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Abstract

Fontan fenestration decreases central venous pressure and preserves cardiac output while decreasing systemic oxygen satura-
tion. Transcatheter fenestration closure increases oxygen saturation, though the persistence of this increase and the long-term
incidence of adverse outcomes such as death and heart transplant remain unknown. We describe immediate and long-term
clinical and adverse outcomes following fenestration closure. Catheterization, echocardiogram, and clinic reports were
reviewed following transcatheter Fontan fenestration closure. Data were reported as n (%) and median (IQR). Continuous
variables were compared using Wilcoxon ranked sum test. 51 patients had fenestration closure 0.9 (0.7-1.5) years following
extracardiac Fontan operation. Most (84%) were closed with Amplatzer Septal Occluders. Systemic O, saturation imme-
diately increased from 87 (83-89) to 95 (94-97)%, P <0.05. Cardiac index decreased from 4 (3-5) to 2.9 (2.6-3.5) L/min/
m?. Fontan pressure and pulmonary vascular resistance were not significantly changed. Clinical follow-up duration for all
patients was 7.3 (range 1.3-16) years. Oxygen saturation at last follow-up was 94.5 (92-97)% and did not decrease over
time (P <0.05). One patient (2%) developed protein losing enteropathy, 1 (2%) had heart transplant, and 1 (2%) patient died
9.4 years following fenestration closure. No patient required fenestration re-creation following closure. Transcatheter Fontan
fenestration closure leads to sustained increases in systemic oxygen saturation and a low incidence of adverse outcomes
such as death and transplant. Further study comparing fenestration closure to non-closure and longer follow-up duration are
required to determine if there is a survival benefit to fenestration closure.
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Introduction synthetic conduit from the inferior vena cava to the right

pulmonary artery (extracardiac Fontan) [3]. In an effort to

Since the initial description in 1971, total cavo-pulmonary
anastomosis (commonly referred to as the Fontan opera-
tion) has considerably increased the lifespan of patients
with single ventricle physiology, by relying on moderately
increased systemic venous pressure and appropriately low
pulmonary vascular resistance to provide pulmonary blood
flow and preload to the systemic ventricle [1, 2]. Multiple
modifications have been made to the original technique to
improve outcomes, including interposition of an extracardiac

> Rajiv Devanagondi
Rajiv_Devanagondi @urmec.rochester.edu

Divison of Pediatric Cardiology, University of Rochester
Medical Center, 601 ElImwood Ave., Box 631, Rochester,
NY 14642, USA

Pediatric Cardiology Associates of Western New York,
Buffalo, NY, USA

@ Springer

decrease post-operative morbidity and mortality in high risk
patients, fenestrations were introduced between the systemic
and pulmonary venous atria to reduce central venous pres-
sure and preserve cardiac output, at the expense of systemic
oxygen saturation [4]. Appropriately sized and positioned
fenestrations could be closed with a transcatheter device
post-operatively after the patient had improved clinically [5,
6]. While short- and medium-term outcomes following fen-
estration closure have been described, long-term outcomes
in patients following elective transcatheter fenestration clo-
sure have not been reported previously. We describe immedi-
ate and long-term clinical and adverse outcomes following
transcatheter Fontan fenestration closure with the Amplatzer
septal occluder, Gore Helex septal occluder, and Gore Cardi-
oform septal occluder.
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Materials and Methods
Study Population

The study sample included all patients who had transcatheter
closure of an extracardiac Fontan fenestration from 1/1/2003
to 12/31/2016 at the University of Rochester Medical Center,
identified through the institutional electronic pediatric car-
diac catheterization database. There were no specified exclu-
sion criteria. Referral for fenestration closure was at the dis-
cretion of the primary cardiologist and was not proscribed
by institutional protocol. The study protocol was approved
by the local Institutional Review Board.

Procedural Details

A complete right and left heart catheterization was com-
pleted under general anesthesia for all patients. Fenestra-
tion test occlusion was accomplished with a Berman angio-
graphic catheter and hemodynamic measurements repeated
after occlusion for 10 min. The decision to proceed with
permanent fenestration occlusion was at the discretion of
the interventional cardiologist. Occlusion devices included
the Amplatzer Septal Occluder (Abbott, Chicago, IL), Gore
Helex Septal Occluder and Cardioform Septal Occluder
(W.L. Gore & Associates, Flagstaff, AZ). The occlusion
device size was based on fenestration diameter documented
in the operative note—balloon sizing was not routinely per-
formed. Amplatzer septal occluder diameter was selected
such that the device waist was equal to or 1 mm larger than
the fenestration. When Gore septal occluders were used, the
smallest size device available was generally used. Occlusion
devices were always deployed under fluoroscopic guidance.
Additional guidance was provided by transesophageal echo-
cardiography (TEE) at the discretion of the interventional
cardiologist. Residual fenestration shunt was evaluated by
angiography and TEE if this modality was utilized during
device deployment.

