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Abstract

Background—Elevation in central venous pressure (CVP) plays a fundamental pathophysiologic
role in Fontan circulation. Because there is no sub-pulmonary ventricle in this system, CVP also
provides the driving force for pulmonary blood flow. We hypothesized that this would make
Fontan patients more susceptible to even low-level elevation in pulmonary vascular resistance
index (PVRI), resulting in greater systemic venous congestion and adverse outcomes.

Methods—Adult Fontan patients and controls without congenital heart disease undergoing
clinical evaluation that included cardiac catheterization and echocardiography were examined
retrospectively. Outcomes including all-cause mortality and the development of Fontan associated
diseases (FAD, defined as protein losing enteropathy, cirrhosis, heart failure hospitalization,
arrhythmia, or thromboembolism) were assessed from longitudinal assessment.

Results—As compared to controls (n=82), Fontan patients (n=164) were younger (36 vs 45
years, p<0.001), more likely to be on anticoagulation or antiplatelet therapy, and more likely to
have atrial arrhythmia or cirrhosis. There was a strong correlation between CVP and PVRI in the
Fontan group (r=0.79, p<0.001), but there was no such relationship in controls. Elevated PVRI
identified patients at increased risk for FAD (HR 1.92, 95% CI 1.39-2.41, p=0.01), and composite
endpoint of FAD and/or death (HR 1.89, 95% CI 1.32-2.53, p=0.01) per 1 WU*m? increment.

Conclusions—Systemic venous congestion, which is the primary factor in the pathogenesis of
FAD and death, is related to even low-level abnormalities in pulmonary vascular function.
Multicenter studies are needed to determine whether interventions targeting pulmonary vascular
structure and function can improve outcomes in the Fontan population.
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INTRODUCTION

Adult congenital heart disease is an important and understudied cause of heart failure.! One
challenging and poorly-understood cohort within the spectrum of congenital heart disease
includes patients with Fontan circulation.! The Fontan physiology is unique because it relies
on passive (non-pulsatile) pulmonary blood flow to perfuse the lungs allowing for gas
exchange, and provide preload to the systemic ventricle.? In the absence of an effective
subpulmonary ventricle, an obligatory increase in central venous pressure (CVP) is required
to maintain the transpulmonary gradient necessary for pulmonary blood flow.2 Chronic
increase in CVVP causes systemic venous congestion that promotes Fontan associated
diseases (FAD) such as arrhythmia, cirrhosis, protein losing enteropathy and heart failure.2-%

Previous studies have shown that non-pulsatile pulmonary blood flow as with the Fontan
circulation results in pulmonary vascular disease due to dysregulation of the nitric oxide
pathway and endothelial dysfunction.”- 8 In the normal biventricular circulation, slight
increases in pulmonary vascular resistance (PVR) are well-tolerated, since the right ventricle
can accelerate venous blood against this increased impedance. However in the venous
circulation resistance is very low, and thus in the Fontan circuit, any increase in PVR could
markedly influence CVP. We hypothesized that in the absence of a subpulmonary ventricle
in the Fontan physiology, PVR becomes the primary determinant of CVP, and that this
would be related to adverse outcomes including death and the development of FAD.

METHODS

Patient Selection

We identified all adult patients with the Fontan circulation (>18 years) that underwent
cardiac catheterization at Mayo Clinic Rochester, Minnesota between January 1, 1990 and
December 31, 2015. Fontan patients were compared to patients without congenital heart
disease referred for invasive hemodynamic exercise testing because of exertional dyspnea
during the same study period but who were found to display no identifiable cardiac cause of
symptoms. The Mayo Clinic Institutional Review Board approved this study and waived
informed consent for the patients that provided research authorization.

Invasive and Clinical Data Collection

Medical records were reviewed in detail including clinical notes, echocardiograms, cardiac
catheterization reports, and surgical notes. All cardiac catheterization procedures were
reviewed and invasive hemodynamic data were analyzed. Central venous pressure (CVP),
pulmonary artery (PA) pressures, and PA wedge pressures (PAWP), were recorded at end
expiration taken as the average of =3 beats.
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Cardiac output was determined by the Fick technique using assumed O, consumption in
Fontan patients and directly measured O, consumption in controls along with directly
measured O, contents in the pulmonary arterial and systemic blood samples.® Cardiac index
was calculated by the quotient of cardiac output and body surface area. Pulmonary vascular
resistance index (PVRI) was calculated by (mean pulmonary artery pressure — PAWP)/
cardiac index. Systemic vascular resistance index was calculated by (mean systemic arterial
pressure — Fontan pressure)/cardiac index. Plasma volume at the time of catheterization was
estimated by: (1-hematocrit) (a + [b weight in kg]), where a = 1,530 in men and 864 in
women, and b= 41 in men and 47.9 in women.10

