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Abstract

The study aimed to assess the long-term outcomes after fenestration closure in patients at risk for Fontan failure. Of 119
patients who underwent Fontan operation between 1995 and 2004, fenestration was not created in 89 patients (NF group)
and created in 30 patients with hypoplastic left heart syndrome, heterotaxy syndrome, high pulmonary arterial pressure,
high systemic ventricular end-diastolic pressure, low ventricular ejection fraction, or atrioventricular valve regurgitation.
All fenestrations were closed spontaneously or by catheter/surgical interventions, excepting two patients, and therefore, they
were excluded. In fenestration group, patients with pre-Fontan mean pulmonary arterial pressure > 15 mmHg or systemic
atrioventricular valve regurgitation > moderate were classified as high-risk Fontan candidates (F-HR group, n=16), and
the remaining patients were as standard-risk (F-SR group, n=12). Protein-losing enteropathy-free survival rates did not
differ among the three groups (p =0.72). Serial follow-up catheter examinations after Fontan operation were completed in
69 patients in NF group and 11 patients in both F-SR and F-HR groups. Cardiac index and pulmonary vascular resistance
significantly and similarly decreased over time in all groups, though the F-HR group showed lowest arterial oxygen saturation,
lowest cardiac index, and highest pulmonary vascular resistance. The F-HR group also showed much veno-venous collater-
als (p=0.049), low peak oxygen consumption (p=0.019), and low anaerobic threshold (p=0.023) as compared to those
in the F-SR group. In F-HR group, cyanosis remained after fenestration closure due to transformation from fenestration to
veno-venous collaterals, which resulted in elevation of pulmonary vascular resistance, low cardiac index, and deterioration
of exercise tolerance.
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Introduction

Fenestration between the Fontan pathway and the atrium
facilitates a smooth initiation to Fontan circulation, as ini-
tially reported by Bridges et al. [1]. This simple surgical
modification has been proven to allow patients at risk for
early Fontan failure to undergo Fontan operation success-
fully [2]. Nowadays, some institutions create fenestration
routinely at Fontan operation [3], while others recommend
that it should be limited to selected patients to avoid the
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risk of paradoxical cerebral embolism, persistent hypoxemia,
and subsequent increase of ventricular preload derived from
development of aorto-pulmonary collateral arteries [4].

Is permanent fenestration beneficial? Some reports
revealed that permanent fenestration was advantageous to
maintain cardiac output, reduce late-onset atrial tachyar-
rhythmia, and finally improve late mortality rate [5, 6]. On
the contrary, the others showed that fenestration closure
preserved exercise capacity by increasing systemic oxygen
saturation in exchange for decreasing cardiac output; in addi-
tion, anticoagulation therapy is no longer needed after that
[7-10].

As our institutional policy, volume overload to systemic
ventricle is intended to be minimized in Fontan circulation.
At first, concrete coil embolization for aorto-pulmonary
collaterals is routinely performed just before Fontan opera-
tion. Then fenestration is created at Fontan operation only
in patients at risk for Fontan failure based on fundamental
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diagnosis and pre-Fontan cardiopulmonary condition. Fen-
estration is, however, closed once after Fontan circulation
was established, so that it is designed to be closed spontane-
ously. If it is patent beyond one year after Fontan operation,
surgical or catheter-based fenestration closure is planned.
The objective of this study is herein to access the long-term
outcomes after fenestration closure in patients at risk for
Fontan failure, especially for high-risk Fontan candidates.

Materials and Methods
Ethical Statement

The National Cerebral and Cardiovascular Center Insti-
tutional Review Board approved this retrospective study
(R19092) and opt-out consent was obtained instead of indi-
vidual written informed consent.

Patient Selection

From 1995 to 2004, 119 patients underwent the Fontan
operation (Fig. 1). Of those, fenestration was created in
30 patients at risk for Fontan failure and not created in 89
patients without any risks (NF group). Two patients whose
fenestrations were unable to be closed to date were excluded
from the study.

There were no specific preoperative criteria for creating
fenestration, diagnosis such as hypoplastic left heart syn-
drome and heterotaxy syndrome with extra-cardiac total

anomalous pulmonary venous connection or pre- and peri-
operative hemodynamics such as pulmonary artery pres-
sure, systemic ventricular end-diastolic pressure, systemic
ventricular ejection fraction, and systemic atrioventricular
valve regurgitation were considered and the indication was
decided individually.

