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Parcours chirurgical
• Anastomose systémico-pulmonaire 
• Cerclage de l’AP
• stage 1 HLHS : Norwood ou hybride
• DCPP puis DCPT
Préserver le capital artério-veineux
Préparation des interventions suivantes…
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Etape 2 : DCPP

l Dérivation cavo pulmonaire partielle

l Anastomose entre la veine cave supérieure (VCS) et l’AP droite 

l 5 à 10 mois après Etape 1

l du fait d’un cerclage du tronc de l’AP de plus en plus serré

l ou d’une ASP dont le calibre devient insuffisant avec la croissance

l Nécessite des RVP basses

l Après la DCPP : la VCI perfuse le VU = > SaO2 75 à 85%



DCPP : contexte

• Tous les types de VU 

• Interventions précédentes : 

– Anastomose systémico-pulmonaire

– Cerclage, CIA, Norwood, Hybride…

• Le plus souvent de 3 mois à 6 ans

• Désaturation progressive 



Anesthésie  
• Stratégie des abords veino artériels

• Intérêt : Kt système cave sup => PAP (PVCs)
• Au moment de l’intervenDon: généralement hypodébit pulmonaire

• Conserver l’équilibre Qp/Qs lors de l’inducDon :
– FiO2 élevée et normocapnie 
– Surveiller SaO2 et PA
– Augmenter la volémie 



Intervention
• DCPP sans CEC 

– risque de PVCS élevée avec retentissement neuro, surveiller la PVCs, 
si > 25 mmHg, risque +++, NIRS + geste opératoire rapide…

– Risque hémorragique : transfusion prête
– Au déclampage, augmentation de la volémie nécessaire et baisse 

des RVP



Intervention avec CEC

• CEC d’assistance
• Clampage aortique si DCPP associé à un autre geste 

chirurgical
• Intérêt de l’hémofiltration pour baisser les RVP
• Monitoring per op POG sur oreillette unique afin 

d’évaluer le gradient trans pulmonaire



Sevrage de la CEC
La SaO2 en fin de CEC : ± 85%
Pression veineuse cave sup < 18 
Intérêt de la milrinone : effet inotrope sans tachycardie et effet VD 

pulmonaire
Le bon fonctionnement de la DCPP dépend  :
• De la pression cave sup
• De la volémie (remplissage)
• Des RVP - de la taille des AP
• De la pression veineuse pulmonaire : 

–  Fonction myocardique
–  Fonction de la VAV 



• DysfoncAonnement du montage
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Volémie basse
• Pas d’effet pompe pour la circulation pulmonaire
• Remplissage vasculaire augmente le débit pulmonaire
• PVC sup = PAP
• Système veineux capacitant

– Donc volume de remplissage important
– Intérêt de la position 1/2 assise  : VCS -> AP

• Si PVC < à la PAP théorique
– Baisse brutale du débit pulmonaire et du débit cardiaque
– Traitement principal : remplissage



Pression veineuse cave sup > 18 mmHg
• Syndrome cave sup et baisse de la SaO2
• Origine 
– ± Obstruction de l’anastomose cavo-pulmonaire 
– PAP pré-op > 18 mmHg
• CAT : évaluation  écho  ± reprise chirurgicale/Kt

– Augmentation des résistances vasculaires pulmonaires
• CAT : baisse des RVP - > iNO 

– Persistance d’une voie antégrade : à évaluer



RVP élevées
• Diagnostic :

– Baisse de la SaO2
– Augmentation de la PVC sup et POG basse

• Causes : 
– PAPm ≥ 15 mmHg en pré-op (indication limite)
– Augmentées par la CEC, inchangées sans CEC
• Stratégie anti-inflammatoire per CEC

– Augmentées par les troubles de ventilation
• Eviter  : les atélectasies, l’encombrement

– Et la surdistension des alvéoles



Pression veineuse pulmonaire
• Augmentée par la défaillance ventriculaire
– Produite par le clampage aortique
– Peu fréquente : à traiter par les inotropes

• Augmentée par une fuite de la valve systémique (mitrale ou 
tricuspide)
– Si pré-existante : contre-indication à la DCPP

• Si élevée : diminue le gradient transpulmonaire et le débit 
pulmonaire de la cavo-pulmonaire



Autres causes 
• Vaisseaux collatéraux qui shuntent la circulation pulmonaire (MAPCA : 

major aorto pulmonary collateral arteries)

– Persistance d’une hypoxémie importante SaO2 < 75%

– Risque d’hémoptisies

– Traitement : embolisation par Kt interventionnel ou contrôle 
chirurgical

• Passage VD-AP persistant, peut être mal toléré

– Dysfonctionnement de la cavo-pulmonaire

– Par compétition de flux opposés

– Syndrome cave sup avec jugulaires battantes

– Fermeture chirurgicale possible



DCPP objectifs post op

• PVC 15-18mmhg
• Baisse RVP: milrinone systémaAque +/- NO
• Sat 80%
• Tète surélevée
• Sevrage venAlatoire rapide
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Surgical repair of tricuspid atresia
F. FONTAN and E. BAUDET

Centre de Cardiologie, Universite de Bordeaux 11, Hopital du Tondu, Bordeaux, France

Surgical repair of tricuspid atresia has been carried out in three patients; two of these operations
have been successful. A new surgical procedure has been used which transmits the whole vena
caval blood to the lungs, while only oxygenated blood returns to the left heart. The right atrium
is, in this way, 'ventriclized', to direct the inferior vena caval blood to the left lung, the right
pulmonary artery receiving the superior vena caval blood through a cava-pulmonary anastomosis.
This technique depends on the size of the pulmonary arteries, which must be large enough and at
sufficiently low pressure to allow a cava-pulmonary anastomosis. The indications for this procedure
apply only to children sufficiently well developed. Younger children or those whose pulmonary
arteries are too small should be treated by palliative surgical procedures.

Only palliative operations (systemic vein to pul-
monary artery anastomosis; systemic artery to
pulmonary artery anastomosis) have been per-
formed in tricuspid atresia. Although these pro-
cedures are valuable, they result in only a partial
clinical improvement, because they do not suppress
the mixture of venous and oxygenated blood.
We have initiated a corrective procedure for

tricuspid atresia, which completely suppresses
blood mixing. The entire vena caval return under-
goes arterialization in the lungs and only oxygena-
ted blood comes back to the left heart. This pro-
cedure is not an anatomical correction, which
would require the creation of a right ventricle,
but a procedure of physiological pulmonary blood
flow restoration, with suppression of right and

FIG. 1. Case 2. Tricuspid atresia type II B. Drawing illustrates steps in surgical repair: (1) end-to-side
anastomosis of distal end of right pulmonary artery to superior vena cava; (2) end-to-end anastomosis
of right atrial appendage to proximal end of right pulmonary artery by means ofan aortic valve homo-
graft; (3) closure of atrial septal defect; (4) insertion of a pulmonary valve homograft into inferior
vena cava; and (5) ligation of main pulmonary artery.
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mias, heart failure, and progressive rise of their pulmonary
vascular resistances.5–9 Conversion of the atriopulmonary
connection or the lateral tunnel technique to the extracardiac
technique has been successful in treating failing Fontan
patients, but the indication of this new procedure are still
under investigation.10,11 Because it is still unclear whether the
technical modifications brought to the initial Fontan opera-
tion translated into long-term clinical benefits, we decided to
review our clinical experience with these three techniques.

Patients and Methods
Study Group
The design of the study was approved by the local hospital ethics
committee. We reviewed the medical records of all patients under-
going a Fontan procedure between July 1980 and December 2000 in
the Royal Children’s Hospital, Melbourne, Australia. Three hundred
twenty-seven patients were identified. Fifteen of them had under-
gone a Bjork procedure consisting in baffling the right atrium to a
hypoplastic right ventricle. This operation was not considered as
being a Fontan procedure, and these patients were excluded from the
study. Ten patients had atypical Fontan procedures. The superior
vena cava was transected and both ends were anastomosed to the
right pulmonary artery, but no intraatrial baffling was performed.
Because the blood from the inferior vena cava was still transiting
through large nonseptated atria, these 10 patients were considered to
not have benefited from optimal blood streaming and were excluded
from the study. Two patients had their Fontan taken down immedi-
ately intraoperatively to a bidirectional Glenn because of elevated
pulmonary artery pressures after Fontan completion. The remaining
305 patients constitute the core of the study.

Surgical Procedures
The characteristics of the patients undergoing each of the 3 tech-
niques applied are given in Table 1. A total of 307 prior palliative
procedures aiming at adjusting pulmonary blood flow were per-
formed in 249 patients. Eighty additional procedures were performed
in 60 patients before Fontan completion: 4 arterial switches, 27
pulmonary artery reconstructions, 19 Damus-Kaye-Stansel anasto-
moses, 20 coarctation repairs, and 10 aortic arch reconstructions.
Since 1990, the majority of patients (91/149 versus 1/156; P!0.001)
underwent a bidirectional Glenn as a staged procedure before Fontan
completion. The bidirectional Glenn was performed at a median age
of 1.3 years (0.8 to 2.4 years), and the median interval time between
this procedure and Fontan completion was 2.9 years (1.9 to 4 years).
All patients underwent a cardiac catheterization before Fontan
completion.

