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ABSTRACT

Objective: Fontan circulation maintains preload and cardiac output by reducing
venous capacitance and increasing central venous pressure (CVP). The resultant
congestive end-organ damage affects patient prognosis. Therefore, a better circu-
latory management strategy to ameliorate organ congestion is required in patients
with Fontan circulation. We sought to verify whether aggressive arterial and venous
dilation therapy in addition to pulmonary dilation (super-Fontan strategy) can
improve Fontan circulation and reduce congestion.

Methods: Patients after Fontan surgery who received the super-Fontan strategy in
a single center were recruited. Participants were examined using medical records
between 2010 and 2018. We retrospectively analyzed the changes in hemodynamics
at rest and during treadmill exercise before and after the introduction of this
therapy.

Results: The therapy significantly increased venous capacitance (3.21 � 1.27 mL/kg/
mm Hg to 3.79� 1.30 mL/kg/mm Hg, P¼ .017) and decreased total pulmonary resis-
tance, leading to significantly reduced CVP (11.7 � 2.4 mm Hg to 9.7 � 2.2 mm Hg,
P<.001) and increased cardiac index (CI) (3.09� 1.01 L/min/m2 to 3.54� 1.19 L/min/
m2, P¼ .047). Furthermore, this strategy significantly reduced the elevations in CVP
(19.6� 5.3 mm Hg to 15.4� 2.7 mm Hg, P¼ .002) with preserved CI in response to
exercise. CVP at rest and during exercise was significantly positively correlated with
serum markers of hepatic congestion and fibrosis, respectively.

Conclusions: The super-Fontan strategy is a therapy that turns the heart failure
condition of Fontan circulation into a more physiological condition. However,
whether the strategy improves long-term prognosis warrants further studies.
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CENTRAL MESSAGE

The adaptive mechanism that
maintains a high central venous
pressure (CVP) causes chronic
complications after Fontan sur-
gery. The super-Fontan strategy
reduces the elevation of CVP.
PERSPECTIVE
CVP at rest and during exercise is significantly
correlated with the serum markers of hepatic
congestion and fibrosis, respectively. Because
high CVP is a key driver of organ dysfunction
due to chronic congestion, the super-Fontan
strategy may help delay or prevent long-term
complications in patients with Fontan circulation.
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VIDEO 1. Summary of The Super-Fontan Strategy. #4 slide is re-used

from our previous publication in JTCVS with a permission from Elsevier

publisher.10 Video available at: https://www.jtcvs.org/article/S2666-

2736(22)00298-4/fulltext.

Abbreviations and Acronyms
ACEI ¼ angiotensin-converting enzyme inhibitor
ARB ¼ angiotensin type II receptor blocker
BP ¼ blood pressure
BV ¼ blood volume
CI ¼ cardiac index
Cv ¼ venous capacitance
CVP ¼ central venous pressure
HR ¼ heart rate
MCP ¼ mean circulatory filling pressure
NO ¼ nitric oxide
PVP ¼ peripheral venous pressure
Rp ¼ pulmonary vascular resistance
Rs ¼ systemic vascular resistance
TPR ¼ total pulmonary resistance

Ishikawa et al Congenital: Fontan
Video clip is available online.

Reducing venous capacitance (Cv) by constricting the
venous vasculature is an important adaptive mechanism to
maintain ventricular preload and thereby the cardiac output
in Fontan circulation, in which the pulmonary ventricle is
lacking.1-4 However, this adaptation inevitably causes
elevations in central venous pressure (CVP) both at rest
and under volume loading conditions,5 leading to end-
organ congestion6-8 and ultimately irreversible damages
during a long period after Fontan surgery.9 We have previ-
ously demonstrated that chronically antagonizing this adap-
tive mechanism during the first year after Fontan surgery
through the aggressive dilation of the systemic veins and ar-
teries, while optimizing pulmonary vascular resistance (Rp)
and cardiac function (super-Fontan strategy), lowers CVP
levels beyond those expected for “normal” Fontan circula-
tion and close to those of the normal 2-ventricle circulation.2

