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Abstract Device closure of atrial septal defect (ASD) is

commonly performed in older children and adults. Infants

and toddlers (age \4 years) are seldom referred for ASD

closure due to size constraints. However, in many cases

device ASD closure can be performed in this population.

Between 2002 and 2012, 61 infants and toddlers were taken

to the catheterization laboratory at our institution for ASD

closure. Precatheterization transthoracic echocardiograms,

intracatheterization transesophageal echocardiograms, and

catheterization reports were reviewed. Fifty-three infants

and toddlers presented for percutaneous ASD occlusion.

Forty-eight (79 %) underwent successful closure, and 13

were referred for surgery without device attempt (n = 8) or

after unsuccessful device occlusion (n = 4). Median age

and weight at time of ASD closure were 2.99 years (range

0.3–3.8) and 11.7 kg (range 3.7–16.5). The device-to-sep-

tal length ratio was 0.81 (range 0.44–1.03). The 12

unsuccessful cases occurred in patients with larger defects

(ASD diameter 17.5 ± 6.1 vs. 12.1 ± 4.2, p \ 0.01).

Deficient rims (absent or B4 mm) were seen in 9 of 12

(75 %) unsuccessful cases and in 19 of 41 (46 %) suc-

cessful cases (p = 0.12). Multivariate analysis showed that

patient size and ASD size were not independently associ-

ated with procedural success but that ASD size-to-patient

weight ratio \1.2 (hazard ratio 9.5 [range1.7–17]) was

associated with successful ASD closure. ASD device

occlusion can be safely achieved in small children. An

ASD size-to-patient weight ratio[1.2, not absolute patient

weight or age, is associated with failure of the percutane-

ous approach. The midterm outcomes in these young

patients are excellent.
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Device occlusion of ostium secundum atrial septal defect

(ASD) has been successfully undertaken since King and

Mills first described their approach in 1976 [13]. Refine-

ments and miniaturization of devices and delivery systems

have made ASD closure by way of device a routine pro-

cedure in older patients. Normally, device closure of ASD

is reserved for older children, adolescents, and adults for

both anatomic and physiologic reasons. Larger patients

with centrally located defects represent the typical popu-

lation presenting for device closure. Infants and toddlers

(age \4 years) with ASDs are often observed until they

have grown to acceptable size to allow for device closure.

There are occasions, however, where device closure of

ASD in infants and toddlers is contemplated [11]. Young

patients are rarely symptomatic from isolated ASD, yet

infants with left heart obstruction may present with sig-

nificant pulmonary overcirculation and congestive heart

failure [19]. Infants with significant lung disease, e.g.,

former premature infants with chronic lung disease, may

benefit from early elimination of left-to-right shunt [14,

16]. Finally, infants who undergo cardiac catheterization

for other interventions may be considered for concomitant

ASD device closure. Limited data exist regarding the fea-

sibility of transcatheter ASD closure in infants and tod-

dlers, and there are no data assessing factors associated

with inability to close ASDs in this population [7, 24]. We

evaluated the outcomes from our institutional experience

with transcatheter ASD closure in patients\4 years of age.

C. J. Petit (&) � H. Justino � R. H. Pignatelli �
M. A. Crystal � W. A. Payne � F. F. Ing

Lillie Frank Abercrombie Section of Cardiology,

Texas Children’s Hospital, Baylor College of Medicine,

Houston, TX 77030, USA

e-mail: cp31971@yahoo.com; petit@bcm.edu

123

Pediatr Cardiol (2013) 34:220–225

DOI 10.1007/s00246-012-0413-6



We focused not only on cases of successful closure of the

ASD but also on cases in which ASD closure was

attempted or contemplated but found to be imprudent or

impossible.

Methods

Patient Population

A retrospective review was performed that included all

patients \4 years of age with ostium secundum ASD

referred to the cardiac catheterization laboratory between

January 1, 2002, and March 31, 2012. Primary indication

for ASD closure was reviewed for each patient. Transtho-

racic echocardiograms immediately preceding catheteriza-

tion were retrospectively reviewed (R. H. P.) for

measurement of total septal length (TSL) as measured by

apical four-chamber view. Patient characteristics at the

time of catheterization (age, sex, weight, and body surface

area [BSA]) were recorded. All patients underwent trans-

esophageal echocardiogram (TEE) after induction of gen-

eral endotracheal anesthesia but before placement of

intravascular sheaths. TEE assessment was used for ASD

size, which was defined as the maximal dimension of the

ASD in any plane. Deficient atrial septal rim was defined as

absence of any rim or an atrial rim \4 mm in length.

Balloon-sized measurement of the ASD was also recorded

for patients who underwent catheterization.

