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Abstract

Impaired exercise following Fontan is a surrogate of morbidity. Single-center longitudinal data
exist, but there is a lack of contemporary multi-center data. Ramp cycle ergometry was re-
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performed in consented participants who had originally participated in the Pediatric Heart
Network’s Fontan cross-sectional study. Annualized change was evaluated at maximal and
submaximal exercise. Associations between these outcomes and patient characteristics were
analyzed. There were 336 participants in Fontan 3, mean age 23.2 years. Paired measurements of
peak oxygen consumption (peak VVO5,) were available for 95; peak exercise data at Fontan 3 were
available for 275. Percent-predicted peak VO, declined by 0.8 + 1.7% per year (p< 0.001). At
Fontan 3, the lowest performing peak VO, tertile had the highest rate of overweight and obesity (o
< 0.001). Female gender was more prevalent in the highest performing tertile (o= 0.004). Paired
data at the ventilatory anaerobic threshold (VO, at VVAT) were available for 196; VAT data at
Fontan 3 were available for 311. Percent-predicted VO, at VAT decreased by 0.8 + 2.6% per year
(0 <0.001). At Fontan 3, VO at VAT was better preserved than peak VO, across all tertiles, with
higher rates of overweight and obesity in the lower performing group (p = 0.001). Female gender
(p < 0.001) and left ventricular morphology (p = 0.03) were associated with better performance.
Submaximal exercise is better preserved than maximal in the Fontan population, but declined at
the same rate over the study period. The overall longitudinal rate of decline in exercise
performance is slower than what has been described previously.
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Introduction

The Fontan procedure has allowed for the survival of generations of children born with
heterogeneous forms of critical congenital heart disease characterized by a single effective
pumping chamber. The original procedure has undergone a number of modifications since
the first description, and now typically involves the creation of a total cavopulmonary
connection (TCPC), using either an extracardiac tube graft or an intra-atrial lateral tunnel
[1-8]. While Fontan palliation allows for survival through the first few decades of life, there
is a progressive decline in the efficiency of the circulation over time, which correlates with a
progressive increase in morbidity and mortality [9-14].

Diminished exercise capacity is associated with increased morbidity and mortality in many
forms of congenital and acquired heart disease, and is a useful marker of overall circulatory
health [15-23]. In 2008, the Pediatric Heart Network (PHN) reported cross-sectional
exercise data for a large cohort of patients who had undergone the Fontan operation (Fontan
I). Those data demonstrated impaired exercise capacity among all age groups and suggested
that exercise impairment was more pronounced in older participants [24, 25]. Although
exercise capacity was diminished at both peak exercise (65% predicted) and at the
ventilatory anaerobic threshold (78% predicted), the impairment was more pronounced at
peak exercise, a discordance in exercise measures that is different relative to those with a
normal biventricular circulation. The few published longitudinal studies evaluating exercise
performance after Fontan confirmed the progressive decline in exercise capacity, estimated
to diminish by 1.3-2.6% predicted per year, but are limited by the small size of the cohorts,
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usually drawn from a single site, and primarily comprised patients who received their Fontan
procedure before the widespread adoption of the TCPC [26-28].

Given the importance of exercise performance as a surrogate of circulatory wellness and the
absence of robust longitudinal exercise data from those who have undergone the modern
TCPC, the PHN undertook a follow-up for participants from the original Fontan cross-
sectional study [29]. For this study, we sought to understand factors associated with
impaired exercise capacity after Fontan, to determine the slope of the decline in exercise
performance over time, and to evaluate performance at peak versus sub-maximal exercise.
We hypothesized that while exercise capacity would likely be impaired, the degree of
impairment would be worse at peak exercise and the rate of change in impairment in the
modern era would be diminished relative to previous reports.

All patients who participated in the original PHN Fontan Cross-Sectional Study (Fontan 1)
were screened for enroliment in the Fontan follow-up study (Fontan 3). A survey-based
follow-up (Fontan 2) was completed in the intervening period [30]. Those who had been
converted to a two-ventricle circulation, had undergone heart transplant, or who had died
since enrollment in Fontan 1 were not eligible for participation in Fontan 3. Eligible
participants were approached for consent/assent by the institution at which original consent
was obtained. All enrolled subjects were then offered the opportunity to participate in
cardiopulmonary exercise testing, and those who successfully completed testing comprised
the study cohort.

