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Ventricular-Arterial Function and Coupling in the Adult Fontan
Circulation
Hirofumi Saiki, MD, PhD; Benjamin W. Eidem, MD; Tomohito Ohtani, MD, PhD; Martha A. Grogan, MD; Margaret M. Redfield, MD

Background—In adult Fontan patients, ventricular or arterial dysfunction may impact homeostasis of the Fontan circulation and
predispose to heart failure. We sought to characterize ventricular-arterial (VA) properties in adult Fontan patients.

Methods and Results—Adult Fontan patients (n=170), including those with right (SRV, n=57) and left (SLV, n=113) dominant
ventricular morphology, were compared to age, sex, and body size matched controls (n=170). Arterial function, load-insensitive
measures of contractility, VA coupling, diastolic function, and ventricular efficiency were assessed. Compared to controls, Fontan
patients had similar arterial (Ea), but lower end-systolic ventricular (Ees), elastance, preload recruitable stroke work and peak
power index, impaired VA coupling, eccentric remodeling, reduced ventricular efficiency and increased diastolic stiffness (P<0.05
for all). Ventricular efficiency declined steeply with higher heart rate in Fontan, but not control, patients. Among Fontan patients
(n=123) and controls (n=162) with preserved cardiac index (Cl; >2.5 L/min per m?), Fontan patients had worse contractility than
controls, but Cl was preserved owing to relative tachycardia, lower afterload, and eccentric remodeling. However, 25% of Fontan
patients had reduced Cl and were distinguished from those with preserved Cl by less-eccentric remodeling and worse diastolic
function, rather than more-impaired contractility.

Conclusions—Adult Fontan patients have contractile and diastolic dysfunction with normal afterload, impaired VA coupling, and
reduced ventricular efficiency with heightened sensitivity to heart rate. Maintenance of Cl is dependent on lower afterload,
eccentric remodeling, and relative preservation of diastolic function. These data contribute to our understanding of circulatory
physiology in adult Fontan patients. (/ Am Heart Assoc. 2016;5:e003887 doi: 10.1161/JAHA.116.003887)
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dults with congenital heart disease (CHD) represent a

growing heart failure (HF) population.1 Incidence of HF
among Fontan palliated patients with univentricular physiology
is high, but the etiologies and manifestations of a failing Fontan
circulation are diverse." Even mild systolic or diastolic ventric-
ular dysfunction or excessive ventricular afterload may elevate
filling pressures and/or limit the capacity of the Fontan
circulation to maintain cardiac output. Although conventional
echo parameters in pediatric Fontan patients relative to
normative values has been described,? few data regarding
cardiac function are available, particularly in the adult Fontan
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population. Given that adult Fontan survivors may be free of the
factors associated with earlier mortality after Fontan surgery,
ventricular arterial (VA) function in adults may be quite different
from pediatric Fontan patients.”® The objective of this study
was to characterize VA function and coupling in a large,
generally stable cohort of adult Fontan survivors of both right
and left dominant ventricular morphology and age, sex, and
body size matched controls. As Fontan patients may have
altered ventricular loading conditions, ejection fraction (EF)
may not accurately reflect systolic ventricular function. Thus,
validated noninvasive load-insensitive indices of ventricular
performance and VA coupling were assessed. The relationship
of VA properties to underlying ventricular morphology, an index
of circulatory success (resting cardiac index [Cl]), and medical
therapy were evaluated.

Methods
Identification of Study Cohort

This study was approved by the Mayo Institutional Review
Board and restricted to appropriately consented patients. Of
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1134 patients who underwent a Fontan procedure at the
Mayo Clinic (Rochester, MN) between 1973 and 2012, 658
had a clinical visit as an adult (aged >18 years) when archived
echocardiographic images were potentially available (1985 to
present). Of these, the operative and echocardiogram diag-
nosis indicated single right ventricle (SRV) in 111, single left
ventricle (SLV) in 385, and indeterminate cardiac morphology
or past biventricular candidacy in 162. Among adult SRV
patients, 57 (51%) had an echocardiogram and were included
in this study. Adult SLV patients with available echocardio-
grams were randomly assigned (n=113), using 2:1 matching
to SRV patients for sex, age at operation (aged <6 years;
3 year, aged 6—-12 years; 5 year, aged >12 years; 8-year
intervals), and surgical era (10-year intervals). Echocardio-
grams from the initial adult clinical visit were analyzed
(ProSolv software; ProSolv CardioVascular, Indianapolis, IN).

Patients undergoing echocardiography but proven to have
no cardiovascular diseases, normal electrocardiogram and
echocardiograms, which were defined by normal left and right
ventricular size, left ventricular (LV) EF >50%, no significant
valvular disease, and normal diastolic functional class with no
two-dimensional (2D) or Doppler evidence of pulmonary
hypertension, were considered to be potential controls. No
requirement for specific stroke volume (SV) or Cl was
imposed. Potential controls were randomly matched (1:1) to
Fontan patients for sex, age (within 5 years), and body
surface area (within 0.15 m?).

Because New York Heart Association functional class was
not described in the medical record of most Fontan patients,
clinical status (stable or impaired) was assessed using the
available descriptions of clinical stability in the medical
record. Stable clinical status reflects description of the patient
as doing well with no clinical instability warranting admission
or close outpatient follow-up. If the general condition was
stable, but an arrhythmia issue not resulting in clinical
instability was being evaluated or treated, the condition was
also considered stable. If patients were deemed to require
close outpatient follow-up or hospitalization for a clinical
issue, the clinical status was considered impaired. Presence
and clinical severity of protein losing enteropathy and liver
cirrhosis were assessed.

Assessment of Vascular Function

Arterial elastance (Ea), a measure of ventricular afterload, was
calculated as end-systolic pressure (ESP) divided by SV. SV
was calculated as the velocity-time integral of ventricular
outflow tract multiplied by the subaortic cross-sectional area.
Although Fontan anatomy may limit accuracy of this method
for calculation of SV, it has been validated both in the right
and left ventricle for the assessment of Qp/Qs.* End-systolic
pressure was estimated by systolic arterial pressurex0.9.°

Total arterial compliance was calculated as SV divided by
systemic pulse pressure.® Systemic vascular resistance (SVR)
index was calculated as mean arterial blood pressure divided
by CI.