Procedural details from the catheterization, including

sheath size, procedural complications, and success of ASD

device–occlusion, were recorded. Concomitant interven-

tions at the time of catheterization were noted. Type of

ASD occlusion device was also noted. At our institution

during the study period, only the Amplatzer Septal

Occluder (ASO; Medtronic, St. Paul, MN) and the Helex

device (Gore, Flagstaff AZ) were used for ASD closure.

For patients who underwent device closure of the ASD, late

outcomes, including length of follow-up, late complica-

tions (erosion, embolization, etc.), need for cardiac surgery,

and survival, were reviewed.

Statistical Analysis

Patients were divided into two groups: Group 1 comprised

patients who underwent device-closure of the ASD and

were discharged from the catheterization laboratory with a

closed ASD, and group 2 comprised patients who, after

TEE, were referred to surgery after coming to the cathe-

terization laboratory. Group 2 patients underwent TEE ±

catheterization and attempted device placement. Patients

with unfavorable anatomy (e.g., absent posterior septal

rim), in whom no sheaths were placed, were also included

in group 2. The anatomic and patient-specific characteris-

tics of the two groups were compared. For continuous

variables, Student t test was performed; for categorical

variables, Chi-square test was performed. Binary logistic

regression was performed for multivariate analysis of fac-

tors and variables that showed p \ 0.15 on univariate

analysis. A p value \0.05 was considered statistically

significant. SPSS (IBM, Chicago, IL) version 19.0 was

used for analysis. The Institutional Review Board of Baylor

College of Medicine approved this study.

Results

A total of 61 children \4 years of age presented to our

institution for possible ASD closure between 2002 and

2012. The median age and weight of the patients were

2.9 years (range 0.3–3.8) and 11.8 kg (range 3.5–16.5),

respectively (Table 1). Of these 61 patients, 22 (36 %)

presented for other interventions primarily. The primary

indication for catheterization was right-ventricular (RV)

enlargement in 21 patients, failure to thrive in 4, chronic

lung disease or frequent pulmonary exacerbations in 16,

and other cardiac intervention in 21 patients (Table 1).

TEE was performed in all patients. The median ASD

dimension was 13.0 mm (range 4–26), whereas the median

balloon-stretched dimension was 14.8 mm (range 5.7–28).

The median pulmonary-to-systemic flow (Qp:Qs) ratio was

1.9 (1.1–4.3) among the entire cohort.

A total of 48 patients (79 %) underwent successful

occlusion of the ASD after TEE and hemodynamic cathe-

terization. Nine patients had their ASD closed with a Helex

device (Gore Medical, Flagstaff, AZ) device; one patient

underwent occlusion with a CardioSEAL device (NMT

Medical, Boston, MA); and the remaining 38 patients

underwent closure with an ASO device (Medtronic,

St. Paul, MN). Table 1 lists procedural details for the 48

patients who underwent device closure of their ASD. After

ASD closure, these 48 patients were followed-up for 1.7

(range 0.1–7.1) years. In a small infant with pulmonary

hypertension, the ASD device embolized to the left ven-

tricle within 24 h. This device was surgically retrieved and

the ASD closed surgically. The remaining 47 patients had

uncomplicated postcatheterization courses. On latest

echocardiogram, no residual shunting was noted across the

ASD in all patients. There have been no instances of ero-

sions or other complications after ASD closure. No patient

required cardiac surgery after successful ASD closure.

After TEE, 13 patients were referred for surgical closure

of the ASD; 5 patients were referred after TEE alone; and 8

patients underwent TEE and catheterization for balloon

sizing of the ASD. Five of the 13 patients had an attempt at

ASD device closure; in all 5 cases, the device was
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withdrawn due to unfavorable appearance on TEE. Ten of

the 13 patients underwent surgical closure 82 days (range

15–369) after catheterization. Three patients await surgical

closure.

The group who underwent successful ASD closure

(group 1) was compared with the group (n = 13) who did

not undergo device ASD closure (group 2). Table 2 lists

the anatomic characteristics of the patients, including

comparison of the 48 successful ASD-closure cases with

the 13 unsuccessful-closure cases. Although the patients in

both groups were of similar age, weight, and BSA, the

ASD was significantly larger in the unsuccessful cases at

16.2 ± 5.6 mm compared with 12.8 ± 4.1 mm in the

successful cases (p \ 0.01). Furthermore, although TSL

was similar between groups, the ASD-to-TSL ratio was

significantly higher in the unsuccessful group at

0.53 ± 0.14 compared with 0.33 ± 0.11 for the successful

group (p = 0.001) (Fig. 1). ASD size relative to BSA and

patient weight was also greater in unsuccessful cases

(Fig. 2). Of the group 1 patients, 88 % had an ASD-to-

weight ratio\1.2 compared with only 17 % of the group 2

patients (p \ 0.01). Multivariate analysis (Table 3) showed

that ASD-to-weight ratio \1.2 was associated with signif-

icantly higher rate of successful device closure (hazard

ratio [HR] 9.5, p \ 0.01). Reflecting the difference in

defect dimensions, for group 2 patients the anticipated

device size (left atrial disc dimension) was larger than TSL,

whereas for group 1 patients, the maximal device dimen-

sion (LA disc dimension) was less than or equal to TSL

(Fig. 3).