From 1980 to 1995, 152 patients (50%) underwent a classical
atriopulmonary connection. In 31 patients, isolation of the right
atrium was achieved by the direct closure of the ASD and the
tricuspid valve, and in 121, patches of Gore-Tex (WL Gore &
Associates, Inc) were used. From 1988 to 1999, 105 patients (34%)
had a lateral tunnel modification. In 48 patients (16%) from 1998 to
2000, the Fontan procedure consisted in the implantation of an
extracardiac conduit. The conduit consisted of a Gore-Tex prosthetic
tube in 42 patients and an aortic homograft in 6. Fenestration
between the systemic venous blood circuit and the pulmonary venous
atrium was performed according to the surgeon preference, only in
patients undergoing lateral tunnel technique and extracardiac
conduit.

Fifty patients underwent an additional concomitant procedure.
Thirty-three had pulmonary artery patch arterioplasty. Eight patients
underwent a repair, and 2 a replacement of an atrioventricular valve
and 1 patient a repair of an aortic valve. A Damus-Kaye-Stansel
anastomosis was performed in 8 patients.

During the study period, all patients were initially prescribed
lifetime warfarin anticoagulation.

Hospital Mortality
Hospital mortality was defined as mortality within the hospital or in
the first 30 postoperative days. All the preoperative and procedural
variables were tested for their impact on hospital mortality by
univariate analysis and the significant ones were entered in a
multivariate analysis (Table 2).

Follow-Up Study
Follow-up information was gathered for all Australian hospital
survivors, whereas foreign patients were excluded from the
follow-up study. The postoperative variables given in Table 2 were
obtained from the hospital database or their referring cardiologists.

Kaplan-Meier curves were calculated for the following adverse
events: death, tachyarrhythmias, thromboembolic events, and Fontan
failure defined as death, takedown of the Fontan procedure, ortho-
topic heart transplantation, or NYHA functional class III or IV. All
the perioperative variables were tested by univariate and multivariate
analysis for their ability to predict these adverse events using Cox
proportional hazard methods.

Statistical Analysis
Data were reported as median and interquartile ranges and in means
and standard deviations. All tests were 2-tailed, and a probability
value !0.05 was considered significant.

The authors had full access to the data and take responsibility for
its integrity. All authors have read and agree to the manuscript as
written.

Figure 1. Fontan surgical techniques: Classical atriopulmonary connection (A), Lateral tunnel (B), and extracardiac conduit (C).
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Background—To determine whether patients undergoing the lateral tunnel and extracardiac conduit modifications of the
Fontan procedure have better outcomes than patients undergoing a classical atriopulmonary connection.

Methods and Results—Between 1980 and 2000, 305 consecutive patients underwent a Fontan procedure at our institution.
There were 10 hospital deaths (mortality: 3%) with no death after 1990. Independent risk factors for mortality were
preoperative elevated pulmonary artery pressures (P!0.002) and common atrioventricular valve (P!0.04). Fontan was
taken down during hospital stay in 7 patients. A mean of 12"6 years of follow-up was obtained in the 257 nonforeign
Fontan survivors. Completeness of concurrent follow-up was 96%. Twenty-year survival was 84% (95% CI: 79 to 89%).
Recent techniques improved late survival. The 15-year survival after atriopulmonary connection was 81% (95% CI: 73%
to 87%) versus 94% (95% CI: 79% to 98%) for lateral tunnel (P!0.004). Nine pts required heart transplantation (8
atriopulmonary connection, 1 lateral tunnel). Undergoing a Fontan modification independently predicted decreased
occurrence of arrhythmia, and 15-year freedom from SVT was 61% (95% CI: 51% to 70%) for atriopulmonary
connection versus 87% (95% CI: 76% to 93%) for lateral tunnel (P!0.02). Freedom from Fontan failure (death,
take-down, transplantation, or NYHA class III-IV) was 70% (95% CI: 58% to 79%) at 20 years. After extra-cardiac
conduits, no death, SVT, or failure was observed.

Conclusions—The Fontan procedure remains a palliation, but outcomes of patients have improved. Better patient selection
minimizes hospital mortality. Patients with lateral tunnel and extracardiac conduit modifications experience less
arrhythmia and are likely to have failure of their Fontan circulation postponed. (Circulation. 2007;116[suppl I]:I-157–
I-164.)
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The Fontan procedure is today the last staged operation for
all children born with congenital heart disease who

cannot be offered a 2-ventricle repair. Originally designed by
Fontan for treatment of tricuspid atresia, the procedure has
undergone 2 major successive technical modifications.1–3 In
its first version, the atriopulmonary connection (AP), the right
atrial chamber was isolated by the closure of the atrial septal
defect and the hypoplastic tricuspid valve. The right atrial
appendage was then anastomosed to the right pulmonary
artery.3 It was later understood that better streaming of the
blood flow in the systemic venous pathway to the lungs
improved the patients hemodynamics and might avoid com-
plications related to progressive atrial dilatation. The opera-
tion was therefore modified to the lateral tunnel technique
(LT), whereby the right atrium was baffled with an intraatrial

patch and the superior vena cava was sutured directly to the
right pulmonary artery.1 Performing the anastomosis between
the superior vena cava and the right pulmonary artery
(bidirectional Glenn) at an earlier age as an intermediate step
decreased total mortality and morbidity to achieve a final
Fontan circulation.4 The most recent modification of the
technique consisted in the replacement of the intra-atrial
routing of the venous blood by the insertion of an extra-
cardiac conduit (EC) between the inferior vena cava and the
right pulmonary artery (Figure 1).2

An increasing number of “Fontan patients” are now enter-
ing adulthood, and these patients are facing an uncertain
future. It is clear from the 20 years follow-up of the
operations performed in the initial era that this operation
remains palliative. Patients are prone to developing arrhyth-
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Four female patients had a total of 7 successful pregnan-
cies. At the time of the follow-up, no patient was listed for
heart transplantation.

Echocardiographic reports were available in 202 hospital
survivors with an intact Fontan circulation after a mean of
11.9!4.9 years. Some degree of atrioventricular valve regur-
gitation was noted in 137 (67.8%) of them, being quoted as
trivial to mild in 119, moderate in 16, and severe in 2.
Shunting between the systemic venous pathway and the
pulmonary venous chamber could be seen in 13 patients who
had a fenestration at the time of the Fontan procedure, and in
an additional 3 patients who had no fenestration. In 27
patients who had a fenestrated Fontan, no more shunting
could be seen.

Thromboembolic and Bleeding Events
At the time of follow-up of the 215 patients with a Fontan
circulation, 176 (82%) were on warfarin, 18 on aspirin only
(8%), and 21 were not taking any anticoagulation (10%).
Thirteen patients had a documented history of clinical throm-
boembolic events. All patients were taking warfarin at the
time of the event. Eleven of these patients had a classical
atriopulmonary connection, 1 a lateral tunnel, and 1 an
extracardiac conduit. Nine patients had clinical evidence of
pulmonary embolism, 7 of them being in supraventricular
tachycardia at the time (8 atriopulmonary connections and
one extra-cardiac conduit). One stroke and 1 transient ische-
mic attack occurred during cardiac catheterization at 6
months and 15 years postoperatively. One patient had a
transient ischemic attack and the last patient had a renal
infarct. Freedom from thromboembolic events was 96.9%
(95% CI: 93.7 to 98.5%) at 10 years and 94.3% (95% CI: 89.2
to 97.1%) at 15 years. Risks factors predictive of thrombo-
embolic events have been displayed in Table 5.

Two bleeding events were reported. One patient had a
thigh compartment syndrome and one a subdural hemorrhage.

Late Occurrence of Arrhythmia
Supraventricular tachyarrhythmia was reported in 62 hospital
survivors (52 with atriopulmonary connections and 10 with a
lateral tunnel) after a mean of 9.1!5.2 years with a Fontan
circulation. Freedom from supraventricular tachycardia was
84.5% (95% CI: 78.9 to 88.8%) at 10 years and 70.8% (95%
CI: 62.9 to 77.4%) at 15 years. Risk factors predictive of
these late arrhythmias are displayed in Table 6. Undergoing a
Fontan modification independently predicted decreased oc-
currence of arrhythmia. The 15-year freedom of supraven-
tricular tachyarrhythmia was 61.4% (95% CI: 51.4 to 69.9%)
for atriopulmonary connections compared with 87.3% (95%
CI: 76.2 to 93.4%) for the lateral tunnel technique (P"0.02,
Figure 3). At the time of follow-up, no SVT were observed
after extracardiac conduit. Twenty patients underwent at least
1 cardioversion during follow-up. Four patients had 3 or more
cardioversions. At the last follow-up, 31 patients were treated
with 1 medication, 3 with 2, and 2 with 3. Percutaneous
radiofrequency ablation therapy was attempted in 8 patients
with results lasting more than 3 months in 3 patients.

At last follow-up, a permanent pacemaker had been im-
planted in 28 patients (23 atriopulmonary connections, 4
lateral tunnels, and 1 extra-cardiac Fontan). Four were im-
planted at the time or before Fontan surgery for congenital
heart block. The indications for implantation in the remaining
patients were atrioventricular block (7), sinus node dysfunc-
tion (13), tachycardia-bradycardia syndrome (4).