In the present study, we further tested the generality of the
efficacy of this strategy by introducing it to patients who
had undergone Fontan surgery several years previously. In
addition, because it is potentially important to suppress
venous congestion during exercise, when CVP can increase
much more than at rest with preload mobilization, we also
tested the effects of the super-Fontan strategy on exercise
hemodynamics. We hypothesized that the super-Fontan
strategy can improve chronic Fontan hemodynamics by
increasing Cv and optimizing the systemic and pulmonary
circulation not only at rest but also during exercise.

METHODS
Among the 52 patients who were followed up at the outpatient clinic at

Saitama Medical Center after Fontan surgery, we retrospectively analyzed

those who received the super-Fontan strategy using medical records from
April 2010 to February 2018. Patients who had already received the

super-Fontan strategy just after the Fontan completion were excluded. Iso-

sorbide dinitrate (Frandol tape: 0.8-2.5 mg/kg; Katakura, TOA EIYO LTD)

was administered once daily to increase the Cv. The angiotensin-converting

enzyme inhibitor (ACEI) enalapril (0.1-0.2 mg/kg) was concurrently

administered to those who were not taking an ACEI or an angiotensin

type II receptor blocker (ARB). These medications were titrated and

adjusted during the outpatient follow-up, and the presence of their side ef-

fects was carefully monitored, especially in those associated with hypoten-

sion. Medications for maintaining a low Rp and ventricular contractility, if

needed (targeting an ideal Rp of at least less than 2 Rum2 and ejection frac-

tion of more than 50%), were also administered.

Changes inhemodynamics, includingCVP, bloodpressure (BP), heart rate

(HR), cardiac index (CI),meancirculatoryfillingpressure (MCP), circulatory

blood volume (BV), and Cvwere examined before and after the introduction

of this therapy.We evaluatedCVPandMCPusingperipheral venous pressure

(PVP), as previously reported.10 To summarize, CVP was estimated accord-

ing to the known relationship between CVP and PVP,10 and MCP was

measured as equilibrated PVP during rapid inflation of a BP cuff to

200mmHg (Video1).CI andBVwere calculated using the dye-dilution tech-

nique (DDG analyzer; Nihon Kohden) with injection of indocyanine green

(0.4 mg/kg). The DDG analyzer provided an accurate and reproducible

time course of the blood concentration of the injected indocyanine green.11

Thereafter, Cv was calculated by dividing the BV by the MCP. Systemic

vascular resistance (Rs) was computed as mean BP minus CVP divided by

CI. The total pulmonary resistance (TPR), which incorporates both Rp and

ventricular diastolic function, was also calculated as CVP divided by CI.

In addition to the hemodynamic changes at the resting condition, we

also evaluated the effects of the super-Fontan strategy on dynamic changes

in Fontan hemodynamics during treadmill exercise testing before and after

the induction of the therapy. In addition to changes in BP and HR, changes

in CVPwere estimated by continuously monitoring PVP, and changes in CI

were continuously measured using impedance cardiography (AESCULON

mini; Osypka Medical), which provides instantaneous CI values.12,13

Treadmill exercise testing was performed according to a modified Bruce

protocol at our institution: 30 seconds for each stage, considering that chil-

dren tend to stop exercise because of lower-extremity fatigue before reach-

ing their maximum cardiopulmonary functional capacity. CVP changes

during exercise have not been well recognized in patients with Fontan cir-

culation. Therefore, to better understand the effects of the super-Fontan

strategy on hemodynamic changes during exercise in patients with Fontan

circulation, changes in hemodynamics during treadmill exercise with the

same protocol in patients with isolated paroxysmal ventricular contraction

but with normal cardiac function were analyzed as control data and

compared with the data of patients with Fontan circulation.
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TABLE 1. Characteristics of patients who received the super-Fontan strategy