For further investigation (Fig. 1), patients with fenestra-
tion were divided into two groups according to previous
reports concerned about risks for Fontan failure [11-18].
Sixteen patients with mean pulmonary arterial pres-
sure > 15 mmHg and/or preoperative systemic atrioventricu-
lar valve regurgitation > moderate at pre-Fontan evaluation
were classified as high-risk Fontan candidates (F-HR group),
and the remaining 12 patients were as standard-risk candi-
dates (F-SR group).

Surgical and Catheter-Based Intervention
Procedures

An extra-cardiac total cavopulmonary connection was per-
formed using an expanded polytetrafluoroethylene graft
(n=91, F-SR: 11, F-HR: 15, NF: 65) or a roll made from
autologous pericardium (n=23, F-SR: 1, F-HR: 1, NF: 21)
[19]. For three patients in the NF group, a direct anastomosis
between the pulmonary artery and the inferior vena cava
was made without an extra-cardiac conduit [20]. To create a
fenestration, an expanded polytetrafluoroethylene tube was
interposed between the extra-cardiac conduit and the atria
with a median tube diameter of 5.0 mm [inter-quartile range
(IQR) 4.0-5.5], because it was easy to close spontaneously

Patients undergoing Fontan completion: N= 119 (1995-2004) ‘

|

With fenestration
(F group): N=30

N=2 (survived but fenestration
could not be closed)

l l

Without fenestration
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(F-SR group): N=12

High-risk**
(F-HR group): N= 16

*2

N= 63 |
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*1: Atrioventricular valve regurgitation > moderate and/or mean pulmonary arterial pressure > 15mmHg
*2: Serial catheter examination at 5, 10, and 15 years, exercise capacity test at 15 years

Fig. 1 Patient selection
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or by catheter-based coil embolization. Fenestration was
closed spontaneously in 13 patients, by catheter-based coil
embolization with MReye Flipper detachable embolization
coils (Cook Medical Inc, Bloomington, IN, USA) in 11
patients, or by surgical ligation in two patients. The median
duration from the Fontan operation to fenestration closure
was 1.46 years [IQR 0.8-4.4]. For catheter-based fenestra-
tion closure, changes in central venous pressure and cardiac
mixed venous oxygen saturation were evaluated by tempo-
rary balloon occlusion test. The indications for closure were
a central venous pressure less than 12 mmHg before tem-
porary occlusion and an increase in central venous pressure
of less than 4 mmHg or a decrease in mixed venous oxygen
saturation of less than 10% during temporary fenestration
occlusion [21].

Patients

Patient characteristics are summarized in Table 1. Patient
age at Fontan operation was older in the F-SR and F-HR
group than in the NF group (p=0.001). On the other
hand, statistical analysis showed no significant difference
between the F-SR group and the F-HR group (p =0.79).

Table 1 Characteristics of patients

Single-ventricular ejection fraction (p =0.007) was lower
in the F-SR group than in the NF group. Preoperative single-
ventricular end-diastolic pressure (p =0.007) were higher in
the F-HR group than in NF group. Mean pulmonary arterial
pressure (p =0.0007) were higher in the F-HR group than in
F-SR and NF group. Pulmonary vascular resistance did not
differ among the three groups. The duration of patent fen-
estration did not differ between the F-SR and F-HR groups.

Study Methods

The present study was a retrospective, single-center com-
parative study. The evaluated variables were as follows:
(1) Overall outcomes: Protein-losing enteropathy-free sur-
vival rate, (2) Serial changes in cardiopulmonary function
assessed by cardiac catheter examination at five, 10 and
15 years after Fontan completion: single-ventricular ejection
fraction, mean pulmonary arterial pressure, single-ventric-
ular end-diastolic pressure, pulmonary vascular resistance,
arterial oxygen saturation and cardiac index, (3) Exercise
capacity testing at 15 years after Fontan completion: Peak
oxygen uptake (peak VO2) and anaerobic threshold (AT)
as assessed by symptom-limited treadmill exercise with

