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Abstract

Decline of single ventricle systolic function after bidirectional cavopulmonary connection (BDCPC) is thought to be a tran-
sient phenomenon. We analyzed ventricular function after BDCPC according to ventricular morphology and correlated this
evolution to long-term prognosis. A review from Mayo Clinic databases was performed. Visually estimated ejection fraction
(EF) was reported from pre-BDCPC to pre-Fontan procedure. The last cardiovascular update was collected to assess long-
term prognosis. A freedom from major cardiac event survival curve and a risk factor analysis were performed. 92 patients
were included; 52 had left ventricle (LV) morphology and 40 had right ventricle (RV) morphology (28/40 had hypoplastic
left heart syndrome (HLHS)). There were no significant differences in groups regarding BDCPC procedure or immediate
post-operative outcome. EF showed a significant and relevant decrease from baseline to discharge in the HLHS group:
59+4%t049+7% or — 9% (p <0.01) vs. 58 +3% to 54 +6% or — 4% in the non-HLHS RV group (p=0.04) and 61 +4%
to 60 +4% or — 1% in the LV group (p =0.14). Long-term recovery was the least in the HLHS group: EF prior to Fontan
54 £2% vs. 56 £6% and 60 £4%, respectively (p <0.01). With a median follow-up of 8 years post-BDCPC, six patients
had Fontan circulation failure, four died, and three had heart transplantation. EF less than 50% at hospital discharge after
BDCPC was strongly correlated to these major cardiac events (HR 3.89; 95% C1 1.04-14.52). Patients with HLHS are at
great risk of ventricular dysfunction after BDCPC. This is not a transient phenomenon and contributes to worse prognosis.
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Introduction

The bidirectional cavopulmonary connection (BDCPC) has
been utilized as an intermediate procedure prior to Fontan
for patients with functionally single ventricle (SV) hearts
since the 1980s [1]. The BDCPC is usually performed when
a child is 3 to 6 months of age. While many studies have
assessed risk factors within the “interstage period” between
the index procedure (Norwood operation for hypoplastic left
heart syndrome (HLHS)) and BDCPC [2-5] or after Fon-
tan [6-8]; few studies have focused on the period between
BDCPC and Fontan.
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The BDCPC is thought to have the least morbidity and
mortality and is generally associated with a short cardio-
pulmonary bypass time [9]. However, the BDCPC changes
preload parameters of the SV and could impact ventricu-
lar function [10] thereby impacting candidacy for Fontan
operation and long-term outcome [11]. Sustaining good ven-
tricular function is one of the main goals of management of
patients with a functionally SV heart [12, 13].

This study aimed to evaluate ventricular function before
and after BDCPC according to ventricular morphology
using visually estimated ejection fraction. Our hypothesis
was that, after BDCPC, ventricular dysfunction was associ-
ated with right ventricular (RV) morphology. Our second
goal was to evaluate survivorship from major cardiac events
after BDCPC and to identify the risk factors for poor long-
term prognosis. Our hypothesis was that the post-BDCPC
ventricular dysfunction was associated with worse long-term
prognosis.
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Methods

We conducted an IRB-approved, retrospective study using
chart reviews from the Mayo Clinic SV, HLHS, BDCPC, and
Fontan databases. All patients consented for the use of medi-
cal records. We included all patients with a functionally SV
heart who had a BDCPC at Mayo Clinic (Rochester, MN)
between 1997 and 2017. All patients included in this study
had pre- and post-BDCPC imaging data available to assess
the ventricular function. We created two groups according
to the SV morphology: Left ventricle (LV) morphology (LV
group) and RV morphology (RV group). The RV group was
then subdivided into HLHS (HLHS group) and non-HLHS
(non-HLHS RV group). Demographic data, surgical man-
agement data, laboratory studies, and echocardiography
measurements were collected to assess differences between
groups. Catheterization measurements were reported pre-
BDCPC and pre-Fontan. Volumetric EF obtained during
catheterization was calculated using the stroke volume
method as follow: EF = (end-diastolic volume (EDV) —end-
systolic volume (ESV))/EDV.

Among the echocardiographic data, atrioventricu-
lar valve (AV) regurgitation was visually estimated as:
0 =none or trivial, 1 =mild, 2 =moderate and 3 =severe.
Aortic arch obstruction was assessed according to mean
systolic Doppler gradient in the descending thoracic
aorta as: 0 =none (<5 mmHg), 1 =mild (5-14 mmHg),
2 =moderate (15-24 mmHg), 3 =severe (>25 mmHg).