Characteristics Pre–super-Fontan Post–super-Fontan N, mean ± SD, P value

n 30

Sex (male:female) 21:9

Age, y

Fontan surgery 2.8 � 1.2

Evaluation before the super-Fontan strategy 8.9 � 4.4

Introduction of the super-Fontan strategy 9.1 � 4.4

Evaluation after the super-Fontan strategy 11.4 � 4.4

Underlying disease, n

Single left ventricle 3

Single right ventricle 12

Tricuspid atresia 3

Pulmonary atresia/intact septum 6

Hypoplastic left heart syndrome 3

Others 3

Asplenia/polysplenia 6/1

Fenestration 22 (73) 20 (67) .57

Medications, n (%)

Diuretics 18 (60) 20 (67) .592

ACEI/ARB 22 (73) 29 (97) .011

b-Blockers 11 (36) 12 (40) .822

Pulmonary dilators 25 (83) 27 (90) .448

Bosentan, mg/kg/d 16 (4.0 � 0.7) 14 (4.1 � 0.7)

Macitentan, mg/kg/d 5 (0.19 � 0.02) 9 (0.21 � 0.03)

Sildenafil, mg/kg/d 1 (3.5) 1 (3.7)

Tadalafil, mg/kg/d 18 (1.1 � 0.2) 20 (4.0 � 0.7)

Digoxin 2 (7) 2 (7) 1.000

Warfarin/aspirin 28 (93) 30 (100) .150

Antiarrhythmics 2 (7) 2 (7) 1.000

Nitrates 0 (0) 30 (100) <.001

SD, Standard deviation; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin type II receptor blocker.
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The institutional review board or equivalent ethics committee of the

Saitama Medical Center (no. 2360, June 4, 2020) and the International

University of Health and Welfare (no. 20-Nr-097, March 31, 2021)

approved the study protocol and publication of data. The patients provided

informed written consent for the publication of the study data.

Statistical Analysis
Data are summarized as mean� standard deviation. Data before and af-

ter the super-Fontan strategy were compared by performing the paired

t test, and data between the patients with Fontan circulation and controls

during exercise were compared using the unpaired t-test.

RESULTS
We found 30 patients who received the super-Fontan

strategy more than a year after the Fontan surgery, and
they were enrolled in this study. The patient characteristics
are summarized in Table 1. The mean time since surgery for
the patients who received the super-Fontan strategy was
6.6 � 4.3 years. Enalapril or an ARB (candesartan) had
already been prescribed in 22 patients (73%). Thus, enalap-
ril was added for the remaining patients, except for 1 patient
with allergic reactions to enalapril and candesartan. Table 2
summarizes the effects of the super-Fontan strategy on
390 JTCVS Open c September 2022
resting hemodynamics. CVP and BP significantly decreased
without changes in HR (78.7 � 16.0 beats per minute vs
80.4 � 17.1 beats per minute, P ¼ .816). CI and oxygen
saturation also significantly improved after the induction
of the super-Fontan strategy. These hemodynamic improve-
ments were accompanied by changes in venous characteris-
tics, represented by a significant increase in Cv. In addition,
TPR was also significantly reduced after the therapy,
whereas Rs showed a borderline reduction.

Table 3 summarizes the characteristics of both Fontan
(n¼ 25) and control (n¼ 28) patients who performed tread-
mill exercise testing. The ages were similar between the 2
groups. As expected, CI was lower and CVP was greater in
patients with Fontan circulation than in controls. The
maximum exercise stage was significantly lower in patients
with Fontan circulation before the initiation of the therapy
than in controls. As shown in Figure 1, patients with Fontan
circulation showed an augmented increase in CVP
(18.9 � 4.1 mm Hg vs 11.1 � 2.2 mm Hg, P < .001)
compared with control patients at peak exercise despite a
significantly lower maximum exercise stage. BP also showed