F-SR group (n=12) F-HR group (n=16) NF group (n=89) P
Diagnosis (1)
Heterotaxy syndrome 2 8 23
UVH 13
TA 1 3 23
DORV 13
MA 2 8 0.0007
CAVC 1 4
PA 1 5
HLHS 5 1 1
Others 2
Predominant ventricle (r)
Left 7 37
Right 8 9 41 0.28
Biventricle 11
Age at Fontan completion (years) 9.0+129 72+58 33+4.5% 0.001
Pre-Fontan catheter examination
SVEF (%) 50.8+9.3 55.2+13.1 60.0+8.3 0.007
SVEDP (mmHg) 7.1+29 10.7+3.6 6.9+3.3 0.007
PAP (mmHg) 10.0+3.0 15.5+5.27 11.3+3.17 0.0007
PVR (unit/m?) 14+1.0 1.9+09 1.5+£0.7 0.29
Fenestration patent period (years) 23+2.1 32+3.7 - 0.25

UVH univentricular heart, TA tricuspid atresia, DORV double outlet right ventricle, MA mitral atresia, CAVC common atrioventricular canal, PA
pulmonary atresia, HLHS hypoplastic left heart syndrome, NF non-fenestration group, F-SR fenestration-standard-risk group, F-HR fenestration-
high-risk group. SLV single left ventricle, SRV single right ventricle, BV bi-ventricle, SVEDP single-ventricular end-diastolic pressure, PAP
mean pulmonary artery pressure, SVEF single-ventricular ejection fraction, PVR pulmonary vascular resistance

* Tp <0.05 versus F-SR group, ¥p <0.05 versus F-HR group
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expired gas analysis [22], (4) Development of veno-venous
collaterals at 15 years after Fontan completion, and (5) Liver
function at 15 years after Fontan completion: Aspartate ami-
notransferase, alanine transaminase, total bilirubin, platelet
count, total protein, albumin, collagen IV, and hyaluronic
acid. Serial follow-up cardiac catheter examinations after
Fontan completion were routinely scheduled every five years
after the operation and were completed in 63 of 89 patients
in the NF group (70.8%), in 11 of 12 patients in F-SR group
(91.7%), and 11 of 16 patients in F-HR group (68.8%). The
characteristics of these patients are listed in Table 2. Arte-
rial oxygen saturation was measured in all patients under
room air conditions. Because no optimal method of evalu-
ating veno-venous collateral development has been estab-
lished, the method of evaluating aorto-pulmonary collater-
als reported by Spicer et al. [23] was applied, with some
modifications (Table 3).

Statistical Analysis
When appropriate, data are expressed as the mean =+ stand-

ard deviation. Numerical data were analyzed using the Wil-
coxon or Kruskal-Wallis test. Pearson’s chi-square test was

Table 3 Grade classification of veno-venous collaterals [22]

Number of ves- Maximum Pulmonary veins
sels diameter of are directly
vessels contrasted
Grade 1 Less than 3 and Less than 3 Yes or No
Grade 2 More than 3 or  More than 3 No
Grade 3 More than 3 or  More than 3 Yes
Grade 4 More than 3 and More than 3 Yes or No

used for comparisons between groups. Changes in hemo-
dynamic parameters over time were compared among the
three groups by repeated-measures analysis of variance, with
the main effects of groups and time, as well as interaction
effects between group and time. The Tukey—Kramer test and
Steel-Dwass test was used for post hoc multiple compari-
sons. Estimated overall protein-losing enteropathy-free sur-
vival rate was determined using the Kaplan—-Meier method
and were analyzed using the log-rank test. Statistical analy-
ses were performed using JMP pro 15.1.0 (SAS Institute,
Cary, NC, USA). Differences were considered statistically
significant at p-values of less than 0.05.

