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Abstract

OBJECTIVES: Hypoplastic left heart syndrome (HLHS) with aortic atresia (AA) patients are prone to coronary insufficiency due to a small
ascending aorta. Prophylactic patch augmentation of the small ascending aorta during the stage I procedure (S1P) may reduce the risk of
coronary insufficiency as marked by ventricular dysfunction, need for extracorporeal membrane oxygenator (ECMO) support or mortality.

METHODS: Retrospective analysis of patients with HLHS with AA who underwent an S1P was completed. Baseline ascending aorta size,
right ventricular (RV) function and outcome variables of transplant-free survival, ECMO support after the stage 1 operation and RV func-
tion at the time of the bidirectional Glenn and latest follow-up were collected.
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RESULTS: Between January 2010 and April 2020, 11 patients underwent prophylactic ascending aorta augmentation at the time of the S1P
as a planned portion of the procedure. A total of 125 patients underwent S1P during this period as a comparison. Overall survival was
100% for the augmented group and 74% for the control group (P = 0.66). A composite end point of transplant-free survival, no post-S1P
ECMO and less than moderate RV dysfunction was created. At the time of BDG, this composite end point was 100% for the augmented
group and 61.8% for the control group (P = 0.008) and at most recent follow-up was 100% for the augmented group and 59.3% for control
(P = 0.007). Eight patients required a rescue procedure for the clinical evidence of coronary insufficiency following S1P that included
ascending aorta patch augmentation or stent placement. When comparing these rescue versus prophylactic ascending aortic augmenta-
tions, there were also differences in the composite outcome 100% for augmented and 60% for rescue (P = 0.009) and at the time of most
recent follow-up 100% for augmented and 50% for rescue (P = 0.029).

CONCLUSIONS: Prophylactic patch augmentation of the ascending aorta in HLHS patients with AA may reduce the risk of mortality,
ECMO and reduced RV function. Patients not initially undergoing augmentation but then requiring a rescue procedure have particularly
poor outcomes. Patch augmentation for smaller ascending aortic diameters should be considered and further clinical experience may help
delineate aorta diameter threshold for augmentation.

Keywords: Hypoplastic left heart syndrome • Small ascending aorta • Interstage mortality

ABBREVIATIONS

AA Aortic atresia
DKS Damus–Kaye–Stansel
ECMO Extracorporeal membrane oxygenator
FFR Fractional flow reserve
HLHS Hypoplastic left heart syndrome
IRB Institutional Review Board
RV Right ventricular
SVR Single Ventricle Reconstruction
S1P Stage I procedure

INTRODUCTION

The diameter of the ascending aorta in hypoplastic left heart syn-
drome (HLHS) varies by disease subtype and individual patient
characteristics. There is no formal definition of what constitutes a
too small of an ascending aorta but smaller diameter aortas have
raised concerns regarding the adequacy of coronary perfusion in
these patients over the short and long terms. Inherent in these
concerns is the fact that the ascending aorta is not capable of
dilation in response to increased cardiac demand that is neces-
sary in the left main coronary artery or the other coronary ves-
sels. It is principally an elastic vessel and has been altered by the
Damus–Kaye–Stansel (DKS) anastomosis. In these patients par-
ticularly following stage 1 palliation, the demand of the heart is
abnormally high as the right ventricle variations of pulmonary
vascular resistance can lead to pulmonary overcirculation with
even higher overall cardiac output demands.

In a recent study utilizing the Single Ventricle Reconstruction
(SVR) trial data, ascending aorta size had a significant impact on
in-hospital and 30-day survival, with neonates with <1.5 mm
ascending aorta size having the worst outcomes [1]. This is con-
sistent with other analyses of the SVR trial data [2] and additional
studies where smaller ascending aorta diameter was a significant
risk factor for stage I procedure (S1P) mortality [3–5]. There con-
tinues to be debate regarding the impact of ascending aorta
diameter on mortality risk as other studies have not shown
ascending aorta diameter to impact mortality [6, 7]. Some reports
including 2 studies out of Boston Children’s Hospital demon-
strated a higher mortality risk for patients following a stage 1 op-
eration with mitral stenosis-aortic atresia (AA) variant (but not in

