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BACKGROUND: Hypoplastic left heart syndrome is associated with significant morbidity and mortality. We aimed to assess the
influence of left ventricular morphology and choice of shunt on adverse outcome in patients with hypoplastic left heart syn-
drome and stage 1 palliation.

METHODS AND RESULTS: This was a retrospective analysis of patients with hypoplastic left heart syndrome with stage 1 pallia-
tion between 1999 and 2018 in Sweden. Patients (=167) were grouped based on the anatomic subtypes aortic-mitral atresia,
aortic atresia-mitral stenosis (AA-MS), and aortic-mitral stenosis. The left ventricular phenotypes including globular left ventri-
cle (Glob-LV), miniaturized and slit-like left ventricle (LV), and the incidence of major adverse events (MAEs) including mortality
were assessed. The overall mortality and MAEs were 31% and 41%, respectively. AA-MS (35%) was associated with both
mortality (all other subtypes versus AA-MS: interstage-I: hazard ratio [HR], 2.7; P=0.006; overall: HR, 2.2; £P=0.005) and MAEs
(HR, 2.4; P=0.0009). Glob-LV (57%), noticed in all patients with AA-MS, 61% of patients with aortic stenosis-mitral stenosis,
and 19% of patients with aortic atresia-mitral atresia, was associated with both mortality (all other left ventricular phenotypes
versus Glob-LV: interstage-I: HR, 4.5; P=0.004; overall: HR, 3.4; £P=0.0007) and MAEs (HR, 2.7; P=0.0007). There was no dif-
ference in mortality and MAEs between patients with AA-MS and without AA-MS with Glob-LV (P>0.15). Patients with AA-MS
(35%) or Glob-LV (38%) palliated with a Blalock-Taussig shunt had higher overall mortality compared with those palliated with
Sano shunts, irrespective of the stage 1 palliation year (AA-MS: HR, 2.6; P=0.04; Glob- LV: HR, 2.1; P=0.03).

CONCLUSIONS: Glob-LV and AA-MS are independent morphological risk factors for adverse short- and long- term outcome,
especially if a Blalock-Taussig shunt is used as part of stage 1 palliation. These findings are important for the clinical manage-
ment of patients with hypoplastic left heart syndrome.
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significant cause of morbidity and mortality de- classified into 3 anatomic subtypes: aortic and mitral

Hypoplastio left heart syndrome (HLHS) remains a perioperative care.! Based on valve patency, HLHS is
spite advancements in surgical technique and  valve atresia (AA-MA), aortic valve atresia and mitral
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CLINICAL PERSPECTIVE

What Is New?

¢ In this national hypoplastic left heart syndrome co-
hort with 20-year follow-up, we demonstrate for the
first time that a globular left ventricle phenotype is
independently associated with adverse outcomes.

e In addition, patients with a globular left ventricle
and/or with aortic atresia-mitral stenosis are at
particularly high risk for adverse outcomes if they
received a Blalock-Taussig shunt as part of their
Norwood stage 1 palliation.

What Are the Clinical Implications?

e Qur findings provide an important addition to
risk stratification of patients with hypoplastic left
heart syndrome, highlighting the need for care-
ful surgical planning and shunt selection at the
time of Norwood stage 1.

* In addition, personalized risk assessment de-
pending on left ventricular morphology may
allow for a more individualized approach on tim-
ing and nature of interstage follow-up.

Nonstandard Abbreviations and Acronyms

AA-MA aortic atresia-mitral atresia
AA-MS aortic atresia-mitral stenosis
AS-MS aortic stenosis-mitral stenosis
BTs Blalock-Taussig shunt

EFE endocardial fibroelastosis
Glob-LV globular left ventricle

IAS intact atrial septum

I1S-1 interstage |

LPW low preoperative weight
MAEs major adverse events

RAS restrictive atrial septum

S1P stage 1 palliation (Norwood)
sTR severe tricuspid regurgitation
SVR Single Ventricle Reconstruction
TCPC total cavopulmonary connection

valve stenosis (AA-MS), and aortic and mitral valve ste-
nosis (AS-MS). AS-MA is an extremely rare subtype,
which typically includes an unrestrictive ventricular
septal defect and is therefore not included in the clas-
sical types of HLHS.?

The clinical impact of these anatomic subtypes re-
mains debatable. A few early studies suggested worse
outcome in patients with AA-MA, presumably because
of the severely hypoplastic ascending aorta and the
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subsequent risk for decreased myocardial perfu-
sion.®® Later studies suggested higher short- and
long-term mortality in patients with AA-MS,%-8 whereas
the SVR (Single Ventricle Reconstruction) trial, a large
prospective North American multicenter study on 522
patients with single, morphologically right ventricles,
could not confirm this finding.®

In terms of left ventricular morphology, basically 3 left
ventricular phenotypes have been described: (1) a thick-
ened, globular, nonapex-forming LV with endocardial
fibroelastosis (EFE) (Glob-LV), (2) a miniaturized, nonapex-
forming LV with normal thickness of the myocardium and
without EFE, and (3) a slit-like, thin-walled L1011

Glob-LV, the most common left ventricular pheno-
type, is commonly seen in patients with AA-MS, but also
in patients with AS-MS who have minimal outflow from
the LV. A miniaturized LV occurs in the AS-MS subtype,
with a moderately underdeveloped mitral and aortic valve,
whereas a slit-like LV is only encountered in AA-MA 101

It has been suggested that, through interventricular
interaction, a larger remnant LV in HLHS or a hyper-
trophied septum may lead to impaired right ventric-
ular (RV) function and/or increased risk for adverse
outcome.'""® However, other authors were unable to
show such an association.®'®

Interestingly, the potential impact of the slit-like, min-
iaturized or Glob-LV phenotypes on adverse outcome
has to our knowledge not yet been demonstrated.

