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studies provide inconsistent conclusions and often include 
only limited outcomes. Thus, this study was conducted to 
identify published data regarding complete repair of tetral-
ogy of Fallot in the neonatal and non-neonatal periods, 
evaluate the data, and pool the data to provide a summary 
of the outcomes associated with the two approaches.

Methods

Endpoints

A systematic review of the literature was performed to 
identify manuscripts describing comparisons between 
patients with tetralogy of Fallot who underwent complete 
repair in the neonatal period and those who underwent 
repair later in infancy (non-neonatal repair) after a neona-
tal systemic to pulmonary artery shunt. This was a newly 
conducted review with no previous review protocol having 
been established for it. The meta-analysis was conducted 
per the PRISMA checklist. The aim of the study was to 
compare outcomes associated with complete repair in the 
neonatal or non-neonatal period. The continuous vari-
ables assessed include bypass time, cross-clamp time, deep 
hypothermic circulatory arrest time, hospital length of stay, 
intensive care unit length of stay, and duration of ventila-
tion. The dichotomous variables assessed were need for 
transannular patch, need for homograft or conduit, delayed 
sternal closure, postoperative extracorporeal membrane 
oxygenation (ECMO), postoperative arrhythmias requiring 
pharmacologic therapy or external pacing, postoperative 
pacemaker implantation for atrioventricular block, need for 
catheterization during follow-up, need for reoperation dur-
ing follow-up, and mortality during follow-up.

Abstract  It is unclear if neonatal tetralogy of Fallot 
repair offers better outcomes compared to repair later in 
infancy. We therefore conducted a meta-analysis compar-
ing outcomes of neonatal and non-neonatal repair. Manu-
scripts were identified and reviewed for quality and bias 
with favorably scored manuscripts being included in the 
final meta-analysis. Several perioperative and postoperative 
variables were compared. A total of 8 studies with 3858 
patients were included in the analysis. Of these patients, 
19% underwent neonatal repair. Neonatal repair was asso-
ciated with increased mortality, longer intensive care unit 
stays, and longer total hospital length of stay.

Keywords  Tetralogy of fallot · Repair · Timing · 
Neonatal · Hypoxia · Cyanosis

Introduction

Despite the vast experience and great success achieved 
with the surgical repair of tetralogy of Fallot, it is still 
unclear which management strategy is optimal for sympto-
matic neonates: complete repair in the neonatal period or 
placement of a palliative shunt followed by complete surgi-
cal repair in the non-neonatal period. The approach taken is 
often based on individual and institutional experience and 
bias, as there are no large prospective, randomized reports 
addressing this issue. Results of previous retrospective 

 *	 Rohit S. Loomba 
	 loomba.rohit@gmail.com

1	 Division of Cardiology and Cardiothoracic Surgery, 
Children’s Hospital of Wisconsin/ Medical College 
of Wisconsin, 9000 Wisconsin Avenue, Milwaukee, 
WI 53226, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s00246-017-1579-8&domain=pdf


894	 Pediatr Cardiol (2017) 38:893–901

1 3

Manuscript Search and Identification Strategy

Manuscripts were identified using electronic databases 
including PubMed, EMBASE, and Ovid which were que-
ried using the following search terms: “tetralogy of fallot” 
in conjunction with “repair,” “neonatal,” “palliation,” or 
“surgery.” Only studies in English language were included 
for analysis. No specific restriction on year of publication 
was used. Resulting studies were then screened by title and 
abstract with manuscripts describing repairs of tetralogy of 
fallot retrieved in their entirety. References of these stud-
ies were then hand searched for additional relevant manu-
scripts. No direct contact with manuscript authors was 
made to obtain full text manuscripts or data in case they 
were not available online.

The full text manuscripts were then reviewed and 
assessed for quality. The Cochrane Handbook for System-
atic Review of Interventions was used for quality evalu-
ation. Published manuscripts available in full text were 
included in this review if they presented data from stud-
ies comparing neonatal and non-neonatal repair of tetral-
ogy of Fallot. Studies were included in this analysis if they 
included at least one of the outcomes identified above.

Data Extraction

Data regarding baseline patient characteristics and out-
comes were extracted from the manuscripts identified for 
inclusion. Trial level data were extracted with use of a data 
collection form. The data extraction was repeated twice to 
ensure integrity of the resulting data.

Bias Analysis

Bias in the included studies was assessed using the Tool to 
Assess Risk of Bias in Cohort Studies. Specifically, patient 
selection, exposure assessment, and outcome assessment 
were assessed using this scale in addition to other elements.