Fontan Failure
Late Fontan failure occurred in 42 patients after a median of
8.5 years (2.3 to 15.6 years). There were 25 deaths (22
atriopulmonary connections, 1 lateral tunnel), 2 Fontan take-
downs (1 atriopulmonary connection, 1 lateral tunnel), 9 heart
transplantations (8 atriopulmonary connections, 1 lateral
tunnel), and 6 patients were in NYHA class III or IV (all
atriopulmonary connections). Thirty-seven patients undergo-
ing failure had an atriopulmonary connection and 5 had a
lateral tunnel technique. Freedom from late Fontan failure
was 84.6% (95% CI: 78.4 to 89.1%) at 15 years and 69.6%
(95% CI: 58 to 78.6%) at 20 years. Predictive risks factors for
failure are displayed in Table 7.

Discussion
Despite its widespread application, there have been increas-
ing concerns that the Fontan procedure is merely a palliative
operation. Many in the medical community believe that most
of these patients are doomed to death or heart transplantation
in the decades that will follow this procedure. Since its

TABLE 5. Risk Factors for Thromboembolic Events

Variable

Univariate Analysis Multivariate Analysis

P Value P Value Hazard Ratio 95% CI

Age group (0 to 3, 4 to 8, #8 years) 0.02 0.19

Fontan conversion $0.001 0.015 14.17 2.2, 90.7

Current AV valve regurgitation* 0.002 0.44

AV indicates atrioventricular.
*AV Valve regurgitation present at the time of follow-up.

Figure 2. Kaplan-Meier survival curves of hospital survivors by
Fontan techniques.
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mias, heart failure, and progressive rise of their pulmonary
vascular resistances.5–9 Conversion of the atriopulmonary
connection or the lateral tunnel technique to the extracardiac
technique has been successful in treating failing Fontan
patients, but the indication of this new procedure are still
under investigation.10,11 Because it is still unclear whether the
technical modifications brought to the initial Fontan opera-
tion translated into long-term clinical benefits, we decided to
review our clinical experience with these three techniques.

Patients and Methods
Study Group
The design of the study was approved by the local hospital ethics
committee. We reviewed the medical records of all patients under-
going a Fontan procedure between July 1980 and December 2000 in
the Royal Children’s Hospital, Melbourne, Australia. Three hundred
twenty-seven patients were identified. Fifteen of them had under-
gone a Bjork procedure consisting in baffling the right atrium to a
hypoplastic right ventricle. This operation was not considered as
being a Fontan procedure, and these patients were excluded from the
study. Ten patients had atypical Fontan procedures. The superior
vena cava was transected and both ends were anastomosed to the
right pulmonary artery, but no intraatrial baffling was performed.
Because the blood from the inferior vena cava was still transiting
through large nonseptated atria, these 10 patients were considered to
not have benefited from optimal blood streaming and were excluded
from the study. Two patients had their Fontan taken down immedi-
ately intraoperatively to a bidirectional Glenn because of elevated
pulmonary artery pressures after Fontan completion. The remaining
305 patients constitute the core of the study.

Surgical Procedures
The characteristics of the patients undergoing each of the 3 tech-
niques applied are given in Table 1. A total of 307 prior palliative
procedures aiming at adjusting pulmonary blood flow were per-
formed in 249 patients. Eighty additional procedures were performed
in 60 patients before Fontan completion: 4 arterial switches, 27
pulmonary artery reconstructions, 19 Damus-Kaye-Stansel anasto-
moses, 20 coarctation repairs, and 10 aortic arch reconstructions.
Since 1990, the majority of patients (91/149 versus 1/156; P!0.001)
underwent a bidirectional Glenn as a staged procedure before Fontan
completion. The bidirectional Glenn was performed at a median age
of 1.3 years (0.8 to 2.4 years), and the median interval time between
this procedure and Fontan completion was 2.9 years (1.9 to 4 years).
All patients underwent a cardiac catheterization before Fontan
completion.

From 1980 to 1995, 152 patients (50%) underwent a classical
atriopulmonary connection. In 31 patients, isolation of the right
atrium was achieved by the direct closure of the ASD and the
tricuspid valve, and in 121, patches of Gore-Tex (WL Gore &
Associates, Inc) were used. From 1988 to 1999, 105 patients (34%)
had a lateral tunnel modification. In 48 patients (16%) from 1998 to
2000, the Fontan procedure consisted in the implantation of an
extracardiac conduit. The conduit consisted of a Gore-Tex prosthetic
tube in 42 patients and an aortic homograft in 6. Fenestration
between the systemic venous blood circuit and the pulmonary venous
atrium was performed according to the surgeon preference, only in
patients undergoing lateral tunnel technique and extracardiac
conduit.

Fifty patients underwent an additional concomitant procedure.
Thirty-three had pulmonary artery patch arterioplasty. Eight patients
underwent a repair, and 2 a replacement of an atrioventricular valve
and 1 patient a repair of an aortic valve. A Damus-Kaye-Stansel
anastomosis was performed in 8 patients.

During the study period, all patients were initially prescribed
lifetime warfarin anticoagulation.

Hospital Mortality
Hospital mortality was defined as mortality within the hospital or in
the first 30 postoperative days. All the preoperative and procedural
variables were tested for their impact on hospital mortality by
univariate analysis and the significant ones were entered in a
multivariate analysis (Table 2).

Follow-Up Study
Follow-up information was gathered for all Australian hospital
survivors, whereas foreign patients were excluded from the
follow-up study. The postoperative variables given in Table 2 were
obtained from the hospital database or their referring cardiologists.

Kaplan-Meier curves were calculated for the following adverse
events: death, tachyarrhythmias, thromboembolic events, and Fontan
failure defined as death, takedown of the Fontan procedure, ortho-
topic heart transplantation, or NYHA functional class III or IV. All
the perioperative variables were tested by univariate and multivariate
analysis for their ability to predict these adverse events using Cox
proportional hazard methods.

Statistical Analysis
Data were reported as median and interquartile ranges and in means
and standard deviations. All tests were 2-tailed, and a probability
value !0.05 was considered significant.

The authors had full access to the data and take responsibility for
its integrity. All authors have read and agree to the manuscript as
written.

Figure 1. Fontan surgical techniques: Classical atriopulmonary connection (A), Lateral tunnel (B), and extracardiac conduit (C).
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• RVP basses
• Bonne fonction VU
• VAV étanche
• Pas d’obstacle sur la voie 

systémique
• Pas d’obstacle sur le montage 

cavo pulmonaire
• Rythme sinusal
• Volémie

Prérequis d’une circula0on de Fontan



Déterminants du débit circulatoire d’un Fontan

that is the fundamental cause of most issues with the Fontan
circulation. Since the bottle neck of the cardiac output is the
low preload on the LV, the cardiac output is low and fixed.
Moreover, in the absence of a subpulmonary pump, any small
changes in the resistance of this neo portal system can lead to
significant alterations in cardiac output. The physiological im-
pairment that results from the development of chronically el-
evated CVP and low cardiac output is referred to as Fontan
failure. It is important to appreciate this unique mechanism of
Fontan failure. Typically heart failure results from either the
systolic or diastolic failure of the ventricular pump. The typ-
ical Fontan failure on the other hand occurs as a result of
limitations of the neoportal system that it creates. The bottle-
neck of the cardiac output is the resistance offered by this
neoportal system rather than the pumping mechanism of the
heart itself; although in the final stages, this too may be affect-
ed and worsens the Fontan circulation all the more. In simple
terms, the heart is no longer the determinant of the cardiac
output. The limitations of the neoportal system created by
the Fontan operation can be partially offset by fenestration
of the Fontan pathway. However the decrease in venous con-
gestion comes at the expense of systemic desaturation al-
though the peripheral oxygen delivery actually improves from
improved cardiac output. Fenestration of the Fontan pathway
hence represents a middle path between the neoportal system
created by the Fontan operation (with its attendant problems
of systemic venous congestion and low cardiac output) and
the unpalliated physiology of the single ventricle (with its
attendant problems of oxygen desaturation and volume over-
load of the heart).

Fontan failure

The term “Fontan failure” is a loosely applied term with some
authors using it for exercise intolerance alone while others

reserve it for late stages of overt failure such as ascites, protein
losing enteropathy (PLE), and plastic bronchitis (PB). The
truth is that Fontan failure exists in a subtle form right from
the moment of its inception. Even in an optimum Fontan op-
eration, the resting cardiac output is usually 70–80% of the
expected values for age and body surface area [9]. These dif-
ferences get accentuated during exercise. The mean maximum
capacity for patients with well-functioning Fontan circulation
during childhood is approximately 65% of predicted values
for age and gender. This continues to decline during adulthood
by about 2.6% of predicted value every year [10]. The Fontan
physiology affects the various organ systems over a period of
time.

Heart

The function of the heart can be well preserved for many years
in some patients. However, over a period of time, the single
ventricle develops both systolic and diastolic dysfunction.
Chronically decreased preload and increased systemic vascular
resistance (SVR) result in systolic dysfunction. Progressive di-
astolic dysfunction occurs as a consequence of persistent pre-
load deprivation. A chronic low preload results in remodeling
and reduced compliance with increased diastolic pressures.
This is related to the phenomenon of “disuse hypofunction”
that occurs at a chronic preload of less than 70% of that expect-
ed for ventricular size [11]. Although the heart is not the prima-
ry determinant of cardiac output after Fontan operation, alter-
ations in cardiac function ultimately contribute to Fontan fail-
ure. Genetic variations influence the rate and extent of cardiac
dysfunction in Fontan circulation [12].

