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ABSTRACT

Objectives: The study objective was to determine the predictors of new-onset
arrhythmia among infants with single-ventricle anomalies during the post-
Norwood hospitalization and the association of those arrhythmias with postoper-
ative outcomes (ventilator time and length of stay) and interstage mortality.

Methods: After excluding patients with preoperative arrhythmias, we used data from
the Pediatric Heart Network Single Ventricle Reconstruction Trial to identify risk fac-
tors for tachyarrhythmias (atrial fibrillation, atrial flutter, supraventricular tachycardia,
junctional ectopic tachycardia, and ventricular tachycardia) and atrioventricular block
(second or third degree) among 544 eligible patients. We then determined the associ-
ation of arrhythmiawith outcomes during the post-Norwood hospitalization and inter-
stage period, adjusting for identified risk factors and previously published factors.

Results: Tachyarrhythmias were noted in 20% of subjects, and atrioventricular
block was noted in 4% of subjects. Potentially significant risk factors for tachyar-
rhythmia included the presence of modified Blalock–Taussig shunt (P ¼ .08) and
age at Norwood (P ¼ .07, with risk decreasing each day at age 8-20 days); the
only significant risk factor for atrioventricular block was undergoing a concomitant
procedure at the timeof theNorwood (P¼ .001),with the greatest risk being in those
undergoing a tricuspid valve procedure. Both tachyarrhythmias and atrioventricular
blockwere associatedwith longer ventilation time and length of stay (P<.001 for all
analyses). Tachyarrhythmiaswerenot associatedwith interstagemortality; atrioven-
tricular blockwas associatedwithmortality among thosewithout a pacemaker in the
unadjusted analysis (hazard ratio, 2.3; P ¼ .02), but not after adding covariates.

Conclusions: Tachyarrhythmias are common after the Norwood procedure,
but atrioventricular block may portend a greater risk for interstage mortality. (J
Thorac Cardiovasc Surg 2017;153:638-45)
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Atrioventricular block, but not tachyarrhythmia, is

associated with increased mortality after the Norwood

procedure.
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Central Message

Patients with arrhythmias may have increased
morbidity after the Norwood procedure, and those
with atrioventricular block have increased
intermediate-term mortality.
Perspective

Arrhythmias are common after the Norwood proced-
ure, but the risk factors for the development of
arrhythmias and the impact of arrhythmias are
unknown. The potential risk factors can help identify
patients who may be at higher risk of developing
arrhythmias, and the findings regarding morbidity
and mortality among those with arrhythmias may
help identify patients at greater risk of poor outcomes.
See Editorial Commentary page 646.
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Abbreviations and Acronyms
CI ¼ confidence interval
MBTS ¼ modified Blalock–Taussig shunt
RVPAS ¼ right ventricle-to-pulmonary artery shunt
SVR ¼ Single Ventricle Reconstruction

Scanning this QR code will take
you to the appendices and video
for this article.
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Over the past 40 years, survival for the Norwood procedure
and staged reconstruction for infants with hypoplastic left
heart syndrome and related single right ventricle anomalies
have dramatically improved.1-3 What was once a
universally fatal disease in infancy is now a disease in
which transplant-free survival to 1 year of age is 68%.4

However, with this improved survival comes an increased
recognition of and focus on morbidity. One important
aspect of morbidity in this population is the prevalence of
arrhythmias.

Although arrhythmias have been well studied in pa-
tients with single ventricle congenital heart disease
who have survived the Fontan procedure,5-10 the
prevalence and impact of arrhythmias after the
Norwood procedure are not well known. Most prior
studies of arrhythmias in infants with congenital heart
disease have included a variety of operations,11-14 thus
limiting the knowledge that is specific to those with
single ventricle physiology after the Norwood
procedure. One prior study from the Pediatric Heart
Network Single Ventricle Reconstruction (SVR) Trial
did examine some outcomes in those with arrhythmias:
A total of 13 of 544 patients were noted to have
perioperative second- or third-degree atrioventricular
block in the intensive care unit on the day of the Nor-
wood procedure, with heart block being associated
with the development of renal failure, hepatic failure,
and mediastinitis.15 This study did not examine the
risk factors for the development of atrioventricular block
or the interstage outcomes for those with atrioventricular
block, and it did not examine any aspects of
tachyarrhythmias.

