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Occult Diastolic Dysfunction and Adverse 
Clinical Outcomes in Adolescents and 
Young Adults With Fontan Circulation
Daniel Peck, MD; Konstantin Averin , MD; Philip Khoury , PhD; Grant Veldhuis; Tarek Alsaied , MD;  
Adam M. Lubert , MD; Russel Hirsch , MD; Wendy M. Whiteside , MD; Gruschen Veldtman, MBChB; 
Bryan H. Goldstein , MD

BACKGROUND: In Fontan circulation, diastolic dysfunction portends a worse clinical outcome but may be concealed during 
routine assessment. Invasive evaluation with rapid volume expansion (RVE) can identify patients with occult diastolic dysfunc-
tion (ODD). We sought to evaluate the association between ODD and adverse clinical outcomes at medium-term follow-up.

METHODS AND RESULTS: We conducted a single-center observational study of patients with Fontan circulation who underwent 
clinical catheterization with RVE from 2012 to 2017. ODD was defined as post-RVE end-diastolic pressure ≥15 mm Hg. A 
composite adverse clinical outcome included mortality, cardiac transplant, ventricular assist device, plastic bronchitis, protein-
losing enteropathy, arrhythmia, stroke/thrombus, or cardiac-related hospital admission. Proportional hazards regression was 
used to compare the ODD-positive and ODD-negative groups for risk of the composite adverse clinical outcome. Eighty-nine 
patients with Fontan circulation (47% female patients) were included at a median age of 14 years. ODD was identified in 31%. 
Fontan duration was longer in the ODD group (P=0.001). The composite adverse clinical outcome occurred more frequently 
in the ODD group (52 versus 26%, P=0.03) during a median follow-up duration of 2.9 years after catheterization. ODD (hazard 
ratio [HR], 2.68 [95% CI, 1.28–5.66]; P=0.02) and Fontan duration (HR, 1.07 [95% CI, 1.02–1.12]; P=0.003) were associated 
with the composite adverse clinical outcome. When stratified by Fontan duration, ODD remained significantly associated with 
the hazard of adverse clinical outcomes in patients with a Fontan duration ≥10 years (HR, 2.57 [95% CI, 1.03–6.57]; P=0.04).

CONCLUSIONS: Cardiac catheterization with rapid volume expansion reveals a significant incidence of ODD, which relates to 
Fontan duration. ODD is associated with an increased hazard of adverse clinical outcomes during medium-term follow-up, 
especially in patients with longer Fontan duration. ODD may portend a worse prognosis in Fontan circulation.
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Widespread adoption of the Fontan operation has 
generated a unique clinical pathway for patients 
with otherwise fatal single-ventricle congenital 

heart disease. While perioperative morbidity and mortal-
ity has declined substantially over the past few decades, 
patients with Fontan circulation typically demonstrate a 
progressive decline in functional capacity over the sec-
ond and third decades of life.1,2 Moreover, there is sub-
stantial accrual of major morbidities and even mortality 
only years to decades after Fontan completion.1,2 This 

clinical deterioration frequently occurs in the absence of 
overt evidence of single-ventricle systolic dysfunction, 
valvular dysfunction, or other major circulatory insults.

Diastolic dysfunction, a well-recognized contributor 
to adult heart failure (heart failure with preserved ejec-
tion fracture [HFpEF]), may exist unrecognized in the 
Fontan circulation and contributes to long-term mor-
bidity and mortality risk.3–5 Current noninvasive and 
invasive diagnostic tools may be inadequate for the 
routine diagnosis of diastolic dysfunction, especially 
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early in the course.5,6 Early identification of diastolic 
dysfunction in Fontan circulation may provide prog-
nostic significance and guide tailored management 
strategies. Our group previously described the detec-
tion of occult diastolic dysfunction (ODD) in Fontan cir-
culation using an invasive technique with rapid volume 
expansion (RVE).7 To date, the diagnosis of ODD has 
not been shown to be associated with clinical prog-
nosis in Fontan circulation. In this study, we sought to 
assess the longitudinal association between ODD and 
adverse clinical outcomes in a group of adolescent 
and young adult patients with Fontan circulation.

