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ORIGINAL RESEARCH

Native Bicuspid Pulmonary Valve in  
D-Loop Transposition of the Great Arteries: 
Outcomes of the Neo-Aortic Valve Function 
and Root Dilation After Arterial Switch 
Operation
Margaret Irwin, MD; Geoffrey Binney , BA; Kimberlee Gauvreau, ScD; Sitaram Emani , MD;  
Elizabeth D. Blume , MD; David W. Brown , MD

BACKGROUND: Neo-aortic root dilation and neo-aortic regurgitation (AR) are common after arterial switch operation for D-loop 
transposition of the great arteries. We sought to evaluate these outcomes in patients with bicuspid native pulmonary valve 
(BNPV).

METHODS AND RESULTS: A retrospective analysis of patients with transposition of the great arteries undergoing arterial switch 
operation at Boston Children’s Hospital from 1989 to 2018 matched BNPV patients 1:3 with patients with tricuspid native 
pulmonary valve by year of arterial switch operation. Kaplan–Meier analyses with log-rank test compared groups for time to 
first neo-aortic valve reoperation, occurrence of ≥moderate AR, and neo-aortic root dilation (root z score ≥4). A total of 83 
patients with BNPV were matched with 217 patients with tricuspid native pulmonary valve. Patients with BNPV more often had 
ventricular septal defects (73% versus 43%; P<0.001). Hospital length of stay (11 versus 10 days) and 30-day surgical mortality 
(3.6% versus 2.8%) were similar. During median 11 years follow-up, neo-aortic valve reoperation occurred in 4 patients with 
BNPV (6.0%) versus 6 patients with tricuspid native pulmonary valve (2.8%), with no significant difference in time to reopera-
tion. More BNPV had AR at discharge (4.9% versus 0%; P=0.014) and during follow-up (13.4% versus 4.3%; hazard ratio [HR], 
3.9; P=0.004), with shorter time to first occurrence of AR; this remained significant after adjusting for ventricular septal defects. 
Similarly, neo-aortic root dilation was more common in BNPV (45% versus 38%; HR, 1.64; P=0.026) with shorter time to first 
occurrence.

CONCLUSIONS: While patients with BNPV have similar short-term arterial switch operation outcomes, AR and neo-aortic root 
dilation occur more frequently and earlier compared with patients with tricuspid native pulmonary valve. Further long-term 
studies are needed to determine whether this results in greater need for neo-aortic valve reoperation.
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Over the past 40 years since the first surgical case 
series were reported,1,2 the arterial switch opera-
tion (ASO) has achieved excellent outcomes for 

infants born with D-loop transposition of the great ar-
teries (TGA) with or without ventricular septal defects 
(VSD). Because of the success of this surgical solution, 

the ASO has been performed for patients with increas-
ingly complex cardiovascular anatomy, including those 
with complex left ventricular outflow tract obstruc-
tion and pulmonary stenosis. Concerns have been 
raised about the success of using the native pulmo-
nary valve in the operation, especially when patients 
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have bicuspid native pulmonary valves (BNPV) versus 
the normal tricuspid native pulmonary valves (TNPV).3 
Given the known long-term risks of neo-aortic root 
dilation (ARD) and neo-aortic regurgitation (AR) in pa-
tients with TNPV,4 we sought to investigate the long-
term outcomes after ASO for patients with BNPV with 
focus on AR, ARD, and incidence of surgical reinter-
vention on the neo-aortic root.

METHODS
Patients
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request. We conducted a retrospective review of 
patients who had an ASO for D-loop TGA at Boston 
Children’s Hospital from 1989 to 2018. Native pulmo-
nary valve anatomy was determined by initial preop-
erative echocardiography. Patients with BNPV were 
frequency matched by year of ASO operation in a 1:3 
ratio with patients with TNPV. Patients with greater 
than mild subpulmonary stenosis, formally diagnosed 

systemic hypertension (defined by consistent blood 
pressure >90th percentile for age), or connective tis-
sue disorders (such as Marfan, Ehler Danlos, etc) were 
excluded. Not all patients with BNPV without subpul-
monary stenosis underwent the ASO operation, and 
not another operation, in the time period outlined. The 
study was approved by the Boston Children’s Hospital 
Institutional Review Board, and individual patient con-
sent was waived.