Study Endpoints and Definitions

The presence of FAD was defined as in previous studies,1: 12 including 1 or more of the
following: protein losing enteropathy (elevated stool a.-1 antitrypsin concentration >54
mg/dl with decreased serum albumin <3.5 g/dl and accompanying symptoms); cirrhosis
(liver stiffness >5.0 kPa by magnetic resonance elastography or stage 4 fibrosis on
histology); heart failure hospitalization (admission for worsening heart failure signs and
symptoms requiring intravenous diuretics); arrhythmia (atrial or ventricular); and
thromboembolism (thrombus within the Fontan pathway, intracardiac thrombus, stroke or
other systemic arterial embolus). Death was defined as all-cause mortality. Only one event
was counted per patient in the censor for the composite endpoint of FAD and/or death.

Statistical Analysis

RESULTS

Statistical analyses were performed with JMP software (version 10.0; SAS Institute Inc).
Categorical variables were reported as percentages, and continuous variables were reported
as mean + standard deviation or median (interquartile range) for skewed data. Categorical
variables were compared using the 2 test or Fisher exact test, and continuous variables
were compared with a 2-sided, unpaired ¢#test or Wilcoxon rank sum test, as appropriate.
Linear regression was performed to examine relationships between continuous variables.

In order to evaluate the impact of elevated PVRI on FAD and/or death, we divided the
Fontan patients into high PVRI group (PVRI>2 WU*m?) and low PVRI group (PVRI < 2
WU*m2) based on the partition value used in prior publications.13: 14 A Cox proportional
hazards model was used to determine the association between Fontan hemodynamic
variables and the occurrence of FAD and/or death. The variables included in the univariate
model were chosen a priori based on their previously demonstrated association with
outcome in Fontan patients.11: 12. 15, 16 \/ariables that reached statistical significance in
univariate analysis were included in the multivariate analysis. The risk for each variable was
expressed as hazard ratio (HR) and 95% confidence interval (ClI). A p value less than 0.05
was considered statistically significant.

There were 164 patients in the Fontan group and 82 controls. As compared to controls, the
Fontan patients were younger, more likely to be on anticoagulation or antiplatelet therapy,
and more likely to have atrial arrhythmia or cirrhosis (Table 1). Among the Fontan patients,
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the mean age at the time of Fontan operation was 85 years, 103 (63%) had systemic left
ventricle, and 105 (64%) had atriopulmonary Fontan connection. The most common
congenital heart disease diagnoses were tricuspid atresia (n=65, 40%) and double inlet left
ventricle (n=52, 32%).

Hemodynamic Differences between Groups

As compared to controls, Fontan patients had lower systemic arterial and mixed venous
saturations and oxygen contents, lower cardiac index, and lower systemic vascular resistance
(Supplementary Table 1). CVP was significantly higher in Fontan patients than controls, but
PVRI values were similar. There was a strong correlation between CVP and PVRI (r=0.79,
p<0.001) but CVP was only marginally related to PAWP (r=0.19, p=0.04) in the Fontan
group (Figure 1). In contrast, there was no relationship between CVP and PVRI in the
control group.

Impact of Elevated PVRI in Fontan Patients

In order to assess the impact of PVVRI on the other hemodynamic indices, we divided the
Fontan cohort into 2 groups based on predetermined cut point of high PVRI Fontan (>2.0
WU*m2) and low PVRI Fontan (<2.0 WU*m?). Among the 164 Fontan patients in the study,
91 (55%) had high PVVRI while 73 (45%) had low PVRI. By design, the mean PVRI was
greater in the high PVRI group compared to the low PVRI group (2.7 £0.5vs 1.6 £ 0.4
WU*m2, p<0.001). Compared to the low PVRI Fontan group, the high PVRI Fontan group
had lower peak oxygen consumption, more likely to have atriopulmonary Fontan
connection, and tended to be older at the time of cardiac catheterization and (Supplementary
Table 2).

PVRI and Fontan Related Clinical Outcomes

The following FAD events occurred either at the time of cardiac catheterization or during
follow-up: cirrhosis (n=35, 21%), protein-losing enteropathy (n=13, 8%), thromboembolism
(n=25, 15%), heart failure hospitalization (n=46, 28%), and atrial arrhythmia (n=76, 46%).
The endpoint of any FAD occurred in 112 patients (68%). Elevated PVRI was found to be a
significant predictor of the development of FAD, independent of other known predictors (HR
1.92, 95% CI 1.39 — 2.41, p=0.01) per 1 WU*m? increment, Table 2.