TABLE 2. Hemodynamic changes with the super-Fontan strategy

Pre- Post- P value

CVP, mm Hg 11.7 � 2.4 9.7 � 2.2 <.001

mBP, mm Hg 73.5 � 14.1 67.8 � 9.8 .009

HR, bpm 78.7 � 16.0 80.4 � 17.1 .816

CI, L/min/m2 3.09 � 1.01 3.54 � 1.19 .047

SpO2, % 87.7 � 7.9 91.4 � 5.3 <.001

BV, mL/kg 92.0 � 22.7 101.9 � 33.5 .328

Cv, mL/kg/mm Hg 3.21 � 1.27 3.79 � 1.30 .017

MCP, mm Hg 29.6 � 12.7 27.8 � 7.8 .088

TPR, RUm2 4.28 � 1.65 2.92 � 0.93 .006

Rs, RUm2 22.3 � 8.7 17.0 � 6.4 .078

CVP, Central venous pressure; mBP, mean blood pressure; HR, heart rate; bpm, beats per minute; CI, cardiac index; SpO2, oxygen saturation; BV, blood volume; Cv, venous

capacitance; MCP, mean circulatory filling pressure; TPR, total pulmonary resistance; Rs, systemic vascular resistance.
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an augmented increase (130.8 � 9.5 mm Hg vs
94.4 � 16.6 mm Hg, P ¼ .021). CI and HR were lower
throughout all exercise stages in patients with Fontan circula-
tion than in control patients. In 18 patients with Fontan circu-
lation, treadmill exercise testing was repeated after the super-
Fontan strategy was introduced. As summarized in Table 4,
the super-Fontan strategy significantly reduced the elevations
in CVP, BP, and HR with preserved CI in response to tread-
mill exercise, and tended to increase the maximum exercise
stage (P¼ .051). More importantly, CVP increase during ex-
ercise was significantly and negatively correlated with
changes in Cv (Figure 2) but not with Rp, suggesting that ve-
nodilation effectively reduced CVP not only at rest but also
during exercise when the preload volume was mobilized.

Figure 3 shows the relationship between CVP and
markers of liver function in Fontan patients. CVP at rest
was significantly positively correlated with gamma-
glutamyl transpeptidase, an index of hepatic congestion,
whereas maximum CVP during exercise was significantly
and positively correlated with a liver fibrosis marker (type
4 collagen 7S).
TABLE 3. The characteristics of patients with Fontan circulation (before

treadmill exercise testing

Fontan (n ¼ 25) (pre–super-Fontan

Sex (male:female) 19:6

Age, y 10.1 � 3.7

Hemodynamics at rest

CVP, mm Hg 10.3 � 1.6

BP systolic, mm Hg 111 � 13

BP diastolic, mm Hg 64 � 11

CI, L/min/m2 2.91 � 0.71

Max stage, treadmill 4.5 � 1.4

CVP, Central venous pressure; BP, blood pressure; CI, cardiac index.
This therapy did not result in any major complications,
including hypotension, arrhythmia, or heart failure, except
in 2 patients who complained of headaches only at the initi-
ation of the therapy.

DISCUSSION
The present study investigated the effects of aggressive

arterial and venous dilation therapy in addition to pulmonary
dilation therapy (86% of patients before the therapy and
90% after the therapy were taking a pulmonary dilator), or
the super-Fontan strategy, on chronic Fontan circulation
both at rest and during exercise. We found that (1) the ther-
apy, introduced in patients about 10 years after the Fontan
surgery, effectively loweredCVPwith improvement of other
hemodynamic variables; (2) patientswith Fontan circulation
exhibited exaggerated increases in CVP andBP during exer-
cise compared with age-matched control participants; (3)
the super-Fontan strategy effectively suppressed CVP, BP,
and HR elevations during exercise while preserving the
peak exercise level and CI; and (4) CVP at rest and during
exercise significantly correlated with serum markers of
the initiation of the therapy) and the control patients who underwent

