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ABSTRACT

Objective: Modifications of the Fontan operation, which are also known as total cavopulmonary connection
(TCPC), are widely applied for patients with functionally univentricular hearts (FUH). Herein, we summed up
the different surgical pathways and clinical outcomes in FUH patients with apicocaval juxtaposition (ACJ) or/and
separated hepatic venous (SHV) drainage. Methods: Between January 2009 and December 2019, 123 patients who
undergone TCPC in our institute were included in this retrospective study. We have included 70 patients with
ACJ (Group 1) and 53 patients with SHV (Group 2). Moreover, Group 2 included 17 cases combing with ACJ
(32.1%). In Group 1, three different TCPC methods were conducted. While 45 cases were conducted with the
extracardiac conduit-TCPC(EC-TCPC) method, 24 cases used the intracardiac conduit-TCPC(IC-TCPC)
method, and only one case used the lateral tunnel-TCPC(LT-TCPC). In Group 2, four TCPC methods were
conducted on patients. Forty cases used the EC-TCPC-common open technique, 6 cases with IC-TCPC
technique, 4 cases with LT-TCPC, and 3 cases with intra-extracardiac conduit-TCPC(IEC-TCPC). Results: There
were 7 patients in Group 1 and 14 patients in Group 2 who required early re-operation during hospitalization
(p < 0.05). Postoperative mean pulmonary artery pressure (mPAP) greater than 15 mmHg emerged as a predictor
for early re-operation (p < 0.01) and early death (p < 0.001) in univariate analysis. Conclusions: TCPC can be
performed in these patients and shows beneficial results. Under the Fontan principle of connecting systemic
venous to the pulmonary vasculature unimpededly, surgeons should carefully evaluate three components when
choosing for the surgical technique: The distance between inferior vena cava (IVC) and the apex; the site of
the vertebrae relative to the ACJ; the distance between AC] and SHYV if coexisting. However, the technique should
be altered when the postoperative mPAP was greater than 15 mmHg.
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1 Introduction

Since the first successful repair of tricuspid atresia in 1971, Fontan operation has been continuously modified
and received decreasing mortality over the recent years [1-3]. The modifications of Fontan procedure have been
applied to a wide range of complex congenital heart defects with single-ventricular physiology. Two current
modifications in common use are extracardiac conduit-total cavopulmonary connection (EC-TCPC) and lateral
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tunnel- total cavopulmonary connection (LT-TCPC) [4,5], especially EC-TCPC [6]. It has been well understood
that apicocaval juxtaposition (ACJ) was characterized with the cardiac apex pointing toward the ipsilateral side of
inferior vena cava (IVC) and separated hepatic venous (SHV) demonstrated with the [IVC and the hepatic vein
drained separately into the atrium. However, it was unclear on outcomes of the modified Fontan operations for
ACIJ or/and SHV, mainly for the relatively complex cardiac anatomy. Only limited case reports were found
among published literature [7—10]. Therefore, we conducted a retrospect summed up the surgical pathways
and the clinical results in these patients at the Fuwai Hospital.

2 Methods

2.1 Patients Population

We retrospectively reviewed all consecutive functionally univentricular hearts (FUH) patients with ACJ
or/and SHV who underwent modified Fontan operation between January 2009 and December 2019 at Fuwai
Hospital. In total, 123 patients were included in our study, with 70 patients who underwent ACJ (Group 1)
and 53 patients who underwent SHV (Group 2). Patient characteristics of both groups were listed in Tab. 1
Preoperative mean pulmonary artery pressure (mPAP) was measured before CPB during the operations or the
angiography. Postoperative mPAP was measured after sternal closure in the operating room. Group
1 included 36 males and 34 females with average age 7.39 + 5.24 years (age ranging from 3 to 27 years),
average weight 22.69 + 11.79 kg (11 kg—57 kg), and preoperative average mPAP 9.30 + 2.42 mmHg
(5 mmHg—17 mmHg). In Group 1, forty-four patients (62.9%) were operated on by staged operation
(forty cases of Glenn, two B-T shunt (Blalock-Taussig shunt), one Glenn with pulmonary trunk band, and
one B-T with Glenn); the other 26 patients were operated on in one stage. There were 33 males and
20 females in Group 2. The average age for the group is 6.64 + 3.25 years (2.67 years—15 years), the
average weight was 20.13 £+ 8.51 kg (12 kg-51 kg), and preoperative mPAP was 9.68 + 2.29 mmHg
(4 mmHg—15 mmHg). In Group 2, thirty-three patients (62.3%) had staged operations (thirty-two Glenn
cases and one B-T). Another 20 patients were operated on in one stage. Group 2 also included 17 cases
(32.1%) with ACJ. The mean follow-up period in this study was 5.5 years (0.42 years—11 years).