Following consent/assent, maximal exercise testing was performed using a standardized
ramp protocol on an electronically braked cycle ergometer as previously described in the
Fontan 1 study [24, 25]. Equipment was calibrated to manufacturers’ specifications, and
testing was performed with standard protocols previously used in children, adolescents, and
adult subjects with Fontan physiology [24, 25]. Participants pedaled in an unloaded state for
three minutes and workload was then increased continuously with a slope chosen to achieve
each participant’s predicted maximal work rate after 10 to 12 min of cycling. Metabolic
measurements were assessed on a breath-by-breath basis throughout exercise. Maximal
effort was defined as achieving a respiratory exchange ratio (RER) of equal to or greater
than 1.10 [25]. Analysis of peak oxygen consumption (peak VVO,) was limited to those
participants who reached the threshold for maximal effort, but submaximal data were
included, when interpretable, regardless of the value of the RER achieved during the
exercise test.

Demographic and patient-specific anatomic and clinical characteristics were summarized
using standard descriptive statistics. Normally distributed variables were reported as mean
and standard deviation. Comparisons were made between Fontan 1 and Fontan 3 exercise
measurements using the paired student #test. Annualized rate of change was calculated by
dividing the differences between the two time points by the time gap. Regression analysis
was performed to evaluate factors associated with change in exercise outcomes. Exercise
performance at Fontan 3 was then evaluated in a cross-sectional manner. To facilitate
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comparison between the high and lower performers, the cross-sectional cohort was divided
into tertiles based on percent predicted peak VO, and minute oxygen consumption at the
anaerobic threshold (VO, at VVAT). The differences among the characteristics of the subjects
in these tertiles were evaluated. Regression analysis was performed on both the maximal and
sub-maximal cross-sectional data to evaluate potential risk factors for poor performance at
Fontan 3.

We identified 506 participants from Fontan 1 who were thought to be alive with an intact
Fontan circulation. Of these, 40 were deemed lost to follow-up leaving 466 potential
participants, of which 373 enrolled in Fontan 3. From this group, at least partial exercise
data were available for 311 participants (Fig. 1). For the 311 participants with exercise data,
the mean age at time of original Fontan procedure was 3.2 + 1.6 years (Table 1), while the
mean age at time of exercise testing for Fontan 3 was 21.1 + 3.3 years. The majority of the
participants were male (61%), and ventricular morphology was nearly evenly split between
single left ventricular morphology (54%) and either single right or undetermined ventricular
morphology (46%). Most participants had undergone a form of TCPC, 55% intra-atrial
lateral tunnel vs 30% extracardiac conduit; 15% had undergone either an older version of the
Fontan or a different modification. A pacemaker was present in 5% of participants.

Of the 311 participants in Fontan 3, 95 achieved an RER > 1.10 at both Fontan 1 and Fontan
3 and therefore had paired data at peak exercise (Table 2, Fig. 2a). Statistically significant
declines over time in resting oxygen saturation, oxygen saturation at peak exercise, peak
work rate, percent predicted peak work rate, peak VO», and percent predicted peak VO,
were noted in this group. The annualized rate of decline of percent predicted peak VO, was
0.8 percentage points per year. There were no statistically significant associations between
patient characteristics and change in percent predicted peak VO, (data not presented).

Paired data at sub-maximal exercise were available in 196 to 262 subjects, depending on the
measurement (Table 3, Fig. 2b). These data likewise demonstrated a decline in raw measures
of exercise performance as well as in percent predicted values. Although there was an
increase in percent predicted forced vital capacity, there was a decrease of the FEV1/FVC
ratio consistent with a mild progression of obstructive airway disease. Despite this finding,
the VE/VCOs ratio at the ventilatory anaerobic threshold improved, consistent with an
improvement in ventilatory efficiency. There were again no statistically significant
associations between patient characteristics and change in percent predicted VO, at VAT
(data not presented).

For the group that was able to reach maximal effort at Fontan 3 (7= 275), the mean percent
predicted peak VO, was 59% (Table 4, Fig. 3a). When divided into tertiles based on percent
predicted peak VOo, the highest performing tertile was associated with younger age (p =
0.007), lower weight (p < 0.001), normal (not elevated) body mass index (BMI) (p < 0.001),
and female gender (p = 0.004). A potential trend was noted toward lower peak VO in
participants with an atriopulmonary Fontan (p = 0.11), but there was no difference based on
ventricular morphology (p=0.61).
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For participants with data at the ventilatory anaerobic threshold at Fontan 3 (n= 311), the
percent predicted VO, at VAT was 73% (Table 5, Fig. 3b). When divided into tertiles based
on percent predicted VO, at VAT, younger age (p = 0.006), lower weight (p < 0.001), lower
BMI (p=0.001), and female gender (p < 0.001) were again associated with inclusion in the
highest performing tertile. We additionally found that single left ventricular morphology was
more common in the highest performing tertile (p= 0.03). The presence of a pacemaker was
most common in the lowest performing tertile (p = 0.02). When we evaluated the ratio of
VO, at VAT to peak VO,, we found an increase in the ratio for those in the higher
performing tertile of VO, at VAT (Fig. 4).