Ventricular Function Analysis

We used 2D echocardiographic visually estimated ejection
fraction (EF) to assess ventricular function. This is a semi-
quantitative measurement of systolic ventricle function by
an expert sonographer, comparable to biplane auto-EF [14]
and magnetic resonance imaging-EF [15] and usable for
both ventricle morphologies. Visually estimated EF was
evaluated using several orthogonal planes. It was assessed
by sequential evaluation at pre-BDCPC (baseline), hospi-
tal discharge, 1 to 3 months post-BDCPC, 6 to 12 months
post-BDCPC, and immediately prior to Fontan. To isolate
the effect of BDCPC on ventricular function, only patients
with normal EF at baseline, defined as EF > 50%, were con-
sidered for the primary endpoints. The primary endpoints
were defined by the mean change in visually estimated EF at
hospital discharge and the mean EF evolution over time from
BDCPC to Fontan, according to ventricular morphology.
To assess the reliability of our 2D echocardiographic
visually estimated EF measurement, one author (MV)
performed a second blinded analysis, on a subset of 30
patients randomly selected at each available time-point.

We finally compared EF results obtained by 2D echo-
cardiography (visually estimated EF) and by catheterization
(volumetric EF) at pre-BDCPC and pre-Fontan time-points.

Survival Analysis

The most recent cardiovascular clinical update was collected
to assess long-term prognosis. Major cardiovascular events
included the following: Fontan circulation failure, Fontan
or BDCPC takedown, not a candidate for Fontan comple-
tion, thromboembolism, protein-losing enteropathy, plastic
bronchitis, liver cirrhosis, heart transplantation, or death. A
freedom from major cardiac event survival curve was con-
structed for each group according to ventricle morphology
and discharge EF.

Risk Factor Analysis

Evaluation of risk factors for a major cardiac event was
performed to investigate long-term prognosis based on the
previous results. Factors that were studied included ven-
tricular dysfunction pre-BDCPC, ventricular dysfunction
post-BDCPC (hospital discharge), RV morphology, HLHS
anatomy, age at BDCPC <4 months old, extra cardiac dis-
ease, BDCPC bypass time > 65 min, and Nakata index pre-
BDCPC <200 mm/m?. EF < 50% was defined as ventricu-
lar dysfunction. The secondary endpoint was defined by the
hazard ratio (HR) for major cardiac event in patients with
ventricular dysfunction post-BDCPC adjusted to baseline
EF.

Statistical Analysis

Comparative analysis was conducted between the LV group
and the entire RV group.

To isolate the effect of HLHS morphology, a subgroup
analysis was performed dividing the RV group into HLHS
group and non-HLHS RV group and another comparative
analysis was conducted among the LV group, the HLHS
group, and the non-HLHS RV group.

Descriptive statistics included calculations of mean and
standard deviations or median and interquartile 1, 3 for
continuous variables according to their distribution, counts,
and percent for categorical variables. Differences between
groups according to descriptive parameters and mean EF
changes (primary endpoint) were analyzed using t-test or
one-way ANOVA. Repeated-measures analysis using proc
mixed in was performed to show differences in mean EF
evolution between groups over time.

Inter-reader reliability for 2D echo visually estimated EF
measurement was evaluated using intra-class correlation
coefficients (ICC) [16]. ICC values less than 0.5, between
0.5 and 0.75, between 0.75 and 0.9, and greater than 0.9
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were indicative of poor, moderate, good, and excellent
reliability, respectively [17]. Bland—Altman analysis [12],
Spearman’s correlation and linear regression were used to
compare EF values obtained by 2D echo (visual assessment)
and by catheterization (volumetric calculation). Survival
models and risk factor analysis were employed using proc
phreg SAS. We performed an adjusted survival analysis of
time from BDCPC to the major cardiac events previously
described.

Analyses were performed using GraphPad Prism version
5.04 (GraphPad software, San Diego, CA) and SAS software
version 9.4 (SAS Institute Inc.Cary, NC). A p value <0.05
was considered statistically significant.

Results

Ninety-two patients met the inclusion criteria in this study.
52 had LV morphology and 40 had RV morphology (28/40
had HLHS and 12/40 had non-HLHS RYV). Specific car-
diac lesions included HLHS (30%), tricuspid atresia (22%),
double outlet right ventricle (12%), pulmonary atresia with
intact ventricular septum (10%), double inlet left ventricle
(9%), and unbalanced atrioventricular canal (9%).

Table 1 summarizes descriptive data pre-BDCPC. The
RV group had a BDCPC at a younger age than the LV group
(6.6 £4.3 mos. vs 9.7+ 9.6 mos., respectively, p=0.045).
The HLHS group (5.3 + 1.4 mos.) was the youngest at time
of BDCPC. The Nakata index was significantly smaller in
the RV group than in the LV group (184 +94 mm/m? vs.
251 + 125 mm/m?, respectively, p=0.003). In the HLHS
group, the Nakata index was the lowest (162 + 84 mm/m?).

