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ABSTRACT
Objective

To describe the long term outcomes, treatment pathways and risk factors for patients
diagnosed with Hypoplastic Left Heart Syndrome (HLHS) in England and Wales.

Methods

The UKs national audit database captures every procedure undertaken for congenital heart
disease and updated life status for patients resident in England and Wales. HLHS patients

born between 2000 and 2015 were identified using codes from the International Paediatric

and Congenital Cardiac Code.

Results

There were 976 patients with HLHS. Of these, 9.6% had a pre-pathway intervention, 89.5%
underwent a traditional pathway of staged palliation and 6.4% of infants underwent a hybrid
pathway. Patients undergoing pre-pathway procedures or the hybrid pathway were more
complex, exhibiting higher rates of prematurity and acquired comorbidity. Pre-pathway
intervention was associated with the highest in-hospital mortality (34.0%).

44.6% of patients had an off pathway procedure after their primary procedure, most
frequently stenting or dilation of residual or re-coarctation and most commonly occurring
between Stage 1 and 2.

The survival rate at 1 year and 5 years was 60.7% (95% CIl 57.5-63.7) and 56.3% (53.0-
59.5) respectively. Patients with an antenatal diagnosis (multivariable hazard ratio (MHR)
1.63 (95% CI 1.12-2.38)), low weight (<2.5kg) (MHR 1.49 (1.05-2.11)) or the presence of an
acquired comorbidity (MHR 2.04 (1.30-3.19)) were less likely to survive.

Conclusion

Treatment pathways amongst HLHS patients are complex and variable. It is essential that
the long term outcomes of conditions like HLHS that require serial interventions are studied
to provide a fuller picture and to inform quality assurance and improvement.



KEY MESSAGES

What is already known about this subject?

¢ Hypoplastic left heart syndrome (HLHS) represents one of the most complex and
high risk forms of congenital heart disease.
Treatment options have evolved dramatically in the last thirty years.

o Data reporting longer term outcomes reflecting current practice are scarce.

What does this study add?

¢ We have undertaken the first analysis of UK national audit data on procedures to
report longer-term patient based outcomes for HLHS.

e Interventional treatment pathways followed for HLHS are complex and highly
variable.

o 56.3% of patients survived to age five years and nearly half of patient had an
additional unplanned intervention.

How might this impact on clinical practice?

¢ The information presented on longer-term outcomes may in future be used to inform
families during decision making for their child.

e |tis essential that the long term outcomes of conditions like HLHS that require serial
interventions are used for audit to provide a fuller picture and to inform quality
assurance and improvement.



INTRODUCTION

Hypoplastic left heart syndrome (HLHS) represents one of the most complex and high risk
forms of congenital heart disease (CHD), and treatment options have evolved dramatically in
the last thirty years?.

The possible treatment pathways that patients with HLHS can undergo in the UK are
summarised in Figure 1. Treatment generally begins soon after birth, and completion of the
Stage 3 Fontan operation usually takes place before primary school age. A recently
introduced alternative to the traditional surgical pathway is the combined surgical and
interventional cardiology pathway referred to as the hybrid procedure?. A minority for whom
these pathways fail are diverted to transplantation.

Numerous reports document the early surgical outcomes following the Stage 1 operation for
HLHS?#, recognised as amongst the most technically challenging in paediatric cardiac
surgery®. Interstage deaths between discharge following Stage 1 or hybrid procedure and
the Stage 2 procedure have been a focus of quality assurance efforts®’.

Studies capturing staged interventions and longer term HLHS outcomes that go beyond
single centre experience are rare but include the prospective multi-centre Single Ventricle
Reconstruction (SVR) trial which reported in 2016 that of 549 neonates enrolled in the first
stage of the trial, 327 (60%) transplant free survivors between the ages 2 and 4 years
subsequently underwent a Fontan-type procedure®. A propensity score matching paired
study of 338 patients over 21 institutions in North America reported survival at 6 years after
Norwood Stage 1 of 70% and 55% for patients undergoing right-ventricle-to-pulmonary-
artery conduit and Modified Blalock-Taussig shunt respectively, with 52% having transitioned
to Stage 3°. A registry study of patients with a Fontan-type circulation from Australia and
New Zealand published in 2014, that contained only 88/1006 with a HLHS diagnosis'®,
suggested HLHS had the poorest outcome. A systematic review of long-term outcomes for
CHD contained minimal information specific to HLHS in the current era'!

Given the paucity of long term data for patients with HLHS at population level, we explored
this within the mandatory procedure based registry for the UK, the National Congenital Heart
Disease Audit (NCHDA), operational since 2000 and part of the UK National Institute of
Cardiovascular Outcomes Research (NICOR)?*?, in which all HLHS patients who have
undergone a procedure are represented. In a previous research letter, we published a
summary of outcomes for HLHS based on this NCHDA data®®. We now aim to describe the
case mix and interventional pathways in more detail and to evaluate risk factors for longer-
term survival in HLHS.

METHODS
Approvals

The study was approved by the NCHDA Research Committee and the National Health
Service (NHS) Healthcare Quality Improvement Partnership (Study number 14CONGO03).
Further ethics committee approval and patient consent were waived.