Table 1: Patient profiles [case/(X £ s)]

Characteristic Group 1 Group 2 p Value
(n=170) (n = 53)

Sex(case) 0.232

Male 36 33

Female 34 20

Age at Fontan (year) 7.39 +5.24 6.64 + 3.25 0.329

Weight (Kg) 22.69 £ 11.79 20.13 £ 8.51 0.165

Surgical stages (case) 26 20 0.711

One 44 33

Two/three

Heterotaxy syndromes (case) 0.720

Yes 34 24

No 36 29 0.783

Conduit diameter (mm) 20.14 £ 1.95 20.04 £ 2.06 0.819

CPB time (min) 151 + 64.37 148.18 + 68.69 0.348

Clamping time (min) 80.79 + 33.45 90 +41.94 0.377

Preoperative mPAP (mmHg) 9.30+2.42 9.68 £2.29 0.180

Postoperative mPAP (mmHg) 11.96 +£2.51 12.62 +2.85

Abbreviations: CPB, cardiopulmonary bypass; mPAP, mean pulmonary arterial pressure.
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2.2 Surgical Procedures

Modified Fontan operations were performed through a median sternotomy in all but one patient, for
exception. Pulmonary artery, atrium, ventricle, IVC, and SHV were then dissected carefully and
extensively with little tension. In Group 1, the arterial cannula was inserted into the ascending aorta in all
but four patients (femoral arteries were used in three patients, and one patient did not use CPB), and then
the venous cannula was inserted into SVC, innominate vein, femoral vein, or the atrium. Aortic cross-
clamps and cardioplegic arrests were performed in 42 patients (60%) with an average cross-clamp time of
80.79 £ 33.45 min (21 min—155 min). In Group 2, 46 patients cannulated through the ascending aorta.
Two patients cannulated through the femoral arteries, and both ascending aorta and femoral artery
cannulation were conducted in three patients. Two patients did not use CPB during operations. As for the
venous cannula, both the IVC and the SHV or the atrium were cannulated in 43 patients. Eight patients
were cannulated only through the IVC, in which pump suction and simple intermittent clamp were used).
Aortic cross-clamp and cardioplegic arrest were performed in 26 patients (49.1%) with the average
clamping time of 90 £ 41.94 min (26 min—171 min).

The surgical techniques were selected under careful considerations of each patient’s preoperative
angiography and echocardiography as well as during intraoperative explorations. Concomitant procedures
were demonstrated in Tab. 2.

Table 2: Concomitant procedures (case)

Concomitant procedure Group 1 Group 2
AVYV plasty 8 8
Ligation of PDA 6 3
Transcatheter occlusion of APCAs 3

PA plasty 9 3
Repair of TAPVC 1

ASD enlargement 2 2
Removal of B-T shunt 1

Abbreviations: APCAs, aortopulmonary collateral arteries; ASD, atrial septal defect; AVYV,
atrioventricular valve; B-T shunt, Blalock-Taussig shunt; PA, pulmonary artery; PDA, patent
ductus arterisus; TAPVC, total anomalous pulmonary venous connection.

In Group 1, three modified Fontan operation methods were performed. Forty-five cases performed EC-
TCPC, in which an extracardiac conduit was anastomosed with the distal end of IVC and contralateral PA.
That is, the conduit bridged the vertebra in consideration of the simplicity of this technique and thus avoided
compression between conduit and ventricle, including one case, during which the Y-shaped conduit was
anastomosed to LPA and RPA, respectively. No patient in Group 1 was operated on with the conduit
running behind the ventricle, that the conduit was positioned straight between the IVC and ipsilateral PA.
24 cases were performed using IC-TCPC, and an intracardiac conduit was anastomosed with the PA and
IVC. The remaining one case used LT-TCPC that intra-atrial Gore-Tex baffle was sutured inside the
atrium and extended around both cavoatrial orifices, and then the route from IVC to PA was created. In
total, 39 cases were performed with fenestration (3 mm—5 mm) on the conduit.