The introduction of the Sano shunt in 2002 was
proposed as a better alternative to the Blalock-Taussig
shunt (BTs), although some drawbacks, including longer
aortic clamp time and right ventriculotomy, have been
described."® Prior preliminary results of our previous
single-center retrospective study of 90 patients with
HLHS suggested higher mortality in patients with AA-
MS and BTs palliation (abstract presented at the AEPC
meeting 2015),%° but the study covered an earlier period
starting in 1993, with several inherent biases including
significant mortality during the early years of Norwood
palliation and the exclusive use of BTs during the 1990s.

The major goal of this study was to investigate the
short- and long-term impact of morphological and
early surgical risk factors on major adverse outcome
in patients with HLHS. We hypothesized that not
only the anatomic HLHS subtype, but also the left
ventricular phenotype could influence the outcome.
Our second hypothesis was that the use of the BTs
in infants with certain left ventricular morphological
subtypes have further adverse effects on the clinical
outcome.

METHODS

The data supporting the findings of this study are avail-
able from the corresponding author upon reasonable
request.
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Study Population

All patients with the anatomic HLHS subtypes AA-MA,
AA-MS, and AS-MS who underwent Norwood stage
1 palliation (S1P) at the Skane University Hospital
in Lund and the Queen Silvia Children’s Hospital,
Sahlgrenska University Hospital, Gothenburg (the
only 2 tertiary referral centers in Sweden since 1993)
between January 1999 and December 2018 were in-
cluded. Patients with the anatomic subtype AS-MA,
ventricular septal defects, or non-HLHS variants with
a systemic right ventricle were excluded, because
they are not part of the conventional HLHS subtype
classification.?

Patients were identified from the local institutional
surgical databases and from the SWEDCON (Swedish
Registry of Congenital Heart Disease). Informed con-
sent was not required. This study was approved by
the Lund University Ethics Committee for human
research.

Data were collected by reviewing available postna-
tal pre- and postoperative echocardiograms, as well as
imaging, surgical, and other clinical records including
perinatal and demographic data, reinterventions, and
postoperative outcome.

Echocardiographic Assessment and
Definitions

Echocardiograms were reviewed by a single pediatric
cardiologist (K.F.) for anatomic and functional details
usingvideotapesanddigitaldatabasesincluding Xcelera
(Philips Healthcare, Amsterdam, the Netherlands),
SyngoDynamics (Siemens, Erlangen, Germany), or
EchoPAC (GE Healthcare, Buckinghamshire, Great
Britain), depending on era and center.

The assessment of left ventricular morphology in-
cluded the anatomic HLHS subtypes and left ventric-
ular phenotypes.

The anatomic HLHS subtypes were defined as
follows: AA-MA, no flow across the aortic and mitral
valves; AA-MS, no flow across the aortic valve com-
bined with flow across the mitral valve; and AS-MS,
flow across the aortic and mitral valve.

The left ventricular phenotypes were defined as fol-
lows: (1) Glob-LV: thickened, hypoplastic, nonapex form-
ing LV with a small cavity, and EFE; (2) a miniaturized
LV: nonapex-forming LV with normal thickness of the
myocardium and without EFE; and (3) a slit-like LV, with
a thin parietal LV wall, and a slit-like cavity without EFE.
A slit-like LV is even referred to as absent LV, because it
is usually not demonstrable by echocardiography. The 3
left ventricular phenotypes are depicted in Figure 1.

A restrictive atrial septum (RAS) was defined as a
mean gradient across the atrial septum of >8 mm Hg
and/or small-sized atrial septal defect in patients with
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an explicit preoperative clinical presentation indicating
RAS.?" If no communication between the atria was
present, the atrial communication was defined as intact
(IAS). Mild-to-moderate RV dysfunction and moderate-
to-severe tricuspid regurgitation, qualitatively assessed
on the last echocardiogram or echo report before S1P,
were noted.

Other Perinatal Factors

In addition to left ventricular morphology, other puta-
tive perinatal risk factors included postnatal diagnosis,
female sex, prematurity (<387 weeks of gestation), low
preoperative (pre-S1P) weight <2.5 kg, cardiac and
extracardiac comorbidity, RV dysfunction before S1P,
and RAS/IAS. Early surgical factors included the type
of shunt at S1PR.

Definition of Outcome Variables

The overall operative mortality for S1P was defined as
mortality before hospital discharge or within 30 days
after surgery.

Major outcome variables included mortality (inter-
stage [IS]-I, IS-II, post total cavopulmonary connection,
and overall mortality) and a combined morbidity—
mortality variable called major adverse events (MAEs).
The morbidity included in the latter needed a left ven-
tricular assist device or extracorporeal membrane oxy-
genation, heart transplant, protein-losing enteropathy,
and takedown of Glenn or total cavopulmonary con-
nection (for reasons other than conversion to a biven-
tricular circulation).

Statistical Analysis

Data are expressed as median (range). The Mann-
Whitney U test or Kruskal-Wallis test were used to
compare 2 or more subgroups. For categorical vari-
ables, a x? test of independence or Fisher exact test
was used. Kaplan-Meier curves were applied, and
the Wilcoxon log-rank test and Cox regression (95%
Cl) were used to test for differences in survival and
freedom from MAEs between the groups. All risk vari-
ables with a P value <0.2 were included in a stepwise
multivariate Cox regression model and in a later step
removed, if not significant or impacting the estimate of
other variables significantly. A sensitivity analysis (for-
ward and backward Wald Cox regression model) was
done to verify the results from the stepwise Cox re-
gression model. Interaction between the morphologi-
cal LV subtypes and type of shunt at S1P was tested
in a Cox regression model. A P value <0.05 was con-
sidered statistically significant; P>0.05 but <0.1 was
considered a trend. StatView 5.01 for Windows (SAS
Institute, Cary, NC) and Statistical Package for Social
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Figure 1. Left ventricular phenotypes.