Data sources and population



The source data for the study consisted of all records of interventional catheter and cardiac
surgical procedures in the NCHDA relating to English and Welsh patients between 1 April
2000 and 31 March 2015. Data submission to the NCHDA is mandatory and subject to
external data validation. Each procedure record in the NCHDA contains several diagnostic
and procedure codes based on the International Paediatric and Congenital Cardiac Code
(IPCCC)*, and further demographic and procedure information. NCHDA procedure data
quality is excellent as this has historically been the focus. Data quality for non-procedural
information has improved and has been high since 2006, partly due to greater scrutiny,
with centre specific outcomes published online from 2007.

Case ascertainment, inclusion and exclusion criteria

Patients with HLHS, defined as those with a small left ventricle, left sided valvar stenosis or
atresia, normally related great arteries and no common atrioventricular junction*® were
identified based on IPCCC codes appearing in their records in the NCHDA and their survival
ascertained according to the processes detailed in Appendix 1. Since patients that do not
receive any surgical or interventional cardiology procedures are not captured in the NCHDA,
these patients do not feature in the analyses.

Classification and timing of procedures

The allowed timings for the components of HLHS treatment pathway were a primary
procedure (Stage 1 Norwood or hybrid) within three months of birth, a Stage 2 or
comprehensive Stage 2 by 1.5 years of age and a Stage 3 by 8.5 years of age. These age
limits were deliberately broad to include patients with unusual procedural histories.

In addition to identifying procedures inconsistent with HLHS within the case ascertainment
process outlined in Appendix 1, procedures were classified as:

Pre-pathway procedures such as stabilisation procedures for neonatal HLHS including
bilateral pulmonary artery banding!’ and enlargement of a restrictive atrial septum?*® or the
aortic valve or arch in neonates with hypoplastic left ventricle where subsequent events
indicate biventricular strategy was unsuccessful'®.

Off pathway procedures that may be required in patients with HLHS, including surgeries and
interventional catheterisations?.

Ambiguous procedures for which there was insufficient information.

The NCHDA does not consistently collect all diagnostic catheters, mechanical support
procedures and non-cardiovascular operations so such procedure types were not
considered in the analyses.

Demographic data and risk factors

Other data available included: gender, ethnicity (NCHDA contains the categories White,
Black, Asian, Other or Unknown), socioeconomic status (Index of Multiple Deprivations
(IMD) 2010%') for English patients, antenatal diagnosis (yes, no, unknown), comorbidities®?,
and prematurity (birth at gestation less than 37 weeks).

The following additional factors were derived from records corresponding to pre-pathway
and primary procedures: acquired comorbidities??, increased severity of illness (pre-



procedural mechanical ventilation, shock or severe acidosis??) and low weight (less than
2.5kg3).

Descriptive analysis

From each patient history, a graphical timeline was constructed of the procedures
undergone from birth to death or censoring. An array of these timelines was then produced
for patients on a traditional and hybrid pathway separately, with timelines arranged from top
to bottom in decreasing order of time to death or censoring.

Statistical Methods

Given that the data quality in NCHDA is recognised to be poor for non-procedural factors
prior to 2006, which coincides with when the hybrid pathway was introduced in the UK?23,
patients treated before 2006 were analysed as a separate subgroup (“the early era”). For
patients treated between 2006 and 2015 (“the recent era”), those following a traditional
pathway were analysed separately from those following a hybrid pathway. Variables for
which data quality was poor are not presented for the early era.

Unadjusted bivariate comparisons of demographics in the recent era between patients
embarking on the traditional pathway and on a hybrid pathway were performed using
Fisher’s exact test.

The median and interquartile ranges of age at procedure and length of stay in hospital at
different stages of treatment were calculated. Competing risks analysis was used to explore
differences in the timing of operations and in interstage mortality between eras and between
traditional and hybrid pathways.

The frequency and type of off pathway procedures were determined and compared using
Poisson regression.

Survival analysis was carried out using the Kaplan-Meier approach, with death representing
failure. As the primary study objective was to ascertain long-term condition based outcomes,
we do not treat heart transplantation as an end point in our survival analysis.

Univariable and multivariable cox proportional hazard regression was carried out on
demographic and other patient factors for the recent era patients from England. Welsh
patients were excluded as deprivation data was not available. Patients were considered “at-
risk” from the time of their initial procedure until death or censoring. Patients with missing
data on the risk factors were excluded. We carried out sensitivity analysis comparing the
univariable cox model results for two extreme cases of all patients with missing data for a
particular risk factor being allocated as having or not having the risk factor in question.

Data were analysed using the Stata statistical software package. (Stata Statistical Software:
Release 13. College Station, StataCorp LP, Texas, USA).

RESULTS
The dataset

The exclusions that were made from the dataset are summarised in Figure 2, and resulted in
a cohort of 976 HLHS patients for analysis.



Demographics and time eras

There were 296 patients commencing treatment in the early era, including 14 patients
undergoing pre-pathway interventions, 8 of whom survived to Stage 1.

In the recent era, 584 patients started a traditional pathway and 62 patients a hybrid
pathway. A total of 80 recent era patients underwent pre-pathway interventions, 46 of whom
continued to primary procedure (45 embarking on the traditional pathway and 1 embarking
on the hybrid pathway). The 34 patients that did not reach their primary procedure are
included with the dominant traditional pathway cohort for analysis purposes.

Patient characteristics are summarised in Table 1.