Data Collection

Catheterization reports, echocardiogram reports, and out-
patient clinic notes were retrospectively reviewed for all
patients with transcatheter closure of an extracardiac Fon-
tan fenestration from 1/1/2003 to 12/31/2016. Clinical
data obtained from the catheterization reports included
primary cardiac diagnosis, age and weight at Fontan sur-
gery, diameter of the extracardiac Fontan graft, diameter
of the Fontan fenestration, and age and weight at fenestra-
tion closure. Hemodynamic data included baseline systemic
oxygen saturation, cardiac index, Qp:Qs, mean pressure in

the Fontan circuit, and pulmonary vascular resistance. Cath-
eterization data were re-collected for subsequent cardiac
catheterizations.

Clinical data obtained from the most recent outpatient
clinic evaluation and echocardiogram included age, weight,
systemic arterial saturation by pulse oximetry, the presence
of arrhythmia, protein losing enteropathy, plastic bronchitis,
cirrhosis, or history of paradoxical embolism, age at death
(if applicable), and age at heart transplant (if applicable).

Statistical Analysis

Continuous variables were reported as mean (+ standard
deviation), median (range), or median (interquartile range).
Categorical variables were reported as n (%). Continuous
variables were compared using the Wilcoxon rank sum test.
Freedom from death or heart transplant was evaluated by
Kaplan Meier analysis. A P value <0.05 was considered
statistically significant. Statistical analysis was carried out
using the R Statistical Programming Language (R Founda-
tion for Statistical Computing, Vienna, Austria).

Results

Fifty-one patients (43% female) had transcatheter Fontan
fenestration closure at a median age of 5.7 (IQR 5.1-7)
years old and median weight 19.3 (IQR 17.1-21.8) kg. The
duration from extracardiac Fontan operation to fenestration
closure was 0.9 (0.7-1.5) years. Most of the patients had
hypoplastic left heart syndrome (27%), double inlet left ven-
tricle (18%), or heterotaxia/other single ventricle physiol-
ogy (15%). The median extracardiac conduit diameter was
16 (range 13-20) mm and median fenestration diameter 4.5
(range 3-5) mm (Table 1).

With test occlusion of the fenestration, median systemic
oxygen saturation increased from 87% (IQR 83-89%) to
95% (IQR 94-97%), P <0.05. Cardiac index decreased
from 4 (IQR 3-5) L/min/m? to 2.9 (IQR 2.6-3.5) L/min/
m2, P<0.05. Qp:Qs increased from 0.65 (IQR 0.56-0.79)
to 1 (IQR 1-1), P<0.05. Mean Fontan pressure did not
change significantly [baseline 13 (IQR 11.5-14) mmHg
to test occlusion 13 (IQR 12.3—-15) mmHg, P=0.05], and
pulmonary vascular resistance did not change significantly
[baseline 1.8 (IQR 1.2-2.2) WU x M2 to test occlusion 1.9
(IQR 1.6-2.5) WU x M2, P=0.24] (Table 2).

Forty-three (84%) patients had fenestration closure with
the Amplatzer septal occluder, 7 (14%) with the Gore Helex
septal occluder, and 1 (2%) with the Gore Cardioform septal
occluder. Thirty-six (71%) patients had a tiny residual angio-
graphic shunt through the device at the end of the procedure.
Among the 32 patients who had concurrent transesophageal
echocardiogram, 7 (22%) had a tiny residual shunt through
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Table 1 Patient characteristics (N=51)

Demographics

Age at Fontan procedure, years 4.7 (4.1-5.7)
Age at fenestration closure, years 5.7 (5.1-7)
Female sex 22 (43)

19.3 (17.1-21.8)
16 (range 13-20)
4.5 (range 3-5)

Weight at fenestration closure, kg
Extracardiac conduit diameter, mm
Fenestration diameter, mm

Cardiac diagnosis

HLHS 14 (27)
DILV 9 (17)
Heterotaxia, other single ventricle 7(14)
Tricuspid atresia 6 (12)
Mitral atresia, non-HLHS 5(10)
AVSD, unbalanced 4(8)
Ebstein’s anomaly 3(6)
PA/IVS 3(6)