A, Slit-like left ventricle. B, Globular left ventricle. C, Miniaturized left ventricle.

Sciences version 25 (IBM, Armonk, NY) were used for
data analysis.

RESULTS

Main Characteristics of the Study Cohort
The main characteristics are shown in Table 1. In total,
167 patients met the inclusion criteria. In all patients,
the anatomic HLHS subtype and left ventricular pheno-
type were determined by evaluating pre- or postopera-
tive echocardiograms. In 27 patients, no preoperative
echocardiogram was available or echocardiogram
quality was suboptimal. In these cases, imaging, surgi-
cal, and other clinical notes were used to determine the
degree of RAS, tricuspid regurgitation, and RV function
before S1P.

Cardiac comorbidity was encountered in 9 patients
and included 4 cases with partial or total anomalous
pulmonary venous drainage. None of the patients
with partial anomalous pulmonary venous drainage
or total anomalous pulmonary venous drainage died;
2 of them had MAEs. Extracardiac comorbidity was
present in 10 patients and included mainly urogen-
ital anomalies. Forty-six patients (27.5%) underwent
S1P with a BTs, which was exclusively used until
2002 when the Sano modification was introduced.
The overall operative mortality for S1P was 10.3%.
Following S1P, 3 patients remained hospitalized until
stage 2. One hundred thirty-three patients (80.6%)
went on to the Glenn procedure, and 101 patients
(68.2%) had Fontan completion by total cavopulmo-
nary connection.

J Am Heart Assoc. 2022;11:022929. DOI: 10.1161/JAHA.121.022929
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AA-MA was encountered in 40.7% (n=68) of patients,
AA-MS in 34.7% (n=58) of patients, and AS-MS in
24.6% (n=41) of patients. There was no significant dif-
ference between these 3 anatomic subtypes with re-
gard to the perinatal variables, although prematurity
(P=0.09) and cardiac comorbidity (P=0.08) tended to
be more common in the AA-MA group (Table 1).

A miniaturized LV was present in 9.6% (n=16) of
patients, being noticed only in AS-MS. A slit-like LV
was encountered in 32.9% (n=55) of patients and only
noted in AA-MA. Glob-LV was encountered in 57.5%
(n=96) of patients, and present in all patients with AA-
MS (n=58), in 61% of patients with AS-MS (n=25), and
in 19.1% patients with AA-MA (n=13). Perinatal vari-
ables were equally distributed between the 3 left ven-
tricular phenotypes except for female sex, which was
most common in patients with a slit-like LV. A BTs was
most commonly used in patients with AS-MS (n=19;
46%) and miniaturized LV (n=7; 44%) (Table 2).

Univariate Analysis for Mortality and MAEs
These data are summarized in Table 3.

Perinatal and Surgical Predictors
Among the perinatal variables, low preoperative weight,
RV dysfunction before S1P, cardiac comorbidity, RAS/
IAS, and female sex were positively associated with
IS-I mortality, overall mortality, and/or MAEs.

Palliation with a BTs was associated with IS-I- mortal-
ity, overall mortality, and MAEs in the univariate analysis
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Table 1. Main Characteristics of the Study Cohort Based on the Anatomic Hypoplastic Left Heart Syndrome Subtypes
Total AA-MA AA-MS AS-MS P value*
Perinatal variables
Postnatal diagnosis, n/N (%) 95/167 (56.9) 34/68 (50) 37/58 (63.8) 24/41 (58.5) 0.2
Gestational age, wk 39.0 (32-42) 39.5 (32-42) 39.0 (35-42) 39.0 (37-42) 0.3
Prematurity, n/N (%) 10/167 (6) 7/68 (10.3) 3/58 (5.2) 0/41 (0) 0.09
Female sex, n/N (%) 56/167 (33.5) 20/68 (42.6) 17/58 (35.4) 10/41 (24.4) 0.1
Cardiac comorbidity, n/N (%) 9/167 (5.4) 6/68 (8.8) 0/58 (0) 3/41 (7.3) 0.08
Extracardiac comorbidity, n/N (%) 10/167 (6) 5/68 (7.4) 4/58 (6.9) 1/41 (2.4) 0.5
Restrictive/intact atrial septum, n/N (%) 32/167 (19.2) 10/68 (15) 10/58 (17) 12/41 (29) 0.2
RV dysfunction before S1P, n/N (%) 12/167 (7.2) 4/68 (6.2) 6/58 (10.3) 2/41 (4.9) 0.5
STR before STP, n/N (%) 19/167 (11.4) 9/68 (13.2) 7/58 (12.1) 3/41 (7.9) 0.6
Stage 1 palliation
Age at stage 1, d 6 (1-31) 6 (1-31) 6 (1-17) 6 (1-21) 0.8
Weight at stage 1, kg 3.4 (1.8-4.8) 3.4 (1.8-4.5) 3.4 (2.3-4.5) 3.3(2.4-4.8) 0.6
Low weight, <2.5 kg, n/N (%) 15/167 (8.9) 7/68 (10.3) 7/58 (12) 1/41 (2.4) 0.2
BT shunt, n/N (%) 46/167 (27.5) 7/68 (10.3) 20/58 (34.5) 19/41 (46.9) <0.0001
Mortality
Interstage I, n/N (%) 32/165 (19.4) 9/68 (13.2) 19/57 (33.3) 4/40 (10) 0.004
Overall operative, S1P, n/N (%) 17/165 (10.3) 5/68 (7.4) 11/57 (19.3) 1/40 (2.5) 0.02
Interstage II, n/N (%) 15/116 (12.9) 4/49 (8.2) 5/35 (14.3) 6/32 (18.8) 0.6
Post-TCPC, n/N (%) 5/101 (5) 1/45 (2.2) 3/30 (10) 1/26 (3.8) 0.3
Overall, n/N (%) 52/167 (31.1) 14/68 (20.6) 27/58 (46.6) 11/41 (26.8) 0.006
Major adverse events
ECMO/LVAD, n/N (%) 26/167 (15.6) 10/68 (14.7) 12/58 (20.7) 4/41 (9.8) 0.3
Protein losing enteropathy, n/N (%) 5/167 (3) 3/68 (4.4) 2/58 (3.4) 0/41 (0) 0.4
Takedown Glenn/TCPC, n/N (%) 6/133 (4.5) 2/59 (3.4) 1/38 (2.6) 3/36 (8.9) 0.4
Heart transplant, n/N (%) 10/167 (6) 5/68 (7.4) 2/58 (3.4) 3/41 (7.3) 0.6
Overall, n/N (%) 69/167 (41.3) 20/68 (29.4) 34/58 (58.6) 15/41 (36.6) 0.003