Data Collection
Baseline and clinical characteristics were extracted 
from the clinical records including demographic in-
formation, gestational age and weight, age at time 
of surgery, weight and body surface area at time of 
ASO, and associated anomalies. The following ana-
tomic variables were recorded: native pulmonary valve 
morphology, presence or absence of VSD, and VSD 
location. Native pulmonary valve morphology for the 
patients with BNPV was confirmed in both the preop-
erative echocardiogram report and the operative note, 
with the surgical report considered the criterion stand-
ard. Notably, 79/83 (95%) of patients had their valve 
morphology identified in their preoperative echocardio-
grams, with all of the missed diagnoses in the first dec-
ade of the study. Preoperative data included balloon 
atrial septostomy, prior cardiac surgical procedures, 
as well as echocardiogram data before ASO. In all in-
stances, the data collected from each echocardiogram 
report included descriptive data on ventricular dilation, 
ventricular dysfunction, and valve regurgitation, as well 
as measurements and z scores for pulmonary and 
aortic valve annuli, aortic root, and ascending aorta. 
Intraoperative procedural data recorded included sur-
gical techniques such as the Lecompte maneuver, 
VSD closure, atrial septal defect closure, and repair 
of coarctation. Postoperative data included hospital 
length of stay, the need for early reoperation, mortal-
ity, and discharge echocardiogram. Follow-up data 
were collected at 1, 3, 5, 10, and 15 years, as well as 
data from the most recent follow-up documentation, 
including echocardiogram data. Documented cardiac 
reintervention, stroke, thromboembolism, endocardi-
tis, heart failure requiring hospitalization, or arrhythmia 
were recorded if they occurred any time after ASO. If 
aortic root measurements were not documented in the 
echocardiogram report, measurements were made di-
rectly on the echocardiogram images (n=69).

Statistical Analysis
Patient and surgical characteristics are summarized 
using frequencies and percentages for categori-
cal variables and compared for patients with BNPV 
versus patients with TNPV using Fisher exact test. 
Continuous variables are summarized using medians 

CLINICAL PERSPECTIVE

What Is New?
•	 This article provides new insights on the differ-

ing outcomes of patients with D-loop transpo-
sition of the great arteries and differing native 
pulmonary valve morphology; namely, that 
while all patients have similarly excellent short-
term outcomes post–arterial switch operation, 
subsequent neo-aortic regurgitation and neo-
aortic root dilatation happen more frequently 
and earlier in patients with bicuspid native pul-
monary valves.

What Are the Clinical Implications?
•	 Clinically, patients with bicuspid native pulmo-

nary valves may merit more frequent imaging 
follow-up for surveillance for worsening neo-
aortic root dilation and regurgitation.

Nonstandard Abbreviations and Acronyms

AR	 aortic regurgitation
ARD	 aortic root dilation
ASO	 arterial switch operation
BNPV	 bicuspid native pulmonary valve
TGA	 transposition of the great arteries
TNPV	 tricuspid native pulmonary valve
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with 25th and 75th percentiles and compared using 
the Wilcoxon rank sum test. For patients surviving 
to hospital discharge following ASO surgery with 
follow-up information available, time from discharge 
to first cardiac reoperation on the neo-aortic root 
was estimated using the Kaplan–Meier method, and 
compared between groups using the log-rank test. 
Similar analyses were performed for time from dis-
charge to first occurrence of ≥moderate AR, and 
time from discharge to first occurrence of ARD (de-
fined as neo-aortic root z score ≥4). Hazard ratios 
for patients with BNPV versus patients with TNPV 
were estimated based on the Cox proportional 
hazards model. Because of the small number of 
outcome events, relationships between type of pul-
monary valve and outcomes were adjusted for age 
at ASO and presence of VSD in separate models. 
Neo-aortic root z-scores for patients with <moder-
ate versus ≥moderate AR were compared using the 
Wilcoxon rank sum test. Associations between neo-
aortic root z score and degree of AR were evaluated 
using Spearman correlation coefficients. Additional 
analyses collapsed degree of AR into the 2 groups 
<moderate and ≥moderate, and compared z scores 
between groups using the Wilcoxon rank sum test. 
Analyses were performed using Stata version 15.