With this limited knowledge regarding the develop-
ment and impact of tachyarrhythmias and atrioventric-
ular block in infants with single ventricle physiology,
we examined data from the SVR Trial in an effort to
The Journal of Thoracic and Ca
(1) determine the predictors of new-onset arrhythmia
during the postoperative period after the Norwood pro-
cedure and (2) compare the short- and intermediate-
term outcomes of those with postoperative arrhythmia
versus those without arrhythmia. We hypothesized that
there would be important preoperative and perioperative
predictors of postoperative arrhythmias and that postop-
erative arrhythmias would be associated with poorer out-
comes in these fragile infants.
MATERIALS AND METHODS
Study Design and Data Collection

We performed a retrospective cohort study using data from the Pe-

diatric Heart Network SVR Trial, the methods of which have been

described.16 Briefly, infants with a functionally single ventricle lesion

with a single morphologic right ventricle were randomized to undergo

a Norwood operation with a modified Blalock–Taussig shunt (MBTS)

or a right ventricle-to-pulmonary artery shunt (RVPAS) at 15 clinical

centers in North America, with institutional review board approval ob-

tained at each participating center.17 Data were collected on a variety

of demographic, preoperative, operative, and postoperative factors,

including the occurrence of arrhythmias, as well as on a variety of

outcomes in the period after the Norwood operation until the stage

II operation or 12 months of age, whichever occurred first. In the

SVR Trial, only arrhythmias that required medication or other treat-

ment during the post-Norwood hospitalization were captured, with

the date of onset being recorded. Tachyarrhythmias included atrial

fibrillation, atrial flutter, supraventricular tachycardia, junctional

ectopic tachycardia, and ventricular tachycardia. Atrioventricular block

included second- or third-degree block, but the information on which

type of block was not recorded; episodes of first-degree block were

not captured. In regard to therapy, information on pacemakers was

collected at the time of pacemaker implantation, but data on medica-

tion use were collected only at the time of discharge from the Nor-

wood hospitalization.

All subjects enrolled in the SVR Trial were eligible for this study. We

performed separate analyses for tachyarrhythmia and atrioventricular

block. We excluded those who died during the Norwood procedure from

all analyses. For the specific tachyarrhythmia and atrioventricular block

analyses, we further excluded patients with those respective arrhythmias

before the Norwood procedure (ie, patients with preoperative

tachyarrhythmia were excluded from the tachyarrhythmia analyses and

patients with preoperative atrioventricular block were excluded from the

atrioventricular block analyses) (Figure 1).

Statistics
After performing summary statistics describing the prevalence of

postoperative tachyarrhythmia and atrioventricular block, we performed

risk factor analyses to identify predictors of these arrhythmias during the

post-Norwood hospitalization. Univariate analyses were performed on

more than 80 demographic, preoperative, and operative factors using

logistic regression models. Factors that had a P value of less than .20

and were thought to be clinically relevant were then used as candidate

predictors in the stepwise model selection process to construct the

multivariable models (Appendix 1). In addition, nonlinearly associated

continuous variables identified by generalized additive modeling were

appropriately transformed before use in stepwise selection. Final
rdiovascular Surgery c Volume 153, Number 3 639



FIGURE 1. Selection of subjects from the SVR Trial.

TABLE 1. Demographics of the 544 patients included in the Single

Ventricle Reconstruction Trial

Mean ± SD/median

(IQR)/%

Demographics

Male 340 (63)

Hispanic ethnicity (N ¼ 535) 101 (19)

Race

White 432 (79)

Black 85 (16)

Other 27 (5)

% below federal poverty level (N ¼ 520) 8.93 (4.13-17.01)

Pregnancy and birth characteristics

Prenatal diagnosis 417 (77)

Gestational age, wk 38.2 � 1.5

Birth weight, kg 3.11 � 0.53

Norwood characteristics

Age at Norwood, d 5 (3-7)

Shunt at end of operation

MBTS 265 (49)

RVPAS 279 (51)

Ultrafiltration during or after Norwood 459 (84)

Other procedures done at time of Norwood 61 (11)

SD, Standard deviation; IQR, interquartile range; MBTS, modified Blalock–Taussig

shunt; RVPAS, right ventricle-to-pulmonary artery shunt.