Assessment of Ventricular Function and VA
Coupling

In Fontan and control patients, EF was evaluated by quanti-
tative and integrated semiquantitative methods. Techniques
for assessment of EF in the Mayo Echocardiographic Labo-
ratory evolved during the study period. Given this evolution,
we reanalyzed all Fontan patient images using the single-
plane Simpson’s method to provide a consistent quantitative
EF assessment in all patients. A constant feature of EF
assessment over time has been the integration of quantitative
measures and their potential limitations attributed to imaging
specifics in each patient with the visual estimation of EF
provided by an experienced echocardiographer. The clinically
reported, integrated semiquantitative EF assessment showed
good correlation and agreement with the Simpson’s method
(Figure 1A). In Fontan patients, agreement and correlation
between EF measures was similar irrespective of ventricular
morphology (Figure 1E and 1F). Similarly, in controls, the
integrated semiquantitative EF assessment was available in all
patients and was used in this study. This EF assessment
showed good correlation and agreement with the most
commonly reported quantitative method used during the
study era (2D modified Quinones method; Figure 1C).

End-systolic elastance (Ees), a load-insensitive measure of
ventricular contractility, was calculated by the modified single-
beat method as previously described.” '® The physiological
concepts underlying the single-beat estimation of Ees are based
on the consistency of normalized time-varying elastance, and
this fundamental concept was validated in conditions with
diverse ventricular geometry and function, including patients
with hypertrophic or dilated cardiomyopathy, ventricular
aneurysms,’ and SLV and SRV Fontan patients. '° Extrapolation
of this concept allows the use of noninvasive blood pressures
for systolic (SBP), diastolic (DBP) and end-systolic (ESP) blood
pressures, echo Doppler derived SV, pre-ejection (PEP) and
total systolic periods (SEP) and EF, and a normalized ventricular
elastance at arterial end-diastole (calculated from normalized
time-varying elastance curve) to derive Ees and Vq noninva-
sively as previously described” and outlined below:

Ees = [DBP — (E(Nd(est)) x ESP)]/(E(Nd(est)) x SV)

where E(Nd(est))=0.0275—0.165xEF+0.3656 x (DBP/ESP)+
0.515xE(Nd(avg)) and E(Nd(avg))=0.35695—7.2266 x (PEP/
SEP)+74.249 x (PEP/SEP)*—307.39 x (PEP/SEP)*+684.54 x
(PEP/SEP)*—856.92 x (PEP/SEP)*+571.95 x (PEP /SEP)®—
159.1x (PEP/SEP)’.
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Figure 1. Ejection fraction (EF) methods and impact on end-systolic elastance (Ees) in Fontan and control
patients. A, Correlation between Simpson’s EF and the clinically reported, integrated semiquantitative (SQ) EF
assessment in Fontan patients. B, Correlation between Ees calculated from Simpson’s EF or SQ EF in Fontan
patients. C, Correlation between two-dimensional (2D) modified Quinones (2DMQ) EF and the clinically reported,
integrated semiquantitative EF assessment in control patients. D, Correlation between Ees calculated from 2DMQ or
SQ method in control patients. E and F, Correlation between Simpson’s EF and the clinically reported, integrated
semiquantitative EF assessment in Fontan patients with right (SRV) or left (SLV) dominant ventricular morphology.
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Table 1. Fontan Anatomic and Surgical Characteristics

SRV SLV
(n=57) (n=113) P\Value
Sex, female, n (%) 25 (44) 50 (44) 0.96
Age at operation, y, n (%) 12.3+49.1 | 13.1+£11.0 | 0.65
0-3 6 (10) 19 (17)
4-6 13 (23) 28 (25)
7-15 20 35) | 25(22)
>15 18 (32) 41 (36)
Era of operation, n (%) 0.41
Before 1984 3 (5) 8 (7)
1985-1989 26 (46) 62 (55)
1990-1994 15 (26) 28 (25)
1995-2012 13 (23) 15 (13)
Anatomical features, n (%) NA
Univentricular heart 28 (49) | 49 (43)
Complex 26 (46) 16 (14)
Tricuspid atresia 48 (43%)
Hypoplastic left heart syndrome | 3 (5%)
(classical)
Initial Fontan type, n (%) 0.36
Atrial pulmonary connection* 22 (39) 52 (46)
TCPC (lateral tunnel, IAC, ECC) | 35 (61) 61 (54)
History of palliative surgery, n (%)
Pulmonary arterial banding 16 (28) 28 (25) 0.64
Aortopulmonary shunt 27 (47) 70 (62) 0.07
Staged Glenn 20 (35) 51 (45) 0.21
Coarctation repair or aortic 8 (14) 8(7) 0.14
reconstruction
Number of open operations 0.15
pre-Fontan, n (%)
0 1.(19) | 11(10)
1 31 (54) 55 (49)
2 13(23) | 41 (36)
3 or more 24 6 (5)
History of Fontan revision, n (%) 4.(7) 17 (15) 0.15
Fenestration at operation, n (%) 7 (12 16 (14) 0.73
Additional fenestration 2 (4) 10 (9) 017
post-Fontan, n (%)
Aortic regurgitation 0.76
<Mild 55 (96) 110 (97)
>Mild 2 (4) 303
Aortic stenosis 0.99
Peak instantaneous gradient 55 (96) 109 (96)
<30 mm Hg
Peak instantaneous gradient 2 (4) 4 (4)
>30 mm Hg
Continued

Table 1. Continued

SRV SLV
(n=57) (n=113) P\Value
Atrioventricular valve regurgitation 0.17
<Mild 50 (88) 106 (94)
>Mild 7(12) 7 (6)

ECC indicates extracardiac conduit; IAC, intra-atrial conduit; NA, not applicable; SLV, left-
dominant single ventricle; SRV, right-dominant single ventricle; TCPC, total
cavopulmonary connection; Vasodilator, angiotensin-converting enzyme inhibitor or
angiotensin receptor blocker.

*Including Bjork modification.

These methods have been used to characterize Ees and
Vo in a variety of clinical conditions.®""'? Importantly, given
the multiple variables integrated into the single-beat Ees
assessment, the effect of EF on Ees is relatively small. In all
patients in this study, there was a decrease in Ees of 0.015
(SE, 0.005) mm Hg/mL per 1-unit decrease in EF. Further-
more, Ees calculated with the quantitative (Simpson’s) or
the integrated semiquantitative EF assessment showed
excellent agreement and correlation (Figure 1B). Ees in
controls calculated with semiquantitative or quantitative
methods also showed good agreement and correlation
(Figure 1D). VA coupling, the index of appropriateness of
cardiac contractility in the context of afterload, was
expressed as Ees/Ea.””