RESULTS
Patient Characteristics
During the study period 1989 to 2018, 83 patients 
with BNPV met anatomic inclusion criteria and under-
went ASO. Early surgical outcomes in this group were 
similar to a contemporaneous group of 217 matched 
patients with TNPV, including hospital length of stay 
(11 days BNPV versus 10 days TNPV, P=0.99) and 30-
day mortality (3.6% BNPV versus 2.8% TNPV, P=0.71). 
A total of 67 patients with BNPV who survived to hos-
pital discharge had adequate follow-up data to be 
included in the long-term outcomes analysis. These 
were matched in a 1:3 fashion with 211 patients with 
TNPV as described for a total analysis cohort of 278 
patients. Patient characteristics are shown in Table 1, 
with no significant differences in sex, race/ethnicity, 
or birth weight between groups; patients with BNPV 
more commonly had VSD versus those with TNPV 
(73% versus 43%, P<0.001).

Before ASO, the majority of both BNPV and TNPV 
underwent balloon atrial septostomy (69% and 72%, 
respectively, Table  1). Notably, age (median 5  days 
BNPV versus 4  days TNPV) and weight (3.5  kg ver-
sus 3.4 kg) at ASO were statistically different, although 
clinically comparable between the 2 groups. Hospital 
length of stay after ASO was similar between the 2 
groups.

Subsequent Clinical Outcomes
Over a median follow-up of 11.3  years (range 0.02–
30.3  years), there was no late mortality, defined as 
death >30  days post ASO, in patients with BNPV. 
Two patients with TNPV had late mortality, 1 patient 
with death after 1.7 years (death caused by underlying 
mitochondrial disease) and the other with death after 
1.3 years (death caused by pulmonary hypertension). 
A total of 10 patients underwent any cardiac surgical 
reintervention on the neo-aortic root, 4 patients with 
BNPV and 6 patients with TNPV (6.0% and 2.8%, re-
spectively; P=0.16). There was no significant difference 
in time to cardiac reoperation on the neo-aortic root 
among patients with BNPV versus patients with TNPV 
(Figure 1, log-rank test P=0.16).

Neo-Aortic Regurgitation
The development of ≥moderate AR over follow-up was 
more common in patients with BNPV (n=9, 13.4%) than 
patients with TNPV (n=9, 4.3%), hazard ratio 3.9 for 
BNPV (P=0.004). At time of initial surgical discharge, 
3 patients with BNPV (4.9%) already had ≥moderate 
AR versus 0 for TNPV (P=0.014). Freedom from first 

Table 1.  Patient Characteristics

Bicuspid 
PV  
(n=67)

Tricuspid 
PV   
(n=211) P value

Male sex 41 (61%) 133 (63%) 0.88

Race

White 43 (64%) 150 (71%) 0.58

Black 2 (3%) 11 (5%)

Asian 1 (1%) 3 (1%)

Other 8 (12%) 18 (9%)

Not reported 13 (19%) 29 (14%)

Birth weight, kg 3.4 (3.0, 3.7)  
(n=62)

3.3 (3.0, 3.6)  
(n=204)

0.52

Any VSD 49 (73%) 90 (43%) <0.001

None 18 121

Conoventricular 25 31

Muscular 14 40

Membranous 14 31

Atrioventricular 
canal

3 2

Other 1 0

Balloon atrial 
septostomy

46 (69%) 150 (72%) 0.64

Age at surgery, d 5 (3, 20) 4 (3, 6) 0.062

Weight at surgery, kg 3.5 (3.2, 4.1)  
(n=66)

3.4 (3.0, 3.7)  
(n=211)

0.012

Hospital length of 
stay, d

12 (8, 17)  
(n=66)

10 (8, 16)  
(n=211)

