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Abstract 
Background: The primary concern of the Fontan procedure has been atrial arr-
hythmias, but little attention has been given to hemodynamic changes. This 
study’s purpose was to examine the hemodynamics and arrhythmias of the 
Intra/extracardiac fenestrated Fontan, and determine any advantages/disadvantages 
of this newer Fontan procedure. Methods: Patients undergoing the intra/ 
extracardiac fenestrated Fontan procedure at this institute between December 
2009 and June 2017 were included in this retrospective evaluation of preoper-
ative and postoperative hemodynamics during cardiac catheterization. End Di-
astolic Pressure (EDP), Pulmonary Artery Pressure (PAP), Left Atrial Pressure 
(LAP), and Transpulmonary Gradient (TPG) were the hemodynamic markers 
of interest. Occurrence of arrhythmias was also examined preoperatively, less 
than 2 weeks postoperatively, and greater than 2 weeks postoperatively. Mor-
bidities and mortalities were also evaluated. Results: Fourteen patients un-
derwent the procedure between December 2009 and June 2017. Preoperative 
data was available in all of these patients. Postoperative data was partially in-
complete for atrial arrhythmias and hemodynamic data. EDP rose from 9.29 ± 
3.50 mmHg to 10.33 ± 3.12 mmHg. PAP rose from 12.57 ± 2.50 mmHg to 
14.27 mmHg. TPG dropped from 5.00 ± 2.29 mmHg to 3.25 ± 1.67 mmHg. 
LAP rose from 7.57 ± 2.87 mmHg to 10.30 ± 1.95 mmHg. Atrioventricular 
valve (AVV) regurgitation remained the same pre and postoperatively. 8 of 13 
patients developed arrhythmias at less than 2 weeks postoperatively, and 5 of 
12 patients developed arrhythmias at greater than 2 weeks postoperatively. There 
were no morbidities or mortalities. Conclusions: We found a statistically sig-
nificant change in EDP, PAP, LAP, and TPG levels. It is unclear whether this 
is an advantage or disadvantage. The significance of these changes is unclear 
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in this small population of patients. Further evaluation of hemodynamics, arr-
hythmias, morbidities and mortalities associated with the intra/extracardiac Fon-
tan procedure is needed. 
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Fontan, Functionally Univentricular Heart, Circulatory Hemodynamics,  
Hypoplastic Left Heart Syndrome, Congenital Heart Disease (CHD) 

 

1. Introduction 

The palliative procedure for patients with a single functioning ventricle has un-
dergone several evolutionary changes throughout the years. The Fontan technique 
developed from the Atriopulmonary Fontan [1] [2], which worked effectively, but 
exposed a large portion of atria to elevated venous pressure, leading to a severely 
dilated, hypertrophied right atrium, and a higher risk of late supraventricular arr-
hythmias [3]. The resultant elevated pulmonary venous pressure and obstruction 
of the pulmonary-venous pathway were also concerning [4]. 

These shortcomings led to the development of the Lateral Tunnel technique 
[5], which functioned by placing a baffle inside the right atrium, directing infe-
rior vena cava blood into the pulmonary artery. The procedure avoids pulmo-
nary venous obstruction (even at high pressures of the systemic venous baffle) 
and also exposes a smaller area of right atrial wall to the high pressure, thus re-
ducing the risk of supraventricular tachycardia [1] [5]. During this time, a tech-
nique of baffle fenestration was developed, allowing for right to left shunting, 
maintaining cardiac output and limiting right atrial pressure [6]. 

The third generational technique was the Extracardiac Fontan, which elimi-
nated exposure of the atrial wall to the Fontan circuit’s elevated venous pressure. 
This procedure struggled to maintain fenestration patency, and the true efficacy 
of fenestration began to be questioned [7]. However, a decrease in fenestration 
usage has ultimately lead to an increased duration of pleural effusions (10 days ± 
12 days with fenestration, 13.2 days ± 8.8 days without fenestration) [8]. In addi-
tion, while the purpose of the Extracardiac conduit was to lower the incidence of 
arrhythmias, many studies have shown the incidence of post-operative arrhyth-
mias to be comparable to the Lateral Tunnel [9] [10]. Some studies have also shown 
an association between the use of the Extracardiac conduit and a higher inci-
dence of sinus node dysfunction [11]. 