mitral atresia-AA variant) [8, 9]. This higher mortality rate was to
be related to the presence of coronary artery fistulas, which can
occur in this mitral stenosis-AA group and have been noted to
have a higher occurrence in patients with an ascending aorta
diameter of 2 mm or less [10]. Because of this, Boston Children’s
Hospital has implemented a new practice of completing a pre-
operative catheterization in all AA patients to evaluate the bur-
den of coronary fistula. Coronary insufficiency from small aortic
size potentially contributed to this finding of an increase in mor-
tality as much, or potentially even more than the fistula burden.
The ascending aorta diameter was not assessed as part of the
most recent series reported by Vida and not a significant predict-
or of mortality in the 1994 study [8]. Shuhaiber et al. [11] also
found a higher mortality in MS/AA patients following a stage 1
operation, but other centres did not identify this as a risk factor
[10, 12, 13]. In the SVR trial, MA–AA but not MS–AA had higher
risk of interstage mortality [14], which was also seen in an earlier
era [8].

The clinical outcomes for patients undergoing a standard stage
1 reconstruction (Norwood) operation for HLHS with AA vary.
From a surgical perspective, the DKS is often performed in
patients with a small ascending aorta with interrupted 8–0
sutures to optimize the remaining orifice diameter of the ascend-
ing aorta. Many of these patients do not survive their hospital
stay or have interstage complications. However, there are
patients who develop ventricular dysfunction and require inter-
vention to enlarge the ascending aorta as a rescue procedure
with often poor outcomes. Recognizing small ascending aortas as
a potential major risk factor for the successful palliation for these
patients with stage 1 operations, our group has initiated an effort
to prophylactically augment the size of the ascending aorta in
these patients to avoid subtle or overt myocardial ischaemia
impacting short- or long-term clinical outcomes. This report
highlights the initial clinical findings of this surgical approach
compared to a cohort of similar patients previously treated who
did not have prophylactic augmentation of the ascending aorta.

METHODS

Patients with HLHS with AA who underwent stage 1 single ven-
tricle palliation at Boston Children’s Hospital between January
2010 and April 2020 were reviewed. A waiver of consent was
approved by the Boston Children’s Hospital Institutional Review
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Board (IRB) (IRB approval date 10/24/19, IRB number
P00033653). All patient’s demographics, clinical course and clin-
ical outcomes were reviewed up until the time of most recent
clinical follow-up.

Patients were stratified into 3 groups: (i) patients who had
prophylactic enlargement of their ascending aorta at the time of
the stage 1 reconstruction, (ii) patients who had no enlargement
of the small ascending aorta at the time of the stage 1 procedure
and no further intervention on the ascending aorta and (iii)
patients who had no aortic enlargement at the time of their stage
1 reconstruction but had a rescue procedure involving stenting
or surgical augmentation of the ascending aorta. Lastly, patients
were grouped according to baseline ascending aorta size as pre-
viously described [1] to assess the relationship between ascending
aorta size and outcomes of interest. A composite end point of
transplant-free survival, no post-S1P extracorporeal membrane
oxygenator (ECMO) and less than moderate right ventricular (RV)
dysfunction at the time of the bidirectional Glenn (BDG) was
created.

Statistical methods

Continuous variables are reported as median (interquartile range)
and assessed between groups using the Kruskal–Wallis test.
Categorical variables are reported as percentages with relation-
ships assessed using two-sided Fisher’s exact test. A composite
end point of transplant-free survival, no post-S1P ECMO and less
than moderate RV dysfunction was created and assessed at dif-
ferent time points of the subjects’ clinical course, through the
most recent date of follow-up. Due to the small sample size, par-
ticularly in the patch augmented group, we were not able to ad-
just for potential co-variates nor were multiple comparison tests
utilized.

RESULTS

Eleven patients in the series underwent prophylactic augmenta-
tion of their small ascending aorta. This is compared to a total of
123 patients who underwent stage 1 without prophylactic

augmentation over the same time frame. Patient demographics
are found in Table 1. Compared to the 11 patients who under-
went prophylactic augmentation of their small ascending aorta, 8
of the 123 (6.4%) non-augmentation control group patients
required a rescue procedure consisting of either surgical aug-
mentation of the ascending aorta or stenting of the ascending
aorta prior to the time of their BDG.