METHODS
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable 

request. This study was approved by the Institutional 
Review Board at Cincinnati Children’s Hospital. A 
waiver for informed consent was granted because of 
the retrospective nature of this study. Since November 
2012, patients with Fontan circulation referred for elec-
tive and clinically indicated cardiac catheterization fol-
lowed a clinical ventricular stress testing protocol of 
RVE. For the purposes of this study, a query of the 
institutional catheterization database was performed 
to identify patients with Fontan circulation who under-
went cardiac catheterization between May 2013 and 
September 2017. Patients with Fontan physiology who 
underwent clinically indicated catheterization with RVE 
were included. Patients with baseline single-ventricle 
end-diastolic pressure (EDP) ≥15 mm Hg, mean Fontan 
pressure ≥18 mm Hg, severe ventricular systolic dys-
function, determined to be in an acute or chronic 
volume overload state, undergoing nonelective cath-
eterization (eg, referred for arteriopulmonary collateral 
embolization in the setting of active hemoptysis), or at 
the discretion of the primary operator, did not undergo 
RVE and thus were excluded from this study. Patients 
with <1 year of follow-up data available were excluded 
from outcome analyses. Chart abstraction was per-
formed in September 2018, to provide ≥1 year of clini-
cal follow-up between catheterization and outcome 
data collection. Patients were involved in the design of 
the study through the Children’s Heart Association of 
Cincinnati.

The ventricular stress testing protocol has been de-
scribed previously.7 To briefly summarize, a complete 
baseline hemodynamic assessment was performed 
followed by RVE, consisting of a 15-mL/kg bolus of 
normal saline administered rapidly (<5 minutes). After 
a 5-minute equilibration period, repeat hemodynamic 
assessment was performed. Pressure measurement 
was recorded using fluid-filled catheters and a digital 
transducer system. Cardiac index was determined 
using the Fick equation. When possible, oxygen con-
sumption was directly measured.8 ODD was defined 
previously as a baseline EDP <15 mm Hg and a post-
RVE EDP ≥15 mm Hg.7 Based on these criteria, in a 
prior cohort, ≈35% of patients with Fontan circulation 
without baseline diastolic dysfunction demonstrated 
evidence of ODD.7 Hemodynamic variables measured 
at baseline and following RVE included mean Fontan 
circuit pressure, mean pulmonary capillary wedge 
pressure, single-ventricle EDP, oxygen saturations, 
oxygen consumption (measured when possible or 
assumed), cardiac index (determined using the Fick 
equation), and indexed pulmonary vascular resistance.

Medical record abstraction was performed to obtain 
select patient characteristics, including sex, primary 
cardiac diagnosis, morphology of single ventricle, age, 
weight, date of Fontan completion, Fontan type, and 
presence of a fenestration (based on imaging at the 

CLINICAL PERSPECTIVE

What Is New?
•	 In patients with Fontan circulation, cardiac cath-

eterization with rapid volume expansion reveals 
a significant incidence of occult diastolic dys-
function (post–rapid volume expansion end-
diastolic pressure ≥15 mm Hg), which relates to 
duration of Fontan circulation.

•	 Occult diastolic dysfunction is associated with 
an increased hazard of adverse clinical out-
comes, especially in patients with longer Fontan 
duration.

What Are the Clinical Implications?
•	 Routine use of cardiac catheterization with rapid 

volume expansion may offer greater insights 
into Fontan circulatory function than standard 
resting assessment alone.

•	 Single-ventricle diastolic dysfunction, even that 
which may be subclinical in nature, may portend 
a worse clinical prognosis.

•	 New treatments designed to improve single-
ventricle relaxation (diastolic function) may 
provide an opportunity to slow the decline in 
Fontan circulatory function and thereby reduce 
or delay the onset of functional impairment.