Data Analysis

Numeric data are presented as means with standard devia-
tions or medians with ranges. Categorical data are pre-
sented as frequencies with absolute numbers as well as 
percentages. Meta-analysis and forest plot creation were 
done using RevMan 5.3(Cochrane Collaboration, Oxford, 
UK). A Mantel–Haenszel model was used for dichotomous 
outcomes and standardized mean difference for continu-
ous outcomes. Results are presented as pooled odds ratios 
with 95% confidence intervals or as mean difference where 
appropriate. Heterogeneity between studies was identi-
fied using χ2 and I2 tests. For outcomes with no signifi-
cant heterogeneity present, a fixed effects model was used. 

Otherwise a random effects model was used if either the p 
value was significant or the I2 statistics was >50%. p values 
of ≤0.05 were considered statistically significant.

In the situation where a patient underwent placement 
of a systemic to pulmonary artery shunt before complete 
repair, data from the shunt was not taken into considera-
tion. All durations and outcomes are reported with respect 
to the hospital admission associated with complete repair.

Sensitivity analyses was performed based on study 
weight. Metaregression was performed based on study size, 
age at surgery, ductal dependency, presence of symptoms, 
and presence of a syndrome. These were conducted on each 
endpoint separately except for deep hypothermic circula-
tory arrest time, need for homograft or conduit, and postop-
erative need for ECMO as these had few included studies.

Publication bias was assessed quantitatively using the 
Egger test. Outcomes for which the 95% confidence inter-
val of the Egger test did not include 0 were deemed to have 
publication bias present.

Results

Study Characteristics

Initial search yielded 2876 manuscripts after dupli-
cates were removed. After reviewing the study titles and 
abstracts, full text manuscripts were obtained for 37 stud-
ies. Of these 37 studies, 29 studies were excluded because 
either they did not report data regarding the outcomes of 
interest or they did not compare neonatal to non-neonatal 
repair. Eight studies were included in the final analysis 
(Fig.  1) [1–8]. There were a total of 3858 patients across 
these studies with 724 (19%) having undergone neona-
tal repair and 3134 (81%) having undergone non-neonatal 
repair (Fig. 1).

Baseline characteristics were not uniformly reported 
across all studies. For example, gender was only reported in 
one study. Age at neonatal repair was 8–10 days compared 
to 60–220 days in the non-neonatal group. A majority of 
those undergoing neonatal repair were ductal dependent, 
and nearly all of them were classified as being sympto-
matic. Approximately 20–40% of patients in both groups 
had an underlying syndrome (Table 1).

Low level of bias was found in all studies as deter-
mined by the Tool to Assess Risk of Bias in Cohort Studies 
(Table 2).

Bypass Time

There was no significant difference in bypass times between 
the two groups (standard mean difference 0.004, 95% con-
fidence interval −0.208 to 0.215). This was based on a total 
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of 5 studies with 203 patients in the neonatal group and 251 
in the non-neonatal group [1–3, 6, 7]. An I2 value of 37% 
demonstrated insignificant heterogeneity, and thus a fixed 
effects model was used. Publication bias was not present 
(Egger intercept −9.58, 95% confidence interval −25.36 to 
6.21, p value 0.149) (Fig. 2).

Cross‑Clamp Time

There was no significant difference in cross-clamp 
times between the two groups (standard mean difference 
0.118 min, 95% confidence interval −0.106 to 0.355). Data 
from 4 studies with 157 patients in the neonatal group and 

231 in the non-neonatal group were pooled for the analysis 
of cross-clamp time [1, 2, 6, 7]. An I2 value of 45% demon-
strated insignificant heterogeneity, and thus a fixed effects 
model was used. Publication bias was not present (Egger 
intercept −0.87, 95% confidence interval −12.13 to 10.40, 
p value 0.822) (Fig. 2).

Deep hypothermic Circulatory Arrest Time

There was no significant difference in the deep hypo-
thermic circulatory arrest time (standard mean differ-
ence 0.084, 95% confidence interval −0.266 to 0.435). 
Data on deep hypothermic circulatory arrest time were 

Fig. 1   Study methodology
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available from two studies [3, 7]. While this does not 
allow for a meaningful pooled analysis, the data are 
presented to characterize this outcome. An I2 value of 
67% demonstrated significant heterogeneity, and thus 
a random effects model was used. Due to presence of 
only two studies, publication bias could not be assessed 
(Fig. 2).