AA-MA indicates aortic atresia-mitral atresia; AA-MS, aortic atresia-mitral stenosis; AS-MS, aortic stenosis-mitral stenosis; BT shunt, Blalock-Taussig shunt;
ECMO, extracorporeal membrane oxygenation; LVAD, left ventricular assist device; n, number of patients for given variable; N, total number of patients; RV, right
ventricular; S1P, stage 1 palliation; sTR, severe tricuspid regurgitation; and TCPC, total cavopulmonary connection.

*P value comparing anatomic hypoplastic left heart syndrome subtypes.

(Table 3). After adjusting for the year of S1P, a BTs was
still significantly associated with IS-I mortality (BTs ver-
sus Sano shunt: hazard ratio [HR], 2.69 [95% CI, 1.19-
6.1]; P=0.02), IS-Il mortality (HR, 3.9 [95% CI, 1.1-14.4];
P=0.04), overall mortality (HR, 3.1 [95% CI, 1.6-5.9];
P=0.0005), and MAEs (HR, 2.1 [95% ClI, 1.2-3.7]; P=0.01).
The year of S1P had a significant influence on overall
mortality and MAE in the univariate analysis. When the
cohort was grouped on the basis of era (early: 1999—
2008 and current: 2009-2010), there were no differ-
ences in mortality (IS-1, overall) or MAEs between these
2 groups. Older age at S1P was not associated with
adverse outcome (Table 3). Only 9 out of 167 (5.4%)
patients had their S1P beyond the age of 14 days.

Left Ventricular Morphology

Patients with AA-MS had the highest IS-I mortality, over-
all mortality, and MAE as compared with patients with the
other 2 anatomic subtypes (Tables 1, Figure 2A and 2B),

J Am Heart Assoc. 2022;11:022929. DOI: 10.1161/JAHA.121.022929

whereas AA-MA was associated with the lowest overall
mortality and MAEs in the univariate analysis. No signifi-
cant difference in outcome was noted between AA-MA
and AS-MS (P=>0.4). When adjusting for type of shunt and
perinatal variables, AS-MS exhibited the lowest IS-I and
overall mortality, again without a significant difference in
outcome between AA-MA and AS-MS (P>0.5).

A miniaturized LV was linked to the lowest IS-I mor-
tality, overall mortality, and MAEs, whereas Glob-LV
was associated with the highest IS-I mortality, overall
mortality, and MAEs in the univariate analysis (Tables 2,
Figure 2C and 2D).

AA-MS and Glob-LV in the Multivariate
Analysis for Mortality and MAE

When including the anatomic subtype AA-MS, type
of shunt, and year of S1P as well as significant peri-
natal variables (RAS/intact atrial septum, low preop-
erative weight, RV dysfunction before S1P, and cardiac
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Table 2. Left Ventricular Phenotypes and Their Association With Adverse Outcome

Miniaturized LV, n/N Slit-like LV, n/N
Glob-LV, n/N (%) (%) (%) P value*
Perinatal variables
Postnatal diagnosis 60/96 (62.5) 9/16 (56.3) 26/55 (47.3) 0.2
Prematurity 5/96 (5.2) 0/16 (0) 5/55 (9.1) 0.4
Female sex 24/96 (25) 5/16 (31.3) 27/55 (49.1) 0.01
Cardiac comorbidity 4/96 (4.2) 1/16 (6.3) 4/55 (7.3) 0.7
Extracardiac comorbidity 6/96 (6.3) 1/16 (6.3) 3/55 (5.5) 0.9
Restrictive/intact atrial septum 20/96 (20.8) 3/16 (18.8) 9/55 (16.4) 0.8
RV dysfunction before S1P 9/96 (9.4) 0/16 (0) 3/55 (5.5) 0.3
sTR before S1P 10/96 (10.4) 1/16 (6.3) 8/55 (14.5) 0.6
HLHS subtypes
AA-MA 13/96 (13.5) 0/16 (0) 55/55 (100) <0.0001
AA-MS 58/96 (60.4) 0/16 (0) 0/55 (0)
AS-MS 25/96 (26) 16/16 (100) 0/55 (0)
Stage 1 palliation
Low preoperative weight 9/96 (9.4) 0/16 (0) 6/55 (10.9) 0.4
BT shunt 36/96 (37.5) 7/16 (43.8) 3/55 (5.5) <0.0001
Mortality
Interstage | 27/95 (28.4) 0/15 (0) 5/55 (9.1) 0.002
Overall operative, S1P 14/95 (14.7) 0/15 (0) 3/55 (5.5) 0.08
Interstage |l 10/62 (11.3) 113 (7.4) 4/41 (9.8) 0.5
Post-TCPC 4/52 (7.7) 0/12 (0) 1/37 (2.7) 0.4
Overall 41/96 (42.7) 1/16 (6.3) 10/55 (18.2) 0.0006
Major adverse events
ECMO/LVAD 18/96 (18.8) 0/16 (0) 8/55 (14.5) 0.2
Protein losing enteropathy 2/96 (2.1) 0/16 (0) 3/55 (5.5) 0.4
Takedown Glenn/TCPC 3/68 (4.4) 1/15 (6.7) 2/50 (4) 0.9
Heart transplant 5/96 (5.2) 0/16 (0) 5/55 (9.1) 0.4
Overall 51/96 (53.1) 2/16 (12.5) 16/55 (29.1) 0.0007

