinical concern,

prevalence in treated subjects may have been even higher. Follow-up was also not uniform;

77% of subjects received outpatient follow-up within our clinic system. Subjects without

early clinical follow-up were not considered in calculations of risk for early adverse events.

To measure the time at risk for late adverse events in the cohort, both a total follow-up time

and a time from procedure to most recent clinic visit are included to provide conservative

and liberal bounds. For other analyses, subjects with missing data were eliminated from

analysis by case deletion. Finally, the low incidence of adverse outcomes introduces the

potential for type II error. Where possible, both p-values and confidence intervals have been

included to accurately reflect the magnitude of uncertainty in risk. Further studies from

multiple centers especially registry data would be valuable to overcome these limitations

and improve the generalizability of this study.

Conclusion

Deficient retro-aortic rim is highly prevalent in subjects referred for device occlusion of

ASD and to the best of our knowledge does not represent a risk factor for technical failure,

early adverse events, or development of aortic insufficiency.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ASD atrial septal defect

ASO Amplatzer septal occluder

HSO Helex septal occluder

IQR Inter-quartile range

CI confidence interval

OR odds ratio

Qp:Qs ratio of pulmonary to systemic blood flow
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RR relative risk or risk ratio
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Figure 1.
Study population
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Table 1

Study Population

N 445

Age (years) 5.9 (range: 0.8–80, IQR: 3.6–14.2)

Male sex 38% (n=171)

Race

 White 71% (315)

 African-American 10% (46)

 Asian, Pacific Islander, or Native Hawaiian 3% (16)

 Native American or Native Alaskan 0% (0)

 Other* 15% (68)

Weight (kg) 21.7 (range: 5.4–132.5, IQR: 15.2–52.7)

Height (cm) 116 (range: 54–194, IQR: 97.8–157)

BMI (kg/m2) 17 (range: 13–43, IQR: 14–21)

BSA (m2) 0.8 (range: 0.4–2.6, IQR: 0.6–1.5)

Genetic Syndrome % (n)† 6.7% (30)

Defect type

 Ostium secundum defect 79.3% (353)

 Multi-fenestrated atrial septal defect 9.0% (40)

 Residual ASD after operation for other CHD‡ 7.6% (34)

 Patent foramen ovale 3.2% (14)

 Other§ 0.9% (4)

Indication for procedure

 Elevated Qp:Qs (>=1.5:1) 72.1% (321)

 Volume overload of right ventricle and Qp:Qs<1.5¶ 17.3% (77)

 Right to left shunt 7.0% (31)

 Transient ischemic attack/Cerebrovascular accident# 3.1% (14)

 Other** 0.4 (2)

Other structural cardiac disease†† 7.5% (32)

Previous tachydysrhythmia‡‡ 3.2% (14)

Previous heart block§§ 0.9% (4(

Abbreviations: ASD atrial septal defect, BMI body mass index, BSA body surface area, CHD congenital heart disease, Qp:Qs ratio of pulmonary
to systemic blood flow, Median (range and inter-quartile range) or % (n)

*
Includes two or more races, deferred, or recorded as “other”

†
Trisomy 21 (n=10), chromosomal abnormality not otherwise specified (n=5), 22q11.2 deletion (n=2), Noonan’s Syndrome (n=2), Wolff-

Hirschorn (n=2), and mosaic trisomy 13, unbalanced translocation of chromosome, MSUD, CHAOS syndrome, Perlman Syndrome, Turner
Syndrome, 4q deletion, Soto’s syndrome, XXXXY (all n=1)

‡
Pulmonary atresia intact ventricular septum (n=12) tetralogy of Fallot (n=10), transposition of the great arteries status post arterial switch

operation (n=6), tetralogy of Fallot pulmonary atresia (n=2) hypertrophic cardiomyopathy s/p right ventricular outflow tract patch (n=1) partial
atrioventricular canal status post repair (n=1), ASD repair at outside hospital (n=1), interrupted aortic arch (n=1), surgical valvotomy of pulmonary
stenosis (n=1).

