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ur study aimed to evaluate population-based
O rates of, and risk factors for, cardiac reinterven-

tions in children with functionally single-ventricle
(f-SV) congenital heart disease. A retrospective cohort
study was undertaken, including all children born in
England and Wales with f-SV congenital heart disease’
between 2000 and 2018 who underwent any initial or
staged palliative procedures.'? The National Congenital
Heart Diseases Audit (registry) was used, with National
Health Service Research Ethics Committee approval; the
study dataset is available only on this basis. Five-year
survival, as ascertained in 2020, was 72.1% (95% ClI,
70.6%-73.7%)." The study outcome was any cardiac
operation or interventional catheter undertaken in addi-
tion to the planned treatment pathway. The associa-
tion between prespecified risk factors (see Table) and
the cumulative incidence of additional procedures was
investigated using multivariable Fine-Gray regression.
Competing events were death and next staged treat-
ment completion or heart transplant without additional
procedures.

Among 3307 children with f-SV there were 1266
(88.3%) children with hypoplastic left heart syndrome;
448 (13.6%) with tricuspid atresia; 328 (9.9%) with dou-
ble-inlet left ventricle; 243 (7.4%) with f-SV with atrial
isomerism; 231 (7.0%) with unbalanced atrioventricular

septal defect; 138 (4.2%) with pulmonary atresia; 112
(8.4%) with mitral atresia without hypoplastic left heart
syndrome; and 541 (16.4%) with other f-SV. Median first
procedure age was 6 days (interquartile range [first and
third quartiles], 4-27); at this timepoint 384 (11.6%) had
increased severity of illness. Congenital comorbidity was
present in 553 (16.7%) patients, and 199 (6.0%) had
premature birth.

We identified the following cardiac procedures as
on the planned treatment pathway? (not the study out-
come): interventions before stage 1 in 339 (10.3%)
patients (eg, balloon atrial septostomy 195 [5.8%)]); first
stage 1 procedure in 2916 (88.2%) patients (subtypes
in Table); second stage in 2435 (73.6%) patients (Glenn
2270 [68.6%)]) and comprehensive stage 2 operation in
165 (5.0%); third stage (Fontan-type) operation in 1592
(48.1%) patients; and heart transplant in 47 (1.4%)
patients.

Over a median follow-up of 5.4 years (interquartile
range [first and third quartiles], 0.8-10.8) of 3307
patients, 1730 (52.3%) patients had at least 1 addi-
tional procedure (ie, the study outcome), and 887
(26.8%) patients had multiple additional procedures.
Of 3427 additional procedures, 1289 (37.4%) were
cardiac surgery in 921 patients, and 2138 (62.4%)
were interventional catheters in 1293 patients. In
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Table. Adjusted Subdistribution Hazard Ratios (With 95% Cls) for the Occurrence of Additional Procedures in Children With
Functionally Single-Ventricle Disease at the 3 Stages of Interventional Treatment

Additional off-pathway surgeries Additional off-pathway catheter interventions

Risk factor, by total patients in study (N=3307)

Stage 1 to the next
staged treatment
(n=2916)

Stage 2 to stage 3
(n=2435)

Post stage 3t
(n=1592)

Stage 1 to the next
staged treatment
(n=2916)

Stage 2 to stage 3
(n=2435)

Post-stage 3t
(n=1592)

Noncardiac variables

Male, 1937 (58.6%; Ref: female)

0.98 (0.83-1.15)

0.95 (0.74-1.22)

0.95 (0.67-1.35)

1.03 (0.87-1.22)

1.05 (0.89-1.24)

0.96 (0.78-1.18)

Prematurity, 199 (6%; Ref: Born >37 wk
gestation)

1.18 (0.87- 1.61)

1.00 (0.59-1.72)

2.60 (1.356-4.99)**

0.96 (0.67-1.37)

1.52 (1.08-2.14)*

0.91 (0.51-1.62)

Congenital noncardiac comorbidity, 553
(16.7%; Ref: none)

1.09 (0.89-1.34)

1.31 (0.97-1.77)

1.96 (1.30-2.97)**

1.18 (0.96-1.45)

1.34 (1.10-1.64)**

1.66 (1.26-2.17)***

Low weight at first procedure, 339 (10.3%;
Ref: >2.5 kg)#

1.05 (0.82-1.33)

1.08 (0.68-1.70)

1.24 (0.69-2.22)

1.09 (0.83-1.43)

0.81 (0.59-1.10)

1.07 (0.73-1.56)

Acquired comorbidity at first procedure, 159
(4.8%; Ref: none)

1.09 (0.77-1.54)

0.64 (0.31-1.32)