AA-MA indicates aortic-mitral atresia; AA-MS, aortic atresia-mitral stenosis; AS-MS, aortic-mitral stenosis; BT shunt, Blalock-Taussig shunt; ECMO,
extracorporeal membrane oxygenation; Glob-LV, globular left ventricular; LV, left ventricle; HLHS, hypoplastic left heart syndrome; LVAD, left ventricular assist
device; n, number of patients for given variable; N, total number of patients; RV, right ventricle; S1P, stage 1 palliation; sTR, severe tricuspid regurgitation; and

TCPC, total cavopulmonary connection.
*P value comparing anatomic HLHS subtypes.

comorbidity) and the year of S1P, AA-MS and the use
of a BTs remained significantly linked to IS-I mortality,
overall mortality, and MAE (Table 4).

Likewise, Glob-LV and the use of a BTs were linked
to increased IS-I mortality, overall mortality, and MAEs
after adjusting for sex, perinatal variables, and the year
of S1P (Table 5). The sensitivity analyses for AA-MS or
Glob-LV resulted in similar results.

In a multivariate Cox regression, there was no inter-
action between AA-MS and shunt type or Glob-LV and
shunt type (P>0.3 for all). When excluding the 4 patients
with partial anomalous pulmonary venous drainage or
total anomalous pulmonary venous drainage, Glob-LV,
AA-MS, and palliation with a BTs were still associ-
ated with adverse outcome in the uni- and multivariate
analysis.

J Am Heart Assoc. 2022;11:022929. DOI: 10.1161/JAHA.121.022929

Glob-LV With or W ithout AA-MS

To discriminate between the impact of Glob-LV and
AA-MS on mortality and MAEs, we divided our co-
hort in 3 groups: (1) no Glob-LV/no AA-MS (n=71), (2)
Glob-LV/no AA-MS (n=38), and (3) Glob-LV/AA-MS
(n=58). There was a significant difference between
no Glob-LV/no AA-MS and the other 2 groups in IS-|
mortality, overall mortality, and MAEs, with the worst
outcome in mortality and MAEs for Glob-LV/AA-MS
in the univariate analysis and in overall mortality in the
multivariate analysis (Table 6 and Figure 3A and 3B).
Similar results were obtained in the sensitivity analy-
ses. However, no significant difference was observed
between the Glob-LV/AA-MS and Glob-LV/no AA-MS
groups in IS-1 mortality (Glob-LV/AA-MS adjusted for
year of S1P: HR, 1.8 [95% ClI, 0.8—-4.1]; P=0.2), overall
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Table 3. Univariate Analysis for IS-1, Overall Mortality, and Major Adverse Events

1S-I mortality Overall mortality Major adverse events
HR (95% ClI) P value HR (95% CI) P value HR (95% ClI) P value

LV morphology

AA-MS 3.2 (1.6-6.5) 0.001 2.4 (1.4-4.2) 0.002 2.2 (1.4-3.5) 0.001

Glob-LV 4.6 (1.8-11.9) 0.002 3.2 (1.7-6.3) 0.001 2.5(1.4-4.2) 0.001
Perinatal variables

Postnatal diagnosis 9(0.5-1.8) 0.8 8(0.5-1.5) 0.6 1.0 (0.6-1.6) 0.9

Prematurity 8 (1.1-3.0) 0.01 7 (11-2.6) 0.01 1.4 (0.9-2.1) 041

Female sex 6(0.8-3.2) 0.2 3(1.0-1.7) 0.07 1.7 (1.0-2.7) 0.03

Cardiac comorbidity 1.5 (0.4-6.4) 0.6 8(0.6-4.9) 0.3 7 (1.3-6.0) 0.01

Extracardiac comorbidity 0(0.2-4.2) 1 0(0.3-3.2) 1 0.7 (0.2-2.0) 0.5

Restrictive/intact atrial 0(0.4-2.3) 0.9 8 (1.0-3.3) 0.05 3(1.4-3.8) 0.002

septum

RV dysfunction 3.4 (1.4-8.4) 0.006 2.2(0.9-5.2) 0.07 2.2 (11-4.6) 0.04

STR before S1P 11 (0.4-3.2) 0.8 1.3 (0.6-2.8) 0.6 1.2 (0.6-2.3) 0.7
Stage 1 palliation

Year of surgery 0.9 (0.9-1.0) 0.06 0.9 (0.9-1.0) 0.08 0.9 (0.9-1.0) 0.2

Early era 1.2 (0.9-1.8) 0.2 1.1 (0.8-1.5) 0.5 1.1(0.7-1.8) 0.6

Age at stage 1, d 1.0 (1.0-1.1) 0.2 1.0 (0.9-1.1) 0.7 1.0 (0.9-1.1) 0.3

Low preoperative weight, 4.2 (1.9-18.1) <0.001 3.0 (1.5-6.2) 0.003 2.6 (1.4-5.0) 0.004

<2.5kg

BT shunt 2.9 (1.5-5.9) 0.002 3.0(1.7-5.2) <0.001 2.0(1.2-3.3) 0.005

AA-MS indicates aortic atresia-mitral stenosis; BT shunt, Blalock-Taussig shunt; Glob-LV, globular left ventricle; HR, hazard ratio; IS-1, interstage [; LV, left
ventricular; RV, right ventricular; S1P, stage 1 palliation; and sTR, severe tricuspid regurgitation.

mortality (HR 1.4 [95% Cl, 0.8-2.8]; P=0.27), and MAEs
(HR, 1.5 [95% CI, 0.8-2.7]; P=0.2). There was no inter-
action between the 3 subgroups of no Glob-LV/no AA-
MS, Glob-LV/no AA-MS, and Glob-LV/AA-MS and the
type of shunt in the multivariate Cox regression model
(P>0.3 for all).