) Control (n ¼ 28) (biventricle) P value

17:11 .234

11.6 � 4.7 .209

6.1 � 1.2 <.001

109 � 13 .540

60 � 14 .262

3.75 � 0.79 <.001

5.9 � 1.2 <.001

JTCVS Open c Volume 11, Number C 391
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FIGURE 1. Changes in hemodynamics during exercise. During exercise, patients with Fontan circulation had limited increases in HR and CO, whereas

mBP significantly increased compared with controls. CVP significantly increased during exercise in both groups, although the degree of CVP elevation was

much greater in patients with Fontan circulation than in control. bpm, Beats per minute; HR, heart rate; CO, cardiac output; BV, biventricular; mBP, mean

blood pressure; CVP, central venous pressure.
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hepatic congestion and fibrosis, respectively. These results
suggest that this therapeutic strategy may help prevent or
delay organ dysfunction and improve the prognosis of pa-
tients with Fontan circulation (Figures 4 and 5).
Effects on Resting Hemodynamics
In our previous study conducted in young patients

(average age 3 years), the strategy introduced just after the
Fontan completion achieved significantly lower and close
to normal levels of CVP at catheter examination 1 year after
the surgery compared with a control group of patients with
Fontan circulation who were not treated with this therapy.2

The reduction of CVP was accompanied by significantly
greater values of Cv together with significantly lower levels
of Rs. The present study adds further evidence showing that
the super-Fontan strategy can be a viable therapy for
improving Fontan hemodynamics, which are key drivers
of postoperative complications and long-term outcomes,
by showing that the therapy effectively lowered Fontan
392 JTCVS Open c September 2022
pressure with an increase in Cv in school-aged patients
who have not been treated with this therapy for years after
the surgery. The therapy also significantly reduced TPR
with a borderline decrease in Rs, leading to increased CI.
The reason why the magnitude of the therapeutic effects
on Rs differs from that reported in the previous study could
be because nearly three-fourths of the present patients had
already received ACEI/ARB before the therapy induction
(Table 1), whereas only 17% of the control patients with
Fontan circulation in the previous study had received
ACEI/ARB. More importantly, although our previous study
did not show a reduction in Rp with this therapy, the present
study clearly demonstrated a significant decrease in TPR.
Because pulmonary dilators were newly prescribed in only
2 patients (Table 1), the effects could mostly be attributed
to the pharmacologic actions of nitrates. Khambadkone
and colleagues14 reported on pulmonary endothelial
dysfunction that was partly related to a lack of pulsatility
in the Fontan pulmonary circulation, and observed that Rp



TABLE 4. The effects of the super-Fontan strategy during exercise

Pre- Post- P value

n (male:female) 18 (13:5)

Age, y 10.6 � 4.0 11.9 � 4.1 <.001

Max stage 4.2 � 1.3 4.9 � 1.3 .051

Max METS 13.3 � 3.5 14.8 � 3.0 .115

Hemodynamics at rest

CI, L/min/m2 2.82 � 0.63 3.18 � 0.81 .175

CVP, mm Hg 8.7 � 2.3 8.0 � 1.4 <.001

mBP, mm Hg 81 � 11 78 � 11 .235

HR, bpm 75 � 19 75 � 17 .881

Cv, mL/kg/mm Hg 2.37 � 1.01 3.46 � 0.62 .006

TPR, Rum2 3.45 � 0.92 2.82 � 1.19 .009

Rs, Rum2 28.9 � 7.6 24.3 � 8.5 .405

Hemodynamics at peak exercise

CI, L/min/m2 7.21 � 2.42 7.59 � 1.15 .939

CVP, mm Hg 19.6 � 5.3 15.4 � 2.7 .002

mBP, mm Hg 99 � 17 89 � 14 .010

HR, bpm 150 � 25 139 � 20 .029

TPR, RUm2 3.19 � 1.59 2.03 � 0.55 .032

Rs, Rum2 12.6 � 3.9 10.2 � 2.1 .047

METS, Metabolic equivalent; CI, cardiac index; CVP, central venous pressure; mBP, mean blood pressure; HR, heart rate; bpm, beats per minute; Cv, venous capacitance; TPR,