0.23

Data presented as number (%), or median (25-75 percentile).
PV indicates pulmonary valve; and VSD, ventricular septal defect.
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occurrence of ≥moderate AR, excluding the patients 
with BNPV with AR at discharge, differs between 
groups and is shorter for BNPV (Figure 2, log-rank test 
P=0.002). Freedom from ≥moderate AR for patients 
with BNPV at 5, 10, 15, and 20  years was 91.4, 86, 
80.6, and 80.6% versus 97, 97, 94.8, and 90.5% for pa-
tients with TNPV. Moreover, the relationship between 
first occurrence of ≥moderate AR and BNPV remains 
statistically significant after adjusting for either the 
presence of VSD (hazard ratio, 3.3; P=0.014) or age at 
ASO (hazard ratio, 3.8; P=0.006).

Neo-Aortic Root Dilation
The development of ≥moderate ARD over follow-up 
was more common in patients with BNVP (n=30, 
45%) than in patients with TNVP (n=80, 38%; haz-
ard ratio 1.6 for BNPV; P=0.02). Excluding those 
patients with ≥moderate ARD at discharge (2 pa-
tients with BNPV and 6 patients with TNPV), the 
freedom from occurrence of ≥moderate ARD differs 
between groups and is a shorter period of time for 
patients with BNVP (Figure  3, P=0.024). Freedom 
from ≥moderate ARD for patients with BNPV at 5, 

10, 15, and 20 years was 57.2, 41.7, 38.7, and 38.7% 
versus 65.7, 58.9, 55.2, and 52.1% for patients with 
TNPV. The association between first occurrence of 
≥moderate ARD and BNPV remains statistically sig-
nificant even after adjusting for age (P=0.048), but 
only trends towards significance after adjusting for 
VSD (P=0.085).

Relationship of Neo-Aortic Regurgitation 
and Neo-Aortic Root Dilation
An analysis of the correlation between ≥moderate AR 
and ≥moderate ARD performed at 5, 10, and 15 years 
follow-up for the entire cohort showed a positive cor-
relation between increasing AR and increasing neo-
aortic root Z score (Table  2; Spearman correlation 
0.31–0.46; P=0.001 for all comparisons).

Neo-Aortic Surgical Interventions
For the 10 patients in the cohort who underwent 
reoperation on the neo-aortic valve/root, proce-
dures included the following: 2 with neo-aortic 
valve repair alone; 2 with neo-aortic root reduc-
tion alone; 2 with neo-aortic valve repair and root 

Figure 1.  Freedom from neo-aortic root surgery.
The Kaplan–Meier estimate of freedom from cardiac reoperation on the neo-aortic valve and root was 
found for 278 patients who had D-loop transposition of the great arteries and who had undergone ASO 
and survived to hospital discharge. A total of 10 patients underwent reoperation, with no significant 
difference between patients with BNPV (n=67, blue line) and those with TNPV (n=211, red line), P=0.16. 
ASO indicates arterial switch operation; BNPV, bicuspid native pulmonary valves; PV, pulmonary valve; 
and TNPV, tricuspid native pulmonary valves.
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reduction; 2 with neo-aortic valve-sparing root re-
placement; and 2 with neo-aortic valve repair and 
neo-aortic valve-sparing root replacement. Two 
patients went on to have subsequent neo-aortic 
valve replacement surgeries: 1 patient with BNPV 
and 1 patient with TNPV. Those who underwent 
reoperation had higher median neo-aortic root 
Z scores than those who did not (4.1 versus 2.7; 
P=0.016), with no difference between groups. 
This was true for patients with BNPV (median   
Z score 6.8 versus 3.3; P=0.08) and patients with 
TNPV (3.9 versus 2.5; P=0.13), although these dif-
ferences were not statistically significant poten-
tially because of the small number of patients who 
underwent reoperation.

DISCUSSION
Given the excellent survival and long-term outcomes 
after ASO for the surgical management of simple 
TGA,5,6 this operation has been increasingly performed 
for patients with more complex anatomy, including 
those with left ventricular outflow tract obstruction and 
native pulmonary valve abnormalities. In the present 
study, we sought to evaluate the short- and long-term 

outcomes among patients with BNPV compared with 
those with normal TNPV.