Figure 1 shows the position of the ascending aorta patch in
these patients who received prophylactic augmentation of the
ascending aorta. After creation of the DKS, the contralateral as-
pect of the ascending aorta is opened and this incision is

Table 1: Patient demographics

Prophylactic
augmentation (n = 11)

No augmentation
group (n = 115)

Interstage rescue
procedure (n = 8)

P-value

Diagnosis, n (%) 0.66
MS, AA 6 (55) 48 (42) 4 (50)
MA, AA 5 (45) 67 (58) 4 (50)

Age at surgery (days), median (IQR) 4 (2, 8) 4 (3, 5) 4.5 (2, 6) 0.9
Shunt type, n (%) 0.41

Sano 11 (100) 105 (91) 8 (100)
BT shunt 0 10 (9) 0

CPB time (min), median (IQR) 235 (207, 256) 165 (142, 217) 196 (156, 254) 0.001
CCT (min), median (IQR) 109 (92, 133) 93 (74, 126) 100 (75, 130) 0.41
Arrest time (min), median (IQR) 5 (3, 10) 11 (6,13) 14 (5, 20) 0.10
Intubation time (days), median (IQR) 8 (6, 14) 8 (6, 13) 23 (7,46) 0.13
CICU LOS (days), median (IQR) 18 (16, 39) 18 (13, 27) 30 (17, 48) 0.15
Hospital LOS (days), median (IQR) 42 (28, 56) 36 (27, 59) 37 (26, 54) 0.87

BT: Blalock–Taussig; CCT: cross-clamp time; CICU: cardiac intensive care unit; CPB: cardiopulmonary bypass time; IQR: interquartile range; LOS: length of stay;
MA: mitral atresia; MS: mitral stenosis.

Figure 1: (A–C) Reconstructed aortic arch after stage I procedure operation
with small ascending aorta. (D–F) Reconstructed aortic arch after stage I pro-
cedure operation with small ascending aorta augmented on lateral aspect.
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extended down to the aortic root between the left and right cor-
onary arteries. During the aortotomy, care is taken to identify the
orifices of the coronary arteries and position the incision be-
tween the 2 arteries as to not encroach on the orifice of either
coronary artery when sewing in the patch materials (autologous
pericardium treated with glutaraldehyde for 2–5 min or pulmon-
ary homograft). The size of the augmentation patch was typically
7–11-mm wide, achieving ascending aorta diameters after aug-
mentation in the range of 4–5 mm. This technique was used in
patients who underwent a double barrel reconstruction of the
aortic arch and in those whose ascending aorta remained
attached throughout the reconstruction. The adequacy of the
ascending aortic size and antegrade flow of the coronary arteries
were assessed by echocardiogram after the procedure.

The median follow-up was 4.2 months in the prophylactic
aorta augmentation group and 2.5 years in the non-augmented
group. Overall survival was 100% for the augmented group and
74% for the control group (P = 0.66). When those subjects who
required a rescue procedure are separated from the control
group, the overall survival is as follows: 100% for the augmented
group, 75% (88/117) for the control group and 63% (5/8) for the
rescue procedure group as shown in the Kaplan–Meier curve in
Fig. 2. A composite end point of transplant-free survival, no post-
S1P ECMO and less than moderate RV dysfunction was created
(Fig. 3). At the time of BDG, freedom from this composite end
point was 100% for the augmented group and 61.8% for the con-
trol group (P = 0.008) and at most recent follow-up freedom was
100% for the augmented group and 59.3% for control (P = 0.007).
The control group included 9 patients (9%) with a BT shunt while
the augmented group had zero BT shunt patients. To exclude the
impact of shunt type, outcomes were also analysed for a control
group that excluded BT shunt patients. Freedom from composite
end point was also significantly different between the augmented
and control groups without BT shunt patients at the time of the
BDG (P = 0.008) and the most recent follow-up (P = 0.007).

The differences in outcomes for patients with ascending aorta
size of 2.5 mm or less were also analysed. In patients with an
ascending aorta diameter of 2.5 mm or less (n = 99 in the control
group, n = 9 in the augmented group), the freedom from the
composite end point at the time of BDG of 100% for augmented

vs 63.3% for control (P = 0.027) and at most recent follow-up
freedom was 100% for augmented vs 60% for control (P = 0.024)
(Fig. 4). When the control group excluded BT shunt patients, the
differences persisted at the time of the BDG (P = 0.027) and at
most recent follow-up (P = 0.024).

Eight patients required a rescue procedure for the clinical evi-
dence of coronary insufficiency following S1P that included
ascending aorta patch augmentation or stent placement. When
comparing these rescue versus prophylactic ascending aortic
augmentations, there were also differences in the composite out-
come (transplant-free survival, no post-S1P ECMO and less than
moderate RV dysfunction): 100% for augmented vs 60% for res-
cue (P = 0.009) at the time of BDG and 100% for augmented ver-
sus 50% for rescue (P = 0.029) at the time of the most recent
follow-up.