FIGURE 2. Occurrence of postoperative arrhythmias. Among the 544

subjects who received a Norwood procedure in the SVR Trial, 134 had at

least 1 postoperative arrhythmia. Eleven subjects had more than 1 type

of arrhythmia. Atrioventricular block includes second- and third-degree

blocks.
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multivariable logistic regression models include all predictors with

P values less than .05, and model selection results were confirmed via a

separate bootstrap analysis. Because many variables may be dependent

on site, a subsequent analysis was performed by adding site to these

models.

Next, we examined the association of tachyarrhythmia or

atrioventricular block with short-term and intermediate-term outcomes

of interest. Short-term outcomes included total duration of ventilation

(days) and length of hospital stay (days) after the Norwood procedure,

excluding those who died or received a heart transplant during the

Norwood hospitalization. For the models examining duration of

ventilation, we included only those cases in which the onset of

arrhythmia occurred before the date of initial extubation. The ventila-

tion days and hospital length of stay were log transformed (with nat-

ural base) to attain an approximately normal distribution.

Multivariable linear regression analyses were then performed to inform

final adjusted models for the relationship between these 2 short-term

outcomes and the occurrence of tachyarrhythmia or atrioventricular

block, while controlling for covariates determined from a review of

previously published studies or from univariate linear regression of

the variables in Appendix 1. The covariates included were gestational

age (<37 vs �37 weeks), presence of genetic syndrome, age at time

of Norwood procedure, race (white, black, other), gender, shunt type

received, anatomic subtype (aortic stenosis/mitral stenosis and related

diagnoses), prenatal diagnosis, total support time during the Norwood

procedure (total time on cardiopulmonary bypass), ultrafiltration during

or after Norwood procedure, use of extracorporeal membrane oxygen-

ation during the Norwood procedure, presence of postoperative moder-

ate/severe tricuspid regurgitation by echocardiography, and center

volume (�15, 16-20, 21-30, >30 patients receiving the Norwood pro-

cedure per year). For the length of stay analysis for the atrioventricular

block cohort, pacemaker implantation also was included as a covariate

in the final multivariable model. Pacemaker implantation was not

included in the length of ventilation analyses because no patient had

pacemaker implantation before the date of initial extubation.

Least-squares means are used to report covariate-adjusted number of

days.

The intermediate-term outcome of interest was death or transplant

before the stage II procedure, including those who died or received

a transplant before discharge after the Norwood procedure. The rela-

tionship between transplant-free survival since the Norwood procedure

and tachyarrhythmia or atrioventricular block was examined using

Kaplan–Meier estimation, with censoring at the time of stage II pro-

cedure or at 12 months post-Norwood, whichever occurred first. If

this relationship was significant, then further analyses with hazard ra-

tios and P values were calculated from Cox proportional-hazards
640 The Journal of Thoracic and Cardiovascular Surg
regression models. To be consistent with the prior analyses, the

same covariates were used in the adjusted Cox proportional-hazards

models. The 5 subjects who had a pacemaker implanted during the

post-Norwood hospitalization were excluded from the Kaplan–Meier

survival analysis of atrioventricular block because of low numbers,

but were listed as a separate group in the adjusted Cox

proportional-hazards regression analysis. All analyses were conducted

with SAS version 9.3 (SAS Institute, Inc, Cary, NC) and R version

3.0.3 (The R Project for Statistical Computing, Auckland, New Zea-

land).
ery c March 2017



TABLE 3. Association with postoperative tachyarrhythmia and

atrioventricular block with length of stay and ventilation time (days)

Unadjusted

least-squares

means,

d (95% CI)

P

value

Adjusted*

least-squares

means,

d (95% CI)

P

value

Tachyarrhythmia

Postoperative length of stay

Tachyarrhythmia 48 (41-55) <.001 49 (43-56) <.001

No arrhythmia 31 (28-34) 31 (28-34)

Postoperative ventilation time

Tachyarrhythmia 26 (19-34) <.001 27 (20-34) <.001

No arrhythmia 11 (8-13) 11 (8-14)