Table 2 Characteristics of patients who completed serial catheter examinations

F-SR group (n=11) F-HR group (n=11) NF group (n=63) P
Diagnosis (n)
Heterotaxy syndrome 2 3 17
UVH 12
TA 1 2 16
DORV 6
MA 2 8 0.01
CAVC 4
PA 1 1 3
HLHS 4 1
Others 1 2
Predominant ventricle (n)
Left 4 5 24
Right 7 30 0.43
Biventricle 9
Age at Fontan completion (years) 9.7+13.3 6.4+4.8 2.6+2.6% 0.0002
Pre-Fontan catheter examination
SVEF (%) 51.5+94 56.0+14.9 60.5+8.6" 0.027
SVEDP (mmHg) 6.5+3.0 11.5+£3.77 72429 0.004
PAP (mmHg) 9.9+3.1 15.9+5.8" 11.1+3.2¢ 0.004
PVR (unit/m?) 14+1.0 1.7+£1.0 1.5+0.7 0.52
Fenestration patent period (years) 1.8+1.8 3.6+4.1 - 0.16

UVH univentricular heart, TA tricuspid atresia, DORV double outlet right ventricle, MA mitral atresia, CAVC common atrioventricular canal, PA
pulmonary atresia, HLHS hypoplastic left heart syndrome, NF non-fenestration group, F-SR fenestration-standard-risk group, F-HR fenestration-
high-risk group. SLV single left ventricle, SRV single right ventricle, BV bi-ventricle, SVEDP single-ventricular end-diastolic pressure, PAP
mean pulmonary artery pressure, SVEF single-ventricular ejection fraction, PVR: pulmonary vascular resistance. *,7p <0.05 versus F-SR group,

p <0.05 versus F-HR group
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Results
Overall Outcomes

Protein-losing enteropathy-free survival rates at 15 years
were 83.3% in the F-SR group, 75.0% in the F-HR group,
and 82.9% in the NF group (log-rank: p =0.72) (Fig. 2).
During study period, no patients developed stroke.

Fig.2 Protein-losing enteropa-
thy-free survival rate by group.
NF non-fenestration group,

F-SR fenestration-standard-risk 0.8

group, F-HR fenestration-high-

risk group 0.6
0.4

0.2 Pts. at risk

NF: 77
F-SR: 12
F-HR: 15
0.0
0 5
A 80 % GE: p=0.080
TE: p=0.21
70 IE: p=0.77
60
50
40
30 years after Fontan operation
10 15
mmHg GE: p=0.33
B 14 PAP TE: p=0.060
IE: p=0.58
12 -
10
8
5 10 15
mmHg GE: p=0.25
c SVEDP TE: p=0.62
10 IE: p=0.39
6
2
0

Fig.3 Serial changes in a single-ventricular ejection fraction (SVEF),
b single-ventricular end-diastolic pressure (SVEDP), ¢ mean pul-
monary artery pressure (PAP), d pulmonary vascular resistance
(PVR), e arterial oxygen saturation (Sa02), and f cardiac index (CI)
after Fontan completion assessed by cardiac catheter examination.
NF non-fenestration group, F-SR fenestration-standard-risk group,
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Serial Changes in Hemodynamic Indices Assessed
by Cardiac Catheter Examination

Regarding single-ventricular ejection fraction, single-ven-
tricular end-diastolic pressure, and mean pulmonary arterial
pressure, no significant group effect, time effect, or interac-
tion effect were observed (Fig. 3a—c).

Pulmonary vascular resistance decreased significantly
over time in all groups (time effect: p =0.022) and was

................ : F-SR group
. 833% | 02 mm——- : F-HR group
: NF group

82.9%

o oo oo

75.0%

Log-rank p=0.72

75 73
12 11
13 12
10 15 20 25

years after Fontan operation

D 3 unit-

GE: p=0.006
TE: p=0.022
IE: p=0.060

2
1
0
5 10 15
E sa0, = rraom
100 IE: p=0.79
95
90 : il
o sk
85 5 10 15
1/min/m? GE: p=0.006
F min/m cl TE: p=0.037
4 IE: p=0.74
3
2

5 10 15

F-HR fenestration-high-risk group. GE group effect, TE time effect,
1E interaction effect. *p <0.05 between F-HR versus F-SR and F-HR
versus NF by the Tukey—Kramer test for post hoc multiple compari-
sons. #p <0.05 between five years post-operative findings versus 10-
or 15-year post-operative findings by Tukey—Kramer test for post hoc
multiple comparisons
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significantly higher in the F-HR group than in the other two
groups (group effect: p=0.006), yet the interaction effect
was not significant (Fig. 3d).