Table 2 summarized descriptive data at time of BDCPC.
Almost all (92%) patients had BDCPC using cardiopulmo-
nary bypass and 68.5% underwent an additional procedure
during BDCPC. No in-hospital complications were reported
for 63% of the patients. One patient died before hospital
discharge, at 6 days post-operative, due to hemodynamic
failure (this patient came to BDCPC with an LV dominant
unbalanced AV canal, severe AV valve regurgitation, and
ventricular dysfunction). One patient had BDCPC takedown.
That patient had HLHS with a small left superior vena cava
and an occluded right superior vena cava who needed a sys-
temic-pulmonary artery shunt intra-operatively.

Eleven of 92 patients (16%) had a> Grade 1 AV valve
regurgitation pre-BDCPC. Eight of these 11 patients under-
went AV valve surgical repair at time of BDCPC. 7 patients
still had a> Grade 1 AV valve regurgitation at time of Fon-
tan. In the non-HLHS RV group, AV valve function declined
with time: 8% patients had > Grade 1 regurgitation at pre-
BDCPC while 27% had > Grade 1 regurgitation prior to
Fontan. There was a significant difference between groups
in>Grade 1 AV valve regurgitation at pre-Fontan evaluation
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(5% in LV group, 10% in HLHS group and 27% in non-
HLHS RV group, p=0.04). Five of 92 patients (5%), all
with HLHS, had > Grade 1 aortic arch obstruction pre-stage
II. Four of these 5 patients had aortic arch enlargement at
time of BDCPC. None had > grade 1 aortic arch obstruction
at time of Fontan.

Ventricular Function Analysis

Table 3 reports 2D echo visually estimated EF results from
the entire cohort. At baseline, EF mean value was signifi-
cantly lower in the HLHS group vs the non-HLHS RV and
LV groups (55+7%, vs 58 +3% and 61 + 5%, respectively,
p<0.01). At discharge, there was a significant decrease
of mean EF in the HLHS group (55% to 49 +7% (—6%),
p<0.01) and RV non-HLHS group (58 +3% to 54 +6%
(—4%), p=0.04) while EF remained stable in the LV group
(61+5% to 59% (—2%), p=0.19). In the HLHS group, EF
did not recover pre-Fontan as compared to the non-HLHS
RV and LV groups (53 +3% vs 56 +6% and 60 +4%,
p<0.01).

Table 4 reports 2D echo visually estimated EF results for
patients with EF >50% at baseline. Results were similar,
but the decrease from baseline to discharge was larger in
the HLHS group: 59 +4% to 49 +7% in the HLHS group
vs. 58 £3% to 54+ 6% in the non-HLHS RV group and
61+4% to 60+4% in the LV group. Therefore, a mean EF
decrease of 9% (p <0.01) vs 4% (p=0.04) and 1% (p=0.14),
respectively.

Figure 1 represents the evolution over time of 2D echo
visually estimated EF for patients with EF >50% at baseline
according to ventricular morphology. There was a signifi-
cant difference between groups over time, with a more poor
evolution in the HLHS group than in the non-HLHS RV and
LV groups (p=0.02).

2D echo visually estimated EF measurement was associ-
ated with good inter-reader reliability: ICC=0.88; 95% CI
[0.75-0.95]. The comparison between EF values obtained
by 2D echo and catheterization at pre-BDCPC and pre-Fon-
tan time-points also showed a good reliability with a mean
error (bias) of 1.3%; 95% CI [—5%—+7%] and a Spearman’s
coefficient rho =0.64, p <0.0001. We found a linear cor-
relation between those two methods: Y=0.91 x X+ 0.03
(»<0.0001).

Survival Analysis

The median follow-up was 8 years [4;12] after BDCPC,
there was no difference between groups (8 years [3;11]
for the LV group and 7 years [4;14] for the RV group,
p=0.36). Thirty-five patients (19 in the LV group and 16
in the RV group) had > 10 years follow-up. Seventy-seven
percent of patients underwent Fontan at a median age of
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Table 1 Pre-BDCPC data