There were 8 patients who weighed\10 kg in the entire

cohort. Of these patients, 6 (75 %) underwent successful

closure compared with 79 % of patients who weighed

[10 kg at the time of catheterization (p = 0.785). Simi-

larly, there were 9 patients \2 years of age at the time of

ASD closure attempt, and 7 (78 %) had successful ASD

device closure compared with 41 of 52 (79 %) patients

[2 years of age (p = 0.942).

Discussion

Device closure of ASDs was initially attempted in 1976

when the King–Mills device was described [13]. Due to the

size of delivery systems inherent to early devices, percu-

taneous closure of ASDs was reserved for older children

and adults in the early experience. The King–Mills device

used a 23F delivery ‘‘baton,’’ whereas the first Rashkind

ASD device used a 16F delivery system [18, 20]. After the

ASO device was approved by the United States Food and

Drug Administration, an ASD device was now available

that could be delivered through a 6F to 11F delivery system

[6]. This miniaturization has helped make commonplace

transcatheter ASD closure in children [12, 22].

With broader application of this procedure, there has

been a natural trend toward closing defects in more chal-

lenging clinical scenarios, including both larger defects and

defects in increasingly smaller patients. Lim et al. reported

successful device closure in a 2.8-kg premature infant with

bronchopulmonary dysplasia [16]. There have been a

number of other reports of ASD closure in young children

and infants [3, 5, 10, 24]. Our study adds to the collective

experience that documents the feasibility of device closure

of ASDs in small children. During follow-up, we found no

late complications despite the fact that the device-to-TSL

ratio approached and exceeded 1.0 in some cases. We also

reviewed the instances in which ASDs were not device-

closed in this population. We found that patient age and

weight are not important factors in determining probability

of success of device closure. Rather, the size of the ASD

relative to patient weight and TSL are the most important

factors when considering the likelihood of successful

device implantation.

The majority of infants and toddlers are asymptomatic

when an isolated moderate-sized ASD is present [1, 4]. In

this case, the cardiologist may allow these patients to grow

until later childhood, when cardiac catheterization and

ASD closure can be performed with fewer challenges.

Table 1 Patient characteristics

Patient age (range) at catheterization (y) 2.9 (0.3–3.9)

Patient weight (range) at catheterization (kg) 11.7 (3.5–17.5)

BSA (m2) (range) 0.60 (0.21–0.74)

Female (%) 30 (58)

Indications for closure

Other intervention at time of catheterization (%) 22 (36)

Pulmonary valvuloplasty 8

PDA closure 6

Branch pulmonary artery dilation 2

EP ablation 2

Other intervention 4

Lung disease/prematurity 9

Failure to thrive/overcirculation 4

RV enlargement C moderate 51

Procedural details (range)

ASD dimension (unstretched) by TEE 13 (4–26)

ASD dimension (balloon-stretched) by TEE 15 (5.7–28)

Sheath size (F) 8 (6–11)

ASD closure (n = 48) (%)

ASO 38 (79)

Helex device 9 (19)

CardioSEAL device 1 (2)

ASD-to-TSL ratio (range) 0.8 (0.4–1.1)

Device-to-ASD dimension ratio (range) 1.25 (0.8–3.1)
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There are cases, nonetheless, in which early closure of

ASD may be indicated. Infants with isolated secundum

ASDs may experience congestive heart failure and fail to

thrive [2, 11]. Particularly in the setting of left heart

obstruction, medical management of ASD in infants may

be insufficient to relieve heart failure [17, 19]. In these

patients, the decrease in RV volumes is accompanied by

improved left-ventricular volumes [8, 11].

Nearly 20 % of our cohort had a history of prematurity

and chronic lung disease as the primary indication for ASD

closure. A number of studies have shown that elimination

of atrial-level shunting improves lung function [15, 25].