Given that the Ees single-beat estimation provides Vo,’
an assumed relaxed ventricular volume corresponding to the
X intercept of the end-systolic pressure-volume relationship,
calculation of ventricular mechanical and energetic efficien-
cies is possible. Ventricular mechanical efficiency was
calculated as external work (EW) divided by pressure
volume area (PVA), where EW=SVxMAP and PVA=EW+1/
2xPesx(ESV—V,) with MAP (mean arterial pressure) and
Pes (end-systolic pressure; 0.9 xSBP) derived from echo and
brachial blood pressure. Ventricular energetic efficiency was
calculated by the method of Burkoff and Sagawa, which
assumes that myocardial oxygen consumption is propor-
tional to the PVA, whereas the intercept of the PVA-oxygen
cost relationship (ie, oxygen cost at PVA equals zero) is a
factor of Ees.'® Accordingly, myocardial oxygen consump-
tion can be estimated from Ees and PVA, with ventricular
efficiency (%) calculated as stroke work/myocardial oxygen
consumption. Both EW and myocardial oxygen consumption
are expressed in Joules,'® and energetic efficiency is
expressed as percent.

Additional load-insensitive measures of ventricular systolic
performance, including preload recruitable stroke work
(PRSW) and peak power index (PPI), were calculated. PRSW
is a load-insensitive index of contractile performance derived
invasively as the slope of the linear relationship between
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Table 2. Clinical Characteristics of Adult Fontan Patients

All Fontan Control
(n=170) (n=170)
Age at echocardiogram, y 26+8 26+8
Sex, female, n (%) 75 (44) 75 (44)
Body surface area, m? 1.754+0.21 | 1.79+0.23
Interval from Fontan, y 12.447.7 NA
RAS antagonist, n (%) 60 (35) 0
Beta-blocker, n (%) 25 (15) 0
Current arrhythmia evaluation, n (%) 45 (26) 0
Rhythm (n=169), n (%)
Sinus 107 (63) 170 (100)
Paroxysmal AF or SVT 17 (10)
Persistent AF 8 (5
Junctional rhythm 14 (8)
Paced 23 (14)
Global clinical status (n=169), n (%) NA
Stable 130 (77)
Impaired 39 (23)
Fontan obstruction, n (%) NA
None 164 (97)
Present (2 mild, 3 >mild) 5@
Protein losing enteropathy, n (%) 15 (9) NA
Needing interventions 10 (6)
Cirrhosis, n (%) 6 (4) NA
Needing interventions 2(1)
Dyspnea, n (%) NA
None 139 (82)
Present (24 mild, 7 more than mild) | 31 (18)
Fatigue n (%) NA
None 129 (76)
Present 41 (24)
Edema n (%) NA
None 155 (91)
Present (13 mild, 2 more than mild) 159

AF indicates atrial flutter/fibrillation; NA, not applicable; RAS antagonist, angiotensin-
converting enzyme inhibitor and angiotensin blocker; SVT, supraventricular
tachycardia.

stroke work (SW, Y) and end-diastolic volume (EDV, X) with an
X intercept of Vw. Thus, PRSW=SW/(EDV—Vw). Single-beat
PRSW was calculated using allometric principles, as previ-
ously validated, against invasive assessment in patients with
variable LV geometry and function, including patients with
regional wall motion abnormalities'*:

PRSW = SW/[EDV — k x EDV + (1 — k)
x LV wall volume]

where SW=MAP xSV, EDV=SV/EF, LV wall volume=LV mass/
1.05, and k is estimated from the previously defined
relationship between invasively measured k and LV mass as
k=(0.0004 xLV mass)+0.6408.

The PPl characterizes cardiac performance by total
cardiac hydraulic power output calculated as the product
of maximal flow and maximal developed pressure. Maximal
flow and developed pressure occur early in ejection and are
relatively load independent. Noninvasively, PPl is calculated
using pulsed wave and 2D echocardiography and blood
pressures as'>:

PPl =(Peak LVOT flow velocity (cm/s) x LVOT area (cm?) x
SBP (mm Hg))/EDV (cm?)

Assessment of Diastolic Function

Diastolic wall strain (DWS) was calculated in Fontan
patients and controls as an index of ventricular myocardial
passive stiffness, as previously described, and validated
against invasive assessment.'®'” DWS is based on the
linear elastic theory, which predicts that in the presence
of similar EF, impaired diastolic wall thinning reflects
resistance to deformation in diastole and thus increased
diastolic myocardial stiffness. DWS was calculated as
(PWs—PWd)/PWs, where PWs and PWd are ventricular
systolic and posterior wall thicknesses. Doppler diastolic
indices available throughout the study period were
reported, when available. As Doppler assessment of
diastolic function evolved over the accrual period of this
study, contemporary Doppler indices for estimating relax-
ation (E') and filling pressures (E/E’) were available in only
7% of SRV and 24% of SLV patients and thus are not
reported. Older standard Doppler indices are reflective of
the summed effect of LV relaxation and filling pressures,
but provide some information regarding diastolic function
and are presented.

Assessment of Ventricular Geometry

Ventricular volume was calculated by dividing SV by EF.'% 817

Ventricular mass was calculated from end-diastolic volume
(EDV) and posterior wall thickness assuming a prolate ellipse
model.?°

Statistical Analysis

Data are shown as percent or mean+SD. Comparison
between groups was performed by Student ¢ test or
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Table 3. Arterial and Ventricular Properties in Fontan and Control Patients