Characteristics Total LV group RV group HLHS group Non-HLHS p value p value
(N=92) (N=52) (N=40) (N=28) RV group Comparison Comparison
(N=12) LV vs. RV LV vs. HLHS vs
non-HLHS RV
Demographic data 8.3(7.8) 9.7 (9.6) 6.6 (4.3) 53(1.4) 9.8 (6.9) 0.045 0.064
Age (months)
Weight (kg) 7.0 (2.1) 7.2 (2.3) 6.8 (1.7) 6.3 (1.6) 7.8 (1.4) 0.063 0.334
Height (cm) 65.7 (8.2) 66.4 (8.9) 64.8 (7.2) 62.2 (4.1) 71.1 (8.9) 0.004 0.385
BSA (m?) 0.36 (0.07) 0.37 (0.08) 0.35 (0.05) 0.33 (0.04) 0.40 (0.06) 0.01 0.319
Male N (%) 50 (54.3) 29 (55.7) 21(52.5) 12 (42.9) 9 (75.0) 0.166 0.834
Oxygen Saturation (%) 75(7) 75 (7) 76 (7) 76 (7) 76 (7) 0.942 0.754
Hb (g/dl) 15.1 (2.3) 15.2 (2.6) 15.0 (2.0) 14.7 (2.0) 15.7 (1.7) 0.471 0.687
Extracardiac disease N (%)
None 60 (65.2) 39 (75.0) 21 (52.5) 15 (53.6) 6 (50.0) 0.029 0.078
Heterotaxy 10 (10.8) 5(9.6) 5(12.5) 0(0) 5(41.6) 0.742 <0.001
Syndromic disease 9(9.8) 4(7.7) 5(12.5) 5(17.8) 0(0) 0.495 0.163
Other severe chronic disease 13 (14.1) 4(7.7) 9 (22.5) 8 (28.6) 1(8.3) 0.068 0.031
Bilateral SVC N (%) 11(11.9) 2(3.8) 9(22.5) 4(14.3) 541.7) 0.008 0.001
Previous surgery N (%) 12 (13.0) 7 (13.5) 5(12.5) 0(0) 5@41.7) >0.99 0.002
None
Norwood-Blalock shunt 11 (12.0) 6 (11.5) 5(12.5) 5(17.8) 0(0) >0.99 0.277
Norwood-Sano shunt 24 (26.1) 2 (3.8) 22 (55.0) 22 (78.6) 0(0) <0.001 <0.001
Norwood-hybrid 1(1.1) 0(0) 1(2.5) 1(3.6) 0(0) 0.435 0.315
Systemic-pulmonary shunt 34 (37.0) 29 (56.0) 5(12.5) 0(0) 541.7) <0.001 <0.001
PA band 8 (8.7) 7 (13.5) 1(2.5) 0(0) 1(8.3) 0.132 0.252
Other 2(2.2) 1(1.9) 1(2.5) 0(0) 1(8.3) >0.99 0.249
Catheterization pre-BDCPC  73/87 (90.8%) 38/49 (77.6%) 35/38 (92.1) 26/28 (92.9%) 9/10 (90%) 0.083 0.182
Total N (%)
Interventional N (%) 11/73 (15.1%) 3/38 (7.9%) 8/35 (22.9%) 7/26 (26.9%) 1/9 (11.1%) 0.106 0.104
Mean PAP (mmHg) 14 (4) 14 (3) 14 (5) 15 (5) 13 (3) 0.311 0.932
TP gradient (mmHg) 73) 73) 74) 8(4) 6(3) 0.294 0.879
SVEDP (mmHg) 9(2) 9(2) 9(2) 9(2) 8(2) 0.248 0.113
Nakata index (mm/m?) 221 (115) 251 (125) 184 (94) 162 (84) 274 (83) 0.003 0.054
Qp:Qs ratio 1(0.7) 1(0.6) 1.1 (0.70) 1.1 (0.8) 1.2 (0.6) 0.721 0.469
Volumetric EF (%) 57 (9) 61 (9) 56 (8) 55 (10) 59 (9) 0.02 0.036
Medication profile pre-
BDCPC N (%)
None 16 (17.4) 9(17.3) 7(17.5) 1(3.6) 6 (50.0) >0.99 0.002
Aspirin 45 (48.9) 25 (48.1) 20 (50.0) 19 (67.9) 1(8.3) >0.99 0.003
Diuretics 28 (30.4) 13 (25.0) 15 (37.5) 13 (46.4) 2 (16.7) 0.254 0.075
Digoxin 30 (32.6) 14 (26.9) 16 (40.0) 13 (46.4) 3(25.0) 0.262 0.173
ACE inhibitor 14 (15.2) 4(7.7) 10 (25.0) 10 (35.7) 0(0) 0.038 0.001

Results are in mean (standard deviation) and N (%). Bold indicates significant values

BDCPC bidirectional cavopulmonary connection, LV left ventricle, RV right ventricle, HLHS hypoplastic left heart syndrome, BSA body surface
area, Hb hemoglobin, chrs chromosomic, SVC superior vena cava, PA pulmonary artery, PAP pulmonary artery pressure, 7P transpulmonary
pressure, SVEDP single ventricle end diastolic pressure, QP Pulmonary flow, QS Systemic flow, EF Ejection Fraction, ACE angiotensin conver-
sion enzyme.

