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Abstract

Fontan failure can occur even with normal systolic ventricular function and often in the context of
significant liver disease. We hypothesized that Fontan failure is hemodynamically distinct from
traditional heart failure and characterized by low systemic vascular resistance (SVR) index and
preserved cardiac index. Twenty-seven symptomatic adult Fontan (SAF) patients who underwent
catheterization from 2001 to 2011 constituted our study group. Fifty-four predominantly
asymptomatic pediatric Fontan (PF) patients who underwent catheterization during the same
period were randomly selected to perform a control:case cohort analysis. Clinical comparisons
were made between the 2 groups. The adults were more symptomatic than the PF cohort (New
York Heart Association classes I and Il or 111 and 1V: 48% or 52% [SAF] vs 94% or 6% [PF],
respectively, p <0.01). SAF versus PF mean catheterization findings were central venous pressure
18 + 6 versus 14 + 3 mm Hg (p <0.01), SVR index 1,680 + 368 versus 1,960 + 550 dyn s/cm>/m?
(p = 0.02), and cardiac index 2.7 + 0.8 versus 2.8 + 0.7 L/min/m2 (p = 0.25). By imaging, the SAF
cohort demonstrated a greater incidence of abnormal liver texture changes (96% vs 75%, p = 0.04)
and nodularity (77% vs 42%, p = 0.02). In conclusion, adult patients with failing Fontan
circulation had a lower SVR index and similar cardiac index compared with the pediatric cohort.
Liver disease in the adults was more advanced. Our data suggest that Fontan failure is a distinct
circulatory derangement with hemodynamic features similar to portal hypertension, albeit with
limited ability to augment cardiac output.

Single ventricle palliation, culminating in the Fontan operation, has been described as a
failed strategy in terms of long-term survival and quality of life.l Among survivors, only
70% actuarial freedom from death or cardiac transplantation 25 years after Fontan palliation
has been reported.2 “Fontan failure” is a term used to characterize much of the associated
morbidity; however, it is itself variably defined. Descriptions include low cardiac output in
the absence of ventricular failure,® “myocardial failure”, and “death, (Fontan) takedown,
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transplantation, or New York Heart Association (NYHA) classes 111 and I\V”.5 Depiction of
the hemodynamic profile of Fontan failure has been similar to traditional heart failure:
elevated central venous pressure, pulmonary capillary wedge pressure, and systemic
vascular resistance (SVR), with a low cardiac index.1-6-8 However, clinical deterioration can
occur in the absence of ventricular dysfunction,3° suggesting that distinct mechanisms are
contributive. Based on the growing evidence of liver pathology in Fontan patients over

time, 1011 we hypothesized that portal hypertension might play a signifi-cant role in failing
Fontan pathophysiology. We sought to define the hemodynamic phenotype of patients with
Fontan failure using catheterization data from symptomatic adult Fontan (SAF) patients and
then compared our data with a pediatric Fontan (PF) cohort.

We performed a retrospective review of the Emory Adult Congenital Heart Center database
for patients with the single ventricle physiology status after Fontan palliation who
underwent a heart catheterization from January 2001 to December 2011. Surveillance
catheterizations are not performed on all patients with Fontan palliation at our adult center
and instead are done because of clinical deterioration. We defined clinical deterioration
(Fontan failure) as development of significant symptoms such as refractory edema, ascites,
protein-losing enteropathy, or considerable exercise intolerance, regardless of ventricular
function. A total of 27 patients (NYHA functional classes 111 and 1V: 52%) met the inclusion
criteria. We also identified predominantly asymptomatic Fontan patients (NYHA functional
classes | and 11 = 94%), aged 10 to 19 years, who had a catheterization performed during the
study period. At our institution, catheterizations are routinely performed in PF patients at 10
and 15 years after the Fontan palliation. A total of 54 patients were randomly selected to
perform a 2:1 control: case cohort analysis.