All Fontan SRV SLV Controls
n 170 57 113 170
Heart rate, bpm 74415 74+15* 74+15* 70+11
Vascular properties
Systolic blood pressure, mm Hg 110+15* 109+14* 110+15* 115+14
Pulse pressure, mm Hg 43+12 43+12 43412 4449
Aortic compliance, mL/mm Hg 2.054+0.92 2.03+0.83 2.05+0.97 1.90+0.49
SVRI, dyne-s-cm~5.m? 2128794 2020-£548* 2184+892 2216403
Effective arterial elastance (Ea), mm Hg/mL 1.354+0.55 1.304+0.39 1.3840.61 1.334+0.30
Ventricular geometry
Ventricular end-diastolic volume index, mL/m? 96-£34* 101426 94+38* 73+13
Posterior wall thickness, mm 9.1+2.3* 8.6+2.1 9.3+£2.3* 81+1.4
Ventricular mass index, g/m2 92432 914-28* 92+-34* 69+15
Systolic function, VA coupling and efficiency
Ejection fraction, % 50+9* 48+8*" 51+10* 63+5
Stroke volume index, mL/m? 47415 48+13 46+16 45+7
Cardiac index, L/min per m? 3.3541.01* 3.36+0.85* 3.3441.09 3.164+0.49
End-systolic elastance (Ees), mm Hg/mL 1.3940.67* 1.1940.41*F 1.484+0.75* 2.37+0.63
Eesxmass, mm Hg-g/mL 2154115 174464 2294125 283+79
Vo, mL —0.1+35 —1.0+£31.9 0.3+37.2 2.4+11
VA coupling ratio, Ees/Ea 1.05+0.35* 0.9740.34*" 1.09+0.36* 1.80+0.34
PRSW, erg-cm—3.10° 72417* 70+18* 72417* 91+14
Peak power index, mm Hg/s 320+94* 307+109* 326+-86* 369477
Mechanical efficiency (EW/PVA) 0.62+0.08* 0.60+0.09*" 0.63+0.08* 0.74+0.04
Energetic efficiency, % 19.8+2.6* 19.4+2.8* 20.1+2.4* 23.44+1.2
Diastolic function
DWS 0.27+0.11* 0.2340.12*" 0.28+0.11* 0.39+0.07
E/A ratio (n with data) 1.50:0.67* (154) 1.46:0.65* (49) 1.52--0.68* (105) 1.88-:0.54 (164)
Deceleration time, ms (n with data) 18248 (146) 185452 (47) 181446 (99) 184+27 (161)
PV atrial velocity, m/s (n with data) 0.30:0.14* (90) 0.284-0.11* (26) 0.3140.15* (64) 0.254:0.09 (151)
PV S/D flow velocity ratio (n with data) 0.84+-0.54* (61) 0.91+-0.66 (20) 0.81+0.48* (41) 0.98+-0.35 (160)
IVRT, ms (n with data) 69-£32* (92) 73-£34* (29) 66--31* (63) 54-+22 (170)

bpm indicates beats per minute; DWS, diastolic wall strain; IVRT, isovolumic relaxation time; PRSW, preload recruitable stroke work; PV, pulmonary vein; S/D, systolic/diastolic; SLV, single
left ventricle; SRV, single right ventricle; SVRI, systemic vascular resistance index; VA coupling, ventricular-arterial coupling; Vo, ventricular volume axis intercept of end-systolic pressure

volume relationship.
*P<0.05 versus controls.
'P<0.05 SRV versus SLV.

chi-squared test, as appropriate. Comparison of variables
between groups, adjusting for pertinent covariates, used
multivariable least squares regression with dummy variables
for group and assessment for group-covariate interactions. A
2-sided alpha value less than 0.05 was considered statistically
significant. All analyses were performed by JMP software
(version 9; SAS institute Inc., Cary, NC).

Results

Anatomic and Surgical Fontan Patient
Characteristics
Matching resulted in similar sex, age at operation, and

operative era between SRV versus SLV Fontan patients
(Table 1). The original Fontan procedure type, palliative
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surgical procedures, fenestration, Fontan revision, or fre-
quency of atrioventricular or aortic valve regurgitation were
similar between SLV and SRV (Table 1). No patient had
residual coarctation of the aorta.

Clinical Characteristics of Adult Fontan Patients
and Controls

Clinical characteristics were similar in SRV and SLV (P>0.10
for all), and thus data are shown for the entire Fontan group.
Mean age was 26 years, and patients were over 12 years out
from Fontan procedure (Table 2). Treatment with renin-
angiotensin system (RAS) antagonists (35%) or beta-blockers
(15%) was relatively uncommon. Nearly 25% of patients were
undergoing evaluation for supraventricular arrhythmias
(Table 2).

Vascular Function

As compared to controls, heart rate (HR) was higher and SBP
was lower in Fontan patients (Table 3). As expected, in both
Fontan and controls, afterload (Ea) increased with HR and
similarly in Fontan patients and controls (Figure 2A). Indices
of vascular properties were similar in the 2 groups (Table 3).
As compared to SLV, HR, SBP, and aortic stiffness, SVR and
Ea were similar in SRV Fontan patients (Table 3).

Ventricular Geometry

EDV index, wall thickness, and ventricular mass were greater in
Fontan, as compared to control, patients. In Fontan patients,
39% had greater EDV index than 2 SDs above the mean
(>99 mL/m?) for EDV index in controls. Ventricular geometry
was similar in SLV and SRV Fontan patients (Table 3).

2.59A
CON
= 2.0
E
%’1.5-
FON
% 1.0; r=0.16
W 5. p<0.001
FON vs CON p=0.79
0-0 T T T 1
25 50 75 100 125
Heart Rate (bpm)

EW/PVA

FON vs CON p < 0.001 "-.

25 50 75 100 125
Heart Rate (bpm)

5B
= 41
5. — SLV
E 3 — SRV
£, — CON
8 Y o *
W14 & SLVvs CON p<0.001
SRV vs SLV p< 0.001
0 T T T T 1
0o 1 2 3 4 5
Ea (mmHg/ml)
251D
23
S 214
hey
= 191 FON
r=-0.35
171 p<0.001 .
15 FON vs CON p < 0.001""
25 50 75 100 125
Heart Rate (bpm)

Figure 2. Ventricular and arterial properties in Fontan (FON) patients and controls (CON). The regression
lines and the 95% Cls for the regression are shown. Arterial elastance (Ea) varies similarly with heart rate in
control and Fontan patients (A). The increase of end-systolic elastance (Ees) with Ea in single left ventricle
(SLV) and single right ventricle (SRV) Fontan patients was blunted compared to control (B). Ventricular
efficiency decreases more dramatically with heart rate in Fontan (P for slope difference, <0.05 for both)
than control patients (C and D). bpm, beats per minute.
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Figure 3. Ventricular function in Fontan (FON) patients and controls (CON). Relationship to ejection
fraction. Whereas ventricular arterial coupling (Ees/Ea; A), preload recruitable stroke work (PRSW; B) and
mechanical (C) and energetic (D) efficiency all decrease with decreasing EF in Fontan and control patients,
all these indices are lower in Fontan patients versus controls across the overlapping range of EFs. Ea
indicates arterial elastance; Ees, end-systolic elastance.