Palliation With BTs in Patients With AA-
MS or Glob-LV

Patients with AA-MS or Glob-LV who were palliated
with a BTs exhibited a significantly higher overall mor-
tality compared with those palliated with Sano shunts,
even when corrected for the year of S1P (AA-MS/
BTs versus Sano shunt: HR, 2.6 [95% ClI, 1.02-6.5];
P=0.046; Glob-LV/BTs versus Sano shunt: HR, 2.1
[95% CI, 1.1-4.3]; P=0.03) (Figure 3C and 3D).

DISCUSSION

In this 20-year national study from Sweden, we found
an independent association of both AA-MS and
Glob-LV with adverse outcome in HLHS following S1P.
Importantly, a Glob-LV was significantly associated
with adverse outcome even in patients without the an-
atomic subtype AA-MS. To the best of our knowledge,
this is the first study reporting independent association

between the Glob-LV phenotype (rather than valvular
subtype in isolation) and severe complications. In ad-
dition, outcome was particularly poor for patients with
a Glob-LV and/or AA-MS who received a BTs as part
of their S1P. Again, these findings have not been re-
ported before, and we believe they should be taken
into account for both surgical planning and postopera-
tive follow-up.

AA-MS and Adverse Outcome

As in our study, several previous groups have dem-
onstrated a link between AA-MS and both early and
late mortality.5-82223 Coronary anomalies, including
ventriculo-coronary connections and coronary stenosis
along with endocardial fibroelastosis and focal calcifi-
cation, presumably caused by increased intracavitary
pressure because of atresia of the left outflow tract,
have been documented in autopsy specimens.?-28
Theoretically, coronary anomalies could cause is-
chemia of the right ventricle, leading to RV-dysfunction
and eventually sudden death.??232%28 However, coro-
nary anomalies are not present in all patients with AA-
MS, as clearly demonstrated by earlier autopsy and
angiographic studies in which ventriculo-coronary con-
nections were found in only 28% to 56% of cases with
AA-MS,26:29
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Figure 2. Impact of left ventricular morphology on adverse outcome.

A, Kaplan-Meier analysis of anatomic hypoplastic left heart syndrome (HLHS) subtypes in relation to total survival.
Red triangle: aortic atresia-mitral stenosis (AA-MS), black rhomb: aortic stenosis-mitral stenosis (AS-MS), black
circle: aortic atresia-mitral atresia (AA-MA). Log-rank test: P=0.004. B, Kaplan-Meier analysis of anatomic HLHS
subtypes in relation to freedom from major adverse events (MAEs). Red triangle: AA-MS, black rhomb: AS-MS,
black circle: AA-MA. Log-rank test: P=0.003. C, Kaplan-Meier analysis of left ventricular phenotypes in relation to
total survival. Red triangle: globular left ventricle, black rhomb: slit-like left ventricle, black circle: miniaturized left
ventricle. Log-rank test: P=0.001. D, Kaplan-Meier analysis of left ventricular phenotypes in relation to freedom
from MAEs. Red triangle: globular left ventricle, black rhomb: slit-like left ventricle, black circle: miniaturized left

ventricle. Log-rank test: P=0.002.

Other studies, including the SVR trial, could not
demonstrate a link between AA-MS and adverse out-
come.®?® Conflicting results on the impact of AA-MS
on adverse outcome in HLHS may originate from dif-
ferences in surgical techniques as well as intra- and
perioperative care in different centers as already sug-
gested by other authors.?3

Table 4. AA-MS in the Multivariate Analysis

Left Ventricular Phenotypes and Their
Association With Anatomic HLHS
Subtypes

The partial association between certain left ven-
tricular phenotypes and anatomic subtypes was
demonstrated in 2 previous studies.'®™ Our study

I1S-1 mortality Overall mortality Major adverse events
HR (95% CI) P value HR (95% CI) P value HR (95% ClI) P value
AA-MS 2.7 (1.3-5.5) 0.006 2.2 (1.3-3.9) 0.005 2.4 (1.4-38.9) 0.0009

Cardiac comorbidity 41 (1.7-9.9) 0.002
Restrictive/intact atrial septum 2.1 (1.1-8.9) 0.02 2.2 (1.3-3.8) 0.006
RV dysfunction 41 (1.6-10.4) 0.003 3.1 (1.3-7.7) 0.01 3.3(1.5-7.2) 0.003
Low preoperative weight, <2.5 kg 51 (2.2-11.9) 0.0002 3.9 (1.8-8.9) 0.0004 3.4 (1.7-6.7) 0.0004
BT shunt 2.9 (1.3-6.4) 0.01 3.5(1.8-6.7) 0.0002 2.5 (1.4-4.4) 0.003
Year of stage 1 surgery 1.0 (0.9-1.1) 0.9 1.0 (0.9-1.0) 0.6 1.0 (0.9-1.0) 0.3

AA-MS indicates aortic atresia-mitral stenosis; BT shunt, Blalock-Taussig shunt; HR, hazard ratio; IS-I, interstage I; and RV, right ventricular.
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Table 5. Glob-LV in the Multivariate Analysis