Pediatr Cardiol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

O’Byrne et al. Page 14

§
ASD following balloon septostomy (n=2), dehiscence of ASD patch in CCAVC (n=1), and residual defect after suture repair at outside hospital

(n=1)

¶
Includes 8 subjects with documented RV dilation and unretrievable Qp:Qs

#
One subject had Qp:Qs=1.5 in addition to previous CVA

**
Prophylaxis prior to transvenous device (n=1) and migraine headache (n=1)

††
Structural heart disease 15.1% (7.2% of which are ASD that were not left after operations) Ebsteins (n=12), PDA (n=10), restrictive VSD (n=5),

double aortic arch (n=1) pulmonary AVM (n=1), coronary to RPA fistula (n=1), valvar and subvalvar pulmonic stenosis (n=1), and PDA with VSD
(n=1).

Previous arrhythmia 4.0%

‡‡
Supraventricular tachycardia not otherwise specified (n=6), atrioventricular nodal reentrant tachycardia (n=4), long QT syndrome (n=2), ectopic

atrial tachycardia (n=1), and ventricular tachycardia (n=1).

§§
Congenital complete heart block (n=3) and first degree AV conduction delay (n=1)
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Table 2

Anatomy of defects (restricted to secundum ASD)

N 205*

Defect Size (mm)

 Subcostal frontal (n=205) 9.8 (range: 1.0–20.5, IQR: 7.5–12.2)

 Subcostal sagittal (n=202) 9.5 (range: 3.9–26.3, IQR: 7.7–12.1)

 Apical 4 chamber (n=195) 10.5 (range: 3.4–30.7, IQR: 8.3–13.1)

 Defect largest diameter on TEE (n=213) 10.0 (range: 0.8–28.0, IQR: 7.7–13.9)

 Diameter using stop-flow on catheterization report (n=322) 14 (range: 5–38, IQR: 12–19)

 Diameter using stop-flow measured on TEE (n=198) 14 (range: 4–42.6, IQR: 11.4–18.3)

Septum length (mm)

 Subcostal frontal (n=205) 38.8 (range: 11.2–65.5, IQR: 33.1–45.2)

 Subcostal sagittal (n=202) 38.0 (range: 16.8–63.3, IQR: 30.9–45.5)

 Apical 4 chamber (n=195) 33.9 (range: 12.2–60.4, IQR: 29.3–39.6)

Tissue Rim (mm)

 Right upper pulmonary vein (n=203) 12.4 (range: 3–27.4, IQR: 10.1–16.0)

 Superior vena cava (n=201) 13.1 (range: 4–30.2, IQR: 10.3–16.3)

 Inferior vena cava (n=201) 15.6 (range: 6.3–44.3, IQR: 13.3–19.5)

 Mitral valve (n=194) 12.7 (range: 5.4–32.0, IQR: 10.1–15.2)

 Retro-aortic (n=199) 4.2 (range: 0.8–15.3, IQR: 2.9–6.2)

Deficient retro-aortic rim % (n) 60% (120)

*
Those with digitally available procedural echocardiograms

Pediatr Cardiol. Author manuscript; available in PMC 2015 October 01.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

O’Byrne et al. Page 16

Table 3

Characteristics of catheterization procedures

N 445

Ruled anatomically inappropriate without device release % (n) 3.6% (16)

Deployed but removed (n=429) % (n) 4.0% (18)

Successful deployment (n=429) % (n)* 96% (411)

Devices used†

 Amplatzer septal occluder 60.5% (250)

 Helex septal occluder 24.2% (100)

 Amplatzer multi-fenestrated septal occluder 1.2% (5)

 Starflex device 9.0% (37)

 Multiple devices 5.1% (21)

Other cardiac procedures performed 7.2% (32)

 Other transcatheter intervention‡ 4.0% (18)

 Electrophysiology study 2.2% (10)

 Coronary angiography 0.7% (3)

Qp:Qs

 All subjects (n=427) 1.7 (Range: 0.4–5.2, IQR: 1.4–2.2)

 Only subjects with secundum ASD (n=342) 1.8 (Range: 0.7–5.2, IQR: 1.4–2.3)

Ratio of ASO diameter:ASD on stop-flow (n=250) 1.0 (Range 0.8–1.8, IQR: 1.0–1.1)

Ratio of ASO LA disc:septum (n=155) 0.7 (Range 0.4–1.3, IQR: 0.5–1.0)

Ratio of ASO RA disc:septum (n=155) 0.6 (Range: 0.3–1.1, IQR: 0.4–0.9)

Ratio of HELEX diameter: ASD on stop-flow (n=90) 2.1 (Range: 1.5–3.6, IQR: 1.7–3.6)

Ratio of HELEX diameter:septum (n=65) 0.6 (Range: 0.3–1.0, 0.4–1.0)