Ventricular Function, VA Coupling, and
Ventricular Efficiency

Compared to controls, EF, Ees, Ees normalized to ventricular
mass, PRSW, PPI, and mechanical and energetic efficiency
were all lower in Fontan patients whereas Vo was similar
(Table 3). VA coupling (Ees/Ea) was more impaired in Fontan
patients than controls (Figure 2B and Table 3). Mechanical
and energetic efficiency declined more dramatically with HR in
Fontan patients (P for interaction, <0.05 for both) than
controls and were lower than controls, even after adjusting for
HR (Figure 2C and 2D). As compared to SLV, most (EF, Ees,
Ees normalized to ventricular mass, Ees/Ea, and mechanical
efficiency) of ventricular functional indices were significantly
lower in SRV.

Among Fontan patients, EF was severely (<40%) reduced
in 16 (10%), mildly (40-49%) reduced in 60 (37%), and
preserved (=50%) in 87 (53%). EF is a load-dependent index
of contractility, and thus many load-independent indices of
contractile performance may show some correlation with
EF. However, Ees/Ea, PRSW, and mechanical and energetic

efficiency were all lower in Fontan patients than
controls after adjusting for EF and lower in Fontan than
control patients across the overlapping (EF, >50%) EF
range, demonstrating significant contractile dysfunction
even in the presence of preserved EF in Fontan patients
(Figure 3).

Aortic reconstruction can disrupt the relationship between
central and brachial blood pressure. Relatively few Fontan
patients (n=16) had a history of aortic reconstruction and
none had residual coarctation (Table 1). Excluding Fontan
patients with a history of aortic reconstruction (and their
matched controls), our primary findings (average Ea, Ees, and
Ees/Ea in Fontan patients vs controls) were essentially
identical, and thus Ea was still similar in Fontan and controls
and Ees and Ees/Ea were still significantly lower (P<0.05 for
both) in Fontan patients than controls.

Diastolic Function

Compared to controls, DWS was lower in Fontan patients,
suggesting increased myocardial  diastolic  stiffness
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Figure 4. Diastolic wall strain (DWS) is lower in
Fontan (FON) than control (CON) patients even at
similar levels of ejection fraction (EF). The relation-
ship between EF and DWS in Fontan and control
patients and the results of multivariable linear
regression analysis comparing DWS between
groups while adjusting for the covariate (EF) are
shown. DWS is lower (greater myocardial stiffness)
in Fontan patients, even adjusting for EF. This figure
demonstrates that over a range of overlapping EF,
DWS was still lower in Fontan than control patients.

(Table 3). Adjusting for EF, DWS remained lower in Fontan
patients (Figure 4). Conventional Doppler indices supported
the presence of impaired relaxation (lower E/A and longer
isovolumic relaxation time) and elevated LV filling pressures
(lower S/D ratio of pulmonary venous flow and higher
pulmonary reverse flow velocity during atrial contraction;
Table 3).

Compared to SLV, DWS was lower in SRV Fontan patients
(Table 3). Adjusting for EF, this difference was not significant
(P=0.11). Doppler parameters were not significantly different
between SLV and SRV patients. Whereas blood pressure in
non-TA (tricuspid atresia) morphology was higher than those
with tricuspid atresia, there were no differences in load-
insensitive cardiovascular properties among SLV Fontan
patients (Table 4).

Cardiac Output

Cl was available in 163 Fontan and all control patients. On
average, Cl was within normal range in both groups, but
higher in Fontan than control patients and similar in SLV and
SRV Fontan patients (Table 3). However, 40 (25%) Fontan
patients had a reduced (<2.5 L/min per m?) Cl whereas just
8 (5%) control patients had a Cl just below the partition
value.

Among patients with preserved Cl (123 Fontan, 162
control), Cl was higher in Fontan than control patients
(Figure 5A). This was attributed both to higher HR and SV
index in Fontan patients (Figure 5B and 5C). The higher SV

Table 4. Ventricular and Arterial Properties in SLV Fontan
Patients With Tricuspid Atresia (TA) Versus Non-TA
Morphology

SLV:TA SLV:Non-TA | P Value
n 48 65
Age, y 28.8+8.5 | 25.4+7.1 0.023
Time post-Fontan, years 12.64+-8.8 12.84+7.5 0.88
Body surface area, m? 1.734+0.20 | 1.784+0.22 | 0.25
Stable clinical status, n (%) 33 (69) 53 (83) 0.21
Heart rate, bpm 73+13 75+17 0.45
Vascular properties

Systolic blood pressure, 10614 112415 0.045

mm Hg
Pulse pressure, mm Hg 40+12 45+12 0.027

Aortic compliance, 2.08+£1.00 | 2.04+0.95 | 0.82

mm Hg/mL

2235+761 | 2147+980 | 0.62
1.42+0.60 | 1.354+0.62 | 0.56

SVRI, dyne-s-cm~>-m?

Effective arterial elastance
(Ea), mm Hg/mL

Ventricular geometry

Ventricular end-diastolic 87132 99+41 0.09
volume index, mL/m?
Ventricular mass index, g/m? | 90437 94432 0.61
Systolic function, VA coupling and efficiency
Ejection fraction, % 52410 50+10 0.30
Stroke volume index, mL/m? | 44+15 48416 0.19

Cardiac index, L/min per m? | 3.2+1.0 3.54+1.1 0.14
1.584:0.73 | 1.41+£0.76 | 0.24

End-systolic elastance (Ees),
mm Hg/mL

VA coupling ratio, Ees/Ea 1.14+0.36 | 1.05+0.35 | 0.21

PRSW, erg-cm—>-10° 70.6+£15.9 | 73.5+18.1 | 0.41

Peak power index, 320490 331+83 0.52
mm Hg/mL
Energetic efficiency, % 20.44+2.3 19.8+2.5 0.22
Diastolic function
DWS 0.28+0.11 | 0.28+0.11 | 0.83

bpm indicates beats per minute; DWS, diastolic wall strain; PRSW, preload recruitable
stroke work; SLV, single left ventricle; SVRI, systemic vascular resistance index; VA
coupling, ventricular-arterial coupling.

index was, in part, attributed to lower SVR and total afterload
(Figure 5D and 5E). However, VA coupling was impaired with
lower Ees at any Ea and thus lower EF in Fontan patients
(Figure 5F and 5G). Despite lower contractility, eccentric
remodeling with a higher EDV index for any EF in Fontan
patients (Figure 5H) maintained SV.

