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ABSTRACT

Background: Shunt repair for the Norwood procedure with either the right ventricle to pulmonary artery shunt
(RVPAS) or the modified Blalock-Taussig-Thomas Shunt (BTTS) varies by institution and surgeon preference.
Shunt choice has been informed by landmark trials including the Single Ventricle Reconstruction trial and mod-
ern outcomes data may engender future complementary studies. Methods: We conducted a retrospective analysis
of all patients who underwent the Norwood procedure from 2014–2022 at a single center to compare outcomes by
shunt type. The primary outcome measure was freedom from death or transplant. Secondary outcome measures
included hospital length of stay, complications, and unplanned interventions. Results: 93 patients underwent the
Norwood procedure at a median age of 7 days (IQR 5, 9) and 39 weeks gestation (IQR 38, 39). 67.7% had hypo-
plastic left heart syndrome. 39 patients received a BTTS compared to 54 RVPAS. There was no difference in
operative mortality (BTTS 12.8%, RVPAS 9.3%, p = 0.58), death or transplant at 1 year (BTTS 15.4%, RVPAS
7.4%, p = 0.31), or between 1 and 3 years (BTTS 0%, RVPAS 5.6%, p = 0.26). There was a significantly higher
rate of pulmonary arterial stenting in the RVPAS group (BTTS 1.21/100 patient-years, RVPAS
15.68/100 patient-years, p = 0.01). Conclusions: Similar short- and medium-term survival were seen in BTTS
and RVPAS groups with fewer pulmonary artery interventions for BTTS, though our study is underpowered
to suggest superior freedom from interventions. These results may serve as a hypothesis-generating study to revi-
sit the SVR trial with a modern cohort in the setting of improved surgical technique and perioperative
management.
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1 Introduction

Since it was first described in 1980, the eponymous Norwood procedure and subsequent two-stage
separation of the systemic and pulmonary circulations remain the preferred palliation to improve survival
odds in infants with hypoplastic left heart syndrome (HLHS) and other single ventricle variants [1].
However, despite improvements in operative approaches and techniques, surgical critical care, and
interstage monitoring in the ensuing decades, three-stage palliation continues to carry high operative and
long-term mortality [2]. In 2003, Sano reported remarkable improvement in operative survival with the
right ventricle to pulmonary artery shunt (RVPAS). Two years later, the Single Ventricle Reconstruction
(SVR) trial initiated enrollment in the seminal randomized control trial [3,4]. The observation of better
one-year survival in patients with the RVPAS modification compared to those with a systemic to
pulmonary artery Blalock-Taussig-Thomas shunt (BTTS) spurred a significant switch in practice patterns
toward the former, with some reports suggesting nearly two-thirds of shunts nationally during the
Norwood procedure being the RVPAS [5]. Subsequent manuscripts from the SVR trial and other studies
have however demonstrated changing hazard functions that indicate the lasting effects of the RVPAS
modification compared to the transient interstage effect of the BTTS shunt. Findings include similar long-
term transplant-free survival with increased unintended interventions for the RVPAS groups [4–6].
However, these studies reflect surgeries performed in a different era with novel surgical techniques,
evolving perioperative critical care, and the absence of pervasive interstage monitoring processes. There
may be a need to revisit the question of shunt selection for Norwood palliation in a contemporary
experience. We have begun to address these questions by conducting a retrospective, single-center
analysis of patients undergoing the Norwood procedure focusing on survival differences and rates of
catheter-based interventions.

2 Methods and Patients

2.1 Data Collection
A single-center retrospective review was performed for consecutive patients undergoing the Norwood

procedure between 01 January 2014 and 31 December 2022. The study was performed in accordance
with the principles of the Declaration of Helsinki and ethical approval was obtained under the Children’s
Mercy Hospital Institutional Review Board Heart Center Database waiver approval (Protocol
#13020045). Data for demographics, imaging studies, intraoperative details, pre and postoperative
courses, postoperative cardiac catheterizations, subsequent surgical procedures, and all-cause mortalities
were supplied by the Heart Center Database.