Pulmonary vasculature

Abnormal growth and development of the pulmonary vascu-
lature in form of hypoplasia and stenosis are common in single

Fig. 1 Comparison of normal and
Fontan circulations. Normal
circulation consists of systemic(S)
and pulmonary (P) circulations
connected in series with an inter-
vening right ventricle (RV). The
right ventricle maintains the right
atrial (RA) pressure or the central
venous pressure marginally lower
than the left atrial (LA) pressure.
In a Fontan circulation, the right
atrial pressure is elevated mark-
edly to provide the push into the
pulmonary system. LV: left ven-
tricle, Ao: aorta, PA: pulmonary
artery, SV: single ventricle
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Introduction

The normal mammalian circulation consists of two ventricular
pumps placed in series. While the left ventricle (LV) provides
the systemic output, the right ventricle (RV) provides a smaller
but vital impetus to the systemic venous blood to overcome
the pulmonary resistance before reentry into the LV (Fig.1). In
early 1940s, Isaac Starr and colleagues described through ex-
periments on dogs that the RV was dispensable as functional
destruction of the RV did not result in significant systemic
venous hypertension [1]. In later part of the same decade,
Rodbard and Wagner demonstrated the feasibility of RV ex-
clusion in dogs by ligation of main pulmonary artery and
anastomosis of right atrium to main pulmonary artery. They
proposed that the vis-a-tergo provided by the LV or the sys-
temic ventricle was sufficient to push the systemic venous
blood across the pulmonary circuit [2]. In the early 1970s,
Francis Fontan and Kreutzer independently used the concept
of the “dispensable RV” to design a new circulation that had
never been witnessed in evolution before [3, 4] . The “Fontan
operation”, as it popularly became known as, launched the era

of surgical treatment of functionally univentricular hearts. In
1977, Chouset outlined the “Ten commandments” for
selecting Fontan candidates [5]. Although the original com-
mandments have undergone modifications, they continue to
serve as guiding criteria for selection of appropriate candidates
for single ventricle palliation. The Fontan operation itself has
also undergone numerous modifications with the extracardiac
Fontan operation being the most widely used design today [6].

Physiology of the Fontan operation

Although the Fontan operation can be performed with very
low mortality today, the morbidity associated with this unique
circulation has become an ever increasing problem [7]. Dr.
Francis Fontan himself predicted the significant attrition asso-
ciated with the new operation over time [8]. The entire prob-
lem of the Fontan operation is related to the lack of the final
push to the venous blood before it enters the lungs. The prob-
lems associated with an unpalliated single ventricle physiolo-
gy are related to the volume overload on the single ventricle
and hypoxia because of the mixing situation. The Fontan op-
eration achieved through staged approach eliminates this dual
problem at the expense of systemic venous congestion (Fig.1).
The Fontan operation essentially creates a neoportal system
where adequate LV loading can happen only at the expense of
raised central venous pressure (CVP) [9]. It is this raised CVP
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The normal mammalian circulation consists of two ventricular
pumps placed in series. While the left ventricle (LV) provides
the systemic output, the right ventricle (RV) provides a smaller
but vital impetus to the systemic venous blood to overcome
the pulmonary resistance before reentry into the LV (Fig.1). In
early 1940s, Isaac Starr and colleagues described through ex-
periments on dogs that the RV was dispensable as functional
destruction of the RV did not result in significant systemic
venous hypertension [1]. In later part of the same decade,
Rodbard and Wagner demonstrated the feasibility of RV ex-
clusion in dogs by ligation of main pulmonary artery and
anastomosis of right atrium to main pulmonary artery. They
proposed that the vis-a-tergo provided by the LV or the sys-
temic ventricle was sufficient to push the systemic venous
blood across the pulmonary circuit [2]. In the early 1970s,
Francis Fontan and Kreutzer independently used the concept
of the “dispensable RV” to design a new circulation that had
never been witnessed in evolution before [3, 4] . The “Fontan
operation”, as it popularly became known as, launched the era

of surgical treatment of functionally univentricular hearts. In
1977, Chouset outlined the “Ten commandments” for
selecting Fontan candidates [5]. Although the original com-
mandments have undergone modifications, they continue to
serve as guiding criteria for selection of appropriate candidates
for single ventricle palliation. The Fontan operation itself has
also undergone numerous modifications with the extracardiac
Fontan operation being the most widely used design today [6].

Physiology of the Fontan operation

Although the Fontan operation can be performed with very
low mortality today, the morbidity associated with this unique
circulation has become an ever increasing problem [7]. Dr.
Francis Fontan himself predicted the significant attrition asso-
ciated with the new operation over time [8]. The entire prob-
lem of the Fontan operation is related to the lack of the final
push to the venous blood before it enters the lungs. The prob-
lems associated with an unpalliated single ventricle physiolo-
gy are related to the volume overload on the single ventricle
and hypoxia because of the mixing situation. The Fontan op-
eration achieved through staged approach eliminates this dual
problem at the expense of systemic venous congestion (Fig.1).
The Fontan operation essentially creates a neoportal system
where adequate LV loading can happen only at the expense of
raised central venous pressure (CVP) [9]. It is this raised CVP
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that is the fundamental cause of most issues with the Fontan
circulation. Since the bottle neck of the cardiac output is the
low preload on the LV, the cardiac output is low and fixed.
Moreover, in the absence of a subpulmonary pump, any small
changes in the resistance of this neo portal system can lead to
significant alterations in cardiac output. The physiological im-
pairment that results from the development of chronically el-
evated CVP and low cardiac output is referred to as Fontan
failure. It is important to appreciate this unique mechanism of
Fontan failure. Typically heart failure results from either the
systolic or diastolic failure of the ventricular pump. The typ-
ical Fontan failure on the other hand occurs as a result of
limitations of the neoportal system that it creates. The bottle-
neck of the cardiac output is the resistance offered by this
neoportal system rather than the pumping mechanism of the
heart itself; although in the final stages, this too may be affect-
ed and worsens the Fontan circulation all the more. In simple
terms, the heart is no longer the determinant of the cardiac
output. The limitations of the neoportal system created by
the Fontan operation can be partially offset by fenestration
of the Fontan pathway. However the decrease in venous con-
gestion comes at the expense of systemic desaturation al-
though the peripheral oxygen delivery actually improves from
improved cardiac output. Fenestration of the Fontan pathway
hence represents a middle path between the neoportal system
created by the Fontan operation (with its attendant problems
of systemic venous congestion and low cardiac output) and
the unpalliated physiology of the single ventricle (with its
attendant problems of oxygen desaturation and volume over-
load of the heart).

Fontan failure

The term “Fontan failure” is a loosely applied term with some
authors using it for exercise intolerance alone while others

reserve it for late stages of overt failure such as ascites, protein
losing enteropathy (PLE), and plastic bronchitis (PB). The
truth is that Fontan failure exists in a subtle form right from
the moment of its inception. Even in an optimum Fontan op-
eration, the resting cardiac output is usually 70–80% of the
expected values for age and body surface area [9]. These dif-
ferences get accentuated during exercise. The mean maximum
capacity for patients with well-functioning Fontan circulation
during childhood is approximately 65% of predicted values
for age and gender. This continues to decline during adulthood
by about 2.6% of predicted value every year [10]. The Fontan
physiology affects the various organ systems over a period of
time.

Heart

The function of the heart can be well preserved for many years
in some patients. However, over a period of time, the single
ventricle develops both systolic and diastolic dysfunction.
Chronically decreased preload and increased systemic vascular
resistance (SVR) result in systolic dysfunction. Progressive di-
astolic dysfunction occurs as a consequence of persistent pre-
load deprivation. A chronic low preload results in remodeling
and reduced compliance with increased diastolic pressures.
This is related to the phenomenon of “disuse hypofunction”
that occurs at a chronic preload of less than 70% of that expect-
ed for ventricular size [11]. Although the heart is not the prima-
ry determinant of cardiac output after Fontan operation, alter-
ations in cardiac function ultimately contribute to Fontan fail-
ure. Genetic variations influence the rate and extent of cardiac
dysfunction in Fontan circulation [12].