Duration of Ventilation

There was no significant difference in duration of venti-
lation between the two groups (standard mean difference 
0.833, 95% confidence interval −0.351 to 2.017). Data 
from 5 studies with 506 patients in the neonatal group 
and 516 in the non-neonatal group were pooled for the 
analysis of ventilation time [1, 2, 5–7]. An I2 value of 
98% demonstrated significant heterogeneity, and thus 
a random effects model was used. Publication bias was 
present (Egger intercept −13.66, 95% confidence inter-
val −27.17 to −0.015, p value 0.048) (Fig. 2).

Intensive Care Unit Length of Stay

There was a significant difference in duration of inten-
sive care unit length of stay between the two groups 
(standard mean difference 1.181, 95% confidence interval 
0.329–2.032). Data from 5 studies with 506 patients in the 
neonatal group and 516 in the non-neonatal group were 
pooled for the analysis of intensive care unit length of stay 
[1, 2, 5–7]. An I2 value of 95% demonstrated significant 
heterogeneity, and thus a random effects model was used. 
Publication bias was not present (Egger intercept −6.38, 
95% confidence interval −19.04 to 6.29, p value 0.207) 
(Fig. 2).

Total Length of Hospital Stay

There was a significant difference in length of hospital 
stay between the two groups (standard mean difference 
1.466, 95% confidence interval 0.368–2.563). Data from 
5 studies with 506 patients in the neonatal group and 516 
in the non-neonatal group were pooled for the analysis of 

Table 1   Characteristics of included studies

Study Year Patient number Age at repair (days) Ductal dependent Symptomatic Presence 
of syn-
drome

Woldu et al. 2014
 Neonatal 36 8.5 ± 2.0 24 (67) – 6 (17)
 Non-neonatal 127 136 ± 42.7 31 (24) – 43 (34)

Kanter et al. 2010
 Neonatal 20 9.7 ± 7.9 16 (80) 20 (100) 7 (35)
 Non-neonatal 16 216 ± 99 10 (63) 16 (100) 6 (38)

Kolcz et al. 2005
 Neonatal 46 8.4 ± 8.0 12 (26) 14 (30) –
 Non-neonatal 20 84.4 ± 65.3 0 (0) 6 (30) –

Reddy et al. 1995
 Neonatal 10 11.8 ± 7.0 10 (100) 10 (100) 2 (20)
 Non-neonatal 9 64.3 ± 14.2 0 (0) 3 (33) 0 (0)

Steiner et al. 2015
 Neonatal 349 – – – –
 Non-neonatal 285 – – – –

Tamesberger et al. 2008
 Neonatal 25 – 5 (20) 25 (100) –
 Non-neonatal 65 – 0 (0) – –

Pigula et al. 1990
 Neonatal 76 – – – –
 Non-neonatal 23 – – – –

Al Habib et al. 2010
 Neonatal 162 – – – –
 Non-neonatal 2589 – – – –
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total length of stay [1, 2, 5–7]. An I2 value of 97% dem-
onstrated significant heterogeneity, and thus a random 
effects model was used. Publication bias was not present 
(Egger intercept −9.58, 95% confidence interval −25.36 
to 6.21, p value 0.149) (Fig. 2).

Use of Transannular Patch

There was a significant difference in need for transannu-
lar patch between the two groups (odds ratio 3.078, 95% 
confidence interval 1.265–7.493). Data from 5 studies 

Table 2   Bias assessment of included studies

Woldu et al. Kanter et al. Kolcz et al. Reddy et al. Steiner et al. Tamesberger 
et al.

Pigula et al. Al Habib et al.

Was selection 
of exposed 
and non-
exposed 
cohorts drawn 
from the same 
population?

Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes

Can we be con-
fident in the 
assessment of 
exposure?

Probably yes Definitely yes Probably yes Probably yes Probably yes Definitely yes Probably yes Probably yes

Can we be 
confident that 
the outcome 
of interest was 
not present at 
start of study?

Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes

Did the study 
match 
exposed and 
unexposed 
for all vari-
ables that are 
associated 
with the 
outcome of 
interest or did 
the statistical 
analysis adjust 
for these 
prognostic 
variables?

Definitely yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes

Can we be con-
fident in the 
assessment of 
the presence 
of prognostic 
factors?

Probably yes Definitely yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes

Can we be con-
fident in the 
assessment of 
outcome?

Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes

Was the follow-
up of cohorts 
adequate?

Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Definitely yes Probably yes

Were co-inter-
ventions simi-
lar between 
groups?

Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes Probably yes
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with 289 patients in the neonatal group and 2817 in the 
non-neonatal group were pooled for the analysis of need 
for transannular patch [1–3, 6, 8]. An I2 value of 74% 
demonstrated significant heterogeneity, and thus a ran-
dom effects model was used. Publication bias was not 
present (Egger intercept −0.70, 95% confidence interval 
−6.69 to 5.29, p value 0.734) (Fig. 3).

Use of Homograft or Conduit

There was no significant difference in the odds of need-
ing a homograft or conduit between the two groups 
(odds ratio 1.059, 95% confidence interval 0.536–2.094). 
Data from 2 studies with 198 patients in the neonatal 
group and 2716 in the non-neonatal group were pooled 
for the analysis of need for homograft or conduit [1, 8]. 
An I2 value of 0% demonstrated no significant heteroge-
neity and thus a fixed effects model was used. Publica-
tion bias could not be assessed (Fig. 3).

Delayed Sternal Closure

Data from only 3 studies with 55 patients in the neonatal 
group and 90 in the non-neonatal group were pooled for 
the analysis of delayed sternal closure [2, 4, 6]. While this 
does not allow for a meaningful pooled analysis, the data 
are presented to simply characterize the endpoint. An I2 
value of 0% demonstrated no significant heterogeneity and 
thus a fixed effects model was used. There was a signifi-
cant increase in the odds of delayed sternal closure associ-
ated with neonatal repair (odds ratio 3.580, 95% confidence 
interval 1.002–12.785). Publication bias was not present 
(Egger intercept −1.92, 95% confidence interval −26.66 to 
22.82, p value 0.504) (Fig. 3).

Postoperative Extracorporeal Membrane Oxygenation 
(ECMO)

There was no significant increase in the odds of postopera-
tive extracorporeal membrane oxygenation associated with 
neonatal repair (odds ratio 1.968, 95% confidence interval 
0.849–4.564). Data from only 8 studies with 562 patients 
in the neonatal group and 2556 in the non-neonatal group 

Fig. 2   Forest plot demonstrat-
ing results of continuous vari-
ables in the meta-analysis

Fig. 3   Forest plot demonstrat-
ing results of dichotomous vari-
ables in the meta-analysis
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were pooled for the analysis of need for postoperative 
ECMO [1–8]. An I2 value of 20% demonstrated no signifi-
cant heterogeneity, and thus a fixed effects model was used. 
Publication bias could not be quantified as only 2 of the 
8 included studies had non-zero values (Fig.  3). Overall, 
4% of those in the neonatal group required extracorporeal 
membrane oxygenation compared to 0.3% in the non-neo-
natal group.

Significant Postoperative Arrhythmias

There was a significant difference in the odds of postop-
erative arrhythmias between the two groups (odds ratio 
1.777, 95% confidence interval 1.265–7.493). Data from 4 
studies with 289 patients in the neonatal group and 2817 
in the non-neonatal group were pooled for the analysis of 
postoperative arrhythmias requiring pharmacologic therapy 
or external pacing [3–6]. An I2 value of 74% demonstrated 
significant heterogeneity, and thus a random effects model 
was used. Publication bias was not present (Egger inter-
cept −0.70, 95% confidence interval −6.69 to 5.29, p value 
0.734) (Fig. 3).

Postoperative Pacemaker Implantation 
for Atrioventricular Block

There was no significant difference in the odds of postop-
erative pacemaker implantation for atrioventricular block 
between the two groups (odds ratio 1.838, 95% confi-
dence interval 0.628–5.382). Data from 8 studies with 562 
patients in the neonatal group and 2556 in the non-neonatal 
group were pooled for the analysis of pacemaker implan-
tation for atrioventricular block [1–7]. An I2 value of 0% 
demonstrated significant heterogeneity, and thus a fixed 
effects model was used. Publication bias was not present 
(Egger intercept 0.48, 95% confidence interval −0.54 to 
1.51, p value 0.105) (Fig. 3).

Cardiac Catheterization During Follow‑Up

There was no significant difference in the odds of need 
for cardiac catheterization during follow-up between the 
two groups (odds ratio 1.312, 95% confidence interval 
0.927–1.856). Data from 4 studies with 101 patients in 
the neonatal group and 71 in the non-neonatal group were 
pooled for the analysis of need for cardiac catheterization 
during follow-up [3–6]. An I2 value of 44% demonstrated 
no significant heterogeneity, and thus a fixed effects model 
was used. Publication bias was not present (Egger intercept 
0.54, 95% confidence interval −4.39 to 5.48, p value 0.682) 
(Fig. 3).