There was a trend towards a difference between tricuspid valve
function at the time of BDG (greater than mild TR) in the prophy-
lactically augmented group (0/11, 0%) and the control group (26/
123, 21.1%, P = 0.2). Tricuspid valve function was not significantly
different between groups at the time of latest follow-up with 1/
11 (9%) in the prophylactically augmented group and 24/123
(19.5%) in the control group (P = 1). This was also the case in the
group of subjects with ascending aorta diameters of <2.5 mm. At
the time of the BDG, 0/9 subjects in the prophylactic group had
greater than mild TR while 15/90 (16.7%) of the control group
(P = 0.59) exhibited greater than mild TR. At most recent follow-
up, 2/9 (22.2%) of the prophylactic group and 15/90 (16.7%) of
the control group had TR dysfunction greater than mild
(P = 0.65).

To isolate the impact of ascending aorta size on outcomes of
interest, patients were classified using their baseline ascending
aorta size. These results are outlined in Table 2. Notably, there
was a significant difference between groups for rates of early
mortality (defined as death within 30 days or discharge from the
stage 1 procedure); the majority of early deaths occurred in the
non-augmented group with ascending aorta diameters of
1.5 mm or less (43%, P = 0.010).

DISCUSSION

The high-risk nature of small ascending aorta patients with HLHS
necessitates a change in clinical approach in an effort to defini-
tively avoid myocardial ischaemia. With the high demand of sys-
temic plus pulmonic blood flow in these right ventricle hearts,
particularly in the first inter stage, even subtle degrees of coron-
ary insufficiency resulting in endocardial ischaemia and any de-
gree of ventricular dysfunction places these patients at elevated
risk for complications or death. Although the technical precision
required to accomplish safe augmentation of the ascending aorta
is not to be trivialized, this initial clinical experience with prophy-
lactic augmentation of these ascending aortas demonstrates ex-
cellent outcomes with this approach. Those patients who had
prophylactic augmentation of their ascending aortas had no
death, ventricular dysfunction or ECMO support in their first
interstage. There were no clinical complications or any evidence
of myocardial ischaemia in any of these patients.

The technique of the DKS in the non-augmented patients was
a cut back in the pulmonary sinus and a low incision in the native
ascending aorta but not into the native aortic root. Our consist-
ent observation is that the smallest diameter of the ascending
aorta is immediately above the aortic root. To effectively patch

Figure 2: Kaplan–Meier survival in stage I procedure patients with aortic atresia
including prophylactic augmentation of ascending aorta group (green), non-
augmented ascending aorta group (blue) and ascending aorta rescue group
(red).
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the ascending aorta on the lateral aspect, the incision must be
carried down into the aortic root in the non-coronary sinus. The
lateral incision in the native aorta is typically carried to just a mm
or 2 above the atretic aortic plate.

In this small patient cohort, the composite outcome of
transplant-free survival, ventricular function and ECMO support
post-op was statistically significant compared to the non-
augmented cohort. Certainly, the patients who required a rescue
procedure from coronary insufficiency had poor outcomes as
evidence from the study. Although this technique has been safely
applied in this initial cohort of 12 prophylactically augmented
ascending aortas, the additional risk added to the procedure is
not trivial. In our minds the patients with 1.8-mm ascending
aorta leaves little doubt that a standard DKS anastomosis with
any amount of precision still leaves these patients at marked risk
for coronary insufficiency. The question is: actually what is the
threshold for augmenting an ascending aorta and what is consid-
ered an adequate ascending aorta diameter? From a view of the
patients who required rescue procedure for evidence of

ventricular dysfunction, the range of the ascending aorta diam-
eter as measured by echocardiogram prior to surgery was 1.5–
3 mm. Clinically our group is focused on typically augmenting
ascending aorta diameter of 2.5 mm or less but more work needs
to be done to better define this threshold. Our findings of higher
risk of early mortality in the non-augmented group when strati-
fied by ascending aorta size matched the findings of a similar
analysis of the SVR trial [1]. There is clear evidence that for the
smallest sized aortas, augmentation should be considered. The
threshold for this size cut-off will be a subject of continued
investigation.