Atrioventricular block

Oster et al Congenital: Hypoplastic Left Heart Syndrome
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RESULTS
Of the 549 patients eligible for the SVR Trial, 544

underwent the Norwood procedure and were available for
analysis. Subjects were predominantly male, white,
and non-Hispanic. More than 75% of patients were
diagnosed prenatally, and the average gestational age
was 38 weeks. The average age at the Norwood pro-
cedure was 5 days (Table 1). Among the 544 included
subjects, 114 (21%) experienced at least 1 episode of
a postoperative tachyarrhythmia, and 21 (4%) experi-
enced at least 1 episode of postoperative atrioventric-
ular block; 11 subjects had multiple types of
arrhythmia (Figure 2).
Postoperative length of stay

Atrioventricular block 64 (50-79) <.001 58 (42-73) .007

No arrhythmia 31 (28-34) 32 (29-34)

Postoperative ventilation time

Atrioventricular block 27 (15-38) .002 26 (15-38) .002

No arrhythmia 11 (9-13) 11 (9-13)

CI, Confidence interval. *Adjusted for gestational age, presence of genetic syndrome,

age at time of Norwood procedure, race, gender, shunt type received, anatomy

subtype, prenatal diagnosis, total support time during the Norwood procedure,

ultrafiltration during or after Norwood procedure, use of extracorporeal membrane

oxygenation during the Norwood procedure, presence of postoperative moderate/

severe tricuspid regurgitation by echocardiography, and center volume.
Tachyarrhythmia
Among the 529 subjects who did not have a preoper-

ative tachyarrhythmia, 108 had at least 1 episode of a
postoperative tachyarrhythmia. After identifying 18 po-
tential factors associated with the development of tachy-
arrhythmia in the univariate analysis, there were 3 key
factors that were significant in the multivariable model.
Those with a final shunt type of MBTS had 1.55 times
the odds of developing tachyarrhythmia compared with
those with an RVPAS (95% confidence interval [CI],
1.00-2.42; P ¼ .05), and those who underwent ultrafil-
tration (n ¼ 459) during or after the Norwood procedure
had 3.73 times the odds of tachyarrhythmia compared
with those who did not receive ultrafiltration (95% CI,
1.17-9.68; P ¼ .003). Although there was no association
between the age at time of Norwood and the develop-
ment of tachyarrhythmia in the first week of life,
from 8 to 20 days, the likelihood of developing
tachyarrhythmia decreased gradually but significantly
each day 0.76 (95% CI, 0.61-0.96). There were
TABLE 2. Factors associatedwith development of tachyarrhythmia or

atrioventricular block after the Norwood procedure, adjusted for site

OR (95% CI) P value

Tachyarrhythmia

Final shunt type

MBTS 1.49 (0.96-2.32) .08

RVPAS ref

Age at Norwood procedure*

Age at Norwood �7 d,

every 1-d increase

1.01 (0.88-1.15) .94

Age at Norwood 8-20 d,

every 1-d increase

0.77 (0.56-1.01) .07

Atrioventricular block

Other procedures done at

time of Norwood

5.06 (1.81-13.38) .001

OR, Odds ratio; CI, confidence interval; MBTS, modified Blalock–Taussig shunt;

RVPAS, right ventricle-to-pulmonary artery shunt. *Insufficient data beyond

20 days of age.
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insufficient data beyond 20 days of age. When site
was added to the model (Table 2), there were small
changes in the estimates for MBTS, RVPAS, and age
at time of Norwood, although the P values for MBTS
and RVPAS did exceed .05 at .08 and .07, respectively.
Notably, however, with site in the model the P value for
ultrafiltration was .97, suggesting that ultrafiltration may
have been a surrogate for site.
Tachyarrhythmia was significantly associated with short-

term outcomes during the post-Norwood hospitalization.
Compared with those without any postoperative
arrhythmia, subjects with a tachyarrhythmia had signifi-
cantly more days on the ventilator and a longer postopera-
tive length of stay (Table 3). However, development of
postoperative tachyarrhythmia was not statistically associ-
ated with transplant-free survival to stage II procedure
(Figure 3, A).