2.2 Patients
93 consecutive patients underwent the Norwood procedure with either BTTS or RVPAS at our

institution between 2014 and 2022. Of these patients, 39 received a BTTS and 54 received an RVPAS
shunt. Prior to February 2017, all patients (34) received exclusively BTTS. In 2017, a center change was
made to implant predominantly RVPAS. This was largely driven by changes in surgical staff and the
finding of increased rates of perioperative instability with the BTTS patients over the previous year.
Outcomes were compared between these two groups. The primary outcome measure was freedom from
death or transplant. Secondary outcome measures included hospital length of stay, incidence of
extracorporeal membrane oxygenation (ECMO) and cardiopulmonary resuscitation (CPR), incidence of
stroke and seizures after the Norwood procedure in the index admission, and the need for unplanned
surgical and catheterization procedures after the Norwood palliation.

2.3 Statistical Analysis
Medians and interquartile ranges were derived for continuous variables. Percentages were derived for

binary variables. Mann-Whitney U tests were performed to compare continuous variables among two
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groups. Chi-square tests and Fischer’s exact tests were performed to compare binary variables among two
groups. Bivariate Cox regression analysis was performed to compare transplant-free survival among two
shunt groups adjusting for ventricular dominance. Unadjusted Kaplan-Meier survival curves were derived
for freedom from death or transplant for both shunt groups and compared with a log-rank test. The
student’s t-test was performed to compare unintended interventions between two shunt types. Conditional
survival at various follow-up time periods was compared by Chi-square test or Fischer’s exact test. All
tests were two-sided. A p-value of less than 0.05 was considered statistically significant. Statistical
software Stata version 17 was used for statistical analysis [7].

3 Results

For the cohort, the median age at surgery was 7 days old, the median gestational age was 39 weeks, and
the median weight at birth was 3.34 kg. 30% of patients were female. These demographics were similar
between shunt groups (Table 1). There were significantly more HLHS patients in the RVPAS group
(56.41% BTTS vs. 75.93% RVPAS, p = 0.05) and significantly more non-HLHS left ventricular (LV)
dominant lesion anatomy subtypes in the BTTS group (28.21% BTTS vs. 1.85% RVPAS, p < 0.001)
(Table 1). Operative mortality was similar between groups (12.82% BTTS vs. 9.26% RVPAS, p = 0.58)
(Table 2). Neither median time to extubation (6 days BTTS vs. 7 days RVPAS, p = 0.12), time to delayed
sternal closure (4 days BTTS vs. 4 days RVPAS, p = 0.81), nor hospital length of stay (67 days BTTS vs.
61 days RVPAS, p = 0.89) differed between groups (Table 2). Notably, neither CPR (20.51% BTTS vs.
12.96% RVPAS, p = 0.33) nor need for ECMO after the Norwood procedure (23.08% BTTS vs. 18.52%
RVPAS, p = 0.59) varied between groups (Table 2).

3.1 Unintended Interventions and Complications
There was a higher burden of pulmonary arterial stent angioplasty in the RVPAS group in the follow-up

period (15.68 per 100 person-years RVPAS vs. 6.10 per 100 person-years BTTS, p = 0.01). Similarly, balloon
intervention on the aortic arch was found to occur at a higher rate in the RVPAS group (40.7 per 100 person-
years RVPAS vs. 16.35 per 100 person-years BTTS, p = 0.02). There was a trend towards higher rates of
balloon pulmonary angioplasty in the RVPAS group, but this did not achieve significance (p = 0.07). No
other difference was found in the evaluated unintended interventions between the groups (Table 3).