Several differences were observed in Fontan patients with
preserved versus reduced Cl (Figure 6A). The lower Cl was not
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Figure 5. Ventricular arterial function in Fontan and control patients with normal cardiac index. Cardiac index (A) was
higher in Fontan (n=123) than control patients (n=168). This was attributed both to higher heart rate (B) and stroke volume
index (C) in Fontan patients. The higher stroke volume index was, in part, attributed to lower systemic vascular resistance
(SVR) index (D) and total afterload (E) as assessed by arterial elastance (Ea). However, ventricular-arterial (VA) coupling (F)
was impaired with lower ventricular systolic elastance (Ees) at any Ea and thus lower EF in Fontan patients (G). Despite lower
contractility, eccentric remodeling with a higher end-diastolic volume index (EDVI) for any EF (H) in Fontan patients
maintained stroke volume. Dotted lines indicate lower limit of normal for cardiac index (A) and stroke volume index (C). bpm
indicates beats per minute; Cl, cardiac index.

attributed to lower HR, but rather a lower SV index associated patients with reduced versus preserved Cl given that Ees
with higher SVR and total afterload (Figure 6B through 6E). was similar at any Ea (Figure 6F) and EF was similar (48+10
However, contractility was not different among Fontan vs 5149; P=0.07). Rather, Fontan patients with reduced ClI
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Figure 6. Ventricular arterial properties in Fontan patients with preserved versus reduced cardiac index. As compared to
those with preserved cardiac index, Fontan patients with reduced (<2.5 L/min per m?) cardiac index (A) had similar heart
rate (B), but lower stroke volume index (C), and higher systemic vascular resistance (SVR) index (D) and total afterload (E).
Ventricular systolic elastance (Ees) was similar at any afterload (F) indicating similar ventricular arterial coupling. Fontan
patients with reduced ClI had a smaller end-diastolic volume index (EDVI) for any ejection fraction (EF; G) and lower diastolic
wall strain (DWS; H), suggesting greater diastolic myocardial stiffness. P value adjusted for EF. Dotted lines indicate lower
limit of normal for cardiac index (A) and stroke volume index (C). bpm indicates beats per minute; Cl, cardiac index; NI,
normal.
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Table 5. Ventricular and Arterial Properties in Fontan
Patients With Stable Clinical Status Versus Age, Sex, and Body
Size Matched Controls

Stable Matched

Fontan Control P Value
n 130 130
Age, y 25.7+8.0 26.0+7.8 0.74
Body surface area, m? 1.7540.22 | 1.79+0.24 | 0.15
Time post-Fontan, year 12.3+7.5 NA NA
Single right ventricle, n (%) | 44 (34) NA NA
Protein losing enteropathy/ 8/1 (7%) NA NA

cirrhosis, n (%)

Any RAS antagonist, n (%) 51 (39) 0 NA
Any beta-blocker, n (%) 17 (13) 0 NA
Heart rate, beat/min 74+14 71+11 0.068

Vascular properties

Systolic blood pressure, 110+14 116+14 0.0018

mm Hg
Pulse pressure, mm Hg 43+12 44+9 0.64
2.08+0.94 | 1.89+0.47 | 0.043

Aortic compliance,
mm Hg/mL

SVRI, dyne-s-cm~5.m? 20964798 | 22244411 | 0.11

Effective arterial 1.33+£0.51 | 1.34+0.30 | 0.78
elastance (Ea),
mm Hg/mL
Ventricular geometry
Ventricular end-diastolic 99+36 73+13 <0.0001
volume index, mL/m?
Ventricular mass index, 94+33 69+16 <0.0001
g/m?
Systolic function, VA coupling and efficiency
Ejection fraction, % 50+9 63+5 <0.0001
Stroke volume index, 48+15 45+7 0.058
mbL/m?

Cardiac index, L/min 3.41+£1.00 | 3.174+0.51 | 0.016

per m?

End-systolic elastance 1.37+0.65 | 2.39+0.63 | <0.0001

(Ees), mm Hg/mL

VA coupling ratio, Ees/Ea | 1.0540.35 | 1.80+0.33 | <0.0001
PRSW, erg-cm3-10° 72417 92+14 <0.0001

Peak power index, 315488 371476 <0.0001
mm Hg/s
Ventricular efficiency, % 19.942.5 23.5+1.2 <0.0001
Diastolic function
DWS 0.27+0.11 | 0.39+0.07 | <0.0001*

DWS indicates diastolic wall strain; NA, not applicable; PRSW, preload recruitable
stroke work; RAS antagonist, angiotensin-converting enzyme inhibitor and angiotensin
blocker; SVRI, systemic vascular resistance index; VA coupling, ventricular-arterial
coupling.

*P<0.001 adjusting for ejection fraction in mulitivariable linear regression.

Table 6. Reason for Impaired Clinical Status in Fontan
Patients

Clinical Condition n
Heart failure 2
Heart failure+atrial arrhythmia 6
Heart failure+other* 4
Thrombus 3
Symptomatic atrial arrhythmia alone 14
Atrial arrhythmia-+lung disease (amiodarone) 2
Atrial arrhythmia-tcirrhosis 2
Atrial arrhythmia-+thrombus 1
Fontan obstruction/conversion 3
Protein losing enteropathy 3
Cirrhosis 1

*Lung disease (n=2), Fontan obstruction (n=1), cirrhosis, and atrial arrhythmia (n=1).

had a smaller EDV index for any EF (Figure 6G) and lower
diastolic wall strain (Figure 6H), suggesting unique remodel-
ing and worse diastolic dysfunction.

Ventricular and Arterial Properties According to
Clinical Status and Medical Therapy

Differences between controls and Fontan patients were
similar when analysis was restricted to Fontan patients with
stable clinical status (Table 5). The cause of clinical instability
varied (Table 6). Compared to those not treated, Fontan
patients treated with RAS antagonists or beta-blockers had
better vascular function, but similar ventricular geometry and
ventricular function (Tables 7 and 8).

Discussion

As compared to normal controls, adult Fontan patients had
similar vascular function and ventricular afterload, but
eccentric remodeling and impaired contractility, as assessed
by multiple load-insensitive indices. Systolic performance
was impaired even in the presence of preserved EF.
Ventricular mechanical and energetic efficiencies were
reduced in Fontan patients with heightened sensitivity of
both to HR. On average, despite reduced ventricular
contractility and impaired VA coupling, Cl was higher in
Fontan patients, in part, attributed to relative tachycardia
and eccentric remodeling. However, in 25% of Fontan
patients, the Fontan circulation was unable to maintain Cl
and these patients were distinguished from more-successful
Fontan circulation patients by increased afterload, smaller
ventricles, and worse myocardial diastolic function, rather
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Table 7. Ventricular and Arterial Properties in Fontan
Patients According to Renin Angiotensin System (RAS)
Antagonist Therapy

RAS No RAS

Antagonist Antagonist P Value
n 60 110
Sex, female n (%) 27 (45) 48 (44) 0.86
Age, y 25.5+9.3 26.6+£7.2 0.40

1.75+0.25 | 1.74+0.19 | 0.75
Time post-Fontan, y 15.445.0 10.8+8.4 0.0001
Single right ventricle, n (%) | 24 (40) 33 (30) 0.19
Stable clinical status, n (%) | 51 (85) 79 (72) 0.28
Heart rate, beat/min 73+14 75+16 0.34
Vascular properties

Body surface area, m?