Nonstandard Abbreviations and Acronyms

HFpEF	 heart failure with preserved ejection 
fraction

ODD	 occult diastolic dysfunction
RVE	 rapid volume expansion
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time of catheterization, including angiography or echo-
cardiography). In addition, postcatheterization clini-
cal follow-up data were abstracted, including details 
and timing of all cardiac-related hospital admissions, 
procedural interventions, and outpatient cardiology 
clinic visits that occurred at subsequent encounters. 
Adverse clinical outcomes were defined as death; 
ventricular assist device placement; heart transplant; 
cerebrovascular accident or transient ischemic attack; 
protein-losing enteropathy; plastic bronchitis; hemop-
tysis; and hospitalization for heart failure, arrhythmia, 
thrombus, pleural effusion, or seizure.

The primary outcome was defined as a compos-
ite outcome made up of any adverse clinical outcome. 
The secondary outcome was defined as a composite 
of death, ventricular assist device, or transplant.

Statistical Analysis
Data are presented as n (%), mean±SD, or median (in-
terquartile range). Comparisons of clinical events be-
tween patients with ODD and patients without ODD 
were made using Fisher’s exact tests for categorical 
variables, and Student’s t-tests or Wilcoxon 2-sample 
rank-sum tests for continuous variables. Statistical sig-
nificance was determined at the 2-tailed P≤0.05 level. 
Analysis of covariance was performed to determine 
independent predictors of post-RVE single-ventricle 
EDP. Candidates in the model included sex, age, dura-
tion of Fontan circulation, right ventricular morphology, 
Fontan fenestration, hypoplastic left heart syndrome 
and variant, baseline single-ventricle EDP, baseline 
Fontan pressure, baseline cardiac index, and baseline 
pulmonary vascular resistance.

Time-to-event analyses were performed with 
proportional hazards regression to compare the 
ODD-positive and ODD-negative groups for risk of 
the composite clinical outcome during follow-up, 
accounting for length of survival, and to determine 
which other factors were related to the adverse clin-
ical outcome. The factors under consideration in the 
models included baseline single-ventricle EDP, ven-
tricular morphology, sex, cardiac diagnosis, Fontan 
type, presence of Fontan fenestration, post-Fontan 
anatomic reintervention, baseline Fontan pressure, 
and baseline cardiac index. In these analyses, ODD 
and Fontan duration were forced into the model, and 
the other factors were included in the final model 
only if they were statistically significant. A backward-
stepping procedure was used to make this determi-
nation. Hazard ratios (HRs) were calculated for each 
of the factors by including a single factor at a time 
in proportional hazards regression models, to show 
their univariate relationship with the time to compos-
ite outcome. Survival analysis was performed to de-
termine if ODD groups differed in time to the primary 

outcome. Given the potential impact of Fontan du-
ration on hemodynamics and clinical outcomes, an 
additional subgroup survival analysis was performed 
after stratification of the cohort into 2 discrete groups 
based on Fontan duration (<10 years and ≥10 years). 
This cut point was selected on the basis of clinical 
significance (Fontan morbidities often begin to pres-
ent upon entry into adolescence) and in an effort to 
maintain roughly similar subgroup sample sizes.1,2

RESULTS
Patients
Eighty-nine patients (47% female; median age, 14.0 
years) were included in the study. Baseline characteris-
tics are demonstrated in Table 1. Twenty-eight patients 
(31%) met the criteria for ODD. The median duration 
of Fontan circulation at the time of catheterization was 
10.6 years (interquartile range, 4.4–17.8). A dominant 
right ventricle was present in 44%, and the most com-
mon diagnosis was hypoplastic left heart syndrome or 
associated variants (33%).

Single-Ventricle EDP and Associated 
Factors
The results of univariate and multivariable analysis 
of patient factors associated with post-RVE single-
ventricle EDP are summarized in Table 2. Factors as-
sociated with elevated post-RVE single-ventricle EDP 
on univariate analysis included older age (P<0.0001), 
longer duration of Fontan circulation (P<0.0001), higher 
baseline EDP (P<0.0001), lower baseline cardiac index 
(P=0.01), and lower baseline pulmonary vascular resist-
ance (P=0.05). On multivariable analysis, factors as-
sociated with elevated post-RVE single-ventricle EDP 
included longer Fontan duration (P<0.0001) and higher 
baseline EDP (P<0.0001). Figure  1 demonstrates the 
relationship between duration of Fontan circulation and 
post-RVE single-ventricle EDP.