Discussion

This study is the largest longitudinal evaluation of exercise performance in children born
with single ventricle physiology and palliated with the Fontan procedure. The majority of
participants underwent staged palliation, culminating in a TCPC, which remains the primary
form of surgical palliation. The results confirm previous findings that exercise capacity
declines as children grow into adolescents and young adults, although the rate of decline was
substantially lower than previously reported, perhaps related to the increased prevalence of
the TCPC in this more contemporary cohort [25-28]. Factors associated with worse
performance at the time of Fontan 3 included older age, heavier weight, increased BMI, and
male gender. The presence of a single left ventricle was more common in those in the
highest performing tertile at the ventilatory anaerobic threshold. While an improvement was
noted in the calculated ventilatory efficiency from Fontan 1 to Fontan 3, this is likely related
to the known increase in the ratio of tidal volume to dead space that occurs as a natural
consequence of growth [31].

Although all measures of exercise performance in Fontan 3 were substantially below
population norms, oxygen consumption during sub-maximal exercise was better preserved
relative to peak exercise, consistent with the cross-sectional findings of Fontan 1. While the
reason for better performance during sub-maximal exercise was not delineated in the present
study, it is likely related to inherent limitations of the Fontan circulation. In the absence of a
subpulmonary pump, preload is maintained by the pressure gradient across the pulmonary
vascular bed; the difference between central venous pressure and atrial pressure [32—-34]. As
exercise intensity increases, central venous pressure must also rise to allow for increased
transpulmonary blood flow. This increase in central venous pressure, along with an increase
in heart rate, is what allows cardiac output to keep pace with metabolic demand. However, at
higher levels of exertion, the increase in pressure required to provide adequate ventricular
preload begins to exceed the physiologic limit of an individual’s maximal central venous
pressure. This physiologic limit, or ceiling, is that point at which exercise is limited by an
inability to raise central venous pressure any further.

Given the importance of exercise as a surrogate of overall cardiovascular health across a
variety of cardiovascular disease states [15-23], it is important to understand the relationship
between VO, at VAT and peak VO, after Fontan. In circulations with two ventricles, the
ratio between VO, at VAT and peak VO is relatively fixed at 45-65%, regardless of the
fitness of the individual patient [21]. However, that ratio is altered for those who have
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undergone Fontan palliation, particularly at higher levels of performance, suggesting that an
improvement in exercise capability may be preferentially expressed by an improvement in
VO, at VAT [24, 25, 29]. While VO, at VAT is more technically difficult to measure than
peak VO, it is similarly associated with important morbidities and mortality [22, 23, 35]. In
light of the physiologic limitations after Fontan, this population may be one in which VO, at
VAT is a more useful measure.

In this study, although both maximal and sub-maximal exercise capacities were below
population norms for the study cohort as a whole, the participants who comprised the best
performing tertile at the ventilatory anaerobic threshold were able to perform right at the
expected level for age and sex during sub-maximal exercise. This cohort also had the highest
ratio of VO, at VAT to peak VO,, again demonstrating the discontinuity in these exercise
measures at higher levels of activity. Importantly, the relative preservation of VO, at VAT in
this tertile suggests that there may be a group of patients for whom the Fontan physiology is
more stable and resilient over time. While more work needs to be done to identify why some
patients are able to perform sub-maximal exercise at near-normal levels, the implication of
this finding is that a significant subset of Fontan patients can be expected to perform
activities of daily living and many recreational physical activities at levels nearly equal to
their healthy peers well into early adulthood. Although maximal exercise may be limited by
the physiologic ceiling, sub-maximal activity is likely substantially more important and
common in day-to-day life.