Early Postoperative Outcomes
Previous studies have identified lower birth weight, 
aortic root repair before ASO, and overall cardiopul-
monary bypass time as risk factors for early mortality 
post-ASO within the TGA population.7,8 This is the first 
study to show that there is no difference in early mor-
tality between infants born with D-TGA with a bicuspid 
NPV compared with infants with D-TGA and a normal 
tricuspid NPV. This study also showed no difference 
in postsurgery length of stay between these 2 popula-
tions as a surrogate for other early postoperative clini-
cal outcomes.

Late Outcomes: Neo-Aortic Valve 
Regurgitation
Many studies have demonstrated that patients with 
isolated bicuspid aortic valve are at risk for progressive 
AR and aortic root and ascending aorta dilation.9 In 
the ASO population for TGA, AR is a known long-term 
complication and may progress over time, with previ-
ously identified independent risk factors including the 

Figure 2.  Freedom from neo-aortic valve regurgitation.
The Kaplan–Meier estimate of freedom from ≥moderate neo-aortic valve regurgitation was found for 
278 patients who had D-loop transposition of the great arteries and who had undergone ASO and 
survived to hospital discharge. Patients with BNPV (n=67, blue line) had reduced freedom from neo-aortic 
regurgitation and shorter time to first occurrence than those with TNPV (n=211, red line), P=0.002. ASO 
indicates arterial switch operation; BNPV, bicuspid native pulmonary valves; PV, pulmonary valve; and 
TNPV, tricuspid native pulmonary valves.
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presence of a VSD, AR at ASO hospital discharge, and 
residual left ventricular outflow tract obstruction.10–13 In 
our study we found that patients with BNPV develop 
significant AR more frequently, and earlier, than patients 
with TNPV. Notably this relationship remained the case 
even when adjusted for AR at ASO discharge, age at 
ASO, or presence of VSD, which are variables that dif-
fered in the bicuspid cohort (who more frequently had 
significant AR at discharge, and more commonly had 

VSDs). The rate and time course for the development 
of AR in patients with BNPV in our study is similar to 
a prior study that focused on a smaller cohort of pa-
tients with BNPV alone.3 The mechanism for the de-
velopment of AR in this setting is not entirely clear; in 
past studies, it has been speculated that AR post ASO 
may be related to high pressure and flow in the pulmo-
nary artery before ASO.10,14 Bicuspid valves by nature 
may develop higher pressure given their propensity to 
have smaller annulus sizes and more turbulent blood 
flow,9,15 and may be more sensitive to ARD. Moreover, 
surgical techniques, in particular VSD repair, have 
been thought to be another risk factor.10,14 However, 
our study showed no association between VSD, and 
thus by extrapolation VSD closure, and the develop-
ment of AR.

Late Outcomes: Neo-Aortic Root Dilation
The current study also demonstrated that ARD happens 
more frequently and earlier in patients with BNPV than in 
those with TNPV. This association remained significant 
when adjusted for age at time of ASO and was border-
line significant when adjusted for presence of VSD. The 
time course to significant ARD in our study was similar 
to a prior smaller cohort study of patients with BNVP, 

Figure 3.  Freedom from neo-aortic root dilation.
The Kaplan–Meier estimate of freedom from cardiac reoperation on the neo-aortic valve and root was 
found for 278 patients who had D-loop transposition of the great arteries and who had undergone ASO 
and survived to hospital discharge. Patients with BNPV (n=67, blue line) had reduced freedom from neo-
aortic root dilation (defined as Z score ≥4) and shorter time to first occurrence than those with TNPV 
(n=211, red line), P=0.024. ASO indicates arterial switch operation; BNPV, bicuspid native pulmonary 
valves; PV, pulmonary valve; and TNPV, tricuspid native pulmonary valves.