Adverse Clinical Outcomes and ODD
Adverse clinical outcomes encountered by the study 
cohort are displayed in Table 3. At least 1 year of clini-
cal follow-up data were available for 84 (94%) patients, 
with a median follow-up duration of 2.9 years (25th–
75th percentile, 1.4–2.8). The primary outcome (com-
posite adverse clinical outcome) was met by 29 (35%) 
patients overall and was more frequently encountered 
in the ODD-positive group (52 versus 26%; P=0.03). 
The secondary outcome of death, ventricular assist 
device, or transplant was met by only 9 (11%) patients 
and occurred at a similar rate between ODD groups. 
The individual adverse clinical outcomes are enumer-
ated in Table 3.
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Univariate and Multivariable Associations 
With Adverse Clinical Outcomes

Univariate and multivariable factors associated with the 
primary outcome are displayed in Table 4. In univari-
ate analysis, the presence of ODD was associated with 
an increased hazard for the primary outcome (hazard 

ratio, 2.68 [95% CI, 1.28–5.63]; P=0.02) (Figure  2). 
Other factors associated with an increased hazard for 
the primary outcome included Fontan duration, base-
line single-ventricle EDP, and atriopulmonary Fontan 
type. On multivariable analysis, after adjustment for 
duration of Fontan circulation, no factors remained sig-
nificantly associated with the primary outcome.

Table 1.  Baseline Characteristics of the Study Cohort

All, N=89 ODD-positive, N=28 ODD-negative, N=61 P value

Sex, female 42 (47) 14 (50) 28 (46) 0.8

Age at catheterization, y 14.0 (8.5–21.4) 18.7 (13.0–27.8) 12.1 (7.4–17.2) 0.02

Age at Fontan, y 3.7 (2.9–4.6) 3.7 (2.7–4.8) 3.6 (3.1–4.6) 0.9

Duration of Fontan, y* 10.6 (4.4–17.8) 16.3 (9.2–23.8) 8.4 (3.3–13.6) 0.001

Right ventricular morphology 39 (44) 9 (32) 30 (49) 0.17

Anatomic diagnosis 0.18

HLHS and variants 29 (33) 7 (25) 22 (36) …

Tricuspid atresia 19 (21) 6 (21) 13 (21) …

PA/IVS 10 (11) 4 (14) 6 (10) …

Unbalanced AVSD 9 (10) 4 (14) 5 (9) …

DILV 13 (15) 7 (25) 6 (10) …

Other 9 (10) 0 9 (14) …

Fenestration present 39 (44) 10 (36) 29 (48) 0.36

Baseline EDP, mm Hg 8 (7–10) 10.5 (9–12) 8 (7–9) 0.0001

Baseline Fontan pressure, mm Hg 13 (11–14) 13 (12–15) 12 (11–14) 0.18

Baseline cardiac index, L/min per m2 3.04 (2.54–3.8) 2.9 (2.31–3.55) 3.1 (2.59–3.98) 0.16

Baseline PVR (Woods Unit×m2) 1.3 (0.94–1.79) 1.15 (0.89–1.41) 1.41 (0.96–2.0) 0.07

Data are displayed as n (%) or median (25th–75th percentile). AVSD indicates atrioventricular septal defect; DILV, double-inlet ventricle; EDP, end-diastolic 
pressure; HLHS, hypoplastic left heart syndrome; ODD, occult diastolic dysfunction; PA/IVS, pulmonary atresia with intact ventricular septum; and PVR, 
pulmonary vascular resistance.

*Duration of Fontan is equal to the time from Fontan completion to cardiac catheterization.