Glob-LV 4.5(1.6-12.2) 0.004 3.4 (1.7-6.8) 0.0007 2.7 (1.56-4.9) 0.0007
Female sex 2.3(1.1-4.8) 0.03 2.4 (1.4-4.4) 0.003 1.7 (1.0-2.9) 0.04
Cardiac comorbidity 2.8(11-6.7) 0.02
Restrictive/intact atrial septum 2.0 (11-3.5) 0.02
RV dysfunction 3.2 (1.24-8.20) 0.02 3.0 (1.4-6.6) 0.007
Low preoperative weight (<2.5 kg) 5.4 (2.3-12.7) <0.0001 3.5(1.6-7.3) 0.001 3.4 (1.7-6.8) 0.0004
BT-shunt 2.3(1.0-5.2) 0.05 2.9 (1.5-5.5) 0.002 2.0 (1.1-3.5) 0.02
Year of stage 1 surgery 1.0 (0.9-1.1) 0.7 1.0 (0.9-1.1) 0.9 1.0 (0.9-1.0) 0.4

BT shunt indicates Blalock-Taussig shunt; Glob-LV, globular left ventricle; HR, hazard ratio; IS-I, interstage I; and RV, right ventricular.

demonstrated Glob-LV not only in AA-MS and the
AS-MS-subtype with critical AS, but also in a few
cases with AA-MA. In these cases, MS may have pro-
gressed to MA in fetal life, which may explain why this
subgroup of patients still exhibits Glob-LV despite the
anatomic subtype AA-MA, as previously suggested
by Résner et al.%0

However, the embryological formation of HLHS
is not yet fully understood. The variability in left ven-
tricular phenotype and the lack of association be-
tween left ventricular hypertrophy with the degree
of aortic valve stenosis/atresia cannot be explained
completely by intracardiac flow disturbances.o"
Crucean et al (2017) and Grossfeld et al (2019)

suggested that LV hypoplasia, in certain cases, may
arise from an embryological defect in the ventricu-
lar development rather than from intracardiac flow
disturbances caused by aortic and/or mitral valve
anomalies.!o"

Glob-LV With or Without AA-MS

Our study demonstrated that Glob-LV is associated
with poor outcome even in patients without AA-MS.
We therefore speculate that the mechanism for poor
outcome in patients with Glob-LV can not only be ex-
plained by the presence of ventriculo-coronary anom-
alies, oftentimes encountered in AA-MS. The shape

Table 6. Glob-LV With and Without AA-MS and Association With Adverse Outcome

Univariate
No Glob-LV/no AA-MS vs

Glob- LV/no 3.2 (1.1-9.9) 0.04 2.6 (1.2-5.7) 0.02 1.9 (1.0-3.8) 0.04

AA-MS

Glob-LV/AA-MS 5.6 (2.1-15.0) 0.001 3.7 (1.8-7.4) <0.001 2.9 (1.6-5.1) <0.001
Multivariate
No Glob-LV/no AA-MS vs

Glob-LV/no 3.1(0.9-10.3) 0.06 2.6 (1.1-6.9) 0.03 2.0 (1.0-4.1) 0.07

AA-MS

Glob-LV/AA-MS 5.1 (1.8-14.0) 0.002 3.7 (1.8-7.8) <0.001 3.3(1.8-6.1) <0.001
Female sex 21 (1.0-4.5) 0.05 2.0 (11-3.7) 0.02 1.6 (1.0-2.7) 0.07
Cardiac comorbidity 3.4 (1.4-8.6) 0.009
Restrictive/intact 1.8 (1.0-3.5) 0.07 2.0 (1.1-3.6) 0.02
atrial septum
RV dysfunction 3.3 (1.3-8.6) 0.01 2.6 (1.04-6.4) 0.04 3.0 (1.4-6.7) 0.006
Low preoperative 5.1 (2.2-12.1) <0.001 3.9 (1.8-8.3) 0.001 3.3 (1.7-6.6) 0.001
weight
BT shunt 2.5(11-5.7) 0.03 3.0(1.6-5.9) 0.001 21(1.2-3.8) 0.01
Year of stage 1 1.0 (0.9-1.1) 0.7 1.1 (1.0-1.1) 0.8 1.0 (1.0-1.1) 0.4
surgery

AA-MS indicates aortic atresia-mitral stenosis; BT shunt, Blalock-Taussig shunt; Glob-LV, globular left ventricle; HR, hazard ratio; IS-1, interstage I; and RV,

right ventricular.
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Figure 3. Impact of combined left ventricular morphology on adverse outcome (A and B) and impact of
choice of shunt in morphological risk groups on adverse outcome (C and D).

A, Kaplan-Meier analysis of globular left ventricle with and without aortic atresia-mitral stenosis (AA-MS) in
relation to total survival. Red triangle: globular left ventricle with AA-MS, black rhomb: globular left ventricle
without AA-MS, black circle: all other left ventricular phonotypes and anatomic hypoplastic left heart syndrome
(HLHS) subtypes. Log-rank test: P=0.0006. B, Kaplan-Meier analysis of globular left ventricle with and without
AA-MS in relation to freedom from major adverse events (MAEs). Red triangle: globular left ventricle with AA-
MS, black rhomb: globular left ventricle without AA-MS, black circle: all other left ventricular phonotypes and
anatomic HLHS subtypes. Log-rank test: P=0.0009. C, Kaplan-Meier analysis of AA-MS and choice of shunt at
Norwood stage 1 palliation in relation to total survival. Red triangle: palliation with Blalock-Taussig shunt, black
circle: palliation with Sano shunt. Log-rank test: P=0.03. D, Kaplan-Meier analysis of globular left ventricle and
choice of shunt at Norwood stage 1 palliation in relation to total survival. Red triangle: palliation with Blalock-

Taussig shunt, black circle: palliation with Sano shunt. Log-rank test: P=0.002.

and function of the LV and its impact on RV function
might contribute to adverse outcome as well.