total pulmonary resistance; Rs, systemic vascular resistance.
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decreased with exogenous nitric oxide (NO) late after Fon-
tan surgery (median of 9 years postoperatively). Therefore,
it is possible that pulmonary endothelial dysfunction
became more evident over time after Fontan completion,
and nitrates may have served as an NO donor, thereby
reducing Rp in the present patients with Fontan circulation
(about 10 years after the surgery) but not in the young pa-
tients just after Fontan completion in the previous study.
Alternatively, because the calculated TPR included ventric-
ular diastolic function, nitrates may have improved diastolic
function through possible improvements in coronary perfu-
sion. The detailed mechanism of action for improving the
TPR warrants further investigation by exploring the
Cv (mL/kg/mmHg)
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pulmonary endothelial function and/or differentiating ven-
tricular diastolic function. In addition, the difference in the
effects between nitrite only and a combination of nitrate
and systemic and pulmonary dilators should be clarified.
Exercise Physiology of Fontan Circulation and
Effects of the Super-Fontan Strategy
The present study also provides novel information about

the exercise physiology of Fontan circulation and its modu-
lation by the super-Fontan strategy. By continuously moni-
toring hemodynamic parameters, we demonstrated for the
first time that Fontan circulation is associated with
r = –0.763
P < .001

g/mmHg)
3.532.5

M
ax

 C
V

P
 (

m
m

H
g

) r = 0.248
P = .336

15

10

25

30

20

Rp (U/m2)
0 2.521.51 3

with venous capacitance and pulmonary resistance in patients with Fontan

tan group was negatively correlated with Cv, but not with Rp. These results
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central venous pressure; CVP, central venous pressure; Cv, venous capac-
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augmented increases in CVP and BP during exercise
compared with the normal 2-ventricle circulation in age-
matched healthy participants. Reduced Cv, a characteristic
of Fontan circulation, implies a greater CVP alteration in
response to a given change in volume. Indeed, we have pre-
viously reported an amplified increase in CVP after
End-organ congestion
and ultimately
irreversible damages

an important adaptive
mechanism to maintain
the cardiac output in
Fontan circulation
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FIGURE 4. A decrease in Cv is an important adaptive mechanism tomaintain th

CVP that leads to end-organ damages. The afterload is also increased in Fontan

strategy increases the Cv and decreases afterload, thereby improving the Fontan

right pulmonary artery; LA, left atrium; LPV, left pulmonary vein; RV, right vent

pressure.
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angiography in patients with Fontan circulation compared
with patients with 2-ventricle circulation.5 A similar mech-
anism should underlie the augmented increase in venous
pressure in patients with Fontan circulation during exercise,
when the preload volume is mobilized. This was supported
by the significant association of maximum CVP during
Cv CVP

Afterload

PV

The super-Fontan
strategy

Aggressive arterial and
venous dilation in addition to

pulmonary dilation

e cardiac output in the Fontan circulation. However, it causes an increase in

circulation, contributing to a decrease in cardiac output. The super-Fontan

hemodynamics at rest and during exercise. SVC, Superior vena cava; RPA,

ricle; IVC, inferior vena cava; Cv, venous capacitance; CVP, central venous



Induction of Aggressive Arterial and Venous Dilation Therapy in Addition to Pulmonary Dilation Therapy
(Super-Fontan Strategy) Improves Fontan Circulation both at Rest and during Treadmill Exercise

Results

At peak exercise

At rest

PostPre

PostPre

Cv (mL/kg/mmHg)
CVP (mmHg)
CI (L/min/m2)