Table 2.  Factors Associated With Post-RVE Single-Ventricle EDP

Univariate Multivariable (R2=0.61)

Factor Coefficient P value Coefficient P value

Female 12 (11–15) 0.52

Male 12 (11–16)

Age (per 1-y increase) 0.50 <0.0001

Duration of Fontan (per 1-y increase)* 0.52 <0.0001 0.12 (0.028) <0.0001

Systemic RV 13 (11–16) 0.12

No systemic RV 12 (12–14)

Fenestration present 12 (10–15) 0.23

No fenestration present 13 (10–16)

HLHS 12 (10–14) 0.18

No HLHS 12 (10–16)

Baseline EDP (per 1-mm Hg increase) 0.72 <0.0001 0.94 (0.11) <0.0001

Baseline Fontan pressure (per 1-mm Hg increase) 0.20 0.06

Baseline cardiac index (per 1 L/min per m2 
increase)

−0.26 0.01

Baseline PVR (per 1 Wood Unit x m2 increase) −0.21 0.046

Intercept 3.1 (0.91) 0.001

Data are displayed as n (%) or median (25th–75th percentile). EDP indicates end diastolic pressure; HLHS, hypoplastic left heart syndrome; PVR, pulmonary 
vascular resistance; and RV, right ventricle.

The dependent variable is post-RVE EDP. In univariate analysis, correlation reported is the Spearman correlation coefficient (for continuous variables) 
or median and interquartile range for post-RVE EDP in each group and the P value from the Wilcoxon 2-sample rank-sum test (for categorical variables). In 
multivariable analysis, correlation reported is the degree of change in the outcome variable for every 1-unit of change in the predictor variable and is reported 
with the standard error in parentheses. The intercepts are not reported for the univariate analyses. Multivariable analyses using a generalized linear model with 
only variables significant at P<0.05 remaining in the final model.

*Duration of Fontan is equal to the time from Fontan completion to cardiac catheterization.
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Impact of ODD and Fontan Duration on 
Clinical Outcomes

Stratification of the cohort into subgroups based on 
Fontan duration (<10 years or ≥10 years) yielded the 
discrete survival curves (freedom from adverse clinical 

event) displayed in Figures 3 and 4. ODD was more 
common in the group with Fontan duration ≥10 years 
(41% versus 18%; P=0.02).

The incidence of the primary outcome was numer-
ically higher but not significantly different in the group 
with Fontan duration ≥10 years as compared with 

Figure 1.  Relation of post-RVE single-ventricle EDP to Fontan duration.
Correlation plot demonstrating the relation between post-RVE single ventricle EDP 
(mm Hg) and Fontan duration. A regression line is displayed. EDP indicates end-diastolic 
pressure; and RVE, rapid volume expansion.

Table 3.  Adverse Clinical Outcomes

All, N=84 ODD-positive, N=27 ODD-negative, N=57 P value

Composite clinical outcome* 29 (35) 14 (52) 15 (26) 0.03

Death, VAD, or transplant 9 (11) 3 (11) 6 (11) 1

Clinical outcome

Mortality 4 (5) 1 (4) 3 (5) 1

Heart transplant† 5 (6) 2 (7) 3 (5) 0.65

VAD 1 (1) 0 1 (2) 1

Heart failure 10 (12) 5 (19) 5 (9) 0.28

Arrhythmia 10 (12) 4 (15) 6 (11) 0.72

CVA (including TIA) 4 (5) 2 (7) 2 (4) 0.59

Protein-losing enteropathy 2 (2) 2 (7) 0 0.1

Plastic bronchitis 3 (4) 1 (4) 2 (4) 1

Thrombus 1 (1) 0 1 (2) 1

Hemoptysis 2 (2) 1 (4) 1 (2) 0.52

Endocarditis 1 (1) 1 (4) 0 0.32

Seizure 1 (1) 0 1 (2) 1

Follow-up duration, y‡ 2.9 (1.4–3.8) 2.5 (0.6–3.6) 3.0 (1.5–3.8) 0.44

Data are displayed as n (%) or median (25th–75th percentile). CVA indicates cerebrovascular accident; ODD, occult diastolic dysfunction; TIA, transient 
ischemic attack; and VAD, ventricular assist device.

*Number of patients who experienced any first adverse clinical outcome; each patient may count only once toward the composite clinical outcome.
†Heart transplant includes patients referred for transplantation, actively listed for transplantation, or status post heart transplant.
‡Follow-up duration equals the time from catheterization to most recent clinical follow-up (or presentation with first adverse clinical outcome).
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<10 years (42% versus 26%, P=0.12). In the subgroup 
with Fontan duration <10 years, ODD was not associ-
ated with increased hazard of the primary outcome (HR, 
2.12 [95% CI, 0.53–8.49]; P=0.31; Figure 3). However, in 
the subgroup with Fontan duration ≥10 years, ODD was 
associated with a greater hazard of the primary out-
come (HR, 2.57 [95% CI, 1.03–6.57]; P=0.04; Figure 4).