LV Size and Left Ventricular Phenotype
and Their Impact on Outcome
A few studies have investigated the impact of LV size
on RV function and outcome in patients with HLHS,
however with conflicting results.®31416

The majority of these studies divided their cohort
in only 2 LV subtypes, those with a remnant LV (corre-
sponding to a miniaturized or Glob-LV) versus those
with an absent LV (corresponding the slit-like left ven-
tricular phenotype).’®'41® In 2 of these retrospective
studies with few cases (n=20 versus 48, respectively),
strain of the basal interventricular septum, evalu-
ated by echocardiography or magnetic resonance
imaging, was diminished in patients with a remnant

J Am Heart Assoc. 2022;11:022929. DOI: 10.1161/JAHA.121.022929

LV'3* and associated with mortality or need of heart
transplant.™

The SVR trial demonstrated better diastolic RV
function in patients with absent LV, but could not
show any difference in systolic RV function, 1-year
transplantation-free survival depending on LV-size,
or function in patients with single right ventricles.®
Despite its large cohort size and prospective de-
sign, this multicenter study had a short follow-up
(14 months), and outcome was again related to the
presence or absence of a remnant LV. In contrast,
our study showed significant results when including
both short- and long-term data, and clearly shows
that the differences in outcome appear to relate to
the left ventricular phenotype, with worst outcome for
patients with Glob-LV.

Moreover, 2 retrospective echocardiography stud-
ies demonstrated that a hypertrophied interventricular

10
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septum and a larger LV size were important risk factors
for adverse outcome in patients with HLHS.121

Our results are in agreement with the findings of
Résner et al, who found that a bulging right ventricle
(relating to apicolateral hypertrophy of the LV, which
corresponds best to our definition of Glob-LV) was as-
sociated with regional dysfunction, lower global strain,
and adverse outcome compared with patients with a
nonbulging right ventricle.®°

We assume that the impact of the Glob-LV pheno-
type on adverse outcome in our study may derive from
its negative impact on ventricular septal contractility
and subsequently RV function. Coronary anomalies,
frequently encountered in Glob-LV/AA-MS, might fur-
ther deteriorate RV function and hence outcome. In
contrast, a miniaturized, nonhypertrophic LV without
EFE may impair ventricular septal contractility less, and
in some cases even contribute to RV function as al-
ready suggested by other authors.®3°

Morphological HLHS Subtypes and
Choice of Shunt at S1P

Earlier studies indicated better early outcome in pa-
tients palliated with a Sano shunt versus a BTs but
no significant difference in the overall survival.'819:81:32
More stable coronary perfusion because of absent
diastolic runoff, which is typically encountered after
BTs palliation, have been speculated to account for
reduced complications early after S1P.3% However,
there are several drawbacks in palliation with Sano
shunts including increased need of shunt reinterven-
tions, focal scarring caused by RV ventriculotomy, and
shunt regurgitation caused by the valveless conduit.
This could lead to later occurrence of RV dysfunction,
ventricular aneurysms, and arrhythmias.’®33-35 |In our
study, S1P with a Sano shunt had better early and
overall outcome than those palliated with a BTs, with
less pronounced mortality during the first year of life.
Given the low number of individuals who died late after
total cavopulmonary connection, a trustworthy inter-
pretation of these data is not possible.

Our findings are in line with Wilder et al, who re-
ported lower 6-year mortality in a cohort of 454 neo-
nates with HLHS or other left ventricular outflow tract
obstructions when palliated with Sano shunts.%®

To our knowledge, no other study has yet demon-
strated worsened outcome in patients with AA-MS or
certain left ventricular phenotypes in relation to the
choice of shunt at S1P.

The SVR trial of 549 patients with single right ven-
tricle anomalies indicated increased intermediate term
mortality in patients with aortic atresia when operated
on with a BTs.%"

Two earlier studies could not show a survival bene-
fit in patients with AA-MS, palliated with Sano shunts,
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probably because of the small number of included pa-
tients with the anatomic subtype AA-MS operated on
with a BTs.8%8

The increased risk for adverse outcome in the sub-
group of HLHS infants with Glob-LV and/or AA-MS
who received a BTs at S1P may be explained by the
cumulative effect of 2 risk factors, (1) anatomic sub-
strate leading to impaired systemic RV function by
interventricular dynamics and/or the presence of cor-
onary anomalies and (2) coronary steal related to the
BTs. Being cognizant of modifiable risk factors is critical
for surgical planning and eventually patient outcome.

Limitations

The retrospective design and the exclusive use of a
BTs during the 1990s are important limitations. To
mitigate the latter, we included only patients with S1P
from 1999, when mortality reached a plateau. Despite
important benefits arising from centralization of pedi-
atric cardiac surgery to Lund and Gothenburg since
1993, differences in regional surgical techniques and
perioperative care might have influenced the short-
and long-term outcome. Neither the size nor function
of the remnant LV, RV function before or after S1P, nor
the presence of coronary ventricular communications
were assessed quantitatively. Echocardiograms before
S1P were not available or usable in 16% of patients.
However, left ventricular morphology was determined
in all patients from the postoperative echocardio-
grams. The lack of association between severe tri-
cuspid regurgitation before S1P and adverse outcome
may be a result of a surgical selection bias, because
patients with severe tricuspid regurgitation are more
often deemed unsuitable for S1P.

The subgroup analysis of patients with Glob-LV with
and without AA-MS might be underpowered. A larger
prospective study including a detailed functional as-
sessment of the remnant LV and systemic right ven-
tricle is warranted. This may (1) help to understand the
mechanism of left ventricular morphology on outcome
and (2) determine a potential significant difference in
outcome between the 2 subgroups Glob-LV with and
without AA-MS.

CONCLUSIONS

The findings of this retrospective nationwide Swedish
study demonstrate that both AA-MS and Glob-LV are
independently associated with adverse outcome in
patients with HLHS. Importantly, the association of
Glob-LV with a less favorable outcome was obvious
even in patients without the anatomic subtype AA-MS.
Furthermore, the outcome in patients with these mor-
phological variants was even worse in those palliated
with a BTs. These findings have not been reported
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before and should be taken into account for surgical
planning as well as postoperative risk stratification and
timing of follow-up.
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