Table 1: Demographics

Variable Entire cohort
(n = 93)

BTTS (n = 39) RVPAS (n = 54) p-value

Age at surgery (days) Median (IQR) 7 (5–9) 6 (5–13) 7 (5–9) 0.44*

Gestational age at birth (Weeks)
Median (IQR)

39 (38–39) 39 (38–39) 39 (38–39) 0.98*

Gender (male) n (%) 65 (69.89%) 28 (71.79%) 37 (68.52%) 0.73#

Weight at birth (kg) Median (IQR) 3.34 (3.00–3.62) 3.45 (3.05–3.78) 3.31 (2.98–3.56) 0.53*

Anatomy

HLHS 63 (67.74%) 22 (56.41%) 41 (75.93%) 0.05#

RV dominant 18 (19.35%) 6 (15.38%) 12 (22.22%) 0.41#

LV dominant lesion (not HLHS) 12 (12.90%) 11 (28.21%) 1 (1.85%) <0.001$

Obstructed veins 1 (1.08%) 1 (2.56%) 0 (0%) 0.42$

Note: *Mann-Whitney U test; #Chi-square test; $Fisher’s exact test. Descriptive and anatomical demographics of the cohort.
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During the period under study, there was no shunt thrombosis in the cohort. Observed complications
included a permanent pacemaker implantation rate of 10.8%, stroke rate of 8.6%, and seizure incidence
of 7.53%. These rates did not significantly differ between the shunt groups (Table 4).

Table 2: Operative outcomes

Variable Entire cohort
(n = 93)

BTTS
(n = 39)

RVPAS
(n = 54)

p-
value

Time to extubation (days) Median (IQR) 6 (4–12) 6 (3–16) 7 (5–11) 0.12#

Operative mortality n (%) 10 (10.75%) 5 (12.82%) 5 (9.26%) 0.58$

Hospital LOS (days) Median (IQR) 63 (43–100) 67 (38–100) 61 (43–102) 0.89*

Time to delayed sternal closure (days) Median
(IQR)

4 (3–6) 4 (3–6) 4 (2–12) 0.81$

ECMO after Norwood n (%) 19 (20.43%) 9 (23.08%) 10 (18.52%) 0.59#

CPR n (%) 15 (16.13%) 8 (20.51%) 7 (12.96%) 0.33#

Note: *Mann-Whitney U test; #Chi-square test; $Fisher’s exact test. Post-operative outcomes following Norwood Procedure in the cohort.

Table 3: Unintended interventions

Variable (per 100 person years) Entire cohort (n = 93) BTTS (n = 39) RVPAS (n = 54) p-value@

Pulmonary artery/Shunt

PA balloon 13.62 6.10 19.05 0.07

PA stent 14.48 1.21 15.68 0.01

Shunt balloon 4.40 0 4.40 0.14

Shunt stent 10.14 3.34 13.48 0.15

Surgical shunt revision 9.70 23.12 0 0.22

Aortic arch reintervention

Stent 10.71 4.99 14.74 0.15

Balloon 30.49 16.35 40.70 0.02

Surgical 5.11 2.21 7.21 0.35

Tricuspid valve intervention 0.53 0.73 0.38 0.58
Note: Rate of unintended post-operative reinterventions on Norwood shunt. @p-values are generated by student’s t-test.

Table 4: Long-term outcomes

Variable Entire cohort (n = 93) BTTS (n = 39) RVPAS (n = 54) p-value

Death or transplant 17 (18.28%) 10 (25.64%) 7 (12.96%) 0.12#

Death 16 (17.20%) 9 (23.08%) 7 (12.96%) 0.20#

Transplant 1 (1.08%) 1 (2.56%) 0 (0%) 0.42$

Death/transplant <1 yr 10 (10.75%) 6 (15.38%) 4 (7.41%) 0.31$

Death/transplant 1–3 yr 3 (3.23%) 0 (0%) 3 (5.56%) 0.26$

Death/transplant 3–6 yr 4 (4.30%) 4 (10.26%) 0 (0%) 0.03$

(Continued)
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3.2 Survival Analysis
The median follow-up time after discharge from the Norwood operation was 2.8 years. Kaplan-Meier

