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Abstract

Background: Hypoplastic left heart syndrome (HLHS) is strongly associated with Turner
syndrome (TS); outcome data when these conditions coexist is sparse. We aimed to investigate
long-term survival and causes of death in this population.

Methods: The Texas Birth Defects Registry was queried for all live born infants with HLHS
during 1999-2007. We used Kaplan—Meier and Cox regression analyses to compare survival
among patients with HLHS with TS (HLHS/TS+) to patients who had HLHS without genetic
disorders or extracardiac birth defects (HLHS/TS-).

Results: Of the 542 patients with HLHS, 11 had TS (2.0%), 71 had other extracardiac birth
defects or genetic disorders, and 463 had neither. The median follow-up time was 4.2 y
(interquartile range [IQR] 2.1-6.5). Comparing those with HLHS/TS+ to HLHS/TS-, 100%

versus 35% were female (P < .001), and median birth weight was 2140 g (IQR 1809-2650) versus

3196 g (IQR 2807-3540, P< .001). Neonatal mortality was 36% in HLHS/TS+ versus 27% in
HLHS/TS- (log rank = 0.431). Ten of the 11 TS+ patients died during the study period for
cumulative mortality of 91% versus 50% (hazard ratio (HR) for TS+: 2.90, 95% CI 1.53-5.48).
Six patients died prior to surgery, 5 underwent Stage 1 palliation (S1P), 3 died after S1P, 2

survived past S2P, and one of these died at age 19 mo. The underlying cause of death was listed as

congenital heart disease on all the death certificates of HLHS/TS+ patients. In multivariable
analysis controlling for low birth weight (<2500 g), TS remained associated with significantly
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increased cumulative mortality, although females without TS had higher mortality than males (HR
for TS+ versus males: 2.42, 95% CI 1.24-4.73; HR for TS- females versus males: 1.41, 95% ClI
1.08-1.83).

Conclusion: TS with HLHS is associated with significant mortality. The increased mortality in
females without documented TS calls to question if TS is undetected in a portion of females with
HLHS.
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11 BACKGROUND

Turner syndrome (TS) is a common genetic disorder caused by partial or complete absence
of an X chromosome.! The prevalence of TS is estimated at 1 in 2500 live-born females.?

TS is frequently associated with congenital heart disease (CHD), which is reported in 23—
50% of affected females.3 TS-associated CHD most often involves left sided cardiac
structures (e.g., bicuspid aortic valve and coarctation of the aorta) or venous anomalies (e.g.,
partial anomalous pulmonary venous return and left superior vena cava).246)

There were isolated early reports in the 1960s and 1970s of an association between TS and
hypoplastic left heart syndrome (HLHS), the most severe form of left-sided CHD,”-10 but it
was not until the mid-1980s that it became widely accepted that a small but significant
percentage of individuals with TS also have HLHS.11.12 Estimates of the prevalence of TS in
live-born infants with HLHS range from 1 to 7%.12-15 The prevalence is likely even higher
in fetal life, given high fetal loss and termination rates for fetuses with TS and left-sided
obstructive lesions.1 Studies in this population have reported the prevalence and outcomes
of fetal TS and HLHS,7-19 surgical outcomes,%:20.21 and long-term outcomes.22:23
However, the largest study of long-term outcomes for patients with TS to date was from Reis
et al. and used data from the 1990s, was limited to only 10 patients, and did not compare the
TS cohort to the larger HLHS cohort.22

Therefore, the purpose of our study was to (1) describe mortality in a more recent cohort of
patients with HLHS and TS, (2) determine if TS is an independent risk factor for death in
patients with HLHS, and (3) describe the causes of death in patients with HLHS and TS in a
large, ethnically and socioeconomically diverse group of patients.

21 METHODS

2.11 Database and study population

This was a retrospective, population based, cohort study using the Texas Birth Defects
Registry (TBDR), which has actively conducted statewide surveillance of all delivery units
and pediatric hospitals in the state of Texas since 1999. The TBDR is maintained by the
Birth Defects Epidemiology and Surveillance Branch of the Texas Department of State
Health Services. Detailed birth, diagnostic and mortality data were available for infants with
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a registry-monitored birth defect diagnosed within 1y of delivery to Texas resident mothers.
Detailed surgical information was not universally available (i.e., most records had operative
reports, but some had only passing references to surgery).