DISCUSSION
In this single-center observational study of patients 
with Fontan circulation who underwent prior clinical 
cardiac catheterization with RVE protocol, a high inci-
dence of adverse clinical outcomes was observed at 
medium-term follow-up. ODD was associated with ad-
verse clinical outcomes. Importantly, duration of Fontan 
circulation was strongly related to single-ventricle 

EDP, the risk of ODD, and the hazard of adverse clini-
cal outcomes. After stratifying by Fontan duration, 
ODD remained associated with an increased hazard 
of adverse clinical outcomes in patients with Fontan 
duration ≥10 years. The presence of ODD may be an 
important predictor of near-term clinical deterioration 
in patients with Fontan circulation and could contribute 
to prognostic guidance and selection of therapeutic 
pathways, as targeted therapies (especially for treat-
ment of Fontan diastolic dysfunction) emerge. To our 
knowledge, this is the first investigation to relate hemo-
dynamic findings with RVE to medium-term adverse 
clinical outcomes in adolescent and young adult pa-
tients with Fontan circulation.

Diastolic function is a critical component of single-
ventricle physiology. In the setting of passive pulmo-
nary blood flow, cardiac preload is reliant primarily on 

Table 4.  Factors Associated With Composite Adverse Clinical Outcomes

Univariate HR P value Multivariable HR† P value

ODD 2.68 (1.28–5.66) 0.02 1.95 (0.88–4.31) 0.1

Duration of Fontan (by 1-y increase)* 1.07 (1.02–1.12) 0.003

Baseline EDP 1.19 (1.02–1.40) 0.03 1.1 (0.94–1.31) 0.2

Right ventricular morphology vs other 0.39 (0.17–0.89) 0.02 0.5 (0.21–1.17) 0.11

Fontan type 0.003 0.35

APC vs LT 3.88 (1.40–10.74) 0.009 2.4 (0.73–7.89) 0.15

ECC vs LT 0.69 (0.30–1.56) 0.37 1.06 (0.37–3.03) 0.91

Data are displayed as HR (95% CI). APC indicates atriopulmonary connection; ECC, extracardiac conduit; EDP, end-diastolic pressure; HR, hazard ratio; LT, 
lateral tunnel; and ODD, occult diastolic dysfunction.

*Duration of Fontan to catheterization in years.
†Adjusted for Fontan duration.

Figure 2.  Freedom from adverse clinical outcomes, stratified by ODD.
Kaplan–Meier survival curve demonstrating freedom from adverse clinical outcomes, stratified by the 
presence (blue) or absence (red) of ODD. ODD indicates occult diastolic dysfunction.
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a low transpulmonary gradient and low single-ventricle 
EDP. Immediately following surgical Fontan completion, 
there is a decrease in preload that leads to increase in 
the mass-to-volume ratio of the single ventricle.9 The 

increased mass leads to early diastolic dysfunction of 
the single ventricle after Fontan.3,10,11 Not surprisingly, 
diastolic dysfunction has long been proposed to con-
tribute to failing Fontan physiology.3,11 Patients with 

Figure 3.  Freedom from adverse clinical outcomes, stratified by ODD, in patients with Fontan 
duration <10 years.
Kaplan–Meier survival curve demonstrating freedom from adverse clinical outcomes, stratified by the 
presence (blue) or absence (red) of ODD. This figure includes patients with duration of Fontan circulation 
<10 years. ODD indicates occult diastolic dysfunction.