Data are presented as N (%) for categorical variables and median
(IQR or range) for continuous variables

HLHS hypoplastic left heart syndrome, DILV double inlet left ven-
tricle, AVSD atrioventricular septal defect, PA/IVS pulmonary atresia
with intact ventricular septum

Table2 Pre- and post-fenestration test-closure catheterization data
(N=51)

Pre-closure Post-closure P

Systemic O, sat 87 (84-89) 95 (94-97) <0.01
Qp:Qs 0.65 (0.56-0.79) 1(1-1) <0.01
Cardiac Index, L/min/m? 4 (3-5) 29 (2.6-35) <0.01
Fontan pressure, mmHg 13 (11.5-14) 13 (12.3-15) 0.05
PVRi, WU xM2 1.8 (1.2-2.2) 1.9 (1.6-2.5) 0.24

Data are presented as median (IQR)

PVRi indexed pulmonary vascular resistance

the device by color Doppler at the end of the procedure.
Four (8%) patients had concomitant procedures including 1
(2%) with veno-venous collateral closure, 2 (4%) with aorto-
pulmonary collateral closure, and 1 (2%) with pulmonary
artery angioplasty. There was no procedural mortality with
fenestration closure.

Ten (20%) patients had follow-up cardiac catheteriza-
tion after transcatheter fenestration closure. The median
duration from fenestration closure to follow-up cardiac
catheterization was 7 (IQR 2.8-11.7) years. Compared to
the pre-fenestration closure (baseline) hemodynamics, the
systemic oxygen saturation remained significantly greater
compared to baseline [92% (IQR 80-94%) vs 87% (IQR
84-89%), P <0.05]. Cardiac index remained lower com-
pared to baseline [2.3 (1.8-2.6) L/min/m? vs. 4 (IQR 3-5)
L/min/m?, P <0.05]. While pulmonary vascular resistance
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was not significantly changed [most recent catheteriza-
tion 1.9 (IQR 1.5-2.9) WU x M2 vs. baseline 1.8 (IQR
1.2-2.2) WU x M2, P=0.32], the mean Fontan pressure had
increased at the follow-up catheterization [16 (IQR 13-18.5)
mmHg vs. 13 (IQR 11.5-14) mmHg, P <0.05] (Table 3).
Five (10%) patients had additional procedures in addition
to the diagnostic catheterization. One (2%) patient with a
5 mm fenestration closed with a 15 mm Gore Helex Sep-
tal Occluder had a persistent residual fenestration that was
successfully closed with a 4 mm Amplatzer septal occluder
2.7 years following the initial closure attempt. One (2%)
patient had persistent hypoxemia, and had veno-venous col-
lateral closure and pulmonary artery angioplasty 3 years fol-
lowing fenestration closure. One (2%) patient had closure of
aorto-pulmonary collaterals, 1 (2%) patient had pulmonary
artery stent implantation, and 1 (2%) patient had a concomi-
tant liver biopsy.

The median duration from transcatheter fenestration clo-
sure to most recent follow-up was 7.3 (range 1.3-16) years.
At last follow-up, the oxygen saturation by pulse oximetry
[94.5% (IQR 92-97%)] was not significantly changed from
the systemic oxygen saturation immediately following fen-
estration closure [95% (IQR 94-97%), P <0.05]. One (2%)
patient developed atrial flutter and non-sustained ventricular
tachycardia 4.2 years following fenestration closure. Two
(4%) patients developed protein losing enteropathy 1.7 and
1.8 years following fenestration closure. No patient devel-
oped plastic bronchitis. One (2%) patient had a heart trans-
plant for Fontan failure 4.1 years after fenestration closure,
and one (2%) patient expired 9.4 years after fenestration clo-
sure (Table 4). No patients had creation of a new fenestration
to decompress the Fontan circuit.

Discussion

This study demonstrates that an immediate increase seen in
oxygen saturation following transcatheter Fontan fenestra-
tion closure was sustained in long-term follow-up of up to

Table 3 Pre-fenestration vs. post-fenestration closure follow-up cath-
eterization (N=10)

Pre-closure Follow up P

catheteriza-

tion
Systemic O, sat 87 (84-89) 92 (89-94) <0.05
Qp:Qs 0.65 (0.56-0.79) 0.9 (0.86-1) <0.05
Cardiac Index, L/min/m? 4 (3-5) 2.3(1.8-2.6) <0.01
Fontan pressure, mmHg 13 (11.5-14) 16 (13-18.5) <0.01
PVRi, WU xM2 1.8 (1.2-2.2) 1.9 (1.5-2.9) 0.32