Atrioventricular Block
Among the 542 subjects who did not have atrioven-

tricular block before the Norwood operation, 21 (4%)
had atrioventricular block postoperatively. Of the 8 po-
tential factors identified by univariate analysis as being
associated with atrioventricular block, only 1 factor re-
mained in the multivariable model after stepwise regres-
sion. Patients with ‘‘other procedures done at time of
Norwood’’ had 4.44 times the odds of developing
rdiovascular Surgery c Volume 153, Number 3 641



FIGURE 3. Transplant-free survival for subjects with tachyarrhythmia

(A) and atrioventricular block (B) versus those without arrhythmia.

Patients were censored at the time of stage II procedure. Dashed lines

indicate 95% CIs.

TABLE 4. Type of procedure associated with development of

atrioventricular block after the Norwood procedure

Atrioventricular block OR (95% CI) Wald P*

.001

Tricuspid valve procedure vs no other

procedures done at time of Norwood

9.03 (2.39-34.18)

Other procedures done at time of Norwood

vs no other procedures done at time of

Norwood

3.41 (1.12-10.39)

Tricuspid valve procedure vs other

procedures done at time of Norwood

2.65 (0.55-12.71)

OR, Odds ratio; CI, confidence interval. *Type 3 Wald chi-square P value for univar-

iate association in logistic regression between atrioventricular block and 3 category

post-Norwood procedure variable.
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atrioventricular block compared with those who did not
have additional procedures (95% CI, 1.67-10.92;
P ¼ .002). This result did not change significantly
when site was added to the model (Table 2). These other
procedures included repair of the atrioventricular valve,
branch pulmonary arterioplasty, repair of total anoma-
lous pulmonary venous connections, and resection of en-
dofibroelastosis. The odds of developing atrioventricular
block were greatest for those undergoing a tricuspid
valve procedure (Table 4).

Atrioventricular block was associated with outcomes
in both the short and the intermediate term. During
the post-Norwood hospitalization, subjects who devel-
oped atrioventricular block had significantly more venti-
lator days and length of stay (Table 3). Of the 21
642 The Journal of Thoracic and Cardiovascular Surg
subjects who had atrioventricular block in the postoper-
ative period, 5 had a pacemaker placed during that hos-
pitalization. The 16 subjects with atrioventricular block
without a pacemaker had significantly decreased
transplant-free survival to stage II procedure compared
with those without any postoperative arrhythmia
(Figure 3, B). This association also was seen in the un-
adjusted Cox proportional hazard regression analysis,
with those with atrioventricular block without a pace-
maker having 2.26 times the hazard of mortality or
transplant before stage II procedure compared with those
without an arrhythmia (95% CI, 1.10-4.65; P ¼ .03)
(Table 5). However, after adding covariates to the model,
this finding was no longer significant. Overall, 10 of the
21 subjects with atrioventricular block died or received a
transplant and did not survive to the stage II procedure
(Appendix 2).
DISCUSSION
In this large, multicenter study, arrhythmias were

common after the Norwood procedure and associated
with poorer outcomes. More than 20% of subjects had
a tachyarrhythmia postoperatively, with the presence of
MBTS and younger age being potentially important
risk factors. Tachyarrhythmias were associated with
longer time to extubation and total length of stay, but
they were not associated with lower survival. Postopera-
tive second- or third-degree atrioventricular block was
less common, occurring in only 4% of subjects. The
only identified risk factor for block was having multiple
procedures performed at the time of the Norwood oper-
ation, with the greatest risk being in those undergoing a
tricuspid valve procedure. Atrioventricular block was
significantly associated with increased time to extubation
and total length of stay, with a trend toward decreased
transplant-free survival to the stage II procedure
(Video 1).
ery c March 2017



TABLE 5. Hazard ratios for mortality or transplant among patients with atrioventricular block

Unadjusted HR (95% CI) Wald P value Adjusted* HR (95% CI) Wald P value

AV block with a pacemaker vs no arrhythmia 1.31 (0.32-5.35) .71 1.69 (0.33-8.54) .53

AV block without a pacemaker vs no arrhythmia 2.26 (1.10-4.65) .027 2.54 (0.84-7.69) .098

AV block with a pacemaker vs AV block without a pacemaker 0.58 (0.12-2.76) .49 0.66 (0.09-4.96) .69