The TBDR classifies birth defects using 6-digit birth defect codes based on the British
Pediatric Association Classification of Diseases (1979) and the International Classification
of Diseases, ninth revision, clinical modification (1979). We included live births occurring
between January 1, 1999 through December 31, 2007, with the codes for HLHS (746.700),
aortic valve atresia (746.480), or hypoplastic left ventricle (746.881). To ensure an accurate
diagnosis, a pediatric cardiologist (S.A.M.) reviewed available TBDR clinical data. A
diagnosis of HLHS required =1 of the following:

1. Severe mitral and aortic obstruction, hypoplasia, or atresia and a hypoplastic left
ventricle.
2. Hypoplastic left heart syndrome diagnosed on echocardiography, cardiac

catheterization, and cardiac surgical, or pathologic report.

3. Left ventricular hypoplasia with evidence of Stage 1 palliation (S1P) and no
more appropriate diagnosis.

We excluded infants with alternative cardiac diagnoses, including atrioventricular septal
defect and double outlet or double inlet ventricle. We also excluded infants with gestational
age <23 wk or very low birthweight (<400 g).

Of infants born with HLHS, we compared patients with HLHS and diagnosed with TS
(HLHS/TS+) to a subset of patients with HLHS who did not have any other genetic
disorders, major extracardiac birth defects, or more than three minor extracardiac birth
defects (HLHS/TS). Known genetic disorders and extracardiac birth defects are carefully
catalogued by the TBDR.

Covariates

Maternal socioeconomic status was estimated from the percent of population living in
poverty in the maternal census tract, according to the 2000 US Census.2425 When a post
office box or a nonmappable rural route was the residential address listed, the zip code was
used. To define poverty status, a cutoff of =20% was used in accordance with the US Census
Bureau.26

Preterm birth was defined as <37 wk, low birthweight as <2500 g, and small for gestational
age as <10% of expected weight using published criteria.2’ Birth era was divided into 1999
through 2002 and 2003 through 2007. Presence of partial anomalous pulmonary venous
return was also noted. Because restrictive atrial septum information was not available in
~25% of infants, it was not included in the analyses. Institutional surgical volume was not
included in the analysis given many patients with TS did not undergo surgery, and the 11
patients with TS were cared for at 10 different institutions.
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2.3 1 Ascertainment of mortality

Children were classified as deceased based on the TBDR and Texas vital records. Neonatal
death was defined as death prior to 28 d, and infant death was defined as death <1 y of age.

2.41 Analysis

For demographic and birth variables, comparisons between HLHS/TS+ and HLHS/TS-
were performed using chi-square, Fisher’s exact, or Wilcoxon rank-sum tests when
appropriate. The probability of freedom from death was estimated using the Kaplan—Meier
Product-Limit method with birth as time 0; the Wilcoxon log-rank test was used for
comparison of curves. Patients who died were censored at the time of the event, and
survivors were censored at the end of the follow-up period (December 31,2007). We used
the Wilcoxon log-rank test to determine whether the distributions of time to the earliest
occurrence of death differed by presence or absence of TS (all patients and limited to
surgical patients), or differed by sex and presence of TS. Univariate and multivariate Cox
proportional hazards regression hazard ratios (HR) were used to estimate effect sizes. For
multivariate models, backward elimination was used to minimize model size, using variable
entry criteria of £< .10, and retaining variables with £< .05. Pvalues <.05 were considered
statistically significant. Analyses were performed using SAS 9.4 (SAS Institute, Cary, NC).

The study was approved by the Institutional Review Boards of Baylor College of Medicine
and the Texas Department of State Health Services with a waiver of consent.

31 RESULTS

From 1999 to 2007, 3 401 057 infants were born to Texas-resident mothers. Five hundred

forty-two patients had HLHS. Seventy-nine patients had genetic anomalies or extracardiac
birth defects: eleven patients had HLHS/TS+, representing 2.0% of newborns with HLHS;
68 had other extracardiac birth defects or genetic disorders and were excluded from further
analysis (Table 1). Four hundred sixty-three patients had HLHS/TS— with no other defects.