Over a mean follow-up of 7.1 £ 2.2 years there were 31 deaths (19%). Cause of death was
perioperative death after cardiac surgery in 9, sudden death in 6, heart failure/
thromboembolism in 3, sepsis in 2, and unknown/multifactorial in 12. A composite endpoint
of FAD and all-cause mortality occurred in 116 (72%). Again elevated PVRI was an
independent predictor of the composite endpoint of development of FAD and all-cause
mortality (HR 1.89, 95% CI 1.32 — 2.53, p=0.01) per 1 WU*m2 increment.

DISCUSSION

Although the long-term survival after the Fontan operation has improved, the life expectancy
in the Fontan population is still significantly lower than that of patients with biventricular
circulation.”- 18 The excess mortality in this population is largely due to FAD.16: 19 The
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pathogenesis of most FAD is driven by systemic venous congestion caused by chronic
elevation in CVP.2 In this study we demonstrated a direct relationship between PVRI and
CVP, and an association between high PVRI and Fontan related clinical outcomes.

Impact of CVP on Fontan Related Clinical Outcomes

The current study demonstrates a strong correlation between PVVRI and CVP in Fontan
physiology (r=0.79, p<0.001), in contrast to biventricular physiology where CVP was
uncoupled from PVVRI. This is expected because the functional right ventricle can easily
cope with low grade elevations in PVRI without causing frank right heart failure. However,
in the absence of an effective sub-pulmonary ventricle, even minor increases in resistance in
the circuit can lead to dramatic upstream congestion, elevation in CVP, and stagnation of
venous flow. This can promote thromboembolism as well as deleterious effects upon a
number of organ systems including the liver, gut, and kidneys mediated by tissue edema
from venous congestion.

The impact of CVP elevation in the Fontan circuit has been described. A retrospective study
reported occurrence of protein losing enteropathy in 26 of 354 (7.3%) pediatric and adult
Fontan patients within the first two decades after Fontan operation.2? High CVP was
identified as a risk factor for protein losing enteropathy in that cohort. A different study
assessing outcomes in 44 Fontan patients with protein losing enteropathy showed that
elevated CVP (>15 mmHg) was a risk factor for death.* Elevated CVP has also been
reported as a risk factor for cirrhosis and portal hypertension in a cohort of 64 Fontan
patents.2! The detrimental impact of elevated CVP is not restrictive to the liver and gut but
has been reported as a risk factor for several Fontan related adverse events.2=5

Determinants of CVP

CVP provides the driving force for pulmonary blood flow in the Fontan circulation.? As
impedance to pulmonary blood flow (ventricular filling pressures and PVR) increase, CVP
must rise in order to maintain the transpulmonary gradient required for passive pulmonary
blood flow, gas exchange, and systemic ventricular filling. In the current study we
demonstrated that CVP was directly related to PVRI but was independent of PAWP
(ventricular filling pressure). CVP is also related to plasma volume and venous tone. Plasma
volume tended to be greater in Fontan patients, but not to the extent that would explain the
marked disparity in CVVP between groups.

Pulmonary Vascular Disease as Potential Target for Intervention

In the current study, elevated PVRI was an independent predictor for FAD, and also
independent predictor for the composite endpoint of FAD and all-cause mortality. These
findings suggest that minor elevations in PVVRI, even within the range that is considered
normal in the biventricular circulation, may increase risk of adverse outcomes in patients
with Fontan palliation.

A number of small, single center studies have begun to explore the role of pulmonary
vasodilators in patients with the Fontan palliation.3: 22-25 |n a prospective, non-controlled
study of 24 pediatric and adult Fontan patients with pulmonary vascular disease defined as
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PVRI > 2 WU*m?, the use of endothelin receptor antagonists resulted in a significant drop
in PVRI after 6 months.13 There was a concomitant increase in cardiac index, and
improvement in New York Heart Association (NYHA) functional class and peak oxygen
consumption in most of the patients.13 In a different study, 24 Fontan patients with baseline
PVRI >2.5 WU*m? received sildenafil for 3 months. This resulted in a drop in PVRI from
3.9 to 1.7 WU*m?2 with concordant improvement in cardiac index, NYHA functional class
and 6 minute walk distance.2? Several other studies have demonstrated the beneficial effect
of pulmonary vasodilators in Fontan patients both in terms of reduction in PVRI, cardiac
output augmentation and improvement in exercise capacity.23-25

All these studies have been focused on relatively short term effects of pulmonary
vasodilators, and there is no data available on long-term effects. Furthermore, it remains
unclear what the mechanism of PVR elevation is in the Fontan circulation, and to what
extent these low grade elevations in PVRI are due to vasoconstriction, vascular remodeling
or both. The results of the current study suggest that interventions to reduce PVR over
longer durations may have favorable effects on systemic venous congestion, and this merits
testing in multicenter placebo-controlled trials.