The most significant demographic differences between the upper and lower tertiles in this
study were BMI and the rates of overweight and obesity. Only 18% of the upper tertile were
either overweight or obese versus 39% for the lower tertile. Recent studies of exercise
performance in the Fontan population suggest that sustained regular physical activity is
associated with superior exercise performance [36, 37]. This appears to be specifically
related to increases in lean lower extremity mass, bone density, and lower body mass index
[36-38]. Augmentation of cardiac output during exercise by both lower extremity and
respiratory muscle groups appears to be at least in part associated with improved exercise
performance. The findings of our study support this concept.

The findings in the present study have important implications for the long-term health of
those with Fontan physiology. We know from previous studies that there is a threshold of
exercise capacity below which patients are more likely to demonstrate increased morbidities
associated with heart failure [15-17]. Taking the cross-sectional data from Fontan 1 and
applying the slope of decline from previous longitudinal studies suggest that patients with
Fontan physiology would cross the threshold for symptomatic heart failure early in their
third decade. The data from this study, while still demonstrating a decline, suggest that the
period of relative wellness in patients who undergo a TCPC may be longer than would have
been anticipated using the older data in patients with older versions of the Fontan procedure.

Limitations

This study was limited to the select group of survivors from Fontan 1 who chose to
participate in Fontan 3 and who were able to participate in exercise testing. This creates an
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inherent survivor bias and eliminates those whose physical impairment made exercise
participation impossible. As a consequence, the results of this study likely represent a more
positive view of exercise performance across the cohort than what is actually true among
patients with single ventricle heart disease more generally. Further, the data from Fontan 1
and Fontan 3 represent two points separated by nearly a decade. By necessity, we assumed a
linear rate of decline for this analysis, but this assumption may not be accurate. It is
plausible that the rate of decline is slow until a threshold is reached, at which point the slope
of the decline accelerates, and it is equally plausible that the slope of the decline is simply
non-linear.

Conclusion

Exercise capacity among those with Fontan physiology is diminished relative to age- and
gender-matched normative values. While indices of exercise performance decrease over
time, the rate in this cohort is slower than has been previously described. Sub-maximal
aerobic exercise capacity is better preserved than maximal aerobic capacity in the Fontan
population, but declines at the same rate during the second and third decades of life. Non-
obese body composition is associated with better maximal and sub-maximal exercise, while
female gender and left ventricular morphology are associated with improved exercise
performance at the ventilatory anaerobic threshold. Within the larger group, there exists a
subgroup with preserved VO, at VVAT. Future work should focus on understanding the
characteristics of this subgroup and on determining whether medical or interventional
alterations in management can improve the performance of the entire cohort of those who
have undergone the Fontan procedure.
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Fig. 1.
Fontan 3 enrollment
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Longitudinal percent-predicted exercise data for individual subjects with a paired maximal
tests (VO,) and b paired data at the ventilatory anaerobic threshold (VAT). The dashed lines
represent each participant, while the solid lines with arrows represents the trend line for the
cohort. Both plots demonstrate a decline in exercise capacity from Fontan 1 to Fontan 3
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Histogram of exercise performance oxygen consumption at a peak exercise and b oxygen
consumption at the anaerobic threshold. The y~axis is percentage of patients and the x axis is
percent predicted for age and gender. The light bars represent data from Fontan 1 while the
dark bars represent data from Fontan 3. Both histograms demonstrate a shift toward lower

performance from Fontan 1 to Fontan 3
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Fig. 4.

Ratio of VO, at VAT to peak VO, across Fontan 3 tertiles for those who had both sub-
maximal and maximal data. The shaded area represents the normal range for those with a
biventricular circulation. The hashed lines represent the standard deviation for each tertile
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Participant characteristics at Fontan 3

Characteristic N Mean + SD or n (%)
Age at Fontan, years 311 32x16
Age at exercise testing, years 311 21.1+3.3
Height, cm 311 168.7+9.3
Weight, kg 311 67.0+157
Body surface area, m? 281 18+0.2
BMI categories 311

Normal 221 (71%)

Overweight 57 (18%)

Obese 33 (11%)
Sex 311

Female 120 (39%)

Male 191 (61%)
Race 310

Other 60 (19%)

White 250 (81%)
Ventricular morphology 311

Left 167 (54%)

Right 89 (29%)

Mixed 55 (18%)
Type of Fontan 311

Atriopulmonary connection 39 (13%)

TCPC lateral tunnel 172 (55%)

TCPC extracardiac conduit 92 (30%)

Other 8 (3%)
Pacemaker present 311

No 295 (95%)

Yes 16 (5%)

BM/body mass index, TCPC total cavopulmonary connection
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