Table 1: Characteristics of patients with HLHS commencing interventions in the early era and for patients commencing the
traditional and hybrid pathway in the recent era

Patient factor

Early era

Recent Era

Traditional

Hybrid pathway

pathway
Ethnicity
White 195 (65.9%) 450 (72.8%) 43 (69.4%)
Black 13 (4.4%) 36 (5.8%) 2 (3.2%)
Asian 23 (7.7%) 84 (13.6%) 13 (21.0%)
Other 9 (3.0%) 25 (4.0%) 3 (4.8%)
Unknown 56 (18.9%) 23 (3.7%) 1 (1.6%)
Gender
Male 186 (62.8%) 385 (62.3%) 32 (51.6%)
Female 102 (34.5%) 231 (37.3%) 30 (48.4%)
Unknown 8 (2.7%) 2 (0.3%) 0 (0.0%)
IMD Quintile

Most deprived

86 (29.1%)

212 (34.3%)

28 (45.2%)

2"d most deprived

61 (20.6%)

140 (22.7%)

11 (17.7%)

Mid deprived

49 (16.6%)

72 (11.7%)

11 (17.7%)

2 least deprived 43 (14.5%) 84 (13.6%) 7 (11.3%)
Least deprived 33 (11.1%) 59 (9.5%) 3 (4.8%)
Unknown 24 (8.1%) 51 (8.3%) 2 (3.2%)

Antenatal Diagnosis

No

113 (18.3%)

10 (16.1%)

Yes 501 (81.1%) 51 (82.3%)
Unknown 4 (0.6%) 1 (1.6%)
Congenital

Comorbidity

No 555 (89.8%) 47 (75.8%)
Yes 63 (10.2%)t 15 (24.2%)t
Premature

No 601 (97.2%) 56 (90.3%)
Yes 17 (2.8%)t 6 (9.7%)t
Low weight*

No 247 (83.4%) 542 (87.8%) 35 (56.5%)
Yes 45 (15.2%) 76 (12.3%)t 27 (43.5%)t
Unknown 4 (1.4%) 0 (0.0%) 0 (0.0%)
Acquired

Comorbidity*

No 588 (95.1%) 49 (79.0%)
Yes 30 (4.9%)t 13 (21.0%)1
Increased Severity of

Iliness*

No 505 (81.7%) 49 (79.0%)
Yes 113 (18.3%) 13 (21.0%)
Total 296 618 62

*Risk factor applies at or prior to primary procedure

1A statistically significant higher proportion of hybrid patients have congenital comorbidities (p=0.002),
are premature (p=0.013), and have a low weight (p<0.001) or an acquired comorbidity (p<0.001) at
primary procedure.

The patients following a hybrid pathway were more complex than those following a
traditional pathway, with a higher incidence of patients with congenital comorbidities,
prematurity or low weight or acquired comorbidities prior to or at their primary procedure.



Interventional treatment pathways

Figure 3 shows the array of timelines of treatment for traditional and hybrid pathway patients.
One notable feature is the variability in the ages at which Stage 3 procedures were
undertaken.

Table 2 gives the frequencies of pre-pathway and pathway procedures, summaries of the
age and weight at which the procedure occurred; the hospital length of stay, in-hospital
mortality and interstage mortality. The highest in-hospital mortality rates followed the pre-
pathway procedures for both eras, followed by the mortality rates linked to Stage 1 surgery
in the early era and then hybrid procedures in the recent era. Statistically significant
differences between eras are highlighted in Table 2.

Pre-pathway procedures

Pre-pathway procedures, which had the highest mortality were undertaken in 94 more
complex patients who had a higher incidence of acquired comorbidity (p=0.021), severity of
illness indicator (p<0.001) and prematurity (p=0.043) in the recent era. Components of pre-
pathway procedures included: 58 to create or enlarge the interatrial communication (surgery
or catheter), 40 to place bilateral pulmonary arterial bands, 4 surgeries to relieve obstructed
pulmonary veins and 15 other, miscellaneous or incompletely coded procedures. There were
also 21 operations to relieve obstruction to the aortic arch, 15 trans-catheter balloon dilations
of the aortic valve, and 4 neo-aortic valvoplasty procedures representing neonates where an
initial (failed) attempt had been made to create a biventricular circulation.



Table 2: Frequencies, timings, weights, in-hospital and interstage outcomes for staged treatment of HLHS