34 months [30;40] with an interval between BDCPC and Thirteen major cardiac events occurred, mainly in
Fontan procedures of 26 months [21;34]. One patient was  the RV group (17.5% vs 9.6%, p=0.35). Most patients
lost to follow-up, and therefore included as censured data ~ with a major cardiac event (62%) experienced ventricular
in the survival analysis.
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Table2 BDCPC: operative and post-operative data

Variables Total LV group RV group HLHS group Non-HLHS p value p value
(N=92) (N=52) (N=40) (N=28) RV group Compari-  Comparison
(N=12) son LV vs. LV vs. HLHS vs
RV non-HLHS RV
Cardiopulmonary bypass time 85(92.4) 47 (90.4) 38 (95.0) 26 (92.8) 12 (100) 0.163 0.575
N (%) 65 [42;92] 65 [45;101] 65 [42;87] 63 [40;95] 67 [49;83]
Time (min)
Circulatory arrest time 39 (42.4) 25 (48.1) 14 (35.0) 9(32.1) 541.7) 0.287 0.387
N (%) 21 [16;31] 23 [16.5;35] 19[14.5;22.5] 19 [14;24] 20 [15.5;21.5] 0.169 0.385
Time (min)
Deep hypothermic circulatory 39 (42.3) 19 (36.5) 20 (50.0) 13 (46.4) 7 (58.3) 0.062 0.339

arrest <28 °C N (%)
Additional surgical procedure

N (%)
None 29 (31.5) 16 (30.8) 13 (32.5) 8 (28.6) 541.7) >0.99 0.705
Atrioventricular valve repair 8 (8.6) 5(9.6) 3(7.5) 2(7.1) 1(8.3) >0.99 0.931
Pulmonary arterioplasty 33 (35.8) 18 (34.6) 15 (37.5) 13 (46.4) 2 (16.7) 0.828 0.191
Aortic arch repair 7 (7.6) 2 (3.8) 5(12.5) 517.9) 0(0) 0.233 0.045
Atrial septectomy 15 (16.3) 8 (15.4) 7(17.5) 6(21.4) 1(8.3) 0.746 0.568
Other 25(27.2) 17 (32.7) 8 (20.0) 5(17.9) 3(25.0) 0.238 0.358
Peak post-op lactate levels 2.25(1.6;3.4] 2[1.3;2.85] 2.8[1.8:4.7] 3.0[2.049] 1.8[1.5:2.6] 0.068 0.069

(mmol/L)
Hospital length of stay (days) 716;9] 6 [5;9] 8 [6;10] 8.5[6;15.5] 7.5[6;8] 0.218 0.127
Post-op inhaled NO use N (%) 15 (16.3) 8(154) 7(18.4) 7 (25.0) 0 (0) 0.785 0.141
Duration of intubation (days) 11[0.5;3] 11[0.5;3] 11[0.5;2.8] 11[0.5;3] 1[0.6;1] 0.167 0.065
Complications prior to discharge

N (%)
none 58 (63.0) 34 (65.4) 24 (60) 17 (60.7) 7 (58.3) 0.666 0.859
respiratory 15 (16.3) 7 (13.5) 8 (20.5) 517.9) 3(25.0) 0411 0.599
infectious 10 (10.9) 5(9.6) 5(12.8) 517.9) 0(0) 0.742 0.228
hemodynamic instability 11 (12.0) 6 (11.5) 5(12.8) 4(14.3) 1(8.3) >0.99 0.859
gastrointestinal 5654 1(1.9) 4(10.3) 4(14.3) 0(0) 0.163 0.445
death 1(1.1) 1(1.9) 0(0) 0(0) 0(0) >0.99 0.678
Creatinine at discharge (mg/dl) 0.3[0.2;0.4] 0.3[0.2;0.4] 0.41[0.2;,0.5] 0.3[0.2;04] 0.4[0.3;0.5] 0.588 0.331
Medication profile at discharge

N (%)
None 1(10.9) 1(1.9) 0(0) 0(0) 0(0) >0.999 0.672
Aspirin 71 (78.90 41 (80.4) 34 (85.0) 25 (89.3) 9 (75.0) 0.782 0.469
Diuretics 78 (85.7) 41 (80.4) 37 (92.5) 27 (96.4) 10 (83.3) 0.248 0.145
Digoxin 33 (36.2) 11 (21.6) 22 (55.5) 16 (57.1) 6 (50.0) 0.002 0.004
ACE inhibitor 36 (39.6) 18 (35.3) 18 (45.0) 12 (42.8) 6 (50.0) 0.392 0.587
PAH treatment 3(3.3) 1(1.9) 2(5) 2(7.1) 0(0) 0.580 0.406
Catheterization pre-Fontan
Total N (%) 64/70 (91.4)  35/39 (89.7) 29/31(93.5) 19/20(95.0) 10/11 (90.9) 0.684 0.776
Mean PAP (mmHg) 13 (2) 12 (2) 13 (2) 12 (2) 14 (2) 0.761 0.107
TP gradient (mmHg) 5(2) 5() 4(2) 4(1) 5@03) 0.143 0.137
SVEDP (mmHg) 10 (7) 11 (9) 9(2) 9(2) 9(3) 0.198 0.441
Volumetric EF (%) 57 (8) 59 (7) 54 (8) 53 (8) 55(9) 0.061 0.169