Patient characteristics are delineated in Table 2. Of the 11 HLHS+/TS patients, 6 had
karyotype of 45, X and 5 had a mosaic karyotype. The median birthweight of the HLHS/TS
+ group (2140 g) was significantly lower than the HLHS/TS- group (3196 g) (P < .001).
The TS patients also were more premature (median = 35 wk gestation, interquartile range
[IQR] 34-37.5) than their counterparts (median = 39 wk gestation, IQR 38-39) (P < .001).

3.11 Survival

Median follow-up time was 4.2 y (IQR 2.1-6.5 y). Neonatal mortality was 36% in HLHS/TS
+, and 27% in HLHS/TS- (HR for TS+: 1.48, 95% CI 0.55-4.02, log-rank = 0.431). When
comparing infant mortality, there was a stark difference between the two groups, with 82%
mortality in the HLHS/TS+ patients compared to 51% of the HLHS/TS~ patients (log-rank
= 0.006; HR for TS+: 2.45, 95% CI 1.26-4.79, P=.008). The cumulative survival curves for
both groups are depicted in Figure 1 and demonstrate significantly increased mortality in the
TS group (log-rank = 0.001). The hazard ratio for cumulative survival in the HLHS/TS+
group compared to the HLHS/TS- group was 2.90 (95% CI 1.53-5.48, £=.005, Table 3). In
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multivariable analysis, the presence of TS remained associated with higher mortality (Table
3, Model 1; HR for TS+: 2.12, 95% CI 1.10-4.09, P=.025).

Further analysis by sex and TS status demonstrated significantly increased mortality in
females without TS compared to males, and increased mortality in females with TS
compared to females without TS (Figure 2 and Table 3, Model 2). This difference in
mortality remained clinically and statistically significant in multivariable analysis (Table 3,
Model 2).

3.21 Timing of death by stage of palliation

As displayed in Figure 3, there were 11 patients with HLHS/TS+ born during the study
period. Three infants died without undergoing any cardiac surgical or catheter interventions
and died at ages 4, 12, and 33 d old. One infant underwent an unspecified surgery at age 2 d
and died. For two infants, the chart did not specify if any interventions were performed; both
died at age 39 d. Information about whether these 6 infants received comfort care or died
despite a plan for surgery is not available. Five patients underwent S1P. Three of these
patients died in the interstage period between S1P and stage 2 palliation (S2P), at 12, 33, and
50 d of life. Two patients survived through S2P. One of these patients died at 19 mo of age;
the other patient was still alive at the end of the study period and was 16 mo old. When only
including infants with HLHS who were documented in the TBDR to have undergone S1P (n
= 390), there was still a significantly higher mortality in infants with HLHS/TS+ (log-rank =
0.018, Figure 4).

3.31 Cause of death

Causes of death from the death records of all patients with HLHS/TS+ who died were
reviewed. CHD was listed as the underlying cause of death on death records. One patient
had respiratory arrest after a procedural complication and one patient died of a dysrhythmia.
Typical findings in patients with severe TS like edema or frank anasarca were not reported.

41 DISCUSSION

Our intent was to use population-based data to describe mortality in patients with HLHS and
TS, to determine if TS is an independent risk factor for death in patients with HLHS in the
current era. We found that TS confers a significant increased risk of death in patients with
HLHS. Our study is similar to the Michigan-based study by Reis et al. in size and follow up
time; however the time frame in the Reis study was 1990-1997, in an era in which overall
HLHS outcomes were more pessimistic (Table 4).22 It is interesting to note that this study
almost exactly mirrors the outcomes in that cohort: 10 patients total, and only two surviving
to S2P. In contrast, a study examining 5-y mortality in patients with HLHS treated in the late
1990s compared to the 2000s reported an 80% 5-y mortality rate in the 1990s that improved
to 50% in the 2000s.28 A more contemporary study was published in 2014 by Cramer and
colleagues from Wisconsin with four patients with HLHS/TS+ followed from 1999 to
2011.23 Three made it to S2P; however, one died from sepsis; one died after Glenn takedown
and only one remained alive at the end of the study period.
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Two recent studies from Madriago et al. and Patel et al. analyze surgical outcomes in this
population.1>21 Patel et al. utilized data from the Society of Thoracic Surgeons Database
from 2002 to 2006 and the Congenital Heart Surgeons’ Society Database from 1994 to 2001
and found a decreased 10-y survival of 25% in patients with chromosomal defects (including
but not limited to TS) and HLHS compared to 54% in patients with HLHS and normal
chromosomes.21 In that cohort, there were 14 patients with chromosomal defects, and 11 of
those patients had TS, 9 of whom died, which is very similar to our results. Madriago et al.
searched the Pediatric Critical Care Consortium Database for surgical and catheter
intervention outcomes in patients with TS from 1982 to 2006.15 They found an operative
mortality of 90.4% in patients with HLHS and TS compared to 70.5% in patients with
HLHS without TS.