Zaqout et al. showed that forced vital capacity (FVC) and

forced expired volumes (FEV1) improve early after ASD

closure and that this improvement is more rapid in patients

undergoing percutaneous compared with surgical closure

Table 2 Group 1 and group 2 characteristics

Characteristics ASD closed

successfully

(group 1)

N = 48

ASD referred to

surgery (group 2)

N = 13

P

Age 3.0 ± 0.9 2.8 ± 1.2 0.91

Weight 11.8 ± 3.1 11.5 ± 4.1 0.80

BSA 0.58 ± 0.11 0.56 ± 0.14 0.61

Qp:Qs ratio 2.1 ± 0.7 2.4 ± 0.7 0.21

Mean PA pressure

(mm Hg)

18.0 ± 5.1 17.4 ± 6.8 0.83

ASD size (mm) 12.1 ± 4.2 17.5 ± 6.1 \0.01

ASD balloon-

stretched size (mm)

14.1 ± 4.0 20.6 ± 6.3 0.03

Deficient rim (%) 26 (54) 10 (77) 0.09

TSL (mm) 34.5 ± 4.6 34.6 ± 5.8 0.96

ASD-to-TSL ratio 0.34 ± 0.11 0.53 ± 0.14 \0.01

ASD-to-weight ratio 0.90 ± 0.34 1.43 ± 0.74 \0.01

ASD-to-BSA ratio 20.5 ± 6.6 32.1 ± 10.4 \0.01

ASD-to-weight ratio

\1.2 (%)

36 (88) 2 (17) \0.01

Fig. 1 Boxplot represents the ASD dimension-to- TSL ratio between

the group in which the ASD was successfully closed (group 1) and the

group referred for surgical closure (group 2). The ASD-to-TSL ratio

was significantly lower in the successful-closure group (p \ 0.01)

Fig. 2 Scatterplots show the correlation between relative size of the

ASD and success of ASD device closure. a Scatterplot of ASD (mm)-

to-weight (kg) ratio There is an inverse relationship between ASD-to-

weight ratio and probability of successful device closure. The dotted

line indicates a ratio of 1.2. The majority of unsuccessful cases (10 of

12) had a ratio[1.2. b Scatterplot of ASD-to-BSA ratio, which shows

that the probability of successful device closure is higher in patients

with a lower ratio. The patients referred for surgical ASD closure

(group 2) had a median ASD-to-BSA ratio of 32.6
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[25]. Lee et al. reported that among a cohort of 55 children

with mean age 9.5 years, FVC and FEV1 improved within

3 days of device closure, and improvements in pulmonary

function continued 6 months after the procedure [15]. In

this cohort, patients with pulmonary hypertension were less

likely to exhibit significant improvement. Eerola et al.

found that hemodynamic benefits of ASD closure occurred

more quickly in children undergoing percutaneous occlu-

sion [9].

Premature infants with chronic lung disease may have

significant benefit from ASD closure. Lammers et al.

showed that surgical repair of isolated ASDs improved

clinical scores in small infants with median weight \5 kg

having severe bronchopulmonary dysplasia, prematurity,

and pulmonary hypertension [14]. In that cohort, all infants

were in congestive heart failure, and the majority were

long-term inpatients due to respiratory disease. After sur-

gical closure, all but one patient were discharged.

Among our cohort, 34 % of our patients were considered

for ASD closure as part of another primary cardiac

intervention. Combining multiple interventions in a single

catheterization affords these patients benefits [23]. For these

patients, device occlusion of the ASD obviated the need for a

second interventional procedure. Interestingly, we were able

to achieve technical success in patients with deficient or

absent rims. Rastogi et al. reviewed factors associated with

successful device implantation for children and adults with

ASDs and found that deficient rims and device-to-ASD ratio

\1.125 or[1.33 were risk factors for complications in that

group [21]. In our cohort, device success was achieved

among a wide range of device-to-ASD ratios. The critical

factor associated with success of device closure was relative

ASD size to patient weight and TSL. Possible explanations

for the difference in factors include the different popula-

tions—our study involved only young children\4 years of

age, whereas the Rastogi cohort mean age was 23 years—

and the fact that our practice rarely brings patients to the

laboratory for possible closure when two or more septal rims

appear deficient or absent.

Our study is limited by its retrospective nature and rela-

tively small cohort. The follow-up available was likewise

limited. Nevertheless, our study shows that device closure is

feasible in this population of young children. The operator

should be aware of the size of the ASD in relation to TSL and

the weight of the patient when counseling families antic-

ipating possible device closure. When the ASD size is[1.2

times the patient’s weight (in kilograms), the likelihood of

success of device closure decreases significantly. With

careful preselection, this procedure offers significant benefit

to infants and toddlers with important lung disease or who

are undergoing other catheter-based interventions.
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