Frequenocy Median age (IQR) Median length of | Median weight Innfqgrstglltig: In::é?tt:IEi]ts/
Traditional pathway 296 (30.3)
@ | Pre-pathway 14 (4.7) 2 (2-4) days 7 (2-17) days 3.1(2.0-3.5)| 35.7 (12.8-64.9)
"'>{ Stage 1 290 (98.0) 4 (3-7) days 16 (10-26) days 3.1(2.7-3.4)| 30.0(24.8-35.9)t 13.6 (9.3-18.8)
= | Stage 2 169 (57.1) 5.7 (4.7-7.7) monthst 8 (6-14) days 6.4 (5.6-7.0) 1.8 (0.4-5.1) 6.8 (3.6-11.4)
uw | Stage 3 141 (47.6) | 52.0 (41.4-64.2) months 14 (9-22) days | 15.5 (14.0-16.8) 2.1(0.4-6.1)
Heart Transplant 9 (3.0)| 38.6 (18.8-79.8) months 20 (17-26) days| 15.5 (10.0-16.8) 0.0 (0.0-33.6)
Traditional pathway 618 (63.3)
Pre-pathway 79 (12.8) 3 (1-7) days 9 (2-21) days 3.0 (2.6-3.4)| 34.2(23.9-45.7)
Stage 1 584 (94.5) 4 (3-6) days 20 (11-33) days 3.1(2.8-3.5)| 19.0(15.9-22.4)t 11.3 (8.6-14.4)
Stage 2 394 (63.8) 5.1 (4.0-6.3) monthst 8 (6-16) days 6.1 (5.3-6.9) 4.1 (2.3-6.5) 7.8 (5.0-11.2)
. Stage 3 182 (29.4) | 48.5 (39.5-55.6) months 16 (11-23) days| 15.2 (13.7-16.7) 0.5 (0.0-3.0)
g [Heart Transplant 8 (1.3)| 35.4(3.4-61.0) months 55 (32-71) days| 13.5(5.1-15.6) 12.5(0.3-52.7)
= |Hybrid pathway 62 (6.4)
8 | Pre-pathway 1(1.6) 0 (0-0) days 6 (6-6) days 3.7 (3.7-3.7) )
& [Hybrid 62 (100.0) 5 (3-7) days 18 (7-30) days 2.7(2.3-3.2)| 25.8 (15.5-38.5)
Stage 1 18 (29.0) 77 (66-99) days 19 (10-62) days 3.1(2.8-4.1) 11.1(1.4-34.7)| 28.6 (15.9-42.6)*
Stage 2 13 (21.0) 7.1 (5.9-8.5) months 18 (7-37) days 5.7 (4.7-6.5) 0.0 (0.0-24.7)
Comprehensive stage 2 14 (22.6) 3.9 (3.7-5.2) months 15 (9-37) days 4.8 (4.2-5.7) 14.3 (1.8-42.8) 4.0 (0.0-17.0)8
Stage 3 9 (14.5) | 42.1 (33.9-45.5) months 14 (11-19) days| 13.5 (11.9-15.0) 0.0 (0.0-33.6)
Heart transplant 1(1.6) 3.1 (3.1-3.1) months | 148 (148-148) days 3.6 (3.6-3.6) 0.0 (0.0-97.5)

*The inclusion criteria for the Hybrid pathway was a patient undergoing a Hybrid procedure, so the survival following any pre-pathway procedures was necessarily 100% for

this group of patients.

TThere was a statistically significant reduction between the early and recent era for traditional pathway patients in terms of younger age at Stage 2 surgery (p<0.001) and in
hospital mortality for Stage 1 surgery (p<0.001)

1This includes all mortality following discharge from the Hybrid approach procedure until completion of Stage 2.

§ The includes all mortality following discharge from either the traditional Stage 2 procedure or the comprehensive stage 2 procedure until the completion of Stage 3
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Off Pathway procedures

The frequencies of each off-pathway procedure type are included in Appendix 2, the most
common being revision of the arterial shunt or right ventricle to pulmonary artery valveless
conduit (Sano) and stenting or dilation of residual or re-coarctation. 44.6% had a subsequent
off pathway procedure following their primary procedure; rates are shown in Table 3. The
rate of off pathway interventions increased between the early and recent eras (p<0.001),
driven by interventions undertaken between Stages 1 and 2, most notably interventional
catheterisations in the hybrid cohort.

Table 3: The rate of off pathway procedures occurring at different stages of the treatment pathway for HLHS by era

Rate (per 100 patient-year)
Recent era - Recent era -
All Early era Traditional Hvbrid pathwa
pathway Y P y

Total follow up
Surgical 6 4 9 18
Catheter 16 11 20 62
Total 23 15 28 80
Stage 1 - Stage 2
Surgical 34 23 40 32
Catheter 64 29 72 161
Total 98 52 112 194
Stage 2 - Stage 3
Surgical 4 3 5 15
Catheter 11 11 11 22
Total 15 14 16 37
Post Stage 3
Surgical 2 2 3 0
Catheter 11 9 14 18
Total 13 11 17 18

Survival analysis
Figure 4 shows Kaplan-Meier survival curves by era and by pathway for the recent era,

inclusive of pre-pathway deaths in the traditional cohort. The 1 and 5 year survival in the
early era were 56.6% (95% CI 50.7-62.1%) and 53.8% (47.9-59.3%). For the recent era, the
1 and 5 year survival rates were 63.9% (59.9-67.6%) and 58.1% (53.8%-62.2%) for the
traditional patients versus 47.2% (33.9-59.4%) and 47.2% (33.9-49.4%) for the hybrid
patients. A cox proportional hazards model, presented in Table 4, showed that patients with
antenatal diagnosis, a low weight or acquired comorbidity prior to primary intervention were
all less likely to survive. For traditional pathway patients in the recent era, whether the Stage
1 procedure was performed before or after 1 month of age did not have an effect on
subsequent survival (p=0.875).
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Table 4: Univariable and multivariable hazard ratios for recent era patients (n=599)

Patient Factor

Univariable hazard ratio

Multivariable hazard

(Ref: Female)

0.95 (0.74-1.22)

(95% CI) ratio (95% ClI)
XI\ZIQZI;['eNon-White) 0.80 (0.61-1.06) 0.73 (0.54-0.98)
Male

1.04 (0.79-1.36)

Deprivation Quintile
(Ref: Most deprived)

2"d Most deprived

1.44 (1.05-1.99)

1.63 (1.15-2.29)*

Mid deprived

1.07 (0.71-1.61)

1.19 (0.78-1.82)

2nd least deprived

1.30 (0.89-1.89)

1.54 (1.02-2.33)*

Least deprived

1.29 (0.84-1.99)

1.47 (0.91-2.37)

Antenatal Diagnosis
(Ref: No antenatal diagnosis)

1.45 (1.02-2.0.6)