N/A§

1.12(0.81-1.53)

0.87 (0.57-1.32)

0.94 (0.44-2.04)

Increased severity of illness at first procedure,
384 (11.6%; Ref: none)

1.50 (1.19-1.89)***

1.13 (0.74-1.72)

0.99 (0.45-2.21)

1.09 (0.86-1.37)

1.22 (0.94-1.59)

1.62 (1.04-2.52)

Age (y) at first procedure, median 6 days
(interquartile range: 4-27)

0.39 (0.13-1.11)

0.97 (0.84-1.11)

0.78 (0.58- 1.04)

0.79 (0.32-1.99)

1.04 (0.91-1.18)

0.94 (0.79-1.13)

Born after April 2009, 1697 (51.3%; Ref: born
before April 2009)I

1.03 (0.86-1.22)

1.07 (0.83-1.40)

0.94 (0.62-1.42)

1.55 (1.29-1.87)***

1.31 (1.09-1.56)**

0.73 (0.56-0.95)***

Additional cardiac risk factor (at any time, 234
(7.1%; Ref: none)

1.56 (1.20-2.03)***

2.51 (1.77-3.55)***

2.36 (1.26-4.42)*

1.23 (0.94-1.62)

1.22 (0.89-1.67)

1.38 (0.89-2.14)

Stage 1 subtypes at first stage 2 (Ref: Norwood ty,

pe, 1368 [46.9%)])

No stage 1 procedure, 391 (11.8%)

1.52 (0.96-2.41)

1.38 (0.74-2.55)

0.65 (0.46-0.93)*

0.56 (0.36-0.86)**

Isolated arch repair, 188 (6.5%)

3.32 (2.51-4.39)***

0.77 (0.35-1.71)

0.77 (0.35-1.71)

0.87 (0.61-1.23)

0.70 (0.45-1.09)

0.54 (0.32-0.92)*

Hybrid procedure, 137 (4.7%)

3.45 (2.56-4.65)***

1.26 (0.69-2.69)

0.44 (0.10-2.05)

2.84 (2.13-8.79)***

1.83 (1.14-2.93)*

0.47 (0.14-1.53)

Procedures to secure pulmonary blood flow,
829 (28.4%)

212 (1.71-2.64)***

0.84 (0.59-1.18)

0.71 (0.45-1.12)

0.97 (0.68-1.38)

0.85 (0.69-1.04)

0.62 (0.48-0.80)***

Pulmonary artery band, 394 (13.5%)

2.02 (1.51-2.70)***

1.19 (0.79-1.80)

0.68 (0.38-1.24)

0.40 (0.28-0.59)***

0.57 (0.42-0.79)***

0.74 (0.563-1.03)

Surgical variables

Pre—stage 1 procedure (any type), 339
(10.7%; Ref: none)

0.95 (0.70-1.30)

1.07 (0.70-1.98)

0.94 (0.52-1.69)

0.97 (0.68-1.38)

1.36 (1.05-1.78)*

1.19 (0.83-1.69)

Stage 1 with concurrent surgery 157 (5.4%;
Ref: none)

0.89 (0.61-1.30)

1.35 (0.79-2.32)

0.81 (0.25-2.61)

0.90 (0.65-1.24)

1.21 (0.83-1.77)

0.82 (0.44-1.51)

No stage 2 procedure, 391 (11.8%; Ref:
Glenn)

2.88 (1.30-6.39)**

1.25 (0.63-2.48)

Comprehensive stage 2, 165 (5.0%; Ref:
Glenn)

1.18 (0.70-1.98)

2.02 (0.89-4.58)

1.15 (0.76-1.73)

0.64 (0.37-1.13)

Stage 2 with concurrent surgery, 951 (39.1%;
Ref: none)

1.69 (1.29-2.21)***

0.65 (0.42-1.01)

1.62 (1.36-1.93)***

1.68 (1.35-2.08)***

Stage 3 with concurrent surgery, 254 (16.4%;
Ref: none)

1.72 (1.156-2.59)**

1.38 (1.06-1.79)*

Previous additional procedure (any type; Ref:
none)

1.16 (0.86-1.55)

1.31 (0.91-1.89)

1.40 (1.17-1.68)***

1.06 (0.86-1.30)