Systolic blood pressure, 110+14 109+15 0.68
mm Hg
Pulse pressure, mm Hg 44411 43+12 0.47

Aortic compliance, 2.134+0.85 | 2.004+0.96 | 0.39

mL/mm Hg

SVRI, dyne-s-cm~>-m? 19444620 | 22374865 | 0.023

Effective arterial 1.23+0.41 | 1.424+0.60 | 0.030
elastance (Ea),
mm Hg/mL
Ventricular geometry
Ventricular end-diastolic 99+32 95+36 0.45
volume index, mL/m?
Ventricular mass index, 94+38 90+29 0.52
g/m?
Systolic function, VA coupling and efficiency
Ejection fraction, % 5248 49410 0.037
Stroke volume index, 51+15 45+14 0.013
mL/m?

Cardiac index, L/min 3.604+1.00 | 3.204-0.99 | 0.016

per m?

End-systolic elastance 1.27+0.51 | 1.46+0.74 | 0.083

(Ees), mm Hg/mL

VA coupling ratio, Ees/Ea | 1.04+0.32 | 1.05+0.37 | 0.88

PRSW, erg-cm—3.103 76+16 69+17 0.014
Peak power index, 314486 323499 0.57
mm Hg/s
Ventricular efficiency, % 20.14+21 19.74+2.8 0.34
Diastolic function
DWS 0.26+0.11 | 0.274+0.12 | 0.41

DWS indicates diastolic wall strain; PRSW, preload recruitable stroke work; SVRI,
systemic vascular resistance index; VA coupling, ventricular-arterial coupling.

than worse systolic performance. These data demonstrate
the spectrum of ventricular vascular function in generally
stable adult Fontan patients. Our findings contribute to our

Table 8. Ventricular and Arterial Properties in Fontan
Patients According to Beta-Blocker Therapy

Any Beta- No Beta-

Blocker Blocker

(n=25) (n=145) P Value
Sex, female n (%) 11 (44) 64 (44) 0.98
Age, y 27.949.0 26.0+7.8 0.27

1.75+0.23 | 1.75+0.21 | 0.99
Time post-Fontan, y 14.6+7.3 12.0+£7.8 0.12
Single right ventricle, n (%) | 10 (40) 47 (32) 0.46
Stable clinical status, n (%) | 17 (68) 113 (78) 0.51
Heart rate, beat/min 71+15 75+15 0.25
Vascular properties

Body surface area, m?

Systolic blood pressure, 100+13 1114+15 0.0003

mm Hg
Pulse pressure, mm Hg 38+12 44412 0.021
2.56+1.13 | 1.95+0.85 | 0.0024

Aortic compliance,
mL/mm Hg

1794495 | 2189+823 | 0.022
1.104+0.35 | 1.40+0.56 | 0.010

SVRI, dyne-s-cm~5:m?2

Effective arterial
elastance (Ea),

mm Hg/mL
Ventricular geometry
Ventricular end-diastolic 99+22 96+36 0.61
volume index, mL/m?
Ventricular mass index, 83+30 93+33 0.19
g/m?
Systolic function, VA coupling and efficiency
Ejection fraction, % 5148 50+10 0.48
Stroke volume index, 51+13 46+15 0.13
mbL/m?

Cardiac index, L/min 3.5440.91 | 3.324+1.03 | 0.31

per m?

End-systolic elastance 1.22+0.49 | 1.42+0.70 | 0.18

(Ees), mm Hg/mL
VA coupling ratio (Ees/Ea) | 1.15+0.39 | 1.03+0.34 | 0.12
PRSW, erg-cm—3.10° 73414 71418 0.67

Peak power index, 227+82 328+94 0.008
mm Hg/s
Energetic efficiency, % 20.7+£2.6 19.7+2.5 0.061
Diastolic function
DWS 0.27+0.12 | 0.27+0.11 | 0.89

DWS indicates diastolic wall strain; PRSW, preload recruitable stroke work; SVRI,
systemic vascular resistance index; VA coupling, ventricular-arterial coupling.

understanding of circulatory physiology in adult Fontan
patients and have implications for the study of therapies to
prevent progression to HF in this unique at-risk population.
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The Adult Fontan Population

Adult Fontan patients are increasingly referred for consider-
ation of HF therapies.”?" The Alliance for Adult Research in
Congenital Cardiology identified research priorities to
advance the care of adults with CHD.?? Among the top
priorities for Fontan patients were causes of Fontan failure
and optimal drug therapies to preserve ventricular function.
The current study addresses these priorities by examining
ventricular vascular function and their coupling using
relatively load-independent indices.""'? Furthermore, given
that one index of a successful Fontan circulation is the
maintenance of normal resting systemic perfusion, we
examined the ventricular and vascular properties in Fontan
patients with or without normal CI.

Vascular Function

Multiple factors, including hypoxia, collateral vessels, aortic
procedures, liver disease, and renin angiotensin system
(RAS) activation, could alter arterial function in Fontan
patients.”?® Whereas elevated afterload has been described
in pediatric Fontan patients and in its theoretical mod-
els,s’”’25 overall, vascular resistance, arterial compliance,
and the sensitivity of afterload to HR*® were similar in
adult Fontan patients and controls. Of note, Ea sensitivity
to increasing HR in Fontan patients was virtually the same
as controls, suggesting a minor contribution of the
pulmonary circulation as described in the lump parameter
simulation model.?® Use of RAS antagonists and beta-
blockers were associated with more-favorable vascular
function, but causality cannot be assessed in this cross-
sectional study.