1.63 (1.12-2.38)*

Congenital Comorbidity
(Ref: No congenital
comorbidity)

1.34 (0.94-1.91)

1.31 (0.90-1.91)

Prematurity
(Ref: Full term)

1.20 (0.64-2.27)

1.01 (0.51-1.99)

Low weight
(Ref: >2.5kg at primary
procedure)

1.48 (1.0.9-2.02)

1.49 (1.05-2.11)*

Acquired Comorbidity
(Ref: No acquired comorbidity)

1.97 (1.29-3.00)

2.04 (1.30-3.19)*

Increased Severity of illness
(Ref: No severity of iliness
indicator)

0.87 (0.63-1.22)

0.86 (0.61-1.22)

*Patients in the 2nd most (p=0.005) and 2" least (p=0.042) deprived IMD quintile, with an antenatal diagnosis
(p=0.011), or a low weight (p=0.024) or an acquired comorbidity (p=0.002) at primary procedure had a
statistically significant increased hazard ratio compared to the reference group.

Sensitivity Analysis

If all patients with missing ethnicity data were assumed to be non-white, non-white patients
had a significantly increased hazard ratio (p=0.021) compared to white patients, and if all
patients missing data on antenatal diagnosis were assumed to have not had an antenatal
diagnosis, antenatal diagnosis ceased to significantly increase the hazard ratio (p=0.124).
Other comparisons of patients with missing data for ethnicity, sex and antenatal diagnosis
did not change the univariable results shown in Table 2.

DISCUSSION

This longitudinal analysis on procedure based registry data offers a unique insight into the
journey faced by patients with a complex disease like HLHS in terms of interventions and

mortality across anticipated staged and unanticipated pre or off pathway interventions during
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infancy and childhood. The variations to the standard treatment pathway for HLHS, and the
outcomes, are made available to inform counselling of families, particularly considering that
the vast majority of cases are currently prenatally diagnosed. This provides a more valid
perspective than reliance on data from procedure based datasets.

The variation in treatment is shown by the 9.6% of patients that had a pre-pathway
procedure. Such pre-pathway interventions are required for the highest risk neonates'’ and
over a third did not survive to a primary procedure. The use of the hybrid procedure was
infrequent at 6.4% (in 2015, North American Centres represented within the Society of
Thoracic Surgeons Congenital Heart Surgery Database reported that 13% of primary
procedures for HLHS were hybrids?4) and reserved for the smallest and most complex
patients, who had poorer outcomes. Amongst patients in the whole cohort only 1.8%
underwent a transplant, this occurring at various stages in the treatment pathway but
notably, because of low donor organ availability in the UK, no patient had transplantation as
their primary intervention, an approach reported from North America?®.

Although in-hospital mortality following the Stage 1 operation improved in the recent era and
the age at which Stage 2 was undertaken fell (this has previously been reported in UK? and
US data’) mortality rates across later stages in the journey were unchanged. As has been
reported in other cohorts?’, there was significant interstage mortality between Stages 1 and
2. Previous focus on this interstage period has enabled the evaluation of therapeutic
interventions to reduce mortality, including additional surveillance of patients in home
monitoring programmes . Furthermore, non-randomised studies of digoxin use between
Stages 1 and 2 indicate this is linked to reduced mortality?®. Our study data identified further
interstage deaths between Stages 2 and 3, a less well explored phase of the patient journey
for HLHS. This interstage mortality and the variability in age at Stage 3 suggest that these
phases may be future targets for quality improvement. In this regard we note that the median
Stage 3 age in the recent era was 4 years compared to 2.8 years reported in the SVR trial® .

Previous population based studies of HLHS have predominantly reported outcomes at one
year of age?®, or are focussed on even shorter time periods?® whereas our study includes a
median follow up time in survivors of 5 years 2 months. Our survival analyses suggested that
although amongst patients on the traditional pathway there was improved survival in the later
era, this was accompanied by the evolution of complex cohort of hybrid patients with poorer
outcomes. One explanation to note for the modest progress in overall survival across the
HLHS population is the reported trend in the UK towards acceptance of more complex
candidates for surgery.?®

The high rate of antenatal diagnosis for HLHS in this study (81% in the recent era) indicates
excellent performance of obstetric sonographers screening for this disease. Although it is
unsurprising that patients who were smaller and sicker at primary intervention had poorer
outcome, some readers may be surprised that those with antenatal diagnosis also did worse,
even after adjustment for size and comorbidities. This supports a previously stated
hypothesis that antenatally diagnosed patients are more likely to display higher risk disease
subtypes®, which in HLHS specifically includes worse forms of HLHS anatomy that are not
consistently collected within NCHDA (for example, tricuspid valve regurgitation). The small
but significant relationship between non-white ethnicity and poorer outcomes, and the
complex relationship between deprivation and outcomes requires further work to fully
explore the interactions between socio-economic factors and survival for patients with HLHS.
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How do these outcomes compare to other data?