The cross sectional nature of hemodynamic assessments does not permit assessment of
causality. This is a single center retrospective study reporting outcomes in an older Fontan
cohort, which may limit generalizability to other populations. The results of the study may
have been influenced, to some extent, by selection bias and other potential confounders
because of the retrospective study design. There are several other determinants of Fontan
hemodynamics such as power loss, wall shear stress, ventriculoarterial coupling etc. that
were not tested for in our study. Controls were older than Fontan patients, but this would
only be expected to bias any group differences toward the null, since pulmonary vascular
disease worsens with normal aging.26

Conclusions

In the current study we demonstrated a direct correlation between CVVP and PVRI in patients
with Fontan physiology, in contrast to the normal biventricular circulation where CVP was
independent of PVVRI. Further study is indicated to evaluate the effect of pulmonary vaso-
modulators on CVP as potential strategy for reducing morbidity and mortality in adults with
the Fontan circulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Pulmonary vascular resistance is the primary determinant of systemic venous
congestion

Systemic venous congestion is the primary factor in the pathogenesis of Fontan
associated diseases (FAD) and death

Therapy targeted a pulmonary vascular resistance may modify risk of FAD and
death
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Figure 1A: Linear correlation of central venous pressure (CVP) vs pulmonary vascular
resistance index (PVRI) in Fontan patients

Figure 1B: Linear correlation of central venous pressure (CVP) vs pulmonary artery wedge
pressure (PAWP) in Fontan patients
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Baseline Clinical Characteristics of Fontan and Control Groups

Table 1

Demographic variables Fontan (N=164) Control (N=82) p
Age, years 36 (25-43) 45 (35-52) <0.001
Male 88 (54%) 26 (32%) 0.01
Body mass index, kg/m? 27+3 28+6 0.12
Body surface area, m? 19+03 19£02 0.31
Laboratory data

Hemoglobin, g/dI 151+04 13.3+0.6 0.01
Albumin, g/dl 42+04 44+0.6 0.23
Creatinine, mg/dl 1.1+04 0.9+0.2 0.18
NT-pro BNP, pg/ml 191 (114-746)  47(25-82)  <0.001
Estimated plasma volume, ml 2971+ 423 2703 £ 311 0.06
Medications

Diuretics 45 (27%) 14 (18%) 0.12
RAAS antagonist 46 (28%) 15 (19%) 0.13
Beta blockers 31 (20%) 20 (24%) 0.56
Comorbidities

Hypertension 1 (1%) 32 (39%) <0.001
Hyperlipidemia 42 (26%) 26 (32%) 0.21
Diabetes 14 (9%) 5 (6%) 0.41

NT-pro BNP: N-terminal pro-B-type natriuretic peptide; RAAS: Renin angiotensin aldosterone system antagonist
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Hemodynamic and Clinical Risk Factors for Fontan Associated Diseases

Table 2

Univariate

HR (95% CI)

p

Multivariate

HR (95% CI)

p

Hemodynamic variables

PVRI, per 1 WU*m? increment

Cardiac index, per 1 I/min/m?2 decrease

PAWP, per 1 mm Hg increment
Ejection fraction <30%

= Moderate AVV regurgitation
SVRI, per dynes*s/cm3/m? decrease
Clinical variables

Age at cath, per 5y increment

Age at Fontan op, per 2 y increment
Male gender

Peak VO, <50% of predicted

Left ventricle morphology
Atriopulmonary Fontan

Heterotaxy

Paced rhythm

Warfarin

Diuretics

2.22 (1.71- 2.88)
1.04 (0.82 - 1.15)
1.69 (1.11-2.19)
1.39 (0.96 — 1.71)
0.96 (0.33 - 1.84)
1.49 (0.89 — 2.65)

2.31 (1.44 - 3.28)
1.61 (0.97 — 1.94)
0.96 (0.53 - 1.42)
1.94 (0.86-3.11)
1.11 (0.61-2.43)
2.14 (1.53-2.59)
1.14 (0.21 - 1.95)
1.08 (0.31-2.37)
1.42 (0.61 - 2.61)
1.33 (0.87 - 2.88)

<0.001

0.13
0.04
0.08
0.21
0.06

<0.001

0.07
0.49
0.12
0.28

<0.001

0.21
0.41
0.36
0.18

1.92 (1.39 - 2.41)

1.09 (0.59-2.75)

151 (0.93 - 2.71)

1.55 (1.11-2.02)

Page 12

HR: hazard ratio; Cl: confidence interval; y: year; PVRI: pulmonary vascular resistance index; Cl: cardiac index; PAWP: pulmonary artery wedge
pressure; AVV: atrioventricular valve; cath: catheterization; op: Operation; SVRI: Systemic vascular resistance index, VO2 oxygen consumption
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