: 3.21 � 3.79
: 11.7 � 9.7
: 3.09 � 3.54

CVP (mmHg)
CI (L/min/m2)

: 19.6 � 15.4
: 7.21 � 7.59

Cv: Venous capacitance; CVP: Central
venous pressure; CI: Cardiac index

Methods
Enrollment
• using medical records up to February 2018.
• Patients who received the super-Fontan strategy after Fontan surgery
Exposures
• Isosorbide dinitrate (0.8-2.5 mg/kg)
• Angiotensin-converting enzyme inhibitor (0.1-0.2 mg/kg) in addition to
   treatment with pulmonary dilators
Main Outcomes and Measures
• Changes in hemodynamics at rest and during treadmill exercise

Implication
Studies of effects of the super-Fontan strategy on long-term prognosis
of Fontan patients are warranted.

Fontan
operation

The super-Fontan
strategy

2 - 11 years A few years

FIGURE 5. Graphical abstract depicting the study’s methods, results, and implications. Cv, Venous capacitance; CVP, central venous pressure; CI, cardiac

index.
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exercise with Cv, as shown in Figure 2. In addition, the non-
pulsatile nature of pulmonary blood flow may also
contribute to the amplified increase in CVP during exercise
due to pulmonary endothelial dysfunction.15 In fact, an
elegant study by Van De Bruaene and colleagues16 reported
a reduction in TPR and augmentation of pulmonary blood
flow during exercise with improved endothelial function
induced by sildenafil. The augmented increase in CVP dur-
ing exercise in patients with Fontan circulation highlights
the importance of assessing dynamic CVP in addition to
static CVP for a better understanding of Fontan circulation.
The results may also partly explain the often-recognized
clinically diverse status of patients with Fontan circulation,
even if they have similar CVP levels at resting conditions.

The increased response of BP in patients with Fontan cir-
culation may be partly due to characteristic changes in both
nonpulsatile and pulsatile properties of the arterial bed in
patients with Fontan circulation.17-19 Increased
sympathetic nerve activity during exercise in patients with
Fontan circulation may also be a contributing factor.20

Regardless of the mechanisms of the exaggerated response
in CVP and BP, a more intense increase in CVP and BP dur-
ing exercise should serve to further exacerbate resting
venous congestion and afterload on the ventricle in patients
with Fontan circulation. The significant associations of
CVP at rest and during exercise with serum markers of he-
patic congestion and fibrosis (Figure 3) may partly support
this notion. Therefore, suppression of these untoward
responses would become an important therapeutic strategy
to improve the long-term outcome after Fontan surgery.
Notably, our super-Fontan strategy effectively suppressed
the increase in CVP and BP together with an increase in
HR (Table 4). In addition to the increased Cv, our data
importantly showed that improvements in TPR and Rs
with this therapy contributed to the improvements in exer-
cise physiology of patients with Fontan circulation, sug-
gesting the relevance of the pulmonary and systemic
arterial beds as well as the venous bed as therapeutic targets
for optimizing Fontan circulation. Numerous studies have
revealed that in addition to decreased Cv,3,5 Fontan circula-
tion has other unique but disadvantageous hemodynamic
characteristics, including increased afterload with ventricu-
lar contractile mismatch17,18,21 and abnormal pulmonary
circulation.19,21,22 Increased afterload is a well-known
cause of heart failure,23 and heart failure development is
recognized as an important cause of Fontan failure.24,25

Thus, decreasing afterload should be an important therapeu-
tic strategy to improve the prognosis of patients with Fontan
circulation. Although a previous study involving the use of
ACEI for 10 weeks failed to demonstrate a beneficial effect
of afterload reduction in terms of hemodynamics and exer-
cise performance in patients with Fontan circulation,26 our
data clearly showed that the combination of ACEI and
venous dilators in addition to pulmonary dilators sup-
pressed CVP elevation and increased afterload, both at
rest and during exercise. Thus, our therapeutic strategy
JTCVS Open c Volume 11, Number C 395
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may also provide beneficial effects from the viewpoint of
preventing heart failure development in patients after Fon-
tan surgery.