Pulmonary vasculature

Abnormal growth and development of the pulmonary vascu-
lature in form of hypoplasia and stenosis are common in single

Fig. 1 Comparison of normal and
Fontan circulations. Normal
circulation consists of systemic(S)
and pulmonary (P) circulations
connected in series with an inter-
vening right ventricle (RV). The
right ventricle maintains the right
atrial (RA) pressure or the central
venous pressure marginally lower
than the left atrial (LA) pressure.
In a Fontan circulation, the right
atrial pressure is elevated mark-
edly to provide the push into the
pulmonary system. LV: left ven-
tricle, Ao: aorta, PA: pulmonary
artery, SV: single ventricle
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Bilan pré-op
– Troisième intervention : risque hémorragique 

• Exploration de l’hémostase
• Apport de plaquettes

– Abords veno-artériels : stratégie dés la première 
intervention
• Exploration doppler des axes profonds

– Evaluation cardiologique
• Fonction VG, valve systémique

– Evaluation pulmonaire = intérêt de la kinési
– Traitement des infections pulmonaires



Principe DCPT

• La totalisaYon double le débit pulmonaire et augmente le 
gradient transpulmonaire

• ObjecYfs AR :
– Conserver les Résistances Vasculaires Pulmonaires basses
– Conserver la compliance ventriculaire (foncYon 

diastolique) 



IntervenHon

Anesthésie : 
Maintien de la volémie
Eviter la surcharge pulmonaire et les troubles de 
ventilation

Sternotomies itératives : 
Risque d’hémorragie et d’embolie gazeuse

CEC :
Possibilité de canulation fémorale
Coeur battant le plus souvent



Arrêt de la CEC
• Recrutement pulmonaire pour une CRF maximum

• Support inotrope par Milrinone ± Adrénaline
• Rôle de la fenestration (anastomose entre oreillette et 

tube extracardiaque)
– Si RVP élevées : shunt droit- gauche

– Si dysfonction ventriculaire : shunt gauche-droit
– Pas de fenêtre : POG 5 et PVCs 25
– Avec fenêtre : POG 9 et PVCs 17

• Fenestration trés souvent indiquée. (surtout si 
gradient TP élevé)



Principes de réanimation
Respecter les commandememts

• Volémie.
– Positionnement en « V »

• RVP basses: 
– Vasodilatateurs pulmonaires
– Ventilation protectrice

• Inotropes : IPDE3, Adré



• Fenestration: 
– Améliore les suites post op
– Réduit les épanchement pleuraux
– Réduit la durée d’hospitalisation



Qp Qs
RVSVCS

RVPRVP

SpO2
100 %
SpO2
< 90 %

DCPT



EvoluHon simple

• Hémodynamique efficace
– PVC < 18 mmHg et POG < 8 mmHg
• Gradient AP-OG :10 à 15 = DCPT ok

– Fonction rénale normale
• SaO2 100%
• Sevrage précoce de la ventilation
– Améliore le fonctionnement de la DCPT
– Drainage pleural limité



Evolution compliquée

– Dysfonction de la DCPT
– Troubles du rythme
– Epanchements et fuite protéique
– Dysfonction ventriculaire
– Thrombo-embolie



Causes d’une dysfonction de 
Fontan

• Défaillance VU
• Fuite VAV
• RVP élevées:

– Perte de la pulsatilité du débit pulmonaire
– Thromboses

• Montage dysharmonieux 
• Arythmie



Physiopath Défaillance  du montage cavo-pulmonaire -
Fontan

Davies RR et al. Semin Thorac Cardiovasc Surg 2011



lMontage 
harmonieux:
lFlux non turbulent

l Kt au moindre doute 
pour dépister toute 
sténose et la traiter:



• Arythmies:
– Moins fréquentes dans les DCPT
• Incidence 60%à connection atriopulmonaire (Fontan) 
• 12% Connection cavopulmonaire (Fontan modifié)

– Oreillette souvent inaccessible à toute ablation
– Maze chirurgical 



Monitorage

l BNP
l Echo
l Drains pleuraux
l Scvo2=Svo2 
l PVC



Echo et Fontan

• Evaluation fonction VU 
– Pas facile
– Hétérogénéité des types de VU
– Indices de fonction « classiques » non validés
• FRS
• Doppler tissulaire
• Strain
• Doppler pulsé Flux veineux pulmonaire

– Intérêt de surveiller la variation de ces indices?



• Drains pleuraux:
– Maintenus le temps qu’il faut+++
– La diminution des épanchements pleuraux signe et 

aide à l’adaptation du montage

Epanchements 
pleuraux

Défaillance 
montage CP

Troubles 
ventilatoires 

RVP



Dysfonc(on DCPT
EYologie

 RVP élevées : 

– Pressions intra thoraciques élevées

– PACO2 élevées - PAO2 basse

– Epanchements intra thoraciques

– Troubles de venYlaYon

– Syndrome alvéolo-intersYYel

Hypovolémie 

– Tachycardie, gradient de température

– P veineuse basse  



Dysfonction DCPT
Conséquences 

– POG et PA basses

– Bas débit systémique

– Hypoxémie

– Troubles du rythme

– Insuffisance rénale (PVC élevée et hypoperfusion 

systémique)

– Risque d’arrêt cardiaque



Troubles du rythme

• Rythme jonctionnel  rapide et rythme atrial atrial ectopique, 

Flutter atrial, Brady arryhtmie par dysfonction du nœud 

sinusal (13 à 16 %), tachyarythmie par réentrées  intra 

atriales.

• De 10 à 50% des patients

• Plus fréquent :

• Age élevé 

• A distance de l’intervention

• Utilisation du tissu atrial 



Traitement
• Baisser les RVP 

– VD pulmonaires : NO, sildénafil, bosentan, prostanoides

– Intérêt du Décubitus ventral

– Ventilation spontanée précoce

• Nava, VNI 

• poumons «safe»

• Améliorer le débit cardiaque

– Inodilatateur : Corotrope - Lévosimendan

– Remplissage optimal

• Relancer la fonction rénale

– Remplissage et diurétiques

– Hémodialyse ou DP précoce



Tout à été parfaitement exécuté et 
pourtant….

• Quid collatérales?
• KT intérêt salle hybride?
– Mesure P: VCS VCI APD APG PTDVG aoasc
Ao desc



Insuffisance circulatoire aigue

• Altération de la fonction ventriculaire:
– PO: élevée
– Fonction VU ETO altérée
àAssistance

• Altération du flux transpulmoanire:
– Gradient trans pulmonaire é PVC é PO ê
– Fonction VU ok
– Chirurgie parfaite
àTake down



Epanchements pleuraux

• Causes ?

• PVC élevées

• Lésions canal  thoracique

• Absence de fenestration

• Sd post péricardiotomie

• Collatérales aorto pulmonaires 

• Facteurs corrélés statistiquement :

• Age < 4 ans, PVC post op et … hiver (virus ?)

• Absence d’UF, de fenestration et HypoVG 

• Durée : > 10 j chez 20 à 45% des pts 



Dysfonction ventriculaire

• Post CEC et clampage aortique
• Effet pompe du ventricule participe au fonctionnement 

du montage
• Risque d’épuisement du ventricule unique
• Support nécessaire
– Relais inotrope IV par IEC
– Intérêt du BNP
– Maintien de la diurèse pour éviter la surcharge 

hydrique => augmentation RVP



Thrombo-embolie

• ExcepYonnelle en post opératoire

• ± 10% thrombus intracardiaque en Echo

• 8% à un an de l’intervenYon et 18% à 10 ans

• Surveillance écho régulière

• Stratégie d’anYcoagulaYon en post-op immédiat 

• Surveillance et apport d’anYthrombine

• Nécessité d’un traitement à vie

• AnYcoagulant et/ou anY aggrégant



A retenir

• Objectifs :

– Volémie ++: PVC 15-18 mmhg

– Positionnement en “V”

– RVP basses: Vasodilatateurs pulmonaires, 
Inodilatateurs

– Poumons sans troubles ventilatoire

– Fonction VU 

– Sevrage ventilatoire rapide 

– Drainage pleural +/- long (temoin de l’adaptation)



Failling Fontan

• Ascite
• Entéropathie exsudative
• Dysfonction ventriculaire

• Kt: 
– Traiter toute cible lésionnelle sur le montage

• Si pas de cible lésionnelle
– Assistance en BTT



Expression clinique d’un failing Fontan

REVIEW ARTICLE

The failing Fontan

T.K. Susheel Kumar1

Received: 7 December 2019 /Revised: 13 January 2020 /Accepted: 28 January 2020
# Indian Association of Cardiovascular-Thoracic Surgeons 2020

Abstract
Nearly 50 years back, Francis Fontan pioneered an operation for tricuspid atresia that bears his name today. The operation has
since undergone numerous modifications and continues to be widely applied to an array of single ventricles. Despite restoring
normal oxygen levels in the body, the operation creates a neoportal system where adequate cardiac output can be generated only
at the expense of increased systemic venous congestion. This results in slow but relentless damage to the end organ systems
especially the liver. Continuous surveillance of the patient to monitor this circulation, that will ultimately fail, is of paramount
importance. Timely medical and cardiac catheterization and surgical intervention can extend the life span of Fontan patients.
Ultimately a change of the hemodynamic circuit in the form of heart transplantation or ventricular assist device will be required to
salvage the failing Fontan circuit.

Keywords Fontan . Operation . Failure . Complications

Introduction

The normal mammalian circulation consists of two ventricular
pumps placed in series. While the left ventricle (LV) provides
the systemic output, the right ventricle (RV) provides a smaller
but vital impetus to the systemic venous blood to overcome
the pulmonary resistance before reentry into the LV (Fig.1). In
early 1940s, Isaac Starr and colleagues described through ex-
periments on dogs that the RV was dispensable as functional
destruction of the RV did not result in significant systemic
venous hypertension [1]. In later part of the same decade,
Rodbard and Wagner demonstrated the feasibility of RV ex-
clusion in dogs by ligation of main pulmonary artery and
anastomosis of right atrium to main pulmonary artery. They
proposed that the vis-a-tergo provided by the LV or the sys-
temic ventricle was sufficient to push the systemic venous
blood across the pulmonary circuit [2]. In the early 1970s,
Francis Fontan and Kreutzer independently used the concept
of the “dispensable RV” to design a new circulation that had
never been witnessed in evolution before [3, 4] . The “Fontan
operation”, as it popularly became known as, launched the era

of surgical treatment of functionally univentricular hearts. In
1977, Chouset outlined the “Ten commandments” for
selecting Fontan candidates [5]. Although the original com-
mandments have undergone modifications, they continue to
serve as guiding criteria for selection of appropriate candidates
for single ventricle palliation. The Fontan operation itself has
also undergone numerous modifications with the extracardiac
Fontan operation being the most widely used design today [6].