We performed 6 models (2 intervention types x3 surgical stages) to investigate the relationship between the cumulative incidence of additional procedures and risk
factors. In each model, only those patients who completed the staged procedure were included. The most common concurrent procedure was pulmonary arterioplasty
at all 3 stages. The most common additional procedures were (1) stage 1 to next staged treatment: redo systemic-to-pulmonary arterial shunt (surgery, 4.1%) and bal-
loon dilation of aortic re-coarctation (catheter, 5.4%); (2) stage 2 to 3: operative pulmonary arterial repair (1.2%) and transcatheter pulmonary artery stenting (5.5%);
(3) post-stage 3: operative pacemaker placement (2%) and transcatheter Fontan fenestration closure (7.9%). Significance level (P value): *0.05, *0.01, **0.001. N/A
indicates not available; and Ref, reference.

tIn the post-stage 3 analysis, we censored patients who underwent competing events due to limited sample size (death or heart transplant after Fontan without ad-
ditional surgeries 3.0% and catheter interventions 2.3%). We used a conventional multivariable Cox regression model and presented the adjusted cause-specific hazard
ratio as the results.

$Low weight includes imputed data in 64 patients (2.1%).

§Not included due to nonoccurrence.

[Externally validated national capture of all cardiac procedures for National Audit in England and Wales occurred from the year 2000, but procedures for capture of
noncardiac variables were improved from 2009; hence, we added an era variable (born after vs before 2009) to the models.

the Table, we show the adjusted subdistribution haz-
ard ratios with each risk factor for additional proce-
dures, from the first stage 1 procedure to the next

stage, whichever stage occurred next (additional sur-
gery in 596 [20.4%], and catheter intervention in 596
[20.4%] patients); from stage 2 to 3 (265 [10.9%] and
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616 [25.3%]); and after stage 3 (135 [8.5%] and 387
[24.3%)]).

Between stage 1 and the next stage that occurred,
all stage 1 subtypes were associated with higher risk of
additional surgery, compared with the reference category
of Norwood, most notably hybrid (adjusted subdistribu-
tion hazard ratio, 3.45 [95% CI, 2.566-4.65]; /<0.001).
The hybrid was also associated with higher risk of addi-
tional catheter intervention after stage 1 (2.84 [2.13-
3.79]; ”<0.001); and between stages 2 and 3 (1.83
[1.14-293]; A<0.05). Nonhybrid stage 1 subtypes were
all associated with lower risk than the Norwood, of addi-
tional catheter procedures at later stages.

Increased severity of illness (ie, ventilation, shock)
before the first procedure was associated with higher
risk of additional surgery after stage 1 (1.50[1.19-1.89];
P<0.001).

When children underwent more interventions than the
3 planned palliative stages, subsequent additional pro-
cedures were more likely, as shown by increased risk
of additional catheter interventions between stages 2
and 3, after a pre-stage 1 procedure (1.36 [1.05-1.78];
P<0.05); or after an additional procedure between
stages 1 and 2 (1.40 [1.17-1.68]; ”<0.001). Concur-
rent surgery with stage 2, was associated with increased
risk for additional surgery (1.69 [1.29-2.21]; A<0.001),
and additional catheters between stages 2 and 3 (1.62
[1.36—-1.93]; A<0.001); and after stage 3 (1.68 [1.35—
2.08]; A<0.001). Concurrent surgery with stage 3 was
associated with higher risk of subsequent additional sur-
gery (1.72 [1.15-2.59]; A<0.01) and catheter interven-
tion (1.38 [1.06—-1.79]; /<0.05).

Children with complex features® were overrepre-
sented; with acquired cardiac risk factors (eg, impaired
ventricular function, raised pulmonary vascular resis-
tance), there was increased risk of additional surgery
after stage 1 (1.56 [1.20-2.03]; A<0.001), between
stages 2 and 3 (2.51 [1.77-3.55]; /<<0.001), and after
stage 3 (2.36 [1.26-4.42]; R<0.05). With congeni-
tal comorbidity, there was increased risk of additional
catheter interventions after stage 2 (1.34 [1.10-1.64];
R<0.01) and stage 3 (1.66 [1.26-2.17]; A<0.001);
and additional surgery after stage 3 (1.96 [1.30-2.97];
P<0.01). With premature birth, there was increased risk
after stage 3 of additional surgery (2.60 [1.35-4.99];
P<0.01) and after stage 2 catheter intervention (1.52
[1.08-2.14]; ”<0.05).

Parents and clinicians should be prepared for addi-
tional procedures in the early years for most children
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with f-SV disease. Although it is infeasible to adjust for
all aspects of case complexity, additional procedures
could represent a disadvantage of the hybrid pathway. As
previously reported,*® the pulmonary arteries most often
require additional interventions in f-SV, especially trans-
catheter beyond stage 2. Strategies to minimize pulmo-
nary arterial distortion, preserve ventricular function, and
maintain lower pulmonary vascular resistance may pro-
tect children from additional procedures during childhood.
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