The overall in-hospital mortality rates reported for our study cohort (Stage 1, 22.7%, Stage 2,
3.6% and Stage 3, 1.2%) compare well to other studies®*1%2°%31 Considering survival rates
for HLHS beyond one year; outcomes of our study cohort cannot be directly compared with
the results of the Wilder study® of outcomes for neonates undergoing Stage 1 Norwood from
21 North American Institutions between 2005 and 2014, because of the large number of
exclusions in that study. Amongst 692 consecutive neonates meeting the diagnostic criteria
for inclusion, 454 underwent a traditional pathway but reported outcomes are only available
for the 339 included in the propensity- matched paired analysis. The SVR trial, included 549
HLHS patients who underwent a Norwood type operation at 15 North American sites
between 2005 and 2008 and excluded patients with major congenital or acquired
abnormalities likely to affect survival®. The SVR trial reported 32.2% of patients were
deceased at 3 years (and 20 survivors transplanted?). After removal of the patients
undergoing only pre-pathway intervention, the three year mortality in the recent era cohort of
traditional pathway patients in our study was very similar at 36.0%, noting that in contrast to
SVR our cohort did include patients with additional congenital anomalies and moreover was
population based.

The increase in the rate of off pathway interventions between the early and recent era in our
study suggests that the approach to interstage interventions has become more proactive.
Increased patient complexity, due to improved early survival and an emerging complex
hybrid population could contribute to this. Nonetheless the rate of off pathway procedures is
lower than the rate reported in the 3 year follow up of the SVR trial in which 164.3 cardiac
surgeries and 43.1 catheter interventions per 100 patient years from Norwood to 3 years is
documented?, although the cohorts and time periods considered are not directly
comparable.

Study limitations

As with any registry based study, the retrospective analysis of an observational dataset
holds inherent limitations and is limited by data quality. Of particular note, there are two
variants of the Stage 1 procedure (the classic Norwood where pulmonary blood flow is either
provided by a Blalock-Taussig shunt or a right ventricle to pulmonary artery valveless
conduit (Japanese (or Sano) modification)) *2%2’, Previous studies have shown significant
differences in outcomes for patients undergoing the two variants®°. Regrettably within the
NCHDA the vast majority of Stage 1 surgeries (86.0%) do not include sufficient information
to determine which of these two types of operation was performed. We took an inclusive
approach within this registry based study and included all patients where the diagnosis was
HLHS, irrespective to reasonable variations in the timing of procedures or where unusual
additional procedures were undertaken; since this represented our best assessment of the
true picture of events for patients with HLHS. As stated only patients that underwent at least
one procedure are captured within the source data.

Summary and future directions

Based on review of published HLHS outcomes, we note that current outcomes for intervened
HLHS in England and Wales are well up to international standards. The analyses of ‘longer-
term outcomes based on diagnosis’ for patients with complex CHD is inherently complicated,
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given the range and complexity of possible treatment pathways that a patients follow, and
the difficulty in determining a pure population.

Nonetheless, it is essential to take the analyses of outcomes, in particular for higher risk
conditions, such as HLHS, that require serial interventions, in this direction in order to
provide a fuller picture and to inform quality assurance and improvement efforts.

15



ACKNOWLEDGEMENTS

The authors would like to thank the data managers and audit leads at the UK centres that
contribute to the national audit data for their hard work in this regard, and finally the authors
would like to thank the data management team at NICOR for their major contribution to the
NCHDA and providing the data for this study.

SOURCES OF FUNDING

This project was funded by the Great Ormond Street Children’s Charity (v1248). MU was in
part supported by the National Institute for Health Research (NIHR) Collaboration for
Leadership in Applied Health Research and Care North Thames at Bart’'s Health NHS Trust.
KB, IS, MM and VT were supported by the NIHR Research Biomedical Research Center at
Great Ormond Street Hospital for Children NHS Foundation Trust and University College
London.

DISCLOSURES

Kate Brown and Rodney Franklin sit on the steering committee of NCHDA. No other conflicts
to declare.

The Corresponding Author has the right to grant on behalf of all authors and does grant on
behalf of all authors, an exclusive licence (or non exclusive for government employees) on a
worldwide basis to the BMJ Publishing Group Ltd and its Licensees to permit this article (if
accepted) to be published in HEART editions and any other BMJPGL products to exploit all
subsidiary rights.

ABBREVIATIONS

CHD - Congenital heart disease

HLHS — Hypoplastic left heart syndrome

HSCIC — Health and Social Care Information Centre

IMD — Index of Multiple Deprivation

IPCCC — International Paediatric and Congenital Cardiac Codes
NCHDA — National Congenital Heart Disease Audit

NHS — National Health Service

NICOR — National Institute of Cardiac Outcome Research

SVR - Single Ventricle Reconstruction

16



REFERENCES

1.

10.

Feinstein JA, Benson DW, Dubin AM, Cohen MS, Maxey DM, Mahle WT, Pahl E, Villafafie J,
Bhatt AB, Peng LF, Johnson BA, Marsden AL, Daniels CJ, Rudd NA, Caldarone CA, Mussatto KA,
Morales DL, Ivy DD, Gaynor JW, Tweddell JS, Deal BJ, Furck AK, Rosenthal GL, Ohye RG,
Ghanayem NS, Cheatham JP, Tworetzky W, Martin GR. Hypoplastic left heart syndrome:
current considerations and expectations. J Am Coll Cardiol. 2012;59:51-42.

Hybrid procedure for interim management of hypoplastic left heart syndrome in neonates |
Guidance and guidelines | NICE [Internet]. [cited 2016 Nov 29];Available from:
https://www.nice.org.uk/guidance/ipg246

Ohye RG, Sleeper LA, Mahony L, Newburger JW, Pearson GD, Lu M, Goldberg CS, Tabbutt S,
Frommelt PC, Ghanayem NS, Laussen PC, Rhodes JF, Lewis AB, Mital S, Ravishankar C, Williams
IA, Dunbar-Masterson C, Atz AM, Colan S, Minich LL, Pizarro C, Kanter KR, Jaggers J, Jacobs JP,
Krawczeski CD, Pike N, McCrindle BW, Virzi L, Gaynor JW. Comparison of Shunt Types in the
Norwood Procedure for Single-Ventricle Lesions. N Engl J Med. 2010;362:1980-1992.