Each modification from the original Fontan/Kreutzer procedure has yielded 
significant advantages and disadvantages. In comparison to the Lateral Tunnel 
procedure, the Extracardiac Fontan is a simpler procedure that minimizes suture 
lines, and can be performed without cardiopulmonary bypass [12] and cross clamp-
ing, and does not yield high-pressure atrial tissues. However, this procedure’s dis-
advantages are that fenestration is difficult, growth potential is limited, and cathe-
ter access to the atrium cannot be achieved. The Lateral Tunnel improved upon 
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this procedure by allowing for easier fenestration and catheter access to the atrium, 
but also still had setbacks of a heavier atrial suture burden, a more readily in-
ducible Supraventricular Tachycardia (SVT), and a thin strip of highly pressu-
rized atrial tissue. 

The newest modification of this procedure, the Intra/extracardiac conduit with 
fenestration, is expected to combine the benefits of the previous Fontan tech-
niques, and improve upon these clinical outcomes. The procedure avoids injury 
to the sinus node artery and crista terminalis, and allows for easier fenestration 
and minimal disruption of atrial conduction pathways [1]. Due to this technique’s 
novelty, prior data on the topic is scarce. We provide insight on this topic by ex-
amining clinical outcomes of patients who have undergone the Intra/extracardiac 
fenestrated Fontan during their first year of follow up. 

2. Patients and Methods 
2.1. Description of Procedure 

The intra/extracardiac fenestrated Fontan procedure is done with the patient on 
cardiopulmonary bypass with the heart arrested. A transverse incision is made in 
the lower right atrium and a ringed conduit sewn to the inferior vena cava at its 
opening into the right atrium. A 4 mm punch is then used to create the fenestra-
tion in the conduit. The right atriotomy that is present is sutured to the ringed 
conduit leaving the fenestration within the right atrium. An incision is then made 
in the anterior wall of the superior vena cava-pulmonary artery connection and 
the proximal ringed conduit is anastomosed to this opening. 

2.2. Study Sample 

The institutional review board (IRB) of Drexel University College of Medicine 
approved the study. Informed consent was waived, as there was minimal risk 
nature to the patient. 

All patients who underwent the intra/extracardiac fenestrated Fontan proce-
dure at St. Christopher’s Hospital for Children between December 2009 and June 
2015 were included. The median (IQR) age at Fontan was 31 months (27.25, 37.75 
months). Arrhythmia and hemodynamic data was extracted from the pediatric 
cardiac surgery database. Preoperative hemodynamic data includes all 14 pa-
tients, and postoperative hemodynamic data was available for 9 patients for End 
Diastolic Pressure (EDP), 11 patients for Pulmonary Artery Pressure (PAP), 8 pa-
tients for Transpulmonary Gradient (TPG), 10 patients for Left Atrial Pressure 
(LAP), and 9 patients for Atrioventricular Valve (AVV) regurgitation. Presence 
or absence of preoperative and/or postoperative arrhythmias was available for all 
patients preoperatively and postoperatively. 

2.3. Assessment of Outcomes 

Rhythm data was obtained by analysis of available electrocardiograms and in-
terpretation was by the pediatric cardiology electrophysiologist. Pre and post-
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operative data from these cases were compiled and statistically analyzed. The 
presence of abnormal arrhythmias was determined before operation, at less than 
2 weeks after operation, and greater than 2 weeks after operation. A persistence 
or emergence of atrial arrhythmias postoperatively would represent a drawback 
of this procedure, while a reduction, or a lesser incidence in comparison to pre-
vious literature, would suggest an advantage. 