Reoperation During Follow‑Up

There was no significant difference in the odds of need for 
reoperation between the two groups (odds ratio 1.588, 95% 
confidence interval 0.669–3.773). Data from 6 studies with 
213 patients in the neonatal group and 260 in the non-neo-
natal group were pooled for the analysis of need for reop-
eration during follow-up [1–4, 6, 7]. An I2 value of 74% 
demonstrated significant heterogeneity and thus a random 
effects model was used. Publication bias was not present 
(Egger intercept −2.66, 95% confidence interval −5.62 to 
0.30, p value 0.067) (Fig. 3). Overall, 16% required reop-
eration in the neonatal group and 12% in the non-neonatal 
group.

Mortality During Follow‑Up

There was a significant difference in the odds of mortal-
ity between the two groups (odds ratio 3.201, 95% confi-
dence interval 1.060–9.664). Data from 6 studies with 612 
patients in the neonatal group and 2589 in the non-neona-
tal group were pooled for the analysis of mortality. This 
included mortality during the entirety of follow-up not sim-
ply the hospitalization for the index surgery [2–6, 8]. An 
I2 value of 52% demonstrated significant heterogeneity, and 
thus a random effects model was used. Publication bias was 
present (Egger intercept −2.14, 95% confidence interval 
−3.47 to −0.80, p value 0.010) (Fig. 3). Overall mortality 
was 6% in the neonatal group and 1.1% in the non-neonatal 
group.

Meta‑regression and Sensitivity Analysis

None of the variables entered into the meta-regression 
significantly impacted the pooled analyses for any of the 
endpoints.

Comment

This analysis demonstrates significant differences in the 
outcomes of complete repair of tetralogy of Fallot in the 
neonatal period versus the non-neonatal period. Neonatal 
repair was associated with a threefold increase in mor-
tality and a 47% longer hospital stay, including an 18% 
longer intensive care unit stay. While most studies did not 
report the hospitalization cost, increased lengths of stay 
were likely associated with increased cost and potentially 
morbidity. Neonatal repair was also associated with a 
marked increase in the use of a transannular patch. This 
finding is not unexpected, but highlights the potential 
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long-term morbidity associated with neonatal repair, eg 
increased need for reoperation, shorter time to reopera-
tion, and right ventricular dilation [9, 10].

Postoperatively, delayed sternal closure, arrhythmias 
requiring treatment, pacemaker implantation for atrioven-
tricular block, ECMO, and need for catheterization and/
or reoperation were also found to occur in a higher per-
centage of patients with neonatal repair; however, none of 
these comparisons demonstrated statistical significance.

The results of our analysis support avoiding neonatal 
repair when feasible. The definition of feasible remains 
confined to the institutional level and is based on the 
individual patient. Common experience indicates that 
certain patients unambigously require intervention to 
improve pulmonary blood flow; certain patients will 
clearly do well without intervention until later in infancy; 
and certain patients will present management dilemmas 
based either on a tenuous appearing right ventricular out-
flow tract despite apparently adequate oxygen saturation, 
borderline oxygen saturations, branch pulmonary steno-
sis, and/or outpatient geographic distance from the major 
treatment center. Unfortunately, our analysis was not 
capable of addressing the important question—if neona-
tal intervention is required, which intervention offers the 
best long-term outcome? Data for this context and either 
ductal stenting or outflow tract stenting are limited. Other 
than repair, a systemic to pulmonary artery shunt is the 
most commonly used alternative. Although typically a 
very straightforward procedure done without cardiopul-
monary bypass, shunting has been associated with appre-
ciable cumulative mortality (hospital or discharge mortal-
ity plus mortality in the interim period prior to definitive 
repair) ranging from 6 to 12% [11–20]. Our bias in this 
context is to do complete repair, and do a shunt only in 
extenuating circumstances.

It is possible that the significant findings of this study 
are due to selection bias. Also, we were unable to add sur-
geon experience or center volume into our regression to 
determine the impact of these variables on outcomes. In 
addition, some endpoints were reported in a small number 
of studies, and publication bias was present in some of the 
endpoints as well.

A large, prospective, multicenter study would be helpful 
in determining the underlying mechanisms of noted associ-
ations and allow for a more objective allocation of patients 
into different strategies of treatment. Such a study with 300 
patients in each group would allow for detection of a 5% 
change in dichotomous outcomes with 90% power.

An important limitation was the lack of data pertain-
ing to the shunt procedure—our data was limited to out-
comes of the repair. Therefore, we could not comprehen-
sively compare the two treatment strategies from the time 
of diagnosis to follow-up after repair. Any prospective, 

randomized study should include a randomization scheme 
to address this important issue.
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