Figure 4.  Freedom from adverse clinical outcomes, stratified by ODD, in patients with Fontan 
duration ≥10 years.
Kaplan–Meier survival curve demonstrating freedom from adverse clinical outcomes, stratified by the 
presence (blue) or absence (red) of ODD. This figure includes patients with duration of Fontan circulation 
≥10 years. ODD indicates occult diastolic dysfunction.
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Fontan circulation with reduced cardiac index are more 
likely to manifest single-ventricle diastolic dysfunction 
and eccentric remodeling than systolic dysfunction.12 
Impaired diastolic function in Fontan circulation also in-
terferes with the cardiovascular response to stress, as 
assessed by dobutamine stress testing.13

Echocardiographic abnormalities in single-ventricle 
diastolic function are common, with >70% of patients 
meeting criteria for impaired diastolic function in the 
large Pediatric Heart Network Fontan cross-sectional 
study.6,14 However, the echocardiographic assessment 
of diastolic function has been inadequately validated in 
patients with single-ventricle abnormalities and does 
not correlate with clinical outcomes.6 In fact, echocar-
diographic abnormalities in diastolic function do not 
correlate with single-ventricle EDP at cardiac catheter-
ization in these patients.6 Invasive assessment of EDP 
at cardiac catheterization remains the gold-standard 
for detection of diastolic dysfunction after Fontan. We 
have previously demonstrated the use of RVE to di-
agnose ODD, which was found to be present in ap-
proximately one-third of the studied Fontan population 
in a single-center evaluation.7 This prevalence of ODD 
was reproduced in the present study. It is important to 
recognize that the group of patients with ODD is dis-
tinct from patients with Fontan with overt diastolic dys-
function, defined as those with resting single-ventricle 
EDP ≥15 mm Hg, who did not undergo RVE testing and 
were not included in this analysis. The present study, 
and the use of RVE to identify patients with ODD, serve 
to expand the population of patients with Fontan circu-
lation with recognized diastolic dysfunction (inclusive of 
those with overt or occult disease).

Diastolic dysfunction is clinically impactful in adult 
heart failure, where it is independently associated with 
morbidity and mortality. HFpEF is well recognized and 
now encompasses almost half of all adult patients 
with non-congenital heart disease with heart failure.15 
Further, the rates of mortality and hospital admission 
are similar between adult patients with heart failure 
with diminished systolic function and those with pre-
served systolic function.15–17 The diagnosis of HFpEF is 
based on clinical evidence of congestive heart failure 
in the presence of normal left ventricular systolic func-
tion. Evidence of left ventricular diastolic dysfunction 
on catheterization confirms the diagnosis.18 Therapies 
are focused on managing physiological factors, such 
as blood pressure or blood volume, that may contrib-
ute to suboptimal ventricular relaxation and symptom 
development.19 While multiple pharmacologic  treat-
ments have been studied for management of HFpEF, 
only beta blockers have been demonstrated to reduce 
mortality in adults without congenital heart disease.20 
Given the prevalence of HFpEF, and lack of effective 
pharmacotherapies, numerous ongoing studies seek 
to identify novel therapeutic agents and strategies. 

Ultimately, some of these discoveries may potentially 
be found to offer therapeutic benefit to patients with 
Fontan circulation and diastolic dysfunction.

The association between ODD and medium-term 
adverse clinical outcomes following Fontan has not 
been described previously. This relationship has sev-
eral potential explanations and implications, which may 
not be mutually exclusive. First, it is possible that the 
presence of subclinical ODD predicts progression to 
overt single-ventricle diastolic dysfunction, which de-
grades Fontan circulatory function and ultimately por-
tends a worse clinical prognosis, marked by the accrual 
of adverse clinical outcomes. Second, the presence of 
ODD may be a harbinger of bad things to come, with or 
without an actual etiologic cause-effect relationship to 
those adverse outcomes. Third, diastolic dysfunction 
is probably inevitable in the patient with Fontan circu-
lation and relates principally to the duration of Fontan 
circulation, and ultimately it is Fontan duration that is 
the single most impactful hazard of near-term Fontan 
failure and adverse clinical outcomes.