Cardiac catheterization was completed in all patients before operation. Post-
operative hemodynamic data was collected at least 1 year after the procedure. 
95% confidence intervals for differences in pre and postoperative values were 
calculated for hemodynamic values. Hemodynamic endpoints were the primary 
endpoints and included End Diastolic Pressure (EDP), Pulmonary Artery Pres-
sure (PAP), Left Atrial Pressure (LAP), and Transpulmonary Gradient (TPG). 
Arrhythmias and other morbidities were secondary endpoints. Mean ventilation 
time, chest tube drainage, and length of hospital stay were also included in the 
descriptive characteristics. Changes in these parameters may suggest physiologic 
end-points that would result in fewer complications resulting from the proce-
dure. 

2.4. Statistical Analysis 

Pre and postoperative data for various hemodynamic values were compared for 
all patients who had postoperative catheterization data available, and confidence 
intervals for the differences in mean values were generated. Due to the small 
sample size of the study, linear regression analysis for predictive variables and 
other statistical procedures were avoided. All descriptive information and he-
modynamics are reported in tables below. 

3. Results 
3.1. Descriptive Information 

Inclusion criteria consisted of patients who underwent the Intra/extracardiac 
fenestrated Fontan between December 2009 and June 2015. Fourteen patients 
were included in the study. No mortalities were observed. Descriptive informa-
tion is shown in Table 1. 10 of 14 patients were male. Diagnoses included Doublet 
Outlet Right Ventricle, Tricuspid Atresia, Pulmonary Atresia, Pulmonary Steno-
sis, Ventricular Septal Defect, Hypoplastic Left Heart Syndrome, Transposition 
of the Great Arteries, Complete Atrioventricular Canal Defect, Double Inlet Left 
Ventricle, and Heterotaxy. Median (IQR) age at Fontan (months) was 31 (27.25, 
37.75). Median (IQR) weight at Fontan (kg) was 12.4 (11.2, 13.6), and BSA (m2) 
was 0.55 (0.51, 0.60). Median (IQR) cardiopulmonary bypass time (min) was 
102.5 (96.75, 110), and cross clamp time (min) was 53.5 (50, 61.5). Median 
(IQR) Intensive Care Unit stay (days) was 12 (9, 21), length of hospital stay 
(days) was 14.5 (10.3, 19.8), and median length was chest tube drainage (days) of 
6.5 (3, 8). Median (IQR) time from catheterization to follow up (months) was 41 
(18, 47). 
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Table 1. Preoperative, intraoperative, and postoperative descriptive characteristics. Data 
was taken from all 14 patients unless otherwise indicated. 

Characteristic Patients (n = 14) 

Male, n (%) 10 (71%) 

Females, n (%) 4 (28.5%) 

Diagnoses, n (%)  

Double Outlet Right Ventricle 6 (42%) 

Tricuspid Atresia 5 (35%) 

Pulmonary Atresia 3 (21%) 

Pulmonary Stenosis 1 (7%) 

Ventricular Septal Defect 1 (7%) 

Hypoplastic Left Heart Syndrome 1 (7%) 

Transposition of the Great Arteries 1 (7%) 

Complete Atrioventricular Canal Defect 1 (7%) 

Double Inlet Left Ventricle 1 (7%) 

Heterotaxy 3 (21%) 

2 or more of the above diagnoses 7 (50%) 

Preoperative  

Age at Fontan (months), Median (IQR) 31 (27.5 - 37.5) 

Weight at Fontan (kg), avg ± std. dev 12.6 ± 2.1 

BSA at Fontan (m2) 0.56 ± 0.1 

Abnormal Arrhythmias 1 (8%) 

Intraoperative  

CPB Time (minutes), Median (IQR) 103.1 ± 12.5 

Cross Clamp Time (minutes) 55.1 ± 9.8 

Fenestration 100% 

Postoperative  

Ventilation Time (days), Median (IQR) 0 (0, 1) 