TS is a well-known cause of fetal demise. Boue et al. estimated that 1.5% of all conceptions
have 45, X karyotype.29 Kajii et al. estimated the survival rate of non-mosaic fetuses with
45, X to be 1 in 300.30 Hook and Warburton estimated that 10% of all fetal deaths are due to
TS and 75% of all fetuses with TS abort spontaneously.3! Iyer et al. studied all the cases of
TS reported to the Congenital Anomaly Register and Information Service for Wales and
found 124 cases. Pregnancy was terminated in 49% of the cases; there was spontaneous loss
of the fetus in 24%. There were two cases of HLHS noted in the study; one case in a
spontaneous fetal loss and one undergoing termination of pregnancy, versus none in live-
born patients. When including coarctation and arch hypoplasia, 30% of those undergoing
loss or termination had disease compared to 12% of live born fetuses.16 Fetal demise in TS
has been traditionally attributed to hydrops and cystic hygromas, but Barr and Oman-Ganes
suggested that overall cardiac hypoplasia (demonstrated by low heart weight for gestational
age) is the primary lesion in TS, and that this is a major contributor to fetal death.18

Our finding of increased mortality in females with HLHS but without TS compared to males
with HLHS is intriguing. Several studies have evaluated differences in outcomes based on
patient characteristics including sex. Dean et al. examined this using data from the
University Health System Consortium Clinical Database.32 They followed 1949 patients
with HLHS throughout the three stages of palliation. They found an increased odds ratio
(OR) of 1.21 (95% CI 0.96-1.52) for mortality after S1P for females with HLHS but the
increase did not meet statistical significance. The OR for S2P was similar at 1.16, but was
also not statistically significant. Fixler et al. found a similar pattern in a study of severe CHD
also using the TBDR.33 The study found an increased hazard ratio for death of 1.21 (95% ClI
0.99-1.48) for female sex. Marelli et al. examined the effect of sex on mortality in children
with CHD in a population-based 2010 paper.3* When limiting the population to infants
undergoing surgery categorized as RACHS 4-6 (which would include S1P for HLHS), the
female OR was 1.39 (95% CI 1.16-1.67). These findings were mirrored in a study by
Kochilas et al. examining mortality in the Pediatric Cardiac Care Consortium, who found
increased mortality risk in females who underwent high-risk surgery at age less than 6 mo.3®
However, the increased female risk was not shown in non-HLHS specific heart lesions
including atrioventricular septal defect defects,36 tetralogy of Fallot with pulmonary atresia,
37 or pulmonary atresia with intact ventricular septum.38
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The diagnosis of TS is often missed in the neonatal period.3%40 In fact, less than 30% of TS
is diagnosed in the first year of life.*1 Given the conferred additional mortality of HLHS
with TS, and the increased non-TS female mortality that may be specific to HLHS, we raise
the question whether the increased mortality of females without TS in our study is due to
underascertainment of TS or other aberrations of the X chromosome. The prevalence of
diagnosed TS in our population was 2%; however, universal karyotyping or other genetic
studies were not performed, resulting in a likely underestimate of TS prevalence.
Unfortunately, the true prevalence of X chromosome abnormalities in HLHS is unknown, as
prior published studies have had one or more of the following limitations: performed in a
small cohort, analyzed CHD lesions all together, analyzed chromosomal abnormalities all
together, have not performed universal genetic evaluation, or have excluded known TS from
detailed genetic descriptions.11:15:21.4243 Wijth these limitations, estimates of TS in live born
individuals with HLHS range from 1 to 7%. The prevalence is likely even higher in fetal life,
given high fetal loss and termination rates for fetuses with TS and left-sided obstructive
lesions.16 In the current study, if the true prevalence of TS was 7% (assuming 28 of the 160
HLHS/TS- female patients actually have TS), and the true hazard ratio of HLHS/TS-
females for mortality is the same as males (1.0) compared to 3.3 in the HLHS/TS+ patients,
the calculated HR of the female group currently labeled TS— would be ~1.31. This is quite
close to the calculated HR in this study of 1.43.