Arterial oxygen saturation was significantly lower in
the F-HR group than in the other two groups (group effect:
p<0.001), yet it did not change over time in any of the three
groups (time effect: p=0.50) and the interaction effect was
not significant (p =0.79) (Fig. 3e).

Cardiac index decreased significantly over time in all
three groups (time effect: p=0.037) and was significantly
lower in the F-HR group than in the other two groups (group
effect: p=0.006). The interaction effect, however, was not
significant (p =0.74) (Fig. 3f).

Veno-Venous Collaterals at 15 Years After Fontan
Completion

Of 22 patients in the F group who underwent follow-up car-
diac catheter examination at 15 years after Fontan opera-
tion, 15 (68.2%) patients developed significant veno-venous
collaterals. The grade of veno-venous collaterals was sig-
nificantly higher in the F-HR group than in the F-SR group
(»p=0.049) (Fig. 4a). No significant difference in the grade
of veno-venous collaterals was associated with fenestration
closure method (spontaneous or intervention, p =0.99).

Development of veno-venous collaterals

Grade
A ( )

4.0 —T
3.0
T
1.0

|

P=0.049

0.0

F-SR F-HR

Exercise Capacity at 15 Years After Fontan
Completion

Peak VO2 [median; F-SR 32.4 (IQR 26.4-35.5) vs F-HR
26.5 (21.3-27.1), mean; 31.4+6.6 vs 24.4+4.2 ml/
min/kg, p=0.019] and AT [18.0 (16.0-20.2) vs 15.8
(12.6-17.1), 18.3+2.9 vs 15.2 +2.7 ml/min/kg, p =0.023]
were significantly deteriorated in F-HR group than in F-SR
group at 15 years after Fontan completion (Fig. 4a, b).

Liver Function at 15 Years After Fontan Completion

Aspartate aminotransferase, alanine transaminase, total
bilirubin, platelet count, total protein, collagen IV, and
hyaluronic acid did not differ among the three groups,
although total bilirubin and collagen IV were high and
platelet count was low in all three groups as compared
to standard values at 15 years after Fontan completion.
The serum albumin levels were normal in all three groups;
however, it was significantly lower in F-HR group than
in NF group (4.4+0.2 vs 4.6+ 0.3 mg/dl, p=0.023)
(Table 4).

ml/min/kg peak VOZ
40 N
324
30
26.5
20 —_—
L 1
10 P=0.019
F-SR F-HR
ml/min/kg AT
C 25 -
20
18.0
15 15.8
_1
10
P=0.023
F-SR F-HR

Fig.4 a Development of veno-venous collaterals, b Peak oxygen consumption (peak VO2), and ¢ Anaerobic threshold (AT) at 15 years after
Fontan completion. F-SR fenestration-standard-risk group, F-HR fenestration-high-risk group
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Table 4 Liver function
at 15 years after Fontan

F-SR group (n=11)

F-HR group (n=11) NF group (n=63) p

completion AST (IU/1) 253+5.7 29.5+9.3 27.6+6.7 0.53
ALT (IU/1) 20.1+6.6 25.0+18.6 24.7+8.8 0.21
T-Bil (mg/dl) 1.2+0.6 14+1.5 1.1+0.5 0.65
Plt (x 10*/ul) 164+11.0 15.7+4.4 154+53 0.81
TP (g/dl) 6.8+1.3 72+0.5 7.3+0.6 0.64
Alb (g/dl) 43+0.7 44+0.2 4.6+0.3* 0.023
Collagen IV (ng/ml) 187 +49 217+58 205 +59 0.43
Hyaluronic acid (ng/ml) 37.8+28.1 43.2+30.5 37.1+£253 0.87
NF non-fenestration group, F-SR fenestration-standard-risk group, F-HR fenestration-high-risk group. AST
aspartate aminotransferase, ALT alanine transaminase, 7-bil total bilirubin, PLT platelet count, TP: total
protein, Alb: albumin
*p <0.05 versus F-HR group

Discussion atrioventricular valve regurgitation as the result of ven-

The retrospective comparative study presented here identi-
fied no significant differences of protein-losing enteropathy-
free survival rate among the three groups. Such a favorable
outcome was thought to be resulted from maintained low
Fontan pathway pressure, systemic ventricle ejection frac-
tion, and systemic ventricular end-diastolic pressure in F-HR
group during the entire follow-up period, nevertheless high
pulmonary artery pressure, high end-diastolic pressure, and
atrioventricular valve dysfunction were coexisted before
Fontan operation. The prevention of systemic ventricular
volume overload by thorough management of aorto-pulmo-
nary collaterals therefore should be justified, at least until
15 years scheduled follow-up.