HR, Hazard ratio;CI, confidence interval; AV, atrioventricular. *Adjusted for gestational age, presence of genetic syndrome, age at time of Norwood procedure, race, gender, shunt

type received, anatomy subtype, prenatal diagnosis, total support time during the Norwood procedure, ultrafiltration during or after Norwood procedure, use of extracorporeal

membrane oxygenation during the Norwood procedure, presence of postoperative moderate/severe tricuspid regurgitation by echocardiography, and center volume.
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Tachyarrhythmias
The findings regarding the development of tachyar-

rhythmias after the Norwood procedure differ somewhat
from 2 prior studies. First, the rate of postoperative
tachyarrhythmias in approximately 20% of subjects is
lower than that of recently published single-center
studies, which found rates of 50% (among 66 sub-
jects)18 and 35% (among 98 subjects).19 These varying
rates may be due to differences in study definition
(only cases in which treatment was administered met in-
clusion in our study) or methods of case ascertainment.
Second, there are differences with regard to risk factors
for the development of tachyarrhythmias. These prior
studies did not find age at Norwood to be a risk factor.
With regard to shunt type, there are mixed findings.
Whereas in this study, MBTS was potentially
associated with the development of tachyarrhythmia,
Gist and colleagues19 did not find shunt type to be a sig-
nificant factor, and McFerson and colleagues18 found
MBTS to have a protective effect. Because our cohort
is larger than those of these prior studies, we believe
that our study provides the most accurate estimate of
risk.
VIDEO 1. Dr Matthew Oster explains the key findings and implications

from this study. Video available at: http://www.jtcvsonline.org/article/

S0022-5223(16)31486-6/addons.

The Journal of Thoracic and Ca
The findings in this study are in agreement with these
prior single studies with regard to the relationship
between presence of tachyarrhythmias and outcomes.
Tachyarrhythmias are associated with significant morbidity
during the postoperative period, particularly a longer length
of stay.18 However, the increased morbidity does not
translate to an increase in mortality. Our study and the
2 smaller studies previously mentioned18,19 found no
tachyarrhythmia-associated increase in mortality from the
time of the Norwood procedure to the time of the stage II
procedure. One small, single-center study of 50 patients
previously found an association of arrhythmia with
mortality before the stage II procedure, but this study
included both tachyarrhythmias and bradyarrhythmias,
and was limited only to those who survived the initial
hospitalization after the Norwood procedure.20 It is unclear
whether there is no association of tachyarrhythmia with
mortality or whether any such association is mitigated
with current treatments. This study was not designed to
answer such a question, and these results would not
suggest any change in the current management of tachyar-
rhythmias.
Atrioventricular Block
To our knowledge, this study is the first to investigate

the risk factors specifically for the development of atrio-
ventricular block after the Norwood procedure, possibly
because of the small numbers of cases seen. A separate
study from other investigators using a limited public
version of the SVR dataset recently found results similar
to ours with regard to the outcomes after atrioventricular
block, with minor insignificant differences presumably
due to arbitrary methodologic decisions.21 Before the
SVR study, 1 single-center study examined the impact
of atrioventricular block after surgery for single-
ventricle congenital heart disease. In the 5 of 86 subjects
who developed second- or third-degree atrioventricular
block after the Norwood operation, Trivedi and col-
leagues22 found a significant association of atrioventric-
ular block with mortality, with none of the 5 subjects
surviving to the stage II procedure. In our study, atrio-
ventricular block was associated with decreased
transplant-free survival in the Kaplan–Meier analysis
rdiovascular Surgery c Volume 153, Number 3 643
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and the unadjusted Cox proportional-hazards regression
analysis, but this finding did not meet significance
(P ¼ .098) in the adjusted Cox proportional-hazards
regression analysis. This failure to achieve significance
may have been due to attempting to include 13 covari-
ates in a model with only 16 subjects with
atrioventricular block. Nevertheless, the finding that
atrioventricular block may be associated with decreased
transplant-free survival is an important one. Previously,
it has been shown that 24% of the deaths in the SVR
Trial were due to unexplained causes.23 Given the re-
sults of our study, one must consider whether untreated
or recurrent atrioventricular block may have been a
contributing factor in such cases. Compared with pa-
tients without any arrhythmia, those with a history of
atrioventricular block, but without a pacemaker, had
greater than 2 times the hazards of mortality or trans-
plant before the stage II procedure. Of the 9 subjects
with atrioventricular block who were discharged to
home without a pacemaker, 3 died before the stage II
procedure. This risk of increased mortality has similarly
been seen in patients with tetralogy of Fallot who had
transient complete heart block.24 Current guidelines
would certainly support ‘‘postoperative advanced second
or third-degree atrioventricular block that is not expected
to resolve or that persists at least 7 days after cardiac
surgery’’ as a class I indication for pacemaker implanta-
tion.25 However, guidelines also state that pacemaker
implantation is not indicated for ‘‘postoperative atrioven-
tricular block with return of normal atrioventricular con-
duction in the otherwise asymptomatic patient.’’
Presumably, unless they were being externally paced in
anticipation of a transplant, the 16 subjects in our study
who did not receive a pacemaker had a return to normal
conduction yet were still at increased risk for mortality
or transplant before stage II procedure. With only 5 sub-
jects in our study with atrioventricular block who
received a pacemaker (2 of whom were discharged to
home after the Norwood and subsequently survived to
the stage II procedure), our study is underpowered to
determine whether pacemaker implantation can decrease
mortality, but the consideration of such an intervention
would not be unreasonable.