transplant-free survival was similar between the two groups (log-rank p-value = 0.718) (Fig. 1). Given
the higher prevalence of LV dominant lesions in the historical BTTS control, the cox-proportional
hazards model adjusted for ventricular dominance did not reveal a statistically significant impact on
transplant-free survival in the two shunt groups (p = 0.63, HR 1.30, 95% CI 0.45–3.79). There was no
difference between groups in early or mid-term mortality. Conditional on surviving the index
hospitalization, or surviving to thirty days postoperatively if discharged, there was no difference in death
or transplant in the first to third years after surgery. 15.38% of surviving BTTS and 7.41% of surviving
RVPAS groups died or received a heart transplant in the first year (p = 0.31); 0% and 5.56% of BTTS
and RVPAS respectively died or were transplanted between years 1 and 3 (p = 0.26) (Table 4). Of the ten
patients who died within the first year, nine died without discharge from the hospital. Eight were patients
who required ECMO perioperatively. Four achieved the Glenn palliation (two in each group). Four of six
BTTS, and one of four RVPAS patients died at less than 4 months from surgery. The percentage of
patients who died or received a heart transplant was significantly different between years 3 and 6
(10.26% BTTS vs. 0% RVPAS, p = 0.03) (Table 4). However, there were 26 BTTS patients alive without
transplant at 3 years while only 9 patients remained in the RVPAS group at this timepoint (Fig. 1).

Table 4 (continued)

Variable Entire cohort (n = 93) BTTS (n = 39) RVPAS (n = 54) p-value

Complications

Permanent pacemaker 10 (10.8%) 5 (12.8%) 5 (9.3%) 0.17$

Shunt thrombosis 0 0 0 1$

Stroke 8 (8.60%) 2 (5.13%) 6 (11.11%) 0.46$

Seizures 7 (7.53%) 3 (7.69%) 4 (7.41%) 1$

Note: #Chi-square test; $Fisher’s exact test. Long-term post-operative outcomes following Norwood procedure.

Figure 1: Norwood survival 2014–2022. Kaplan-Meier survival curve for Norwood with BTTS and RVPAS
in the cohort
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4 Discussion

The Norwood procedure with staged pulmonary and systemic circulatory separation is an important
palliative pathway for single ventricle physiology that continues to be associated with high interstage
mortality and suboptimal postoperative survival and freedom from transplantation [8–12]. The SVR trial
and its subsequent follow-up studies noted higher rates of transplant-free survival for the RVPAS only
during the first twelve months post-randomization with subsequent changes in the hazard function leading
to the eradication of differences by the third year after randomization, a finding which persists post-
Fontan palliation [4]. At most recent follow-up at twelve years, the main difference between the groups
was the presence of protein-losing enteropathy which was higher in the RVPAS group. The authors
ascribed this either to chance, the potential differences in the pulmonary vascular bed from the known
burden of pulmonary arterial interventions, or right-ventricular diastolic dysfunction from
ventriculotomies for the RVPAS [13].

Other retrospective studies have shown no survival differences between the shunt groups while noting
reduced right ventricular ejection fraction in the RVPAS group [2,4,5]. These studies evaluate or include
patients from the early era of RVPAS adoption, during which time there was variable shunt size selection,
surgical technique, and, in the case of the SVR trial, significant center variability in mortality [14]. In
addition, there has been significant improvement in perioperative and intensive care management of
patients undergoing the Norwood procedure. However, perioperative outcomes in our study are largely the
same and mirror the outcomes of the SVR trial with no shunt group differences in mortality, hospital length
of stay, or cardiac arrest requiring CPR. There was also no difference in the fraction of patients requiring
ECMO after Norwood. The latter finding is particularly interesting given the conventional belief that the
RVPAS provides hemodynamic stability compared to the BTTS [2]. Our findings differ from the SVR trial
and others which found significant attrition of the BTTS cohort in the interstage period [3–6,8–10]. This
finding exists despite no significant difference in unintended interventions on the atrioventricular valve, a
proxy for regurgitation which Ghanayem et al. propose to explain differences in interstage mortality [8]. A
possible explanation for the lack of overall interstage attrition may be that there was a higher proportion of
in-hospital mortality rather than interstage mortality in our cohort. Of the patients who died while in the
hospital, four of six in the BTTS group and one of four in the RVPAS group died before the 4-month
mark. This increased attrition of BTTS patients in the pre-Glenn period is consistent with the other reports.
However, the data shows no interstage survival difference exists for patients discharged home. This finding
may be explained by the diligence of the families and providers in our homegrown home monitoring
program, Cardiac Acuity Home Monitoring Program (CHAMP), in supporting patients with BTTS who, in
previous eras, would have died prior to the Glenn palliation.