Physiology of the Fontan operation

Although the Fontan operation can be performed with very
low mortality today, the morbidity associated with this unique
circulation has become an ever increasing problem [7]. Dr.
Francis Fontan himself predicted the significant attrition asso-
ciated with the new operation over time [8]. The entire prob-
lem of the Fontan operation is related to the lack of the final
push to the venous blood before it enters the lungs. The prob-
lems associated with an unpalliated single ventricle physiolo-
gy are related to the volume overload on the single ventricle
and hypoxia because of the mixing situation. The Fontan op-
eration achieved through staged approach eliminates this dual
problem at the expense of systemic venous congestion (Fig.1).
The Fontan operation essentially creates a neoportal system
where adequate LV loading can happen only at the expense of
raised central venous pressure (CVP) [9]. It is this raised CVP
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Introduction

The normal mammalian circulation consists of two ventricular
pumps placed in series. While the left ventricle (LV) provides
the systemic output, the right ventricle (RV) provides a smaller
but vital impetus to the systemic venous blood to overcome
the pulmonary resistance before reentry into the LV (Fig.1). In
early 1940s, Isaac Starr and colleagues described through ex-
periments on dogs that the RV was dispensable as functional
destruction of the RV did not result in significant systemic
venous hypertension [1]. In later part of the same decade,
Rodbard and Wagner demonstrated the feasibility of RV ex-
clusion in dogs by ligation of main pulmonary artery and
anastomosis of right atrium to main pulmonary artery. They
proposed that the vis-a-tergo provided by the LV or the sys-
temic ventricle was sufficient to push the systemic venous
blood across the pulmonary circuit [2]. In the early 1970s,
Francis Fontan and Kreutzer independently used the concept
of the “dispensable RV” to design a new circulation that had
never been witnessed in evolution before [3, 4] . The “Fontan
operation”, as it popularly became known as, launched the era

of surgical treatment of functionally univentricular hearts. In
1977, Chouset outlined the “Ten commandments” for
selecting Fontan candidates [5]. Although the original com-
mandments have undergone modifications, they continue to
serve as guiding criteria for selection of appropriate candidates
for single ventricle palliation. The Fontan operation itself has
also undergone numerous modifications with the extracardiac
Fontan operation being the most widely used design today [6].

Physiology of the Fontan operation

Although the Fontan operation can be performed with very
low mortality today, the morbidity associated with this unique
circulation has become an ever increasing problem [7]. Dr.
Francis Fontan himself predicted the significant attrition asso-
ciated with the new operation over time [8]. The entire prob-
lem of the Fontan operation is related to the lack of the final
push to the venous blood before it enters the lungs. The prob-
lems associated with an unpalliated single ventricle physiolo-
gy are related to the volume overload on the single ventricle
and hypoxia because of the mixing situation. The Fontan op-
eration achieved through staged approach eliminates this dual
problem at the expense of systemic venous congestion (Fig.1).
The Fontan operation essentially creates a neoportal system
where adequate LV loading can happen only at the expense of
raised central venous pressure (CVP) [9]. It is this raised CVP

* T.K. Susheel Kumar
tksusheelkumar@hotmail.com

1 Department of Cardiothoracic Surgery, New York University, 530
First Avenue, New York, NY 10016, USA

https://doi.org/10.1007/s12055-020-00931-2
Indian Journal of Thoracic and Cardiovascular Surgery (January 2021) 37 (Suppl 1):S82–S90

/Published online: 7 March 2020

help detect subclinical albumin loss before full blown clinical
PLE. The diagnosis of PB is made following detection of an
airway cast either by patient expectoration or bronchoscopic
removal. (MRI) T2–weighted images and lymphangiography
are useful to map the lymphatic channels within the chest or
abdomen [22].

Medical management

As mentioned before the circulatory problem in Fontan circu-
lation is primarily a result of the damming effect of the
neoportal system created by the Fontan operation and not
the heart itself. Hence traditional heart failure therapy may
not be as effective as medications that can lower the resistance
of the Fontan neoportal system [9]. Medical management of
the failing Fontan should begin with a search for anatomical
structural abnormality or arrhythmias that may be amenable to
intervention. Examples of structural problems include atrio-
ventricular valve insufficiency, pulmonary venous obstruc-
tion, and Fontan baffle obstruction. Surgical correction of
these defects increases the efficiency of the Fontan circulation.
Atrioventricular synchrony is crucial for optimal Fontan func-
tion, and therefore arrhythmias should be controlled and pace-
maker therapy initiated when necessary. Cardiac catheteriza-
tion is useful to rule out the presence of significant
aortopulmonary collaterals which can lead to volume
overloading of the single ventricle. Cardiac catheterization is
also recommended when there is significant arterial
desaturation to rule out presence of venovenous collaterals

from systemic veins to pulmonary veins, pulmonary arterio-
venous malformations, or baffle leaks.

Ventricular dysfunction

For patients with severe ventricular dysfunction, intravenous
phosphodiesterase inhibitors such as Milrinone may be used
in an acute setting. Phosphodiesterase inhibitors provide
lusitropy, inotropy, and vasodilation that benefit the failing
Fontan circulation [23]. Intravenous Milrinone has also been
used in patients with chronic ventricular dysfunction. Patients
with failing Fontan have elevated levels of renin, aldosterone,
and angiotensin which contribute to elevated pulmonary and
systemic resistances which in turn result in higher ventricular
end diastolic pressures and low cardiac output [24].
Angiotensin-converting enzyme (ACE) inhibitors are hence
used for patients with failing Fontan circulation [25]. For the
same reason, aldosterone antagonists such as spironolactone
may be beneficial for failing Fontan physiology. Increased
sympathetic nervous system activity due to chronic heart fail-
ure can further worsen cardiovascular function through
prolonged adrenergic activation. Beta blockers that inhibit
neurohumoral activation are hence combinedwith ACE inhib-
itors although there is limited data on the beneficial effects of
beta blockers in the pediatric age group. Nesiritide, a recom-
binant beta type natriuretic peptide that is structurally and
functionally similar to brain natriuretic peptide, has also been
used for heart failure in patients with failing Fontan [25].

Table 1 Clinical manifestations
of failing Fontan. Constitutional • Growth failure

• Exercise intolerance

• Mental depression

Hemodynamic • Chronically raised central venous pressure

• Systemic outflow tract obstruction, e.g., aortic arch obstruction

• Systemic atrioventricular valve regurgitation

• Ventricular systolic/diastolic dysfunction

• Thrombosis of the Fontan pathway

Heart rhythm • Arrhythmias such as sinus node dysfunction, junctional rhythm, supraventricular
tachycardia and ventricular tachycardia.

Pulmonary • Cyanosis from venovenous collaterals and pulmonary arteriovenous malformations.

• Pleural effusions

• Plastic bronchitis

Gastrointestinal
tract

• Ascites from portal hypertension and cirrhosis

• Protein losing enteropathy

Metabolic • Low albumin

• Coagulopathy

• Hyperbilirubinemia

• Thrombocytopenia
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THE FONTAN FAILURE

• Stratégie thérapeutique:

• Transplantation cardiaque

• Assistance pour rendre 
éligible à la Tx



Assistance du Failing Fontan

Fontan : LVAD  à débit pulsé
• VU atrésie tricupside

– A 11 ans : Fontan avec plastie de la valve 
systémique

– A 25 ans conversion en DCPT

• Défaillance post-opératoire avec arrêt cardiaque

– A J10 : liste de transplantation

• LVAD (Thoratec)

– Retour à domicile 

• + 5 mois : transplantation, + 1 an : NYHA I

LVAD  à débit continu
• VU atrésie mitrale

– 3 ans : Fontan fenestré

– 15 ans : décompensation du VU avec 

entéropathie exsudative

– Pression cavo-pulmonaire : 30 mmHg, 

RVP 1,9 UW, PAPO 22 mmHg

• LVAD (Heart Mate II)

– Retour à domicile

– Diminution de l’entéropathie

• Transplantation à J 72

Newcomb AE et al. J Heart  Lung Transpl. March 2006 Morales DLS et al. JTCS September 2011



Cavopulmonary Assist: (Em)powering the
Univentricular Fontan Circulation
Mark D. Rodefeld,a Steven H. Frankel,b and Guruprasad A. Giridharanc

Since the Fontan/Kreutzer procedure was introduced, evolutionary clinical advances via a
staged surgical reconstructive approach have markedly improved outcomes for patients
with functional single ventricle. However, significant challenges remain. Early stage mor-
tality risk seems impenetrable. Serious morbidities – construed as immutable conse-
quences of palliation – have hardly been addressed. Late functional status is increasingly
linked to pathophysiologic consequences of prior staged procedures. As more single-
ventricle patients survive into adulthood, Fontan failure is emerging as an intractable
problem for which there is no targeted therapy. Incremental solutions to address these
ongoing problems have not had a measurable impact. Therefore, a fundamental reconsid-
eration of the overall approach is reasonable and warranted. The ability to provide a modest
pressure boost (2 to 6 mmHg) to existing blood flow at the total cavopulmonary connection
can effectively restore more stable biventricular status. This would impact not only treat-
ment of late Fontan failure, but also facilitate early surgical repair. A realistic means to
provide such a pressure boost has never been apparent. Recent advances are beginning to
unravel the unique challenges that must be addressed to realize this goal, with promise
to open single-ventricle palliation to new therapeutic vistas.
Semin Thorac Cardiovasc Surg Pediatr Card Surg Ann 14:45-54 © 2011 Elsevier Inc. All
rights reserved.