ICU Stay (days), Median (IQR) 12 (9, 21) 

Length of Stay (days), Mean (IQR) 14.5 (10.3, 19.8) 

Length of Follow-Up to Date (months), Median (IQR) 41 (19, 47) 

Chest Tube Drainage (days), Median (IQR) 6.5 (3, 8) 

Abnormal Arrhythmias  

Pre-fontan 1/13 (8%) 

<2 Weeks after Fontan 8/13 (61%) 

>2 Weeks after Fontan 5/12 (41%) 

Inotrope Score, Median (IQR)  

24 Hours 5 (5, 7.5) 

48 Hours 0 (0, 3) 

Vasoactive Inotropic Score (IQR)  

24 Hours 13 (10,15) 

48 Hours 10 (5, 10) 

Mortalities 0 (0%) 
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3.2. Arrhythmias 

Patient arrhythmia data was available for patients preoperatively, for 13 patients 
less than 2 weeks post operatively, and for 12 patients for more than 2 weeks 
postoperatively. Only one patient had abnormal arrhythmias prior to the opera-
tion. 8 out of 13 patients (61%) developed arrhythmias after the operation, but 
for only 5 out of 12 patients did this persist for greater than 2 weeks. 

3.3. Hemodynamics 

Hemodynamic information is presented in Table 2 and Table 3. All patients had 
preoperative data. Postoperative data included 9 patients for end diastolic pres-
sure (EDP), 11 patients for pulmonary artery pressure (PAP), 8 patients for trans-
pulmonary gradient (TPG), 10 patients for left atrial pressure (LAP) and 9 pa-
tients for atrioventricular valve (AVV) regurgitation. EDP rose from 9.29 ± 3.50 
mmHg to 10.33 ± 3.12 mmHg. PAP rose from 12.57 ± 2.50 mmHg to 14.27 
mmHg. TPG dropped from 5.00 ± 2.29 mmHg to 3.25 ± 1.67 mmHg. LAP rose 
from 7.57 ± 2.87 mmHg to 10.30 ± 1.95 mmHg. AVV regurgitation remained 
the same pre and postoperatively. All hemodynamic values were significant, based 
on a 95% confidence interval for the difference of means for pre and postopera-
tive values. 

4. Discussion 
4.1. Arrhythmias 

Rhythm abnormalities remain a primary concern for patients with a single func-
tioning ventricle. While long-term survival from the Fontan procedure is improv-
ing, atrial flutter and other arrhythmias are known to frequently develop post-
operatively and are often fatal [13] [14] [15]. Atrial arrhythmias have been attri-
buted to injury of the crista terminalis and Eustachian ridge [16] [17]. Avoidance 
of an incision injury to the sinus node, sinus node artery, and crista terminalis 
[1] is a goal of the Intra/extracardiac fenestrated Fontan procedure and should 
result in a lower incidence of atrial arrhythmias relative to the Lateral Tunnel 
and the Extracardiac procedures. Sinha and colleagues have shown a lower inci-
dence of atrial arrhythmias in their population of patients undergoing this pro-
cedure [18]. In particular, the intra/extracardiac fenestrated Fontan technique 
was shown to have a 27% incidence of abnormal arrhythmia at greater than two 
 
Table 2. Fontan hemodynamic information. 

 Before Procedure After Procedure 

EDP (mmHg), mean ± std. deviation 9.29 ± 3.50 10.33 ± 3.12 

PAP (mmHg), mean ± std. deviation 12.57 ± 2.50 14.27 ± 2.23 

TPG (mmHg), mean ± std. deviation 5.00 ± 2.29 3.25 ± 1.67 

LAP (mmHg), mean ± std. deviation 7.57 ± 2.87 10.3 ± 1.95 

AVV Regurgitation, median (range) 1 (0 - 2) 1 (0 - 2) 

 

DOI: 10.4236/wjcs.2018.82004 34 World Journal of Cardiovascular Surgery 
 

https://doi.org/10.4236/wjcs.2018.82004


N. Menon et al. 
 

Table 3. 95% confidence intervals for the difference of hemodynamic means before and 
after Fontan. 