Study Limitations
This study is not without its limitations. First, only

episodes of arrhythmia that were managed with medica-
tion or other treatment were included. Because this
threshold may vary by center or physician, we may
be under- or overdetecting arrhythmia incidence. The
mode and timing of treatment may vary by center or
physician, thus limiting our ability to make strong con-
clusions regarding therapies. Second, information
regarding the duration or specific treatment of
644 The Journal of Thoracic and Cardiovascular Surg
arrhythmias was not recorded. This limits our ability
to draw inferences about how certain management op-
tions may affect the outcomes. Third, limited clinical
detail about atrioventricular block exists in the database,
including the degree and duration of block, need for
temporary pacing, and timing of resumption of sinus
rhythm. There may be important differences in
outcomes for second- versus third-degree atrioventricular
block that we are unable to discern. Fourth, the rarity
of certain events, such as atrioventricular block, may
have limited the power to detect important differences
in outcomes. Finally, although we found that atrioven-
tricular block may be associated with increased mortal-
ity even after controlling for degree of atrioventricular
valve insufficiency, we also found that having concom-
itant procedures such as atrioventricular valve repair
may be associated with the development of atrioventric-
ular block. Our study was not powered to distinguish
whether mortality associated with atrioventricular block
actually may indicate mortality associated with atrioven-
tricular valve repair.
CONCLUSIONS
Arrhythmias, particularly tachyarrhythmias, are common

after the Norwood procedure. MBTS and younger age are
potentially associated with the development of tachyar-
rhythmias, whereas undergoing concomitant procedures
with the Norwood are associated with atrioventricular
block, particularly procedures including the tricuspid valve.
Both types of arrhythmias are associated with greater
short-term morbidity, but only atrioventricular block may
be associated with increased intermediate-term mortality.
Optimal strategies to improve the outcomes for those with
atrioventricular block, such as the use of an implantable
pacemaker, remain unclear.
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APPENDIX 1. List of candidate predictors for tachyarrhythmia and

atrioventricular block

Characteristics

Prenatal

Prenatal diagnosis

Fetal age at prenatal diagnosis, wk

Fetal intervention

Birth

Gestational age, wk

Gestational age,<37 wk

Apgar at 1 min

Apgar at 5 min

Birth weight, kg

Birth weight<2.5 kg

Head circumference-for-age z score at baseline

If diagnosed after birth, age at diagnosis, d

Demographic

Male

Hispanic

Race

White

Black

Other

White race

Socioeconomic score (US census)

% below federal poverty level

Anatomy

Hypoplastic left heart syndrome

Aortic atresia, mitral atresia

Aortic atresia, mitral stenosis

Aortic stenosis, mitral stenosis

Any aortic atresia

Obstructed pulmonary venous drainage

Total anomalous pulmonary venous return

Ascending aorta diameter, mm

Karyotype

46 XY

Other

46 XX

Genetic syndrome

Yes

Unknown (evaluation not done)

No

Nonsyndromic abnormality

Yes

Unknown (evaluation not done)

No

Genetic syndrome or nonsyndromic abnormality

Yes

Unknown (evaluation not done)