Perspective

The idealistic notion of powering the Fontan circulation is
not necessarily a new one.1 Early reports of experimental

and clinical attempts to bypass the right heart laid the foun-
dation for successful staged surgical palliation of functional
single ventricle.2 It was known then that a pressure gradient
of only 6 mmHg was needed to propel blood from the pul-
monary artery through the lungs.3 From these reports, it can
be inferred that complete bypass of the right heart as a pri-
mary, direct intervention was nearly accomplished. With in-
corporation of the right atrium as a low-energy right-sided

power source, it ultimately was. Using a right-sided power
source to supplement a univentricular Fontan circulation is
highly compelling: it would biventricularize it toward more
stable 2-ventricle physiology. This could serve not only to
stabilize an existing Fontan circulation, but also serve in di-
rect Fontan conversion as a facilitator for stable systemic
transition to an unsupported Fontan.

Because a safe and reliable method to provide right-sided
circulatory support in the Fontan total cavopulmonary connec-
tion (TCPC) has never been apparent, this concept has been
largely relegated to the realm of wistful speculation. However,
this may be about to change. Concepts are emerging that ad-
dress in earnest how right-sided circulatory support may be
reasonably applied to power the Fontan. The ability to provide a
modest pressure boost within the Fontan venous pathway, tem-
porarily or permanently, is a tremendous opportunity to resolve
many of the serious problems in the current staged palliative
approach and to improve treatment of late Fontan failure.

Intractable Problems
in the Current Approach
Unlike most congenital heart defects, contemporary out-
comes for repair of functional single ventricle remain bench-
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tential. It provides low-pressure, high-volume flow similar to
normal right ventricular hemodynamics. There is no back-
pressure elevation in the opposing systemic venous territory.
By expanding the impeller within the central vessels, rota-
tional rates are lowered substantially, reducing fluid shear,
hemolysis potential, and thrombogenicity risk. A high degree
of fluid slip will reduce risk of vein collapse and cavitation

because of inlet suction, and avoid excessive downstream
pressure and perfusion lung injury. The impeller can be
modified (geometric asymmetry or differential surface vane
expression) to accommodate split differential venous inflow
rates. Cavopulmonary assist is fully compatible with the ex-
isting staged paradigm. It does not require any surgical mod-
ification of existing Fontan pathways. It applies to a 3-way
“T” (stage II) and a 4-way “t” (stage III) cavopulmonary con-
nection. Placed similar to a central venous catheter, a percu-
taneous support option for patients with failing Fontan cir-
culation will have extraordinary therapeutic value not only to
surgeons, but also to cardiologists and critical care physicians
who care for these patients.

Forward Looking Considerations
The availability of a right-sided mechanical circulatory sup-
port device specific to univentricular Fontan circulations will
improve the approach to Fontan conversion in the short term
and Fontan maintenance in the long term (Table 3). Research
currently in progress is making this a more realistic possibil-
ity.

Support of Failing Fontan
First clinical application of cavopulmonary assist is most
likely to occur in adult patients with failing Fontan physiol-
ogy. The ability to percutaneously temporize their circulatory
insufficiency by simultaneously off-loading systemic venous
pressure, and improving preload and cardiac output will, for
the first time ever, provide a targeted therapy for failing Fon-
tan. This mode of therapy may also be useful in patients listed
for transplant by improving their status for transplant once a
donor organ becomes available.

In patients undergoing surgical repair in the existing par-
adigm, cavopulmonary assist may help to bridge them
through early Fontan failure in the perioperative period to
directly address the sequelae of elevated systemic venous
pressure and low cardiac output. These marginal patients are

Figure 2 Von Karman viscous pump. Left, Fluid is induced to rotate
by disc rotation, resulting in radial outflow. The outgoing fluid is
replaced by inflow from the axial field. Right, On both sides of the
disk, this results in opposed axial (vena caval) inflow and orthogo-
nally opposed (pulmonary arterial) outflow.

Figure 3 Viscous impeller pump in the 4-way TCPC junction. As a
rotary pump, a catheter-based biconical impeller, with a cage to
center the impeller and protect the vessel wall, will augment TCPC
inflow and outflow in all four limbs at ideal pressure. As a static
implant, it will reduce turbulent kinetic energy loss.

Table 3 Therapeutic Potential of Cavopulmonary Assist

Existing paradigm:
● Adult failing Fontan

– Bridge-to-recovery
– Bridge-to-transplant

● Stage-2 and -3 repair
● Stabilization after repair
● Destination therapy: the “biventricular Fontan”
● Static percutaneous implant
● Passive flow optimization

New paradigm:
● Combined Stage 2-3

– One-stage Fontan conversion
● Combined Stage 1-2

– Norwood (no shunt) ! Glenn
● Combined Stage 1-3

– Neonatal Fontan
● Support for other hybrid approaches

– Percutaneous Fontan completion
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Optimization of
Passive TCPC Flow
In a Fontan circulation, any potential for pressure loss in the
low-pressure right-sided circulation is of critical importance.
It may exist as anatomic pressure loss across the TCPC (2 to
5 mmHg), or physiologic pressure loss across the pulmonary
capillary bed (5 to 8 mmHg). Pressure loss at each level is
potentially modifiable. A goal of minimizing both is tanta-
mount to best achievable Fontan circulatory status. Seem-
ingly minor improvement in dissipative energy loss can
translate to major improvement in hemodynamic status. This
is supported clinically by Fontan conversion from an atrio-
pulmonary to a TCPC connection, where 2 to 6 mmHg gain
in right-sided hydraulic energy improves functional status
considerably.

The TCPC has been long recognized as a target for flow
optimization strategies to minimize pressure loss. It is a
4-way flow path with bidirectional and orthogonally related
inflow and outflow channels. Relatively significant power
loss (2 to 6 mmHg) occurs in this low-pressure environment
because of colliding and recirculating flow. Computational
fluid dynamic studies have been used to investigate anatomic
optimization of the Fontan venous pathway. Various optimi-
zations have been proposed. In summary, these consist of
either a) lateral or b) antero-posterior offset of the vena caval
axes (optimal, !20% diameter) where they connect to the
TCPC junction.21,22 This basically averts a head-on collision
of inflow streams, and reduces turbulent energy loss. Exces-
sive vena caval offset ("50% diameter) negates any hydraulic
benefit of partial offset and induces disparate pulmonary
blood flow distribution and risk of arteriovenous malforma-
tion because of maldistribution of hepatic venous efflux.

Recently, more aggressive modifications of the Fontan ve-
nous pathway have been proposed. These include vena caval
splitting surgeries (principally IVC), branched synthetic con-
duits, and flow splitting devices sutured into the midst of the
TCPC junction.23,24 The IVC is a principal target because it
comprises the majority of systemic venous return in the adult
(70%), and because the majority of late Fontan morbidities
arise from the IVC distribution. Although the hydraulic ben-

efit of streamlining TCPC flow is intuitive, the magnitude of
pressure relief and the practicalities of surgical reconstruc-
tion in the low-pressure TCPC pathways remain to be re-
solved in clinical practice.

Powering the Fontan
We have focused on adding hydraulic energy to existing
TCPC flow early or late after Fontan repair.19,20 A cavopul-
monary assist pump would serve as a low energy input
“primer” for the primary pump (single ventricle), rather than
as a primary pump per se. This is identical to the essential
function of the right ventricle in a normal biventricular cir-
culation. The biomechanical requirements for a pump to
augment flow in the complex 4-way geometry and unique
physiologic environment of a TCPC are unlike any other
circulatory support application (Table 2); no such pump cur-
rently exists. Extravascular devices are not a good consider-
ation. The inflow/outflow cannulation issues are complex,
and recirculation in the open-channel Fontan venous path-
way cannot be reasonably prevented short of taking down the
Fontan connection.