On the other hands, relative but significantly lower arte-
rial oxygen saturation continued in the F-HR group during
the entire follow-up period because fenestration was trans-
formed to veno-venous collaterals consequently. Such a
persistent desaturation caused significantly high pulmonary
vascular resistance (hypoxia induced vasoconstriction) and
low cardiac index in F-HR group later [24]. As the result,
F-HR group showed significantly reduced peak VO2 and AT
15 years after the Fontan operation, as compared to those in
F-SR group.

Classical Fontan indication, so called “10 command-
ments” has been already modified in almost all over the
world, as represented by “2 commandments” reported in
2007 [14]. Nowadays, pre-Fontan stratification of patients
was not reported to influence post-Fontan outcomes [25],
so that Kotani et al. pointed out the unpredictable nature
of fenestration requirement then recommended that the
indication of fenestration creation should not be decided
by the preoperative diagnosis, ventricular function, pulmo-
nary artery pressure, and pulmonary vascular resistance
[26]. However, this study showed more than 15 mmHg of
pre-Fontan pulmonary arterial pressure and/or significant

@ Springer

tricular dysfunction well predicted post-Fontan status.
Fenestration closure in high-risk Fontan candidates seems
not to be hemodynamically beneficial, on the other hand,
it has no disadvantages because fenestration was replaced
by collaterals, as described above. Because fenestration
was closed by percutaneous coil embolization or surgery
in nine of 14 patients (64.3%) in F-HR group, which was
more than that in F-SR group (4/12=33.3%, p<0.01), the
results presented here indicates that interventional closure
of fenestration was not necessary, but not harmful.

On the contrary, fenestration closure seems to be ben-
eficial for F-SR group. Decreased cardiac output and
increased arterial oxygen saturation are well-known
phenomena just after fenestration closure [7, 8], then
this study confirmed immediate recovery of cardiac out-
put without recurrence of hypoxia in F-SR group. Such
favorable outcomes would not be achieved if fenestration
is persisted. Given the fact that fenestration closure was
neither poison nor medicine for F-HR group, our strategy
for fenestration creation and closure would be justified.

Whereas comparable life prognosis and late Fontan
complication-free rates 15 years after the Fontan operation
would justify the indication of Fontan operation for F-HR
groups, special attention should be paid to their ultra-long-
term clinical features, because exercise intolerance had
already significantly progressed, and the serum albumin
level was within normal but lower. It is needless to say
that coil embolization of veno-venous collaterals cannot
resolve this situation. Home oxygen therapy or adminis-
tration of pulmonary vasodilator may be helpful to delay
the timing of Fontan failure. As shown in several previous
reports, again we concluded that fenestration was benefi-
cial for initiation to Fontan circulation in selected patients,
but no longer helpful after that [2]. In other words, fen-
estration itself can not extend the indication of Fontan
operation.



Pediatric Cardiology (2021) 42:1356-1364

1363

Study Limitations

Due to the non-randomized retrospective nature of the pre-
sent study and the small number of patients who under-
went fenestrated extra-cardiac total cavopulmonary con-
nection, this study’s statistical power may be too limited
to support its conclusions. It should also be noted that
the long-term follow-up data presented here were mainly
collected from patients for whom Fontan operation was
indicated, in whom fenestration could be closed, and who
had survived for 15 years subsequently.

Conclusion

Fenestration closure after the establishment of Fontan
circulation could improve systemic oxygen delivery in
standard-risk patients. However, cyanosis remained due
to natural transformation from fenestration to veno-venous
collaterals in high-risk patients, which resulted in eleva-
tion of pulmonary vascular resistance, low cardiac index,
and deterioration of exercise tolerance.
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