 CI 

EDP (mmHg) 1.04 ± 0.837* 

PAP (mmHg) 1.70 ± 0.540* 

TPG (mmHg) −1.75 ± 0.520* 

LAP (mmHg) 2.73 ± 0.555* 

* = Statistically significant. 

 
weeks postoperatively, a lower percentage than that of the Lateral Tunnel (58%). 
Worsening of rhythm comparing rhythm preoperatively with more than 2 weeks 
postoperatively yielded a statistically significant result favoring the Intra/extracardiac 
technique over the Lateral Tunnel technique (p = 0.015). In addition, while not 
statistically significant, the Intra/extracardiac technique also trended to having 
lower incidences than the Extracardiac technique at 2 weeks postoperatively 
(36%). However, we found an increased incidence of atrial arrhythmias in our 
study group, showing that this issue may still be problematic. It is possible that 
this advantage of the intra/extracardiac is not as profound as once thought. 
However, it should be noted that the incidence of atrial arrhythmias was decreased 
at greater than 2 weeks postoperatively, than at less than 2 weeks postoperative-
ly, showing that they could be self resolving with time. Our patients did trend to 
having a lower Vasoactive Inotropic Score (VIS) from 24 hours to 48 hours, which 
is beneficial since a high maximum VIS has been shown to be a strong predictor 
of clinical outcome (death, cardiac arrest, mechanical circulatory support, etc.) 
in this patient population [19]. 

Arrhythmias are important to monitor not only for the immediate danger 
with which they present, but also for that of the long term. Carins et al. studied 
the long term outcomes of various Fontan patients in Australia and New Zeal-
and, and found that the development of any first onset arrhythmia, bradyarr-
hythmia or tachyarrhythmia to be independently associated with Fontan failure 
(defined as death, heart transplantation, Fontan takedown or conversion, pro-
tein-losing enteropathy, plastic bronchitis, or New York Heart Association func-
tional class III or IV at follow-up) [20]. While the literature shows that the in-
tra/extracardiac fenestrated Fontan yields lower incidences of arrhythmias in 
comparison to prior Fontan procedures, the incidence found postoperatively still 
remains at a level that is not ideal, and various complications are expected. Thus, 
a careful watch should still be given to those patients who develop arrhythmias. 

Longer-term evaluation is needed to further refine our understanding and the 
role of this new technique in those patients with single ventricle physiology. In 
order to adequately compare the incidences of postoperative arrhythmias, the 
Intra/extracardiac technique should be compared to the Lateral Tunnel and Extra-
cardiac techniques on a much larger scale, as seen in the Sinha study. In addi-
tion, our study has a much higher prevalence of male patients, possibly masking 
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a role of sex in the postoperative outcome of the Fontan patient. 

4.2. Hemodynamics and Morbidities 

Postoperative end diastolic pressure (EDP), mean pulmonary artery pressure 
(MPAP), mean left atrial pressure (MLAP), and transpulmonary gradient (TPG) 
were all statistically different from their preoperative values. EDP, MPAP, and 
MLAP increased after the operation while the TPG decreased. Although these 
hemodynamic values were statistically significant, the magnitude to which the 
pressures changed was not as impressive. Most of the hemodynamic values re-
mained in their normal ranges, but trended toward their upper limits, while 
TPG trended toward its lower limit. The importance of these findings is unclear 
in this limited study and deserves further evaluation as changes in these post-
operative parameters may help us to further refine therapies directed at the Fon-
tan physiology. 