McGuirk SP, Stickley J, Griselli M, Stumper OF, Laker SJ, Barron DJ, Brawn WJ. Risk assessment
and early outcome following the Norwood procedure for hypoplastic left heart syndrome. Eur J
Cardio-Thorac Surg Off J Eur Assoc Cardio-Thorac Surg. 2006;29:675-681.

Karamichalis JM, Thiagarajan RR, Liu H, Mamic P, Gauvreau K, Bacha EA. Stage | Norwood:
optimal technical performance improves outcomes irrespective of preoperative physiologic
status or case complexity. J Thorac Cardiovasc Surg. 2010;139:962—-968.

Crowe S, Knowles R, Wray J, Tregay J, Ridout DA, Utley M, Franklin R, Bull CL, Brown KL, Barnes
N, Baron D, Charrot H, Daubeney P, Dyer K, Fox C, Hull S, Hutchinson S, Johnson S, Pennington
J, Schwank S, Silk H, Smith L. Identifying improvements to complex pathways: evidence
synthesis and stakeholder engagement in infant congenital heart disease. BMJ Open.
2016;6:010363.

Ghanayem NS, Tweddell JS, Hoffman GM, Mussatto K, Jaquiss RDB. Optimal timing of the
second stage of palliation for hypoplastic left heart syndrome facilitated through home
monitoring, and the results of early cavopulmonary anastomosis. Cardiol Young. 2006;16 Suppl
1:61-66.

Ravishankar C, Gerstenberger E, Sleeper LA, Atz AM, Affolter JT, Bradley TJ, Gaynor JW,
Goldstein BH, Henderson HT, Jacobs JP, Lewis AB, Dunbar-Masterson C, Menon SC, Pemberton
VL, Petit CJ, Pike NA, Pizarro C, Schumacher KR, Williams IA, Newburger JW, Pediatric Heart
Network Investigators. Factors affecting Fontan length of stay: Results from the Single
Ventricle Reconstruction trial. J Thorac Cardiovasc Surg. 2016;151:669-675.e1.

Wilder TJ, McCrindle BW, Phillips AB, Blackstone EH, Rajeswaran J, Williams WG, DeCampli
WM, Jacobs JP, Jacobs ML, Karamlou T, Kirshbom PM, Lofland GK, Ziemer G, Hickey EJ. Survival
and right ventricular performance for matched children after stage-1 Norwood: Modified
Blalock-Taussig shunt versus right-ventricle-to-pulmonary-artery conduit. J Thorac Cardiovasc
Surg. 2015;150:1440-1450, 1452.e1-8; discussion 1450-1452.

d’Udekem Y, lyengar AJ, Galati JC, Forsdick V, Weintraub RG, Wheaton GR, Bullock A, Justo RN,
Grigg LE, Sholler GF, Hope S, Radford DJ, Gentles TL, Celermajer DS, Winlaw DS. Redefining

17



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Expectations of Long-Term Survival After the Fontan Procedure. Circulation. 2014;130:532—
S38.

Best KE, Rankin J. Long-Term Survival of Individuals Born With Congenital Heart Disease: A
Systematic Review and Meta-Analysis. J Am Heart Assoc. 2016;5:e002846.

CCAD - Congenital Analysis - Home [Internet]. [cited 2016 Nov 29];Available from:
https://nicord.nicor.org.uk/chd/an_paeds.nsf/vwContent/home?Opendocument

Rogers L, Pagel C, Sullivan ID, Mustafa M, Tsang V, Utley M, Bull C, Franklin RC, Brown KL.
Interventions and Outcomes in Children With Hypoplastic Left Heart Syndrome Born in England
and Wales Between 2000 and 2015 Based on the National Congenital Heart Disease Audit.
Circulation. 2017;136:1765-1767.

International Society for Nomenclature of Paediatric and Congenital Heart Disease [Internet].
[cited 2016 Sep 20];Available from: http://ipccc.net/

Pagel C, Crowe S, Brown K, Utley M. The benefits and risks of risk-adjustment in paediatric
cardiac surgery. Heart. 2013;heartjnl-2013-304848.

Tchervenkov Cl, Jacobs JP, Weinberg PM, Aiello VD, Béland MJ, Colan SD, Elliott MJ, Franklin
RCG, Gaynor JW, Krogmann ON, Kurosawa H, Maruszewski B, Stellin G. The nomenclature,
definition and classification of hypoplastic left heart syndrome. Cardiol Young. 2006;16:339—
368.

Gomide M, Furci B, Mimic B, Brown KL, Hsia T-Y, Yates R, Kostolny M, de Leval MR, Tsang VT.
Rapid 2-stage Norwood | for high-risk hypoplastic left heart syndrome and variants. J Thorac
Cardiovasc Surg. 2013;146:1146-1151; discussion 1151-1152.

Hoque T, Richmond M, Vincent JA, Bacha E, Torres A. Current outcomes of hypoplastic left
heart syndrome with restrictive atrial septum: a single-center experience. Pediatr Cardiol.
2013;34:1181-1189.