Medium-term transplant-free survival was excellent in our groups at greater than 75% at 3 years for the
cohort. This did not differ between our cohorts. We did find higher incidences of pulmonary arterial
interventions in the RVPAS cohort. This was surprising, as we had hypothesized that RVPAS survival
would be superior to BTTS survival with equal pulmonary arterial intervention rates due to matured
surgical technique, improved management of SVR physiology, and the tendency for higher-risk patients
to undergo alternative pathways like the hybrid palliation in this modern cohort. No differences were
found in the reinterventions of the shunts themselves. We noticed significantly higher rates of aortic arch
intervention and pulmonary artery (PA) intervention in the RVPAS group. Different Sano techniques,
particularly at the pulmonary artery/Sano connection, have been tried at our institution to address this
increase in PA intervention and stenting with no significant change in intervention rates. The switch to
Sano shunt at our institution did not coincide with a change in patch material for arch reconstruction, and
arch intervention rates did not significantly skew towards one surgeon. It has been suggested that single
ventricle patients with LV dominance have improved long-term outcomes compared to those without
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[15,16]. Our study featured a BTTS cohort with a higher fraction of LV dominant patients than the RVPAS
group and differs from other studies in that regard. Interestingly, the BTTS cohort had a higher incidence of
transplant or death in the 3–6 years period despite higher incidence of LV dominance. In our study, there were
not enough Sano patients at risk to compare, as follow up for the Sano cohort did not significantly extend past
3 years. Additionally, adjusting for LV dominance did not result in an observed difference in overall
transplant-free survival for the shunt groups. Though not statistically significant, the higher risk of death
or transplantation in the BTTS cohort highlights the necessity of a future prospective study comparing the
two strategies in the current era with refined surgical technique, employment of single ventricle
monitoring programs, and improved post-operative ICU care.

Limitations of this study include its retrospective, non-randomized, small cohort, single-center design
which means its findings may not be generalized to other populations. The follow-up period is short and
selection bias may exist in the selection of shunt type, which is largely dependent on the period of
Norwood procedure (earlier period had BTTS predominance), surgeon preference or experience, and
ventricular dominance. Era effect may also play a role in these results, as the majority of BTTS patients
were operated on before 2017, whereas all RVPAS shunts were performed since 2017 and only 5 BTTS
in this time period. That said, the present study from 2014 to 2022 is contemporary to earlier Norwood
reports, including the cohort for SVR trials, and later than our institution of CHAMP. That many BTTS
occurred in an earlier era than RVPAS, while skewed, reflects the utilization of a matured surgical
technique whereas RVPAS was still evolving; if a later era were to have positive survival outcomes, we
would have expected better outcomes in the RVPAS group compared to the BTTS in this study.
Nevertheless, an era effects analysis would be a valuable future step, though is not possible in the present
study with too few BTTS in the post-2017 era. On that note, a key limitation is that this study is
underpowered and therefore was unable to detect differences. These are limitations better addressed with
larger multicenter studies. We believe our results set the foundation to stimulate hypotheses for future
randomized, prospective trials.

5 Conclusions

In the modern era, at our center, the data failed to reveal a significant difference between Norwood
palliation with BTTS and RVPAS in their short- and medium-term transplant-free survival. Patients with
RVPAS continue to suffer from a high burden of pulmonary arterial interventions which raises concerns
regarding future Fontan performance. Our findings prompt the question of whether the Norwood with
BTTS may have comparable outcomes, with lower burden of pulmonary arterial intervention, for single
ventricle patients requiring palliation in the current era at particular centers. Larger multicenter and
randomized studies with longer follow-up are needed to determine if our offered therapies are optimized
for this vulnerable population.
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