Clinical data, echocardiograms, catheterization findings, and liver imaging were compared
between the SAF and PF cohorts. Echocardiogram interpretations are those of the attending
cardiologist, with the evaluation of ventricular function accomplished by subjective
assessment, modified Simpson's method, and triplane 3-dimensional reconstruction. Cardiac
catheterizations were performed using local anesthesia and conscious sedation.
Measurements were made using an end-hole catheter and a transducer using the standard
technique. Systemic blood flow was calculated using the Fick method, and SVR and cardiac
output were indexed to account for discrepant body surface area between the 2 patient
populations. Pulmonary vascular resistance was not calculated because of known difficulties
in measuring pulmonary blood flow in the failing Fontan circulation12-13; however,
transpulmonary gradients were normal in each cohort. Hepatic vein wedge pressures were
not routinely obtained and are likely not useful in Fontan patients with postsinusoidal portal
hypertension.14 Finally, although pertinent medications are listed for each cohort, all such
medications were held on the day of catheterization in each group.

At our institution, PF patients routinely undergo hepatic magnetic resonance imaging (MRI)
or ultrasound at the age of 13 years, whereas adult Fontan patients receive liver imaging as
part of their intake assessment. Computed tomography and ultrasound are used only when
MRI is contraindicated. Imaging findings consistent with liver disease include changes in
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echogenicity by ultrasound or heterogenous enhancement of the parenchyma on delayed
phase postcontrast imaging by MRI. Liver nodularity is a well-described imaging finding in
patients with cirrhosis, indicative of the underlying distortion of hepatic architecture by
formation of regenerative nodules.® Varices were documented by imaging and not
endoscopy. Liver imaging interpretations are those of the attending radiologist.

Analysis of the comparisons was completed using paired t test for continuous variables and
Fisher's exact test for categorical variables. We usedSAS, version 9.2 (SAS Institute Inc.,
Cary, North Carolina). Data are expressed as mean values + SDs. Statistical significance
was defined as p value < 0.05.

A total of 27 SAF patients (aged 21 to 55 years) underwent a catheterization during the
study period. All the patients had Fontan circulatory failure, reflected by clinical
deterioration, as the indication for catheterization. Symptoms at the time of catheterization
are depicted in Figure 1. Pertinent mean catheterization findings of the cohort include
central venous pressure of 18 + 6 mm Hg, pulmonary capillary wedge pressure of 13 £5
mm Hg, systemic arteriovenous oxygen saturation difference of 24 + 6%, SVR index of
1,680 + 368 dyn s/cm>/m?2, and cardiac index of 2.7 + 0.8 L/min/mZ.

Clinical features of the SAF and PF cohorts are listed in Table 1. Compared with the PF
cohort, the adult patients were statistically older at the time of Fontan palliation and farther
removed from the Fontan at the time of catheterization. The SAF cohort was more
symptomatic than the PF cohort by NYHA classification. Furthermore, of the 13 SAF
patients (48%) who were in NYHA classes | and 1, only 2 were in NYHA class I. Both
these patients had severe fluid overload despite diuretics. NYHA class itself did not predict
hemodynamic profile among the SAF cohort; there was no significant difference between
patients in NYHA classes | and 11 and those in classes 111 and IV within this group. The SAF
cohort contained a greater percentage of atriopulmo-nary Fontan palliations, whereas the PF
group contained almost exclusively lateral tunnel and extracardiac Fontan patients. Finally,
although angiotensin-converting enzyme inhibitors were more likely to be used in the PF
cohort, p blockers were used with greater frequency in the SAF patients.

Tables 2 and 3 highlight differences in catheterization and echocardiographic findings
between the SAF and PF cohorts. The hemodynamic profiles of the adult atrio-pulmonary
versus lateral tunnel Fontans did not significantly differ and therefore were combined for
analysis. The pediatric cohort had statistically lower values for central venous pressure and
pulmonary capillary wedge pressure but greater SVR index. There was no significant
difference in the cardiac index between the 2 groups. Indications for catheterization among
the PF cohort are shown in Figure 2.

The results of liver imaging in each cohort are given in Figure 3. Liver imaging was
available in 26 (96%) of 27 adults and 24 (44%) of 54 pediatric patients. In the adults, MRI
(42%), computed tomography (50%), and ultrasound (8%) were used, whereas only MRI
(58%) and ultrasound (42%) were used in the pediatric patients.
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Discussion

As we enter the 5th decade of caring for patients palliated with the Fontan procedure, it is
apparent that adult survivors face significant morbidity and mortality. Although selected
medicines may ameliorate symptoms,16 mortality benefit has not been demonstrated.
Furthermore, there is evidence that circulatory failure rather than ventricular failure is most
important—Fontan patients with preserved ventricular function have been shown to do
worse after heart transplantation compared with patients with decreased ventricular
function.3