In Group 2, four different modified Fontan operation techniques were conducted. During the operation,
when the IVC and SHV were ipsilateral or contralateral but not widely separated by the vertebra, we would
perform the EC-TCPC-common open technique (en bloc resection of both IVC and SHV, and then
anastomosed these veins to an extracardiac conduit). This surgical method was performed in 37 cases,
including one case connecting with the two SHVs (en bloc resection) to the azygos vein through a lateral
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thoracotomy, which was performed with Kawashima operation in the initial palliation. IC-TCPC was
performed in 6 cases. When the IVC and SHV were separated widely by the vertebrae, a modified EC-
TCPC-common open technique was performed in 3 cases by connecting the IVC to SHV in a side-to-side
fashion before anastomosing both of them to an extracardiac conduit. IEC-TCPC that the IVC was
anastomosed to an extracardiac conduit and the SHV was anastomosed to the extracardiac conduit by an
intracardiac conduit in 3 cases and the LT-TCPC in 4 cases. If an EC-TCPC-common open technique was
used in patients with SHV and ACJ, conduits would bridge the vertebra to the contralateral PA. Thirty-
five cases with fenestration (4 mm—7 mm) were performed on the conduit.

2.3 Data Analysis

Python3.6 statistical software was used for data analysis. Data were expressed as mean+tstandard
deviation (x =+ s). Comparisons between the two groups were performed with a r-test. Risk factors were
estimated by the chi-square (x”) test. Statistical significance was assigned based on a p-value of <0.05.

2.4 Follow-up

All patients were followed up with the last echocardiographic parameters, including ejection fraction,
atrioventricular valve regurgitation (AVVR). Patients’ symptoms were also documented during follow-up,
which included decreased activity, chest pain, dyspnea, cyanotic, etc. The general condition of the
patients was evaluated using NYHA classification.

3 Results

3.1 Early Postoperative Results

In Group 1, 7 cases required early re-operation, and one died. In Group 2, there were 14 cases that
required early re-operations, and 4 cases died. The early re-operation incidence was higher in Group 2
(p < 0.05); other early postoperative results were not statistically significant. And there is no relationship
between fenestration status and pleural effusions. The early survival rate was 98.6% in Group 1 and
92.5% in Group 2. Early postoperative results were listed in Tabs. 3 and 4, re-operations were listed in
Tab. 5, and deaths were listed in Tab. 6.

Table 3: Early postoperative results

Result Group 1 Group 2 p Value
(n=170) (n = 53)

ICU-time (d) 6.77 £9.75 549 £5.72 0.364
Mechanical ventilation time (h) 71.77 £ 185.01 45.68 + 107.94 0.334
Pleural drainage time (d) 19.97 £ 19.07 20.2 £17.41 0.946
LOS (d) 38.9£21.96 38.47 +£20.72 0.912
Pleural drainage time (case) 0.951
>15d 34 27

<15d 36 26

Early re-operation (case) 7 14 0.023
Early death (case) 1 4 0.124

Abbreviations: d, days; h, hours; ICU, intensive care unit; LOS, length of stay.

3.2 Late Postoperative Results

The mean follow-up was 5.5 years (0.42 years—11 years). The late survival rate was 97.1% in Group 1
and 90.6% in Group 2 (p = 0.796).
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Table 4: Pleural drainage time and fenestration

Fenestration Yes No p Value
Group 1 (case) 39 31 0.051
Group 2 (case) 35 18 0.568
Total (case) 74 49 0.221

Table 5: Early re-operations

Re-operation Cause Group 1 Group 2
Pericardial drainage Pericardial effusion 1 3
Pleural drainage Pleural effusion 2 2
Enlargement of fenestration Continually postoperative mPAP >18 mmHg 2
Fenestration Continually pleural drainage>50 ml/(Kg .d) 1 1
Banding of SHV SHV was not found 1
SHV to EC-TCPC SHV was not found 1
Takedown of EC-TCPC Thrombus of conduit 1 1
ECMO surgery Ventricular fibrillation; acute left heart failure 1 1
Oliguria/electrolyte disturbance 1
PD/Hemodialysis Diaphragmatic paralysis 4 1
Diaphragm plication 2
Abdominal surgery Enterobrosis 1

Abbreviations: ECMO, extracorporeal membrane oxygenation; PD, peritoneal dialysis.