Results are in median [interquartile 1;3] or N (%).Bold indicates significant values

BDCPC bidirectional cavopulmonary connection, LV left ventricle, RV right ventricle, HLHS hypoplastic left heart syndrome, NO nitric oxide,
ACE angiotensin conversion enzyme, PAH pulmonary artery hypertension, EF ejection fraction
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Table 3 Mean EF evolution according to ventricular morphology in the entire cohort
Time of analysis  Total LV group RV group HLHS group Non-HLHS RV p value p value
group Compari-  Comparison
son LV vs. LV vs. HLHS vs
RV non-HLHS RV
Pre-BDCPC 59+6% (N=92) 61+5% (N=52) 56+6% (N=40) 55+7% (N=28) 58+3% (N=12) <0.01 <0.01
Hospital dis- 55+7% (N=92) 59+6% (N=52) 50+7% (N=40) 49+7% (N=28) 54+6% (N=12) <0.01 <0.01
charge
1-3 months post-  57+6% (N=42) 59+4% (N=21) 52+5% (N=21) 51+£5% (N=17) 56%x3% (N=4) <0.01 <0.01
BDCPC
6—12 months 56+7% (N=66) 59+5% (N=33) 51+7% (N=33) 50+7% (N=26) 56+6% (N=7) <0.01 <0.01
post-BDCPC
Pre-Fontan 58+5% (N=69) 60+4% (N=39) 54+4% (N=30) 53+3% (N=19) 56+6% (N=10) <0.01 <0.01

Results are in mean =+ standard deviation. Bold indicates significant values

BDCPC bidirectional cavopulmonary connection, EF ejection fraction, LV left ventricle, RV right ventricle, HLHS hypoplastic left heart syn-

drome

Table 4 Mean EF evolution according to ventricular morphology for patients with EF >50% at baseline

Time of analysis  Total LV group RV group HLHS group Non-HLHS RV p value p value
group Compari-  Comparison
son LV vs. LV vs. HLHS vs
RV non-HLHS RV
Pre-BDCPC 60+4% (N=81) 61+4% (N=49) 58+3% (N=32) 59+4% (N=20) 58+3% (N=12) <0.01 0.02
Hospital dis- 56+7% (N=81) 60+4% (N=49) 51+7% (N=32) 49+7% (N=20) 54+6% (N=12) <0.01 <0.01
charge
1-3 months post-  56+5% (N=33) 59+4% (N=18) 52+4% (N=15) 51+4% (N=11) 56+3% (N=4) <0.01 <0.01
BDCPC
6-12 months 56+6% (N=56) 59+5% (N=31) 52+7% (N=25) 50+7% (N=18) 56+6% (N=7) <0.01 <0.01
post-BDCPC
Pre-Fontan 58+5% (N=64) 60+4% (N=39) 55+4% (N=25) 54+2% (N=14) 56+6% (N=11) <0.01 <0.01

Results are in mean + standard deviation. Bold indicates significant values

BDCPC bidirectional cavopulmonary connection, EF ejection fraction, LV left ventricle, RV right ventricle, HLHS hypoplastic left heart syn-

drome

dysfunction post-BDCPC (EF <50% at hospital dis-
charge). Major cardiac events were reported as follows:

— 6 patients had Fontan circulation failure or were not Fon-
tan candidates

1 patient had BDCPC takedown (detailed above), 1

patient had Fontan takedown (due to pulmonary vein ste-

nosis), 2 patients were not candidates for Fontan proce-

acidosis due to lower extremity ischemia). All patients
experienced ventricular dysfunction post-BDCPC.

3 patients had heart transplantation at 14 [12;16] years
old; 11 [9;13.5] years post-Fontan, all were in the
RV group and none had ventricular dysfunction post-
BDCPC.

Figures 2 and 3 show major cardiac event survival curves:

dure because of pulmonary artery hypoplasia, and 2 oth- RV patients had a higher hazard ratio (HR) (1.63; 95% CI
ers were considered as “failing Fontan” (due to reduced (0.52, 5.15)) than LV patients, with 35% vs. 88% freedom
EF and extracardiac conduit thrombosis in one patient,  from major cardiac event at 20 years, respectively. This dif-
and severe AV regurgitation with cyanosis in the other ~ ference was not statistically significant (p =0.40). Patients
patient). Four of these 6 patients experienced ventricular ~ with post-BDCPC ventricular dysfunction (discharge

dysfunction post-BDCPC. EF <50%) had a higher HR (HR 3.89; 95% Cl1 1.04-14.52)
— 4 patients died: 1 after BDCPC (detailed above) and 3 than those with a discharge EF >50%, with 75% vs. 92%
after Fontan (all with HLHS, 1 from RSV bronchiolitis,  freedom from major cardiac events at 15 years, respectively,