We theorized that the hemodynamics of a SAF cohort would be divergent from those
described in traditional, adult onset, systolic heart failure (elevated central venous pressure,
pulmonary capillary wedge pressure, and SVR, with low cardiac index).8:17:18 In the SAF
patients, although mean central venous and pulmonary capillary wedge pressures were
elevated, SVR index was low and cardiac index was preserved. Although others have noted
these hemodynamics,39 further interpretation was not included. SVR was indexed to control
for cohort body size differences and is low compared with published norms.19:20

The SAF cohort had higher central venous and pulmonary capillary wedge pressures than
the PF cohort, as might be expected. SVR index, however, was lower in the adults and
cardiac index was preserved, even in the context of more severe symptoms. This suggests
additional mechanisms influencing the hemodynamics and contributing to the symptoms of
Fontan failure. Discrepant SVR index was present despite increased use of angiotensin-
converting enzyme inhibitors in the PF cohort. Although  blockers were used more
frequently in the adults, their effect on SVR has been shown to be neutral in large
studies.21:22 Echo-cardiographic data were also informative. Among patients with a systemic
left ventricle, there was no significant difference between the cohorts in the incidence of
signifi-cant mitral regurgitation or left ventricular dysfunction. Adults with a systemic right
ventricle, however, were more likely to have significant systolic ventricular dysfunction.
Our interpretation of this data is threefold. First, a traditional heart failure model does not
explain the difference in symptoms between the 2 cohorts. Second, the hemodynamic profile
instead resembles that described in portal hypertension, with the exception being limited
ability to augment cardiac output above a certain threshold in a Fontan circulation.23 The
catalyst for this pathophysiology is most likely time-related exposure to elevated
postsinusoidal Fontan pressure, leading to liver damage and eventually portal hypertensive—
type circulatory derangement. Third, patients with a systemic right ventricle likely face both
limitations of a systemic right ventricle and failing Fontan pathophysiology.

What evidence is there that elevated Fontan pressures can lead to liver damage and
furthermore that the resulting circulatory dysfunction resembles that seen in our adult
cohort? Evidence of liver pathology in Fontan patients over time is robust.19-11 Animal
models, specifically data showing that rat livers exposed to elevated postsinusoidal pressure
go on to develop fibrosis and portal hypertension,24 provide further support. Post-sinusoidal
obstructive disease such as Budd-Chiari syndrome is a useful model for this
pathophysiology and is a well-described cause of cirrhosis and portal hyper-tension.25.26
Finally, the mechanism of circulatory dysfunction seen with portal hypertension and
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cirrhosis has been described and resembles catheterization findings of our study.2”-28 With
significant portal hypertension, there is a reduction in hepatic perfusion by the portal venous
system and a compensatory shift to increased hepatic arterial perfusion. This compensatory
response occurs through splanchnic arterial vasodilation, likely mediated by local
vasodilators such as nitric oxide, which leads to decreased SVR. As splanchnic vasodilation
becomes more intense, arterial hypotension, renal hypoperfusion, and then reflexive
activation of the sympathetic nervous system and renin-angiotensin-aldosterone system
develop. Although an increase in cardiac output can be expected in patients with a normal
heart, vasoconstriction of the renal vasculature also occurs, which leads to sodium and water
retention and the eventual development of edema and ascites once entering a decompensated
state. With time-related exposure to the Fontan as the catalyst, we believe failing Fontan
pathophysiology has similar characteristics: elevated central venous pressure, low SVR,
preserved cardiac output, and fluid retention. A final point is that, as mentioned earlier,
Fontan patients cannot proportionately augment their cardiac output above a certain
threshold, thus potentiating renal hypoperfusion and leading to refractory symptoms.

Understanding Fontan circulatory failure has important implications. Medicines such as
systemic vasodilators used in heart failure may not be tolerated over time as SVR decreases.
Befitting therapies can instead be applied by appreciating the unique hemodynamics present.
As an example, systemic vasoconstrictors are often used to improve renal blood flow in
patients with hepatorenal syndrome, a hemodynamically similar population.2? Finally, our
study highlights the necessity of a catheterization in symptomatic Fontan patients to guide
therapy.