Past studies on Fontan hemodynamics can give us insight into the clinical im-
plications of these findings. The main complications after the Fontan procedure 
have been described as multi-end-organ congestion due to high venous pressure, 
low cardiac output leading to chronic heart failure, and mild but significant hy-
poxia [21]. In addition, elevated CVP and low arterial blood oxygen saturation 
have correlated with mortality in both early and late Fontan patients, while a 
greater end-diastolic volume index, along with a lower ejection fraction, has also 
been associated with increased mortality in early term patients [22]. With EDP 
and LAP pressures increasing, it is possible that this operation could lead to car-
diac dysfunction, lowered cardiac output, and death, and so these values should 
be monitored on a long-term scale. In addition, a heightened pulmonary artery 
pressure could be a result of an increased pulmonary resistance, and could wor-
sen the patient’s hypoxia. The lowered TPG supports the notion of increased 
hypoxia in these patients. Thus, these hemodynamic changes represent a possi-
ble disadvantage in this procedure, but a comparison must be made to prior 
Fontan procedures to confirm this. 

Other hemodynamic information is available in the world literature regarding 
the different Fontan procedures. Computational fluid dynamic studies conducted 
by Tain-Yen Hsia compared the directionality and energy losses between the in-
tra atrial tube, lateral tunnel, extracardiac conduit with left pulmonary anasto-
moses, and extracardiac conduit with right pulmonary anastomoses procedures 
[23]. They concluded that the extracardiac conduit angled toward the left lung 
resulted in the lowest level of energy loss, and thus had the best fluid dynamic 
performance. While they also noted that computational modeling could not pre-
dict postoperative failure, it is important to observe the importance of local geo-
metry in these Fontan procedures. A next step in this series would be to compare 
the geographic energy saving or expending capabilities of the Intra/extracardiac 
Fontan in comparison to the previous generations. Another study observed theo-
retical cardiac cycle-averaged power loss and hepatic flow distribution after mod-
eling identical physiologic pulsatile caval flow and time-resolved pulmonary ar-
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tery flow. The study compared lateral tunnel, extracardiac conduit, intra/extracardiac 
conduit, and direct cavopulmonary connection (DCPC) Fontan pathway and de-
termined which technique had the optimal tradeoff. It was revealed that, again, 
the extracardiac conduit yielded the lowest energy lost, but the poorest hepatic 
flow distribution. In the lateral tunnel and intra/extracardiac conduit, the results 
were reversed. The DCPC, however, yielded the best tradeoff in these two va-
riables, and thus should also be included in future examinations and compari-
sons of these procedures. 

4.3. Limitations 

This study is limited by its retrospective nature and small sample size. In addi-
tion, there have not been studies directly comparing the pressures we have ob-
served in this review among the different Fontan procedures, and so we cannot 
conclude the superiority of this procedure over the Lateral Tunnel and Extracar-
diac procedures. We therefore recommend pursuing this goal on a larger scale. 
We also suggest a more longitudinal study as it would be beneficial to observe 
the effects of these hemodynamic changes later in life. In addition to the hemo-
dynamics observed in this study, we recommend also including those associated 
with higher mortality, such as CVP and SaO2 levels, as well as those aforemen-
tioned variables that other studies have examined. 

5. Conclusion 

Improved management of patients with Fontan physiology requires a better un-
derstanding of postoperative hemodynamics and arrhythmias. Even with the de-
velopment of new Fontan techniques, cardiac complications are still arising. A more 
focused examination towards the hemodynamic endpoints seen in this study may 
help in identifying the physiological causes of these complications. Our patients 
exhibited, for the most part, normal postoperative hemodynamics, but EDP, LAP, 
and PAP values trended towards their upper normal limits, while TPG trended 
towards its lower limit. It is unclear whether these changes are an advantage or a 
disadvantage in this small population of patients. While we have shown statisti-
cally significant changes, further evaluation of postoperative hemodynamics af-
ter the Intra/extracardiac fenestrated Fontan procedure is needed in a larger pa-
tient population and on a longitudinal scale. In addition, postoperative arrhyth-
mias continue to remain a problem in this patient population, and should be 
monitored longitudinally, as they are at high risk for complications. 
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