In addition, recent studies have reported an important
role of pulmonary vascular disease as an independent risk
factor for Fontan failure and emphasized the importance
of maintaining a very low Rp in the treatment and preven-
tion of Fontan failure.27 It should be considered that even
patients with Fontan circulation with a seemingly good clin-
ical status have pulmonary vascular abnormalities and that
Rp can be lowered to further optimize Fontan circulation. In
fact, recent studies have demonstrated that pulmonary dila-
tors, including NO,14 endothelin receptor antagonists,28,29

or phosphodiesterase V inhibitors,16,30,31 improved hemo-
dynamics and exercise capacity even in the setting of
marginally elevated baseline Rp in patients with Fontan cir-
culation. Notably, our present results were obtained in a
setting in which most of the patients were taking pulmonary
dilators. To achieve the best possible Fontan circulation,
venous physiology, pulmonary vascular bed, ventricular
function, and afterload need to be optimized. Taking our re-
sults together with those of previous studies indicating the
beneficial effects of pulmonary dilators on Fontan circula-
tion, we recommend that the super-Fontan strategy, aimed
at obtaining the best possible Fontan circulation to improve
prognosis, should include aggressive pulmonary artery dila-
tion in addition to arterial and venous dilation. Moreover,
because it is known that longer periods of hemodynamic
burden on the end organs can cause more damage to their
function, it may be better to initiate the strategy as early
as possible to shorten the periods of hemodynamic burden.

Cordina and colleagues32 recently reported that there
were some physically superior Fontan patients with normal
or even supranormal exercise capacity. They called such pa-
tients as super-Fontans. Augmented peripheral muscle
pump and thoracic bellows associated with regular physical
activity might be the underlying mechanism.32 The combi-
nation of our pharmacologic strategy and lifestyle modifica-
tion that augments muscle pump and respiratory function
might help establish a more robust super-Fontan circulation
and condition. However, further investigation is warranted.

Limitations
The study was primarily limited by its retrospective na-

ture and the relatively small number of participants; thus,
large-scale prospective randomized studies with the control
group (patients with Fontan circulation without treatment)
are needed to further confirm our results. In addition, our
studied population was consisted of school-aged patients
at an average age of 9.1 years after the surgery. It should
be clarified whether the therapy can also confer beneficial
effects in adult patients with Fontan circulation in whom
failing Fontan circulation with or without associated com-
plications are more prevalent as late sequelae; however,
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we infer that, for the nitrates to work, the therapy should
be started at least before the venous function is lost in these
patients.33 CI measurements during exercise using the AES-
CULON mini may have been inaccurate as previously re-
ported.12 However, we believe that the trends in the CI
changes were true because the measurement error should
have been equally applied to all patients. In addition, even
if the errors existed, the effects of the super-Fontan strategy
on the CI changes during exercise may have been evenmore
evident, considering the significant changes in Rs and TPR.
Due to the noninvasive measurements using PVP and calcu-
lations on the assumption of tight correlations between PVP
and CVP, our results on TPRmay still have errors. However,
the comparison of TPR based on PVP and those from inva-
sive data in 13 patients from the study cohort, in whom
simultaneous invasive data could be obtained during cathe-
terization, showed excellent correlation (y ¼ 0.98x þ 0.07,
R2 ¼ 0.86). Thus, our measurements and assumption ap-
peared valid. Lastly, although we did not observe serious
complications with the therapy in the present study, careful
monitoring of potential adverse effects was important for
the safe application of this medical regimen in the long
term.

CONCLUSIONS
Fontan circulation per se is a heart failure condition. The

super-Fontan strategy is a therapy that turns the condition
into a more physiological one. Prospective studies exam-
ining whether hemodynamic improvements result in an
improvement of long-term prognosis are highly warranted.
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