In Group 1, one death occurred for renal failure one year after surgery, and 95.6% patients were
categorized as NYHA I. Three cases were tested below NYHA I level, including two cases with AVVR
of Grades III-IV and one with recurrent ascites.

Table 6: The causes of early deaths

Cause Group 1 Group 2
Massive gastrointestinal hemorrhage; MODS 2
LCOS; ventricular fibrillation 1 1
Supraventricular arrhythmia; cardiac arrest 1

Abbreviations: LOCS, low cardiac output syndrome; MODS, multiple organ dysfunction syndrome.

In Group 2, one case died because of MODS 6 months after surgery. NYHA I was confirmed in 91.7% of
patients. Four cases were tested below the NYHA I level, including two with AVVR of Grade IV, one with
mild cyanosis, and one with protein-loss enteropathy.

3.3 Univariate Analysis

Postoperative mPAP greater than 15 mmHg emerged as a predictor for early re-operation (p < 0.01) and
early death (p < 0.001) in univariate analysis (Tab. 7).
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Table 7: Risk factors analysis

Single fator p-Value
OR
Early death
Staged operation 0.011 0.169
Heterotaxy syndrome 0.158 0.880
Preoperative AVVR > Grade 11 0.202 0.292
Postoperative mPAP > 15 mmHg 11.521 <0.001
Early re-operation
Staged operation 0.079 0.865
Heterotaxy syndrome 0.167 0.059
Preoperative AVVR > Grade 11 1.225 0.492
Postoperative mPAP > 15 mmHg 6.824 0.003
Pleural drainage time > 15 d
Staged operation 2.305 0.101
Heterotaxy syndrome 0.465 0.089
Preoperative AVVR > Grade 11 1.276 0.297
Postoperative mPAP > 15 mmHg 0.561 0.834

Abbreviations: AVVR, atrioventricular valve regurgitation; d, days; OR, odds ratio; mPAP, mean pulmonary
arterial pressure.

4 Discussion

In the wake of different modifications of Fontan operation and improvements of postoperative
management for FUH patients with ACJ or/and SHV. Published studies have reported excellent clinical
outcomes [11-14]. However, owing to the complex anatomical anomalies among these patients, the
surgical techniques of modified Fontan operations are complicated and diverse.

For ACJ patients, many studies have shown no difference in the postoperative central venous pressure
(CVP), cardiac function, and energy loss between the ipsilateral and the contralateral extracardiac conduit
[15-17]. Yoshida M and colleagues have put forward that the IVC-index (IVC-index = IVC width
overlapping the vertebra/width of the vertebra x 100%), and IVC-index of more than 40% is an indicator
of contralateral EC-TCPC for optimal conduit routing [15]. What’s more, the contralateral EC-TCPC that
bridges the vertebra may also be a better surgical technique in consideration of simplicity of the operation
while shortening the CPB time and avoiding compression between the conduit and ventricle [16—18],
especially for patients with poor cardiac function and enlarged ventricle [19]. The IC-TCPC should be
chosen when EC-TCPC cannot be implemented for the conduit compression and severe intrapericardial
adhesions [7]. LT-TCPC was hardly adopted on account of the difficulty of constructing, prolonged cross-
clamp time, and the probability of obstruction to pulmonary veins orifices [17]. As for the selection of
conduit materials, Kitayama H used autologous pedical pericardium to construct ipsilateral EC-TCPC.
However, Kawabhira et al. and colleagues reported their preference in Gore-Tex conduit for the reason that
the pericardium was easily compressed [7,8].