No

Apo E genotype

E2/E3

E3/E4 or E4/E4

E3/E3

Pre-Norwood echocardiogram

Antegrade flow in ascending aorta (patent aortic valve)

(Continued)

APPENDIX 1. Continued

Characteristics

Atrial septal defect mean Doppler gradient, mm Hg

Right ventricular ejection fraction, %

Fractional area change

Left ventricle present

Moderate/severe mitral regurgitation

Moderate/severe tricuspid regurgitation

Moderate/severe aortic valve regurgitation

Preoperative

Median highest lactate, mmol/L

Mechanical ventilation

Inhaled gases CO2

Inhaled gases N2

Pre-Norwood apnea

Pre-Norwood shock

Pre-Norwood respiratory failure

Pre-Norwood metabolic acidosis

Pre-Norwood catheter intervention

Pre-Norwood catheter interventions

Pre-Norwood cardiac surgery

Pre-Norwood noncardiac surgery

Pre-Norwood any surgery

Pre-Norwood total surgeries

Pre-Norwood complications

Pre-Norwood complications

Stage 1

Age at Norwood, d

Shunt at end of operation

MBTS

RVPAS

Cross over

Total crossclamp time, min

Norwood perfusion type

Deep hypothermic circulatory arrest only

Regional cerebral perfusion and deep hypothermic circulatory arrest

time �10 min

Regional cerebral perfusion deep hypothermic circulatory arrest with

deep hypothermic circulatory arrest time>10 min

Total support time, min

Total bypass time, min (excludes RCP time)

Total deep hypothermic circulatory arrest time, min

Total regional cerebral perfusion time, min

Regional cerebral perfusion flow, mL/kg/min

Lowest temperature

Lowest hematocrit, %

Ultrafiltration during or after Norwood

Steroids

Aprotinin

a-blockade

Extracorporeal membrane oxygenation used in operating room

Type of arch reconstruction

Classic arch reconstruction

Direct pulmonary artery anastomosis to arch

Coarctectomy

Patch

Origin – polytetrafluoroethylene graft

(Continued)
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APPENDIX 1. Continued

Characteristics

Innominate

Subclavian

Common carotid

Aorta

Right ventricle

Other procedures done at time of Norwood

Open sternum on day of Norwood

Open sternum after Norwood

Surgeon Norwood volume

Surgeon Norwood volume �5/y

Surgeon Norwood volume

�5/y

�10/y

�15/y

>15/y

Center volume

Center volume

�15/y

�20/y

�30/y

>30/y

MBTS, modified Blalock–Taussig shunt; RCP, retrograde cerebral perfusion; RVPAS,

right ventricle-to-pulmonary artery shunt.

APPENDIX 2. Outcomes for patients who developed second- or third-degree atrioventricular block after the Norwood procedure, separated by

history of having a pacemaker placed

Patient

Days post-Norwood

when AV block

first occurred

Days post-Norwood

when pacemaker

placed

Length of stay

post-Norwood Outcome (cause of death, where appropriate)

1 62 76 268 Transplant during post-Norwood hospitalization

2 0 9 49 Transplant during post-Norwood hospitalization

3 27 33 200 Remained inpatient until stage II

4 8 15 29 Survived to stage II

5 0 41 57 Survived to stage II

6 6 12 Transplant during post-Norwood hospitalization

7 0 30 Death during post-Norwood hospitalization (noncardiac, complex/multisystem

organ failure due to infection)

8 35 46 Transplant during post-Norwood hospitalization

9 0 11 Death during post-Norwood hospitalization (cardiac, surgical complication,

low cardiac output)

10 5 49 Death during post-Norwood hospitalization (cardiac, surgical complication,

right ventricular dysfunction)

11 0 207 Remained inpatient until stage II

12 0 127 Remained inpatient until stage II

13 0 44 Death before stage II (noncardiac, infectious, severe necrotizing staph

aureus pneumonia)

14 0 26 Death before stage II (noncardiac, infectious, sepsis)

15 0 34 Death before stage II (noncardiac, infectious, gastritis, and diarrhea)

16 0 28 Survived to stage II

17 0 19 Survived to stage II

18 0 22 Survived to stage II

19 7 28 Survived to stage II

20 9 51 Survived to stage II

21 0 16 Survived to stage II

AV, Atrioventricular.
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