The limitations to this study include those inherent to a retrospective review. The study
design allows for us to describe the association of catheterization findings in SAF patients
with liver imaging changes but does not allow for proving causation. A further limitation is
the heterogenous nature of Fontan failure—it is likely that not all patients “fail” in the same
way, and each patient should be evaluated individually when looking for underlying causes.
Discrepant medication use should be mentioned. However, angiotensin-converting enzyme
inhibitors, which may decrease SVR, were more commonly used in the adolescents and b
blockers should have a neutral effect on SVR. Finally, our study cohorts were relatively
small, and we lacked asymptomatic adult Fontan patients as a control group. Further studies
with larger data sets are necessary to confirm and expand on our findings.
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Figure 1.
Symptoms in the adult Fontan cohort (n = 27). PLE = protein-losing enteropathy.
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Figure 2.
Pediatric Fontan catheterization indications (n = 54).
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Extent of liver disease in adult versus pediatric Fontan patients. Although fibrosis is
technically a histologic diagnosis, it is used here to indicate imaging changes likely

consistent with the finding. Varices were documented by imaging and not endoscopy.
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Table 1

Clinical features in symptomatic adult versus pediatric Fontans

Variable (Mean + SD) Adults, n =27 (%) Pediatric, n =54 (%) p
Age at catheterization (yrs) 31.3+9.3 13.7+29 <0.01
Age at Fontan (yrs) 1068 29+2 <0.01
Time from Fontan to catheterization (yrs) 20.7+5.9 10.7+3.8 <0.01
Male (%) 52 46 0.71
Height (cm) 165.9 + 335 150.8 + 14.6 0.03
Weight (kg) 81.2+18.8 45.7 +18.6 <0.01
Body surface area (m?) 2+03 1403 <0.01
NYHA functional class*

land Il 48 94 <0.01

Il and IV 52 6
Atriopulmonary Fontan 67 2 <0.01
Lateral tunnel Fontan 33 69 <0.01
Extracardiac Fontan 0 29 <0.01
Fontan fenestration 11 87 <0.01
Systemic left ventricle 81 44 <0.01
Systemic right ventricle 19 56 <0.01
ACE inhibitor" 4 7 <0.01
B BlockerT 67 26 <0.01
Furosemide 63 41 0.10
Aldactone 48 37 0.12
Digoxin 30 39 0.2
Hemoglobin (g/dI) 149+2 146+1.7 0.42

ACE = angiotensin-converting enzyme.

Page 11

*
Among the adult Fontan cohort, 13 (48%) of the 27 patients were NYHA class | and I1; however, only 2 of these were NYHA class I. Both

patients had significant fluid overload despite diuretics.

TACE inhibitor and b-blocker use was not mutually exclusive. In the adult cohort, 8 patients (30%) were prescribed both medication classes,

whereas 8 pediatric patients (15%) were prescribed both medicine types.
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Table 2

Catheterization data in symptomatic adult versus pediatric Fontans

Parameters (Mean + SD) Adults (n =27) Pediatric (n = 54) p
Central venous pressure (mm Hg) 18+6 14+3 <0.01
Pulmonary capillary wedge pressure (mm Hg) 13+5 10+3 <0.01
Aortic pressure (mm Hg) 76 +12 79+12 0.34
Systemic arteriovenous pressure difference (mm Hg) 57+12 65+ 12 <0.01
Mixed venous saturation (%) 66+ 8 68+ 6 0.45
Aortic saturation (%) 91+5 92+4 0.46
Systemic arteriovenous saturation difference (%) 24+6 24+5 0.75
Cardiac index (L/min/m?) 27+0.8 28+0.7 0.57
SVR index (dyn s/cm®/m?) 1,680 + 368 1,960 + 550 0.02
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Table 3

Echocardiographic data in symptomatic adult versus pediatric Fontans

Parameters Adults (%) Pediiatric (%)* p
At least moderate RV systolic dysfunc’(ionJr 80 12 <0.01
At least moderate TR 20 8 0.42
Moderate or greater RV dysfunction or TR 80 15 <0.01
At least moderate LV systolic dysfunction¢ 18 5 0.21
At least moderate MR* 23 19 0.78
t 27 24 0.93

Moderate or greater LV dysfunction or MR

LV = left ventricle; MR = mitral regurgitation; RV = right ventricle; TR = tricuspid regurgitation.

*
Echocardiographic data were unavailable for 7 pediatric patients.

TIn those patients with a systemic right ventricle (n = 5 adult and n = 26 pediatric patients).

iln those patients with a systemic left ventricle (n = 22 adult and n = 21 pediatric patients).
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