In this study, ODD was not demonstrated to be 
independently associated with adverse clinical out-
comes, following adjustment for Fontan duration. 
Moreover, in the subgroup analysis stratified by Fontan 
duration, ODD was not associated with the hazard 
of adverse clinical outcomes in patients with Fontan 
duration <10 years, although given the low incidence 
of ODD in this subgroup, this analysis was hampered 
by insufficient power. However, ODD remained signifi-
cantly associated with the hazard of adverse clinical 
outcomes in patients with Fontan duration ≥10 years. 
This finding suggests that Fontan duration (or age as 
a surrogate) may be the fundamental driver of circula-
tory deterioration and end-organ dysfunction, across 
the population, and that ODD may be one of the sig-
nificant (physiologic) mediators. Increasingly, clinical 
investigations in Fontan populations have confirmed 
this reality, that age and Fontan duration are the key 
drivers of adverse clinical outcomes in Fontan circula-
tion. This has been independently shown for the devel-
opment of Fontan-associated liver disease, decline in 
exercise capacity, and reduction in quality of life.2,21–23 
The development of diastolic dysfunction also appears 
to be time dependent, reflecting duration of exposure 
to Fontan circulatory physiology. There are multiple 
exposures that may contribute to the development of 
diastolic dysfunction in Fontan circulation, including 
(but not limited to) chronic preload starvation, repeated 
exposure to cardiopulmonary bypass and circulatory 
arrest, chronic cyanosis, elevated afterload (either at-
tributable to anatomic aortic obstruction or chronically 
elevated systemic vascular resistance secondary to low 
cardiac output), altered coronary artery flow and func-
tion, and others.24–26 It is likely that myocardial fibrosis 
is the final common pathway, independent of insult.27 
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Impaired single-ventricle diastolic function serves to 
limit cardiac preload and cardiac output, raise pulmo-
nary capillary pressure, and contribute to further eleva-
tions in central venous pressure, ultimately presenting 
as Fontan failure—or, perhaps, better termed Fontan 
HFpEF (FHFpEF). The inherently pathologic nature of 
Fontan circulatory physiology, with chronic preload 
starvation, central venous hypertension, and low car-
diac output, is such that mild perturbations in diastolic 
function, pulmonary vascular function, or even loading 
conditions may beget further deterioration in each of 
the other physiologic properties.28 This circular model 
does not provide for an easy fix, but treatments de-
signed to reduce pulmonary vascular resistance or im-
prove single-ventricle relaxation (diastolic function) may 
provide an opportunity to slow the decline in circula-
tory function, and thereby reduce or delay the onset of 
FHFpEF and functional impairment.5,29,30

Limitations
This single-center retrospective study is subject to mul-
tiple limitations. While a thorough search of the elec-
tronic medical record was completed for each patient, 
there is the possibility of incomplete clinical outcome 
collection for care provided at nonaffiliated institutions 
and not populated in the local record. In addition, de-
spite exclusion of patients with <1 year of clinical follow-
up, the median follow-up time of 2.5 years is limited and 
does not provide insight into longer-term outcomes. 
Furthermore, sicker symptomatic patients could be 
overrepresented in this study, as these patients are 
more likely to be evaluated by cardiac catheterization. 
However, we implemented a Fontan management pro-
tocol that included the use of routine surveillance car-
diac catheterization, which we suspect helped to offset 
this concern at our institution. Further, the clinical RVE 
protocol specifically excluded patients with Fontan cir-
culation with acute illness. Finally, in the absence of 
a prospective approach to data collection, or a long-
standing standardized clinical protocol for advanced 
imaging in patients with Fontan circulation, this study 
does not include evaluation of cardiac magnetic reso-
nance imaging or echocardiographic measures, which 
could ultimately prove to be meaningful noninvasive 
correlates of invasively derived hemodynamic data.31

CONCLUSIONS
Cardiac catheterization with RVE reveals a significant 
incidence of ODD in patients with Fontan circulation, 
which is most strongly associated with Fontan dura-
tion. ODD is associated with an excess hazard of 
adverse clinical outcomes during medium-term fol-
low-up, which may suggest roles for this diagnosis as 
both a marker of future clinical decline and a potential 

therapeutic target. After stratifying by Fontan duration, 
ODD was associated with adverse clinical outcomes 
only in patients with Fontan duration ≥10 years, sug-
gesting that patient age and Fontan duration remain 
the major drivers of end-organ decline and the funda-
mental limitations of Fontan longevity.
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