Murphy MO, Bellsham-Revell H, Morgan GJ, Krasemann T, Rosenthal E, Qureshi SA, Salih C,
Austin CB, Anderson DR. Hybrid Procedure for Neonates With Hypoplastic Left Heart Syndrome
at High-Risk for Norwood: Midterm Outcomes. Ann Thorac Surg. 2015;100:2286-2290;
discussion 2291-2292.

Newburger JW, Sleeper LA, Frommelt PC, Pearson GD, Mahle WT, Chen S, Dunbar-Masterson
C, Mital S, Williams IA, Ghanayem NS, Goldberg CS, Jacobs JP, Krawczeski CD, Lewis AB,
Pasquali SK, Pizarro C, Gruber PJ, Atz AM, Khaikin S, Gaynor JW, Ohye RG, Pediatric Heart
Network Investigators. Transplantation-free survival and interventions at 3 years in the single
ventricle reconstruction trial. Circulation. 2014;129:2013-2020.

LHO. English Indices of Deprivation 2010 - deprivation category lookups and average scores for
higher geographies [Internet]. 2011 [cited 2016 Nov 29];Available from:
http://www.apho.org.uk/resource/view.aspx?RID=111277

Brown K, Rogers L, Barron DJ, et al. Incorporating comorbidity within risk adjustment for

pediatric cardiac surgery: A study based on the National Congenital Heart Diseases Audit, UK.
Ann Thorac Surg. 2016;

18



23.

24.

25.

26.

27.

28.

29.

30.

31.

Lloyd DFA, Cutler L, Tibby SM, Vimalesvaran S, Qureshi SA, Rosenthal E, Anderson D, Austin C,
Bellsham-Revell H, Krasemann T. Analysis of preoperative condition and interstage mortality in
Norwood and hybrid procedures for hypoplastic left heart syndrome using the Aristotle scoring
system. Heart. 2014;100:775-780.

Karamlou T, Overman D, Hill KD, Wallace A, Pasquali SK, Jacobs JP, Jacobs ML, Caldarone CA.
Stage 1 hybrid palliation for hypoplastic left heart syndrome--assessment of contemporary
patterns of use: an analysis of The Society of Thoracic Surgeons Congenital Heart Surgery
Database. J Thorac Cardiovasc Surg. 2015;149:195-201, 202.el.

Karamlou T, Diggs BS, Ungerleider RM, Welke KF. Evolution of treatment options and outcomes
for hypoplastic left heart syndrome over an 18-year period. J Thorac Cardiovasc Surg.
2010;139:119-127.

Brown KL, Crowe S, Franklin R, McLean A, Cunningham D, Barron D, Tsang V, Pagel C, Utley M.
Trends in 30-day mortality rate and case mix for paediatric cardiac surgery in the UK between
2000 and 2010. Open Heart. 2015;2:e000157.

Ghanayem NS, Allen KR, Tabbutt S, Atz AM, Clabby ML, Cooper DS, Eghtesady P, Frommelt PC,
Gruber PJ, Hill KD, Kaltman JR, Laussen PC, Lewis AB, Lurito KJ, Minich LL, Ohye RG, Schonbeck
JV, Schwartz SM, Singh RK, Goldberg CS, Pediatric Heart Network Investigators. Interstage
mortality after the Norwood procedure: Results of the multicenter Single Ventricle
Reconstruction trial. J Thorac Cardiovasc Surg. 2012;144:896—-906.

Brown DW, Mangeot C, Anderson JB, Peterson LE, King EC, Lihn SL, Neish SR, Fleishman C,
Phelps C, Hanke S, Beekman RH, Lannon CM, Collaborative the NPCQJ. Digoxin Use Is
Associated With Reduced Interstage Mortality in Patients With No History of Arrhythmia After
Stage | Palliation for Single Ventricle Heart Disease. J Am Heart Assoc. 2016;5:e002376.

Hirsch JC, Copeland G, Donohue JE, Kirby RS, Grigorescu V, Gurney JG. Population-based
analysis of survival for hypoplastic left heart syndrome. J Pediatr. 2011;159:57-63.

Kaplan JH, Ades AM, Rychik J. Effect of Prenatal Diagnosis on Outcome in Patients With
Congenital Heart Disease. NeoReviews. 2005;6:e326—e331.

Dean PN, McHugh KE, Conaway MR, Hillman DG, Gutgesell HP. Effects of Race, Ethnicity, and

Gender on Surgical Mortality in Hypoplastic Left Heart Syndrome. Pediatr Cardiol.
2013;34:1829-1836.

19



Figure 1: The possible treatment pathways for patients born with HLHS in the UK
Figure 2: Exclusions made during the case ascertainment process

Figure 3. Treatment and outcome timeline for traditional pathway (n=914) and hybrid
pathway patients (n=62). Each dark blue line represents a patient, with different markers for
the interventions and events during their treatment. Hybrid; Stage 1; Stages 2 (or
comprehensive stage 2) and Stage 3 are shown with pink, orange, purple and green
respectively. Heart transplants undertaken are shown in yellow, and any off pathway
procedures are shown in blue. A patient’s “known lifespan” line ends either at censoring alive
or death, with deaths show in red. As there are many traditional pathway patients than hybrid
pathway patients, each individual patient timeline cannot be discerned for traditional pathway
patients.

Figure 4. Kaplan-Meier survival plot and 1 and 5 year actuarial survival displaying
separately: patients commencing treatment in the early era (n=296), in the recent era on the
traditional surgical pathway (n=618) and the hybrid pathway (n=62)
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