1 from Pseudomonas aeruginosa pneumonia and 1 from  (p=0.04).
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Fig.1 Ejection fraction evolution after BDCPC according to sin-
gle ventricle morphology, patients with EF>50% pre-BDCPC. This
line graph represents the evolution over time of the 2D echo visually
estimated EF for patients with EF >50% at baseline according to ven-
tricular morphology (red line=LV group, green line=non-HLHS
RV group, blue line=HLHS group). Repeated-measures analysis
using proc mixed in SAS software version 9.4 (SAS Institute Inc.,

Risk Factor Analysis

The HR for major cardiac events in patients with pre-
BDCPC ventricular dysfunction (pre-BDCPC EF < 50%)
is 7.8 times higher than for patients with pre-BDCPC EF
of >50% (p <0.001). The HR for major cardiac event in
patients with post-BDCPC ventricular dysfunction (dis-
charge EF <50%, adjusted on pre-BDCPC EF) is 3.9 times
higher than patients with a discharge EF of >50% (p=0.04).
Every 5% decrease in EF from baseline to discharge was
associated with a 1.63 HR. This result approached sta-
tistical significance (p =0.052). Younger age at BDCPC
(<4 months old) and associated extracardiac disease were
also associated with a higher HR of a major cardiac event.
Finally, we found no significant association between Nakata
index, cardiopulmonary bypass time, or ventricular mor-
phology with major cardiac events (Table 5).

Discussion
We conducted the first functional SV study investigating the

period between BDCPC and Fontan procedures using EF
evaluation. Our first goal was to define whether the BDCPC
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Cary, NC) was performed to show differences in mean EF evolution
between groups over time. There was a significant difference between
groups over time, with a more poor evolution from pre-BDCPC to
pre-Fontan in the HLHS group than in the non-HLHS RV and LV
groups (p=0.02). BDCPC bidirectional cavopulmonary connection,
CHD congenital heart disease, HLHS Hypoplastic Left Heart Syn-
drome, LV Left ventricle, RV non-HLHS RV

impacted the SV function according to ventricular morphol-
ogy. We found a decrease in the mean EF in the RV group
after BDCPC, especially in the HLHS subset. This 9% drop
in the HLHS group at hospital discharge was clinically rel-
evant, and these patients did not completely recover function
before Fontan. In contrast, the mean EF in the LV group
remained stable over time.

Several studies have shown a decrease in single RV con-
tractility at different stages of palliation with standard echo
parameters [13], 2D strain [18-20], 3D real-time echo [21],
or cardiac MRI [22]. Kutty et al. showed an 8% decrease
in EF with 3D real-time echo (46 + 5% before and 38 +4%
after BDCPC) in patients with HLHS, which is comparable
to our results [21].

The etiology of decreased contractility post-BDCPC
in the patient with functional single RV remains unclear.
The role of loading changes, including decreased preload
[21] and chronic pressure overload [23] on an inadequate
ventricle, is the most frequent explanation. Embryo-
logic, histologic, and anatomic differences between the
RV and LV seem to impact response to load variation,
despite RV remodeling [23]. Diffuse fibrosis on cardiac
MRI is reported after Fontan in patients with RV mor-
phology compared to LV [24]. 2D strain studies in single
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RV patients showed that changes in circumferential con-
traction over time: decreased circumferential stain after
stage I [18, 25] and reduced longitudinal to circumferential
ratio after stage III [19], mimic changes in LV contraction.
This may result in lower coronary flow reserve [26] and a
potentially greater influence of ischemia due to recurrent
surgeries.

Furthermore, mechanical dyssynchrony, if not the major
factor explaining early cardiac dysfunction, may impact RV
function in older patients [27, 28]. Finally, tricuspid regurgi-
tation due to progressive RV dilatation contributes to wors-
ening of ventricular function [29]. Consistently in our study,
AV valve dysfunction was more common in the RV group
than in the LV group.

Why does ventricular function become worse in the
HLHS subgroup after stage II palliation? In addition to the
RV morphology, some other negative factors have been pre-
viously linked to HLHS anatomy: complex stage I pallia-
tion with high post-operative morbidity [30], younger age
at stage II [31], recurrent aortic arch obstruction [32], and
pulmonary artery hypoplasia [33]. In our study, the HLHS
group had all of these factors which potentially explained
its great vulnerability.

Our second objective was to determine if the decrease in
ventricular function after BDCPC was associated with poor
long-term prognosis. We found that EF <50% at BDCPC
discharge was strongly correlated with a higher risk (3.9x)
for major cardiac events including Fontan circulation fail-
ure, heart transplantation, or death. Similarly, the risk of a
major cardiac event was proportional to the post-BDCPC
EF decrease.