Table 2.  Correlation Between Neo-Aortic Regurgitation 
and Neo-Aortic Root Dilation

Follow-up 
period

Neo-aortic 
regurgitation

No. of 
patients (n)

Neo-aortic root Z 
score (25th–75th 
percentiles)

5 y (n=147) <Moderate 142 3.0 (2.1–4.2)

≥Moderate 5 3.7 (1.4–4.8)*

10 y (n=123) <Moderate 120 2.7 (1.8–3.5)

≥Moderate 3 3.7 (3.4–4.4)†

15 y (n=95) <Moderate 91 2.2 (1.2–3.3)

≥Moderate 4 4.6 (2.9–5.4)‡

*Wilcoxon rank sum P value 0.81, Spearman correlation: rs 0.31, P<0.001.
†Wilcoxon rank sum P value 0.09, Spearman correlation: rs 0.30, P<0.001.
‡Wilcoxon rank sum P value 0.05, Spearman correlation: rs 0.46, P<0.001.
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although ARD was more common in our cohort and 
to a greater degree of severity (we used a more strin-
gent definition of z score ≥4).3 Because the neo-aortic 
root is embryologically pulmonary artery and not aorta, 
this likely creates the substrate for ARD under systemic 
pressures in patients with BNPV as well as patients with 
TNPV. The hemodynamic differences of a bicuspid valve 
versus a tricuspid variant, with increased tensile and 
shear stressors, most likely plays a role in the pathogen-
esis of worse ARD in the setting of a BNPV. Blood flow 
is more likely to be turbulent through bicuspid valves, 
and this turbulent blood flow may cause an uneven bur-
den of force on the convex wall of the ascending aorta. 
Moreover, given that BNPVs are more likely to have re-
gurgitant flow, the higher stroke volume also leads to 
higher wall tension in the ascending neo-aorta.9,16 There 
is also a positive feedback loop–type effect between 
dilation and regurgitation: the increase in ARD leads to 
reduced valve leaflet coaptation and thus leads to fur-
ther AR.9 Prior studies into ASO outcomes have shown 
significant overlap in patients displaying AR and ARD.4 
In the present study, we also found a positive correlation 
between greater degrees of ARD and presence of AR 
(Table 2), which supports this mechanism for the devel-
opment of worsening AR.

In previous studies, it has been noted that the AR 
and ARD post ASO rarely lead to reoperation.10,14 In 
this study, we have also found that there was a low 
incidence of reoperation on the aortic root post ASO 
in both groups.

Limitations
This study was retrospective in nature and because 
follow-up data were obtained for clinical purposes and 
not standardized, this may have resulted in ascertain-
ment bias for some patients over others regarding valve 
function outcomes. We attempted to limit this potential 
issue by choosing TNPV controls with as much echo-
cardiographic follow-up data as possible, although be-
cause patients with BNVP were much less common 
they could not be easily replaced; we did ensure that 
all patients with BNVP in our analysis had initial, post-
operative, and then a most recent echocardiogram. 
However, it should be noted that follow-up was ob-
tained in only 80% of bicuspid patients. Additionally, 
given that we were studying a specific population 
within a relatively small population of patients with d-
TGA, the sample sizes were small enough that there 
was low statistical power, which prevented us from ad-
justing some of the analyses for potential confounders. 
Moreover, given the >30-year time span of this study, 
the improvement of surgical techniques and medical 
care over time may influence the differing outcomes of 
patients born in different eras. In addition, some tech-
nical surgical considerations that theoretically might 

impact subsequent valve function, such as the po-
tential differences in coronary implantation site on the 
neo-aortic root in patients with BNPV versus patients 
with TNPV, could not be ascertained in this retrospec-
tive case series. Lastly, there are also limits to using 
echocardiograms for measurement data, given subop-
timal images and user dependence; this may have im-
pacted the assessment of neo-AR, although this would 
likely be true for both BNPV and TNPV cohorts equally.

CONCLUSIONS
This study demonstrates that while bicuspid and tri-
cuspid NPV patients have similarly excellent short-term 
outcomes post-ASO, subsequent AR and ARD happen 
more frequently and earlier in BNPV patients. BNPV 
patients may merit more frequent imaging follow-up 
over time as surveillance for AR and ARD. Further long-
term studies are needed to determine whether this re-
sults in greater need for neo-aortic valve reoperation.
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