Radiation exposure

 Fluoroscopy Time (minutes) (n=359) 17.1 (range: 1.0–113.9, IQR: 12.1–27.8)

 Total Skin Dose A (milliGray) (n=110) 85.5 (range: 8.1–2334, IQR: 52.8–228)

 Total Skin Dose B (milliGray) (n=110) 61.4 (range: 4.3–3358, IQR: 26.3–145)

Dose Area Product A (microGray/m2) (n=107) 756.2 (range: 70.6–22838, IQR: 387.6–1796.7)

Dose Area Product B (microGray/m2) (n=107) 370.3 (range: 20.8–25111.5, IQR: 134.3–1034.2)

Abbreviations: ASO Amplatzer septal occluder device, IQR inter-quartile range, Qp:Qs ratio of systemic to pulmonary blood flow

*
There were no failures recorded using STARflex or Amplatzer cribiform devices. On attempts with either ASO or Helex devices the failure rate

was 4.2% (n=16) with success rate of 95.8% (n=368).

†
This number excludes cases in which multiple devices were deployed. These are described below.

‡
These included the following PA balloon or stent angioplasty (n=8), PDA occlusion (n=6), BT shunt occlusion (n=6), RVOT balloon angioplasty

(n=2)
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Table 3b

The use of multiple devices.

N 21

Device number % (n)

 Two 95% (20)

 Three 5% (1)

Multiple ASO* 76% (16)

Helex and ASO 14% (3)

Cribiform device and ASO 10% (2)

*
All were 2 ASO, except in 1 subject who received 3 ASO devices
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Table 4

Major and minor adverse events within 30 days of catheterization (n=319)

Event Risk (95% CI)

Major adverse event* 1.1% (0.4–2.6%)

 Device embolization 0.7% (0.1–2.0%)

 Major device malposition 0.4% (0.1–1.6%)

Minor adverse event

 Trivial residual shunt (1–3 mm) 10.2% (6.7–14.7%)

 >3mm residual shunt 0% (0–1.5%)

 Minor device malposition 0.9% (0.2–2.3%)

 Trivial pericardial effusion 5.7 % (3.2–9.4%)

 Hematoma 6.0% (3.7–9.3%)

 Transient atrioventricular block 0.6% (0.1–2.2%)

 Transient ectopic atrial tachycardia 0.6% (0.1–2.2%)

 Vascular injury 0.6% (0.1–2.2%)

 Headache 4.3% (2.4%–7.1%)

*
Major adverse events were defined as those requiring repeat catheterization or other intervention, as opposed to minor adverse events, which did

not require repeat catheterization or other intervention.
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Table 5

Multivariate analysis of candidate risk factors for composite outcome of technical failure or early major

adverse outcome

Risk factor
Bi-variable screening
Odds Ratio (95% CI) p

Multivariable Analysis
Odds Ratio (95% CI) p

Deficient retro-aortic rim 0.30 (0.09–1.06) 0.06 0.28 (0.08–1.01) 0.05

Age at catheterization 0.99 (0.93–1.04) 0.62

Age < 3 years 0.5 (0.06–3.66) 0.47

Height 1.01 (0.99–1.02) 0.48

Weight 1.00 (0.99–1.02) 0.61

Qp:Qs 2.0 (1.1–3.4) 0.02 2.57 (1.22–5.40) 0.01

Mean PA pressure 1.06 (0.96–1.2) 0.27

Defect Size

 Frontal 1.1 (0.96–1.3) 0.15

 Sagittal 1.1 (0.94–1.27) 0.27

Defect size on balloon sizing 1.13 (1.05–1.21) 0.001

Septal length

 Frontal 1.06 (0.99–1.12) 0.08

 Sagittal 1.03 (0.97–1.09) 0.36

Ratio of defect size to septal length 0.6 (0.00–660) 0.9

Defect size: BSA 0.98 (0.87–1.09) 0.67

Defect size: weight 0.44 (0.04–4.6) 0.49

Abbreviations: BSA body surface area, CI confidence interval, Qp:Qs ratio of pulmonary to systemic blood flow

Point-estimates, confidence intervals, and p-values for bi-variable screening are summarized. Those that met screening criteria (p<0.2) are
italicized and were included in an initial multivariable model. Backwards selection was used to refine the model, based on stated criteria. The
resultant final model is summarized in the columns for multivariable analysis.
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