Data are presented as median (IQR)

PVRi indexed pulmonary vascular resistance
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Table 4 Long-term clinical outcomes

Follow up duration, years 8.1(5.3-10.6)

Systemic O, saturation 94.5 (92-97), [P<0.01]
Residual fenestration by echo 1)

Protein losing enteropathy 1(2)

Plastic bronchitis 0(0)

Heart transplant 1 2%)

Death 1 2%)

Data are presented as N (%) for categorical variables and median
(IQR) for continuous variables. Systemic O, saturation at latest fol-
low-up compared to pre-fenestration closure saturation using Wilcox-
son ranked sum test

16 years, with a low incidence of adverse outcomes such as
death and transplant. However, in those patients who had an
interval diagnostic catheterization between fenestration clo-
sure and most recent outpatient follow-up, the mean Fontan
pressure had increased.

Although the Fontan operation has increased longevity
substantially for patients with single ventricle physiology,
there was considerable morbidity and mortality early in
the experience with this surgery. The adoption of a staged
approach, directing superior vena cava flow to the pulmo-
nary arteries prior to completing the total cavo-pulmonary
connection halved surgical mortality from 16 to 8% in one
series [7]. To further decrease morbidity and mortality, fen-
estrations between the systemic and pulmonary venous atria
were introduced during the Fontan operation, to allow for
some right to left shunting and preserve cardiac output at
the expense of systemic oxygen saturation in the immedi-
ate post-operative period, when there might be increased
pulmonary vascular resistance secondary to pulmonary
edema or atelectasis, and impaired systemic ventricle sys-
tolic or diastolic function [5]. Though initially utilized for
patients determined to be high risk for Fontan operation,
the use of fenestration increased over time in the Fontan
Cross-Sectional Study, such that from 1992 to 2002 80%
of Fontan procedures included fenestration. [8]. One of the
major benefits of Fontan fenestration has been reduced post-
operative pleural drainage [4]. Patients at our center had
transcatheter Fontan fenestration closure approximately 1
year post-operatively, following a period of outpatient stabil-
ity, with the goal of improving systemic oxygen saturation
and decreasing the risk for paradoxical embolism.

Previous studies had described the short- and medium-
term outcomes following transcatheter fenestration closure.
While systemic oxygen saturation increases immediately
following fenestration closure, this increase is not enough
to offset the decrease in cardiac index, leading to decreased
systemic oxygen transport and increased oxygen extraction
ratio, potentially worsening exercise capacity [9]. Despite
this, the incidence of morbidity and mortality has been low

in short- and medium-term follow-up [10, 11]. Our study
adds to this growing body of knowledge, with median fol-
low-up nearly twice as long as that which has been previ-
ously reported, demonstrating that increased oxygen satura-
tion is sustained, and with minimal adverse outcomes.

However, the increased mean Fontan pressure on inter-
val catheterization following fenestration closure raises con-
cerns for increased Fontan associated morbidity over time.
Various modes of Fontan failure, including Fontan associ-
ated liver disease, protein losing enteropathy, and plastic
bronchitis, have been associated with persistently elevated
central venous pressure [12—-15]. In some cases, transcath-
eter creation of a fenestration has led to an improvement in
symptoms associated with Fontan failure [16—18]. While
no patients in our study required creation of a fenestration
following transcatheter closure, it is possible that some may
benefit from decompression of the Fontan circuit over a
longer period of follow-up.

There are several limitations to our study. Our study is
retrospective and is prone to the inherent biases of such stud-
ies. Of particular concern, selection bias may confound the
results as the decision to proceed with fenestration closure,
and the timing of closure were not proscribed by institutional
protocol. The absence of a similar patient cohort that did not
undergo fenestration closure prevents comparison of long-
term outcomes between patients who had transcatheter fen-
estration versus those who did not. Additionally, there was
variation in closure technique, with utilization of multiple
types of closure devices. There were very few patients with
non-Amplatzer septal occluder devices used for fenestra-
tion closure, and hence comparison of fenestration closure
efficacy between devices was not possible.

Conclusions

Transcatheter Fontan fenestration closure effectively and
durably increases systemic oxygen saturation with a low
incidence of adverse events in long-term follow-up. How-
ever, given the relationship between elevated central venous
pressure, Fontan associated liver disease, protein losing
enteropathy, and plastic bronchitis, even longer term fol-
low-up is needed to determine the risk for very late adverse
events following fenestration closure.
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