Retrospective studies of patients with functional SV with
long-term follow-up data reported other risk factors that
negatively impact prognosis including arrhythmia, atrio-
ventricular valve regurgitation, and prolonged pleural effu-
sion drainage [6, 34]. Two large consortium studies (Single
Ventricle Reconstruction Trial from North America [4, 5,
35] and the Australian and New Zealand Stage III Registry
[8]) followed patients with functional SV physiology over
time. In these studies, atrioventricular valve regurgitation
and heterotaxy were predictors of mortality [8]. But source
of pulmonary blood flow (modified Blalock-Taussig shunt
versus RV to the pulmonary artery conduit (Sano shunt)) at
stage I did not change long-term prognosis [4, 5, 35].

Several studies have correlated SV function to progno-
sis: qualitative SV dysfunction pre-Norwood [36], lower
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Table 5 Risk factor analysis

Hazard Ratios for Major Cardiac Event

Description HR  95%
confidence
limits

RV morphology 1.64 052 5.26

HLHS morphology 1.34 039 4.59

Nakata index <200 mm/m? 122 0.11 135

Age at BDCPC <4 months old 428 129 14.19

Extracardiac disease* 357 111 1111

Bypass time > 65 min 1.27 040 4.0

Pre-BDCPC EF <50% 7.80 2.17 28.03

Discharge EF < 50% (adjusted for pre-BDCPC  3.89 1.04 14.52

EF)

> 5% change in EF from pre-BDCPC to
discharge

1.627 0.996 2.659

Bold indicates significant values

BDCPC bidirectional cavopulmonary connection, EF ejection frac-
tion, LV left ventricle, RV right ventricle, HLHS hypoplastic left heart
syndrome, AR hazard ratio

*Heterotaxy, syndromic disease or other severe chronic disease

longitudinal and circumferential strain in the interstage
period [37], and smaller tissue Doppler annular displace-
ment pre-Stage II [38]. These issues have been associated
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with a shorter transplant-free survival in patients with
HLHS.

Similar to other reports [6, 39], our study also did not
demonstrate a correlation between SV morphology and
long-term prognosis. However, HLHS anatomy is known to
be associated with a more poor long-term prognosis [8, 40]
and the follow-up of this group is still limited.

HLHS anatomy in our study was strongly associated with
post-BDCPC ventricular dysfunction which was related to
poor long-term prognosis. Despite improvements in surgical
techniques and anesthesia management, medical treatment
of RV failure remains ineffective [41, 42] and heart trans-
plantation remains the definitive therapy for end-stage RV
failure. Preservation of RV function should be a major goal
at each step of palliation for patients with HLHS. Hopefully,
novel therapies may alter this natural history.

Limitations

Mayo Clinic is a tertiary care referral center for congenital
heart disease. This study is limited by the number of patients
who had follow-up echocardiograms at our institution.
Assessing functionally SV function remains an unre-
solved issue especially for RV type morphology. Since this
was a retrospective study, biplane pyramidal EF, strain anal-
ysis, 3D echocardiography, and cardiac MRI were not avail-
able for all patients. We also needed imaging data pre- and
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post-stage II. For now, only standard 2D echocardiography
is considered as appropriate imaging for routine surveillance
post-stage II [43]; hence, reliance on 2D echocardiography
until cardiac MRI pre- and post-stage II becomes standard of
care. Furthermore, we wanted to use one common parameter
for LV and RV morphology in order to compare the evolu-
tion of ventricular function in the LV and RV groups with
the same contractility parameter (EF) and therefore similar
limitations regarding dependency on load conditions. We
found in fact that the EF decline was much worse in the
RV group (especially for patients with HLHS) than in the
LV group. Visually estimated EF is a subjective evaluation
of ventricular contractility but its reliability to objective
parameters (automated biplane EF for LV and MRI for RV)
have been reported [14, 15] and in our study, volumetric EF
measurements from catheterization at pre-BDCPC and pre-
Fontan time were similar and correlated to the same time-
point echocardiographic values. Finally, our 5% decrease in
EF used in the risk factor analysis may be within the margin
of error of the estimated EF.

Major cardiac event survival curves according to SV mor-
phology showed no difference until 10 years post-stage 11
follow-up and then a separation of the two curves with big
steps down for the RV group but without significant differ-
ence between groups. Small number of patients with long-
term follow-up may be confounding factor and potentially
explains why the difference between groups was not statisti-
cally significant.

A prospective study is critically needed given these
limitations.

Conclusion

Compared to patients with LV morphology, patients with RV
morphology, especially those with HLHS, are at greater risk
of post-BDCPC ventricular dysfunction. This dysfunction
is associated with long-term major cardiac events. Strate-
gies to maintain ventricular function as normal as possible
at BDCPC could be reasonably expected to contribute to
improved long-term prognosis, especially for patients with
HLHS. These results should be confirmed by a multicenter
prospective study to minimize inclusion bias. Preserving
ventricular function remains a therapeutic challenge for the
care team. New therapeutic approaches are needed in this
regard.
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