A catheter-based intravascular device that utilizes the ex-
isting Fontan venous pathway is a much more attractive op-
tion. The TCPC is favorable for intravascular support because
of its relatively straight longitudinal axis and non-compliant,
noncontractile walls. The ideal device must support flow in a
3-way or 4-way geometry with a double inlet, double outlet
flow pattern. It should not be obstructive under any circum-
stance, rotating or stationary. As little as 2 to 6 mmHg ob-
struction in the venous pathway has grave consequences. It
must deliver low-pressure, high-volume flow similar to nor-
mal right ventricular hemodynamics. Confirmed in animal
studies, optimum pressure is 6 mmHg in mature and 8
mmHg in newborn (healthy) animals.19,20,25,26 The device
should also be capable of higher performance range, up to 30
mmHg, in the event of increased pressure head (pulmonary
hypertension). Conversely, it is just as vitally important that
it perform well and with minimal risk of thrombogenicity at
very low pressure and flow rates prior to withdrawal. It must

Figure 1 Cavopulmonary assist. Pump placement at the level of the TCPC reduces systemic venous pressure and
improves single-ventricle filling, thereby reproducing normal 2-ventricle physiology. SV, single ventricle; SVC, supe-
rior vena cava; IVC, inferior vena cava; PA, pulmonary artery.
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optimization strategies to minimize pressure loss. It is a
4-way flow path with bidirectional and orthogonally related
inflow and outflow channels. Relatively significant power
loss (2 to 6 mmHg) occurs in this low-pressure environment
because of colliding and recirculating flow. Computational
fluid dynamic studies have been used to investigate anatomic
optimization of the Fontan venous pathway. Various optimi-
zations have been proposed. In summary, these consist of
either a) lateral or b) antero-posterior offset of the vena caval
axes (optimal, !20% diameter) where they connect to the
TCPC junction.21,22 This basically averts a head-on collision
of inflow streams, and reduces turbulent energy loss. Exces-
sive vena caval offset ("50% diameter) negates any hydraulic
benefit of partial offset and induces disparate pulmonary
blood flow distribution and risk of arteriovenous malforma-
tion because of maldistribution of hepatic venous efflux.

Recently, more aggressive modifications of the Fontan ve-
nous pathway have been proposed. These include vena caval
splitting surgeries (principally IVC), branched synthetic con-
duits, and flow splitting devices sutured into the midst of the
TCPC junction.23,24 The IVC is a principal target because it
comprises the majority of systemic venous return in the adult
(70%), and because the majority of late Fontan morbidities
arise from the IVC distribution. Although the hydraulic ben-

efit of streamlining TCPC flow is intuitive, the magnitude of
pressure relief and the practicalities of surgical reconstruc-
tion in the low-pressure TCPC pathways remain to be re-
solved in clinical practice.

Powering the Fontan
We have focused on adding hydraulic energy to existing
TCPC flow early or late after Fontan repair.19,20 A cavopul-
monary assist pump would serve as a low energy input
“primer” for the primary pump (single ventricle), rather than
as a primary pump per se. This is identical to the essential
function of the right ventricle in a normal biventricular cir-
culation. The biomechanical requirements for a pump to
augment flow in the complex 4-way geometry and unique
physiologic environment of a TCPC are unlike any other
circulatory support application (Table 2); no such pump cur-
rently exists. Extravascular devices are not a good consider-
ation. The inflow/outflow cannulation issues are complex,
and recirculation in the open-channel Fontan venous path-
way cannot be reasonably prevented short of taking down the
Fontan connection.

A catheter-based intravascular device that utilizes the ex-
isting Fontan venous pathway is a much more attractive op-
tion. The TCPC is favorable for intravascular support because
of its relatively straight longitudinal axis and non-compliant,
noncontractile walls. The ideal device must support flow in a
3-way or 4-way geometry with a double inlet, double outlet
flow pattern. It should not be obstructive under any circum-
stance, rotating or stationary. As little as 2 to 6 mmHg ob-
struction in the venous pathway has grave consequences. It
must deliver low-pressure, high-volume flow similar to nor-
mal right ventricular hemodynamics. Confirmed in animal
studies, optimum pressure is 6 mmHg in mature and 8
mmHg in newborn (healthy) animals.19,20,25,26 The device
should also be capable of higher performance range, up to 30
mmHg, in the event of increased pressure head (pulmonary
hypertension). Conversely, it is just as vitally important that
it perform well and with minimal risk of thrombogenicity at
very low pressure and flow rates prior to withdrawal. It must

Figure 1 Cavopulmonary assist. Pump placement at the level of the TCPC reduces systemic venous pressure and
improves single-ventricle filling, thereby reproducing normal 2-ventricle physiology. SV, single ventricle; SVC, supe-
rior vena cava; IVC, inferior vena cava; PA, pulmonary artery.
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tion in the low-pressure TCPC pathways remain to be re-
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We have focused on adding hydraulic energy to existing
TCPC flow early or late after Fontan repair.19,20 A cavopul-
monary assist pump would serve as a low energy input
“primer” for the primary pump (single ventricle), rather than
as a primary pump per se. This is identical to the essential
function of the right ventricle in a normal biventricular cir-
culation. The biomechanical requirements for a pump to
augment flow in the complex 4-way geometry and unique
physiologic environment of a TCPC are unlike any other
circulatory support application (Table 2); no such pump cur-
rently exists. Extravascular devices are not a good consider-
ation. The inflow/outflow cannulation issues are complex,
and recirculation in the open-channel Fontan venous path-
way cannot be reasonably prevented short of taking down the
Fontan connection.

A catheter-based intravascular device that utilizes the ex-
isting Fontan venous pathway is a much more attractive op-
tion. The TCPC is favorable for intravascular support because
of its relatively straight longitudinal axis and non-compliant,
noncontractile walls. The ideal device must support flow in a
3-way or 4-way geometry with a double inlet, double outlet
flow pattern. It should not be obstructive under any circum-
stance, rotating or stationary. As little as 2 to 6 mmHg ob-
struction in the venous pathway has grave consequences. It
must deliver low-pressure, high-volume flow similar to nor-
mal right ventricular hemodynamics. Confirmed in animal
studies, optimum pressure is 6 mmHg in mature and 8
mmHg in newborn (healthy) animals.19,20,25,26 The device
should also be capable of higher performance range, up to 30
mmHg, in the event of increased pressure head (pulmonary
hypertension). Conversely, it is just as vitally important that
it perform well and with minimal risk of thrombogenicity at
very low pressure and flow rates prior to withdrawal. It must
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Fontan : RVAD  à débit 
pulsé

• VU atrésie triscupide
– A 10 ans : Fontan 
– A 27 ans : conversion en DCPT

• + 16 s : défaillance multiviscérale
– Entéropathie avec fuite protéique
– Ascite : 12 l
– Pression cavo-pulmonaire 30 mmHg
– Fonction VU conservée

• RVAD : assistance cavo-pulmonaire
• + 13 mois : 

– Transplantation cardiaque
– Bonne évolution PAP basse

Prêtre R et al. Ann Thorac Surg 86 
2008
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Patient status at implantation*
All failing Fontan patients ineligible for HTX

63

Pa#ent no. 1 2 3 4

Age,   BSA  17 yrs,   1.32 m2,   12 yrs,   1.29 m2,   16 yrs,   1.20 m2,   22 yrs,   1.32 m2,   

Gender male male male male

Fontan
associated 
Complications

PLE, ascites, FALD, massive 
sarcopenia, lung congestion, 

peripheral edema, heterogenous
liver parenchyma, hepatic vein

dilatation

PLE, ascites, FALD, sarcopenia, 
segmental alterations, ascites, 

elevated venous pressure, renal 
disease, pleural effusions, lung 

congestion

PLE, FALD PLE, massive ascites, advanced 
FALD, sarcopenia, massive ascites, 

large abdominal wall + inguinal 
herniae, hypogammaglobu- 
liemia, mild kidney disease

NYHA Class III IV IV IV
CVP 25-28 25-30 25 28

Catechol./Levo + + +

EXCOR VAD Sub-pulmonary Sub-pulmonary + SVAD [BVAD] Sub-pulmonary + SVAD [BVAD] Sub-pulmonary + SVAD [BVAD]

Zimpfer D, et al., ASAIO Journal; 2022,modified



Patient no. 1 2 3 4

Improvement CVP normal
NYHA II
No PLE

no Ascites
Liver function normal

CVP normal
NYHA II
No PLE

no Ascites
Liver function normal

CVP normal
No PLE

Ascites -80%
Liver recovering

CVP normal
PLE --

Ascites --

Mobilized on
EXCOR Active

57 days post OP 22 days post OP 29 days post OP 40 days post OP

Listed for HTx after 110 days after 187 days n/a after 191 days

Time on device (d) 132 421 51 274

Mobilized +++ +++ + +++

Outcome HTx HTx Deceased
Not device related

HTx

Postoperative course*
All failing Fontan patients ineligible for HTX 

64Zimpfer D, et al., ASAIO Journal; 2022,modified



Défaillance 
VU

Défaillance
Montage

• PTDVU >15mmhg
• RVP normales
• P Oreille7e élevée

• Dysfonc=on VU

• VAD  systémique• PTDVU < 3 mmhg
• PAP >15mmhg
• P Oreillette basse

• PTDVU > 3 mmhg
• ↗↗IC
• ↗P syst
• ↗PAM

Dysfonction VU & montage

BI VAD

• PTDVU basse
• RVP élevées
• P Oreillette basse

• Dysfonc=on montage

• VAD sous pulmonaire

• PTDVU < 13 mmhg
• ↗↗IC
• ↗P syst
• P oreillete normale

• PTDVU > 13 mmhg
• Pression syst basse
• P Oreillette élevée

FAILING 
FONTAN