Ventricular Geometry

In adult Fontan patients, on average, EDV was increased
relative to controls, with the degree of eccentric remod-
eling being related to severity of systolic dysfunction. A
cardiac magnetic resonance imaging study showed widely
varying EDV index and EF in Fontan patients relative to
controls, but did not address the relationship between
remodeling and ventricular function.?® The relationship
between systolic dysfunction and eccentric remodeling is
consistent with typical findings in non-CHD HF.'" LV wall
thickness in Fontan patients was, on average, within
normal limits, but significantly higher than in control
patients. Fontan patients are exposed to cyanosis for
years, a known stimulus for ventricular hypertrophy,?” and
indeed a previous small study reported higher ventricular
mass in Fontan patients as compared to healthy
controls.?®

Systolic Function, VA Coupling, and Ventricular
Efficiency

In the normal circulation, arterial and end-systolic ventricular
elastances are coupled to optimize cardiovascular perfor-
mance and efficiency.?’ In adult Fontan patients, this normal
coupling was perturbed owing to disproportionate impairment
in systolic function. Impairment in contractile function was
worse in SRV than SLV. Contractile dysfunction and ventric-
ular inefficiency were apparent even in Fontan patients with
preserved (>50%) EF.

A previous study of VA coupling in a small number (n=17)
of clinically stable pediatric Fontan patients suggested that
increased afterload, rather than reduced contractility,
impaired VA coupling relative to controls.®> The other
coupling studies in Fontan patients used similar methods
as ours or even much simplified, less-rigorous methods, but
did not include similarly studied non-Fontan patients to
determine whether VA parameters were abnormal relative to
persons without Fontan circulation.®®®" A mathematical
simulation study and an animal study of acute Fontan
physiology indicated that immediately after creation of a
Fontan circulation, Ees is mildly reduced whereas Ea is
increased.?*%? In contrast, chronically, in adult Fontan
patients, we found that contractility was significantly
decreased as assessed by multiple load-insensitive measures
of ventricular contractility (Ees, PRSW, and PPI) whereas Ea
was similar to age, sex, and body size matched controls
without CHD. Consistent with our data, the multicenter
pediatric Fontan study showed that EF tended to decrease
with increasing age and time post-Fontan.? Whereas the
severity of ventricular remodeling and systolic dysfunction in
the current cohort of clinically stable adult Fontan patients
was less severe than that observed in similarly studied older
adults with overt non-CHD systolic HF,'" the impact of even
mild systolic dysfunction may be significant in the Fontan
circulation, particularly during exercise and may progress
over time. Whether treatment with standard HF therapies
used in non-CHD HF patients with reduced EF would improve
long-term outcomes in adult Fontan patients remains an
area of active investigation.'

Ventricular efficiency varied inversely with HR in
Fontan patients, but much less so in control patients
consistent with previous studies in experimental systolic
dysfunction®® and with modeling studies of the Fontan
circulation.”® HR dependence of both Ees and ventricular
efficiency in Fontan patients provide insight into the
adverse impact of tachycardia on clinical status in Fontan
patients. The marked reduction in ventricular efficiency
shown in adult Fontan patients may suggest a novel
therapeutic target. A number of agents with the potential
to modify myocardial energetics are currently under study
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in non-CHD HF and may hold promise in the Fontan
population.®*

Although most measures of ventricular performance were
significantly more impaired in SRV than SLV, these differences
were not striking. These findings underscore the differences
in adult versus pediatric Fontan cohorts, where SRV morphol-
ogy is associated with worse EF and survival. Relatively
preserved SRV function in adult Fontan patients may repre-
sent a form of survivorship bias. Notably, ventricular perfor-
mance indices were similar in SLV patients with or without
tricuspid atresia.

Diastolic Function

DWS is reflective of resistance to myocardial deformation
during diastole and thus myocardial diastolic stiffness.'®"”
Impairment in diastolic function has been suggested in
the pediatric Fontan population as well> and may be
related to the impact of the pre-Fontan arterial hypoxia
and volume overload, surgical procedures, renin-angioten-
sin-aldosterone system activation, inflammation, and other
end-organ dysfunction.”?3%3¢ Here, diastolic, but not
systolic, function was more impaired in patients with
reduced Cl, suggesting that ventricular diastolic function
is a critical factor influencing circulatory success in
Fontan patients.

Cardiac Output

The maintained, indeed augmented, CI in adult Fontan
patients relative to controls may relate to eccentric
remodeling, reduced afterload, or collateral circulations.®”
Indeed, other studies assessing aortic blood flow by aortic
phase-contrast method have shown preserved CI in adult
Fontan patients.*®®? Average values for Cl have varied
widely in previous small studies of predominantly pediatric
Fontan patients using a variety of volumetric or aortic or
caval flow techniques, with studies showing normal or
reduced Cl in different cohorts.*®*' Compared to Fontan
patients with preserved Cl, those with reduced CI had
higher afterload and ventricular systolic elastance with
similar VA coupling and EF, but less ventricular eccentric
remodeling and worse myocardial diastolic function. These
data may support consideration of invasive hemodynamic
assessment in adult Fontan patients with reduced resting
Cl at echocardiography, even in the absence of clinical
HF. Invasive assessment would exclude underfilling
attributed to pulmonary vascular disease, quantify the
severity of ventricular diastolic dysfunction, and guide
therapeutic interventions or suitability for clinical trials
investigating therapeutic strategies to prevent progression
to HF.

Limitations

The retrospective nature of this study may introduce bias as
patients returning to a tertiary referral surgical center may be
more or less well than those who do not return. The Fontan
patients spanned several operative eras, but are representa-
tive of adult Fontan survivors in the current era. Limitations of
individual echo parameters over time and in Fontan patients
have been discussed in the corresponding methods. Whereas
our analyses suggest that these limitations do not have a
critical impact on our findings and conclusions, the current
study should provide a framework for future studies using
alternate imaging modalities to confirm or refute our findings.
Repeated invasive analyses in otherwise stable Fontan
patients are difficult to justify and invasive assessment in
only clinically deteriorating patients may provide misleading
data concerning Fontan physiology. Thus, the current study,
though large and using best available data and validated
methodologies, should encourage further similar or improved
noninvasive imaging derived analyses to provide confirmation.

Conclusion

Adult Fontan patients have contractile and diastolic dysfunc-
tion with normal afterload, impaired VA coupling, and reduced
ventricular efficiency with heightened sensitivity to HR. The
impact of ventricular morphology is minimal in adult Fontan
survivors. Maintenance of Cl is dependent on reduced
afterload, eccentric remodeling, and preservation of diastolic
function. These data underscore fundamental role of HR
management in preserving cardiac function and contribute to
our understanding of circulatory physiology in adult Fontan
patients. This study also has implications for the study of
therapies to prevent progression to HF in this unique at-risk
population.
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