Our findings, in combination with the operative outcomes and the other long term follow up
studies paint a grim picture for patients with HLHS/TS+. The reasons for this increased
mortality are uncertain; it is possible that it may be due to downstream results of the cardiac
hypoplasia noted by Barr and Oman-Ganes,8 problems related to impaired lymphatic
drainage potentially affecting pulmonary function,** or another group of currently unknown
etiologies. The high risk of mortality among these patients should be shared with parents
during prenatal and preoperative counseling. Finally, these results raise the question as to
whether primary heart transplant would be a better option for these patients than a single
ventricle palliation.

LIMITATIONS

A limitation of our study and all of the similar studies conducted to date is sample size.
There are very few subjects in all of these studies, and it is entirely possible that with an
increased study population the pattern of mortality could be different. Furthermore, while
our study analyzes data from one of the most populous states with a large number of cardiac
surgical centers, it is certainly possible that regional differences may affect the
generalizability of these findings. It is also well known that surgical center volume has a
large impact on survival after S1P,424546 and this could have impacted the results. However,
7 of the 11 infants with TS were cared for at very high volume cardiac surgical centers with
excellent historical S1P outcomes, with only a single survivor. A future direction of this
research should be a multiinstitutional prospective study to increase the number of patients
studied and broaden the number of surgical centers involved.

We could not perform mixed models to assess outcomes by center given the extremely small
number of patients with TS. This would have affected our results if there was confounding
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by surgical center (caused by an association between surgical center and TS). However, the
distribution of TS by centers showed no large predilection for center; patients were born at
10 different birth centers and were cared for at 6 different surgical centers. Thus,
confounding by surgical center is an unlikely explanation for our findings.

Given the limitations of the dataset, it was not possible to determine precisely when in the
time course of surgical repair the patients passed away. There is not a difference in the first
month of life, when a patient with HLHS would be expected to have the Norwood palliation.
The large difference comes at 12 mo. By this point, all of the patients would have been
expected to have received the Glenn operation. This is the salient point—that even if a
patient can make it through the most complicated operation (S1P), her ability to survive after
is considerably diminished.

CONCLUSIONS

Patients with HLHS and TS have a significantly higher mortality than patients with HLHS
without a known genetic or extracardiac abnormality. This trend continues to be significant
when accounting for the lower birth weight in these infants. The increased mortality in
females without documented TS calls to question if TS is undetected in a portion of the
females with HLHS who do not have obvious dysmorphisms.
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Kaplan—Meier survival curve for infants with hypoplastic left heart syndrome, with and
without Turner syndrome, Texas, 1999-2007
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TABLE 1

Genetic defects and/or extracardiac birth defects in patients with hypoplastic left heart syndrome, Texas,
1999-2007

Diagnosis/anomaly n

w
N

With genetic diagnosis

=
[N

Turner syndrome
Chromosome 8p abnormalities
8p duplication
8p inverted duplication and deletion
Unbalanced translocation of 8p and 13q
Trisomy 13
Trisomy 18
Trisomy 18 only
Trisomy 18 and 1q deletion
VATER syndrome
Kabuki syndrome
Rubinstein-Taybi syndrome
Jacobsen syndrome
Goldenhar syndrome
Hirschprung diseases-mental retardation syndrome (suspected)
Unbalanced translocation of chromosomes 11 and 13
Chromosome 2 deletion (not otherwise specified)

Chromosome 15q deletion

P P R R P PR P N NN PN ®W W R, P NN

Mosaic Trisomy 21

IS
a

Without known/documented genetic diagnosis

w
g

Multiple congenital anomalies and/or significant dysmorphisms
Congenital diaphragmatic hernia (CDH)
CDH with genitourinary anomalies
Isolated CDH
Isolated genitourinary anomalies
Isolated cleft lip and/or palate
Isolated tracheoesophageal fistula

Pyloric stenosis

P PPN W DN RO

Isolated multicystic dysplastic kidney
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