Computer simulation including digital fractional flow reserve
(FFR) and computational fluid dynamics over a range of coronary
flows that would represent levels of coronary vasodilatation
expected in these patients are currently being undertaken.
Simulation tools have already been validated for estimation of
FFR in adult coronary anatomy [15]. Utilizing the digital tools,
these simulation approaches are now underway by our group
and will aid in the understanding of the contribution of the

Figure 3: (A) Composite end point of transplant-free survival, extracorporeal membrane oxygenator or moderate or greater right ventricular dysfunction in the group
with no aortic augmentation compared to the group with prophylactic aortic augmentation at the time of the bidirectional Glenn operation and (B) at most recent
follow-up.
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ascending aorta size to the persistent or intermittent coronary in-
sufficiency that can occur in these patients. We expect these add-
itional analyses will aid in setting a threshold for knowing when
to prophylactically augment the small ascending aorta in these
patients.

A related clinical challenge is in patients who have not under-
gone augmentation of the ascending aorta at the time of the
stage 1 and have borderline ascending aorta sizes at any subse-
quent stage including times of a typical evaluation at a pre Glenn
or pre Fontan catheterization. There is an opportunity to evaluate

the coronary sufficiency of these patients with catheter-based
FFR evaluation of coronary flow as well as computer simulations.
Achieving sufficient coronary flow is critical in these patients
throughout their entire lifetime, and prophylactic augmentation
of the ascending aorta will play an important role in the manage-
ment of these patients.

There are several limitations to this study. This was a retro-
spective analysis of patients with a relatively small ascending
aorta augmentation group. The surgical technique has only re-
cently been introduced to our practice, which not only creates a

Figure 4: (A) Composite end point of transplant-free survival, extracorporeal membrane oxygenator or moderate or greater right ventricular dysfunction in the group
with no aortic augmentation compared to the group with prophylactic aortic augmentation for patients with ascending aorta diameter of 2.5 mm or less at the time
of the bidirectional Glenn operation and (B) at most recent follow-up.

Table 2: Overall outcomes for aorta size groups

<_1.5 mm (n = 7) 1.6–2.0 mm (n = 39) 2.1–3.0 mm (n = 66) >3.0 mm (n = 19) P-value

Early mortality, n (%) 3 (43%) 4 (10%) 3 (5%) 2 (11%) 0.01
Post-stage 1 ECMO, n (%) 2 (29%) 7 (18%) 7 (11%) 2 (11%) 0.46
RV dysfunction > mild at BDG, n (%) 0 (%) 4 (10%) 8 (12%) 4 (21%) 0.43
TR > mild at BDG, n (%) 2 (29%) 2 (5%) 16 (24%) 5 (26%) 0.057
RV dysfunction > mild at follow-up, n (%) 1 (14%) 10 (26%) 15 (23%) 6 (32%) 0.80
TR > mild at follow-up, n (%) 0 (0%) 5 (13%) 14 (21%) 5 (26%) 0.35
Late mortality, n (%) 0 (0%) 7 (18%) 9 (14%) 4 (21%) 0.55
Overall mortality, n (%) 3 (43%) 11 (28%) 11 (17%) 6 (32%) 0.23
Composite outcome at BDG, n (%) 3 (43%) 16 (41%) 18 (27%) 9 (47%) 0.28
Composite outcome at follow-up, n (%) 3 (43%) 15 (39%) 22 (33%) 9 (47%) 0.71

BDG: bidirectional Glenn; ECMO: extracorporeal membrane oxygenator; RV: right ventricle; TR: tricuspid regurgitation.
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small sample size but could also create an era effect. Also, related
to that, the follow-up times are quite different between groups
with follow-up of the augmented group shorter than the control
group. The outcomes of these patients will need to be followed
closely over time. Data abstraction and analysis were both
unblinded that could lead to bias and there is always the poten-
tial for unmeasured confounders including Hawthorne effect.
Coronary flow was not directly assessed in these patients, and no
standard coronary imaging was employed postoperatively be-
yond ECHO. Coronary ischaemia is presumed to be the driver of
this increased morbidity and mortality highlighted by the com-
posite end point findings, but this was not directly assessed.

CONCLUSION

Prophylactic augmentation of a small ascending aorta during a
stage 1 operation is a surgical technique, which may mitigate the
risk of coronary insufficiency in these high-risk patients and may
prove useful when faced with the difficulty of aortic reconstruc-
tion in patient with AA. Further analysis is required to refine the
size indication of the ascending aorta for which this technique
should be applied.
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