For SHV patients, various surgical operation techniques were mainly obtained from case reports. The
major technique used in current days was EC-TCPC-common open technique [20]. Nakata et al. and
Schreiber et al. have also reported the modified common open technique by connecting the IVC to SHV
in a side-to-side fashion before anastomosing both of them to an extracardiac conduit. However, the
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anastomosis may induce stenosis of IVC or SHV [10,20]. Lee et al. and colleagues used the IEC-TCPC just
as we did, during which processes, careful anastomosis was needed to avoid hemorrhage [9]. Sughimoto K
and colleagues have also described another kind of IEC-TCPC. While using atrial wall as the inner layer and
the Gore-Tex baffle as the outer wall of the conduit, this technique has reduced the use of synthetic material
[21]. For SHV patients with ACJ, Kawahira and colleagues supported using the second kind of modified
common open technique (shoetree graft) to perform EC-TCPC [7]. For patients with first-stage
Kawashima operation, Amodeo A and colleagues combined this technique with a direct anastomosis of
the hepatic veins to azygos vein without conduit to minimize the risk of the thromboembolic accident
[22]. Montesa and colleagues also connected the hepatic veins to PA by utilizing an extracardiac conduit
with a conventional approach for facileness, especially under the concomitant intracardiac repairs [23].
But in view of incomplete regression of pulmonary arteriovenous malformations (PAVMs) after
connecting hepatic veins to the pulmonary circulation, Alsoufi and colleagues thought either virtual
surgical planning or computational flow dynamics might be helpful to select individualized optimal
surgical procedure to balance the distribution of hepatic vein effluent to both lungs [24].

However, the published studies did not make clear recommendations as to which technique should be
indicated by what anatomical presentation of each FUH patient with ACJ or/and SHV. Thus, under the
precondition of constructing an unobstructed pathway for IVC and SHV to PA, we are trying to establish
a coherent, anatomically based strategy for modified Fontan operation according to our surgical
experience and successful case outcomes. The strategies are as follows.

4.1 ACJ

Contralateral EC-TCPC is a preferable technique in view of avoiding compression between the conduit
and ventricle. It also exhibits the simplicity of operations, especially among the patients with poor cardiac
function, enlarged ventricle, and severe adhesion behind the ventricles. However, the ipsilateral EC-TCPC
should be conducted by surgeons with an IVC-index of less than 40% to avoid conduit kinking.

IC-TCPC can also be selected when the heart could not be dissected adequately, and the conduit were
not obstruct the orifices of pulmonary veins. However, according to a study done by Sakurai et al. and our
own clinical experience, LT-TCPC ought not to be adopted because of the prolonged cross-clamp time,
intricacy of the surgery, progressive atrial dilation, and arrhythmia [17].

4.2 SHV
1) Distance between IVC and SHV should be carefully considered before and during surgery.

a. When the IVC and SHV are not widely separated, EC-TCPC-common open technique is optimal. LT-
TCPC can be chosen for low-body weight patients, although we do not recommend this technique at
the expense of various complications.

b. When the IVC and SHV are widely separated, two different modified common open techniques
(shoetree graft or connecting IVC to SHV in a side-to-side fashion) and IEC-TCPC can be chosen,
especially among patients with TAPVC. If a patient has an enlarged heart without the criterion of
EC-TCPC, IC-TCPC, and LT-TCPC could be the final choices.

2) For patients with SHV and ACJ, contralateral EC-TCPC and IEC-TCPC are preferable for the sake of
avoiding obstruction of pulmonary veins and compression between the conduit and ventricle. Similarly,
IC-TCPC and LT-TCPC can be chosen to avoid the above flaws.

3) For patients who underwent the first-stage Kawashima operation, direct anastomosis of the hepatic
veins to the azygos vein with or without conduit can be performed for this technique is simple and can
avoid complications of potential secondary median sternotomy. If the concomitant intracardiac repairs are
required to perform, the aforementioned surgical pathways can be selected.
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4.3 Study Limitations

For the reason that the ipsilateral EC-TCPC was not performed in our hospital, the comparative analyses
among ACJ patients between contralateral EC-TCPC and ipsilateral EC-TCPC could not be performed. This
present study is retrospective, and the mean follow-up period was 5.5 years. On account of the complexity of
the anatomy in the subjects, we recommend the surgical techniques according to our surgical experience and
successful case outcomes at present. Therefore, longer follow-up is required to demonstrate the long-term
outcomes among different surgical technique groups.

5 Conclusions

Modified Fontan operations can be performed in FUH patients with ACJ or/and SHV and have received
good early and late results. Under the principle of Fontan that is connecting systemic venous to the
pulmonary vasculature unimpededly, three important components should be considered when choosing
surgical techniques: The distance between IVC and the apex; site of the vertebrae relative to the ACJ;
distance between ACJ and SHV if both coexist. However, techniques should be altered if the
postoperative mPAP is greater than 15 mmHg.

Data Availability Statement: Data will be available for a reasonable request.
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