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After a successful Fontan procedure, children and adolescents should
improve their exercise capacity. However, several studies have shown
that these children have a reduced maximal oxygen consumption
compared with healthy children. The lower exercise performance in
these patients was mainly explained by a reduced cardiorespiratory
functional capacity. However, it has recently been reported that the
lower exercise performance may also be related to altered skeletal mus-
cle function. Moreover, exercise training had a beneficial impact on
several parameters related to exercise tolerance in these patients. The
main studies supporting these observations are reviewed, with a focus
on the physiological adaptation and limitation of the exercise per-
formance as well as the benefits of exercise training in patients after a
Fontan procedure.
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Tolérance a I’effort et impact d’un
entrainement a ’exercice chez des patients
ayant subi une intervention chirurgicale de
type Fontan: Revue de la littérature

Aprés une lintervention chirurgicale de type Fontan, les enfants et les
adolescents devraient améliorer leur tolérance a leffort. Cependant,
plusieurs études démontrent la persistance d’une diminution de la
consommation d’oxygéne maximale aprés la chirurgie comparativement a
celle des enfants sains. Cette tolérance limitée a I'effort s’explique par une
réduction des fonctions cardiorespiratoires. Cependant, selon des données
récentes, une atteinte fonctionnelle des muscles squelettiques contribue
rait aussi a la tolérance limitée a leffort. De plus, I'entrainement a
Iexercice améliore plusieurs parametres reliés a la tolérance a leffort chez
ces patients. Cette revue résume les principales études expliquant ces
observations et particulierement 1’adaptation physiologique et les limites
reliées 2 exercice et les effets d’'un programme d’entrainement & I'exercice

chez des patients ayant eu une intervention chirurgicale de type Fontan.

he Fontan procedure, originally described by Fontan and

Baudet (1) in 1971, has been a major contribution in
improving the quality of life and survival of children and ado-
lescents with cyanotic congenital heart disease who were limited
in their physical activities and at high risk of premature death
(2). The primary indication of this procedure was to palliate tri-
cuspid atresia. This congenital heart malformation, defined as
an inadequate development of the tricuspid valve, is character-
ized by the absence of the tricuspid orifice, the presence of atrial
and ventricular septal defects, and right ventricular hypoplasia.
The Fontan procedure was developed to address this specific
type of single ventricle physiology (1,2). The procedure was
designed to deviate the venous return from the superior and
inferior vena cavae through the pulmonary arteries, with the
right atrium being used to propel the venous return through the
lungs. Thus, partial restoration of the pulmonary blood flow was
achieved, alleviating the mixed arterial and venous blood char-
acteristic of this malformation (1). Several modifications of the
Fontan procedure have been developed to address the single
functional ventricle in general (3-9).

This procedure confers a significant survival benefit, relief
of cyanosis and improvement of approximately 20% in exercise
tolerance. In fact, patients have a 30% to 40% lower exercise
tolerance than that of healthy, age-matched controls (10,11).

Several limitations of the cardiorespiratory functions may
explain this reduced exercise tolerance. However, these
patients may benefit from exercise training, as is documented
in other patients with congenital heart diseases (12). This ben-
efit of improved exercise performance is of importance because
life expectancy of patients following the Fontan procedure has
increased significantly — 70% at five years and 60% at 10 years
(13).

Patients who have had a Fontan procedure constitute an
heterogeneous group. Indeed, there are significant hemody-
namic differences between the different Fontan procedures (for
example, a classic Fontan procedure compared with an
extracardiac Fontan procedure). A single left ventricle Fontan
patient cannot be compared with a single right ventricle
Fontan patient. In addition, a Fontan procedure performed for
pulmonary atresia with an intact ventricular septum is differ-
ent from a hypoplastic left heart in regard to pulmonary artery
flow dynamics, coronary perfusion and morphology of the sys-
temic ventricle. Although the population of patients with a
Fontan procedure is heterogeneous, they share similar physio-
logical and metabolic adaptations during exercise, and most
likely share similar benefits from exercise training. The objec-
tive of the present report is to review the main studies on exer-
cise physiology and training in these patients.
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TABLE 1
Comparison of physiological parameters in patients
before and after the Fontan procedure

Parameters Authors (reference)

Higher or no change in maximal
oxygen consumption

Driscoll et al (10), Zellers et al (11),
Driscoll et al (41)

Lower or no change in maximal Driscoll et al (10), Zellers et al (11),
heart rate Driscoll et al (41)

No change in submaximal heart rate Driscoll et al (41)

Higher or no change in blood Driscoll et al (10), Zellers et al (diastolic
pressure at exercise blood pressure) (11)

Abnormal cardiac output at Driscoll et al (10), Zellers et al (11),

exercise Nir et al (16)
Higher arterial blood saturation Driscoll et al (10), Zellers et al (11),
at rest Driscoll et al (41)

Higher arterial blood saturation at  Driscoll et al (10), Zellers et al (11),
Driscoll et al (41)
Higher or no change in arrhythmias Driscoll et al (10), Driscoll et al (41)

exercise

Lower or no change in ventilatory ~ Zellers et al (11), Driscoll et al (41)
equivalent for oxygen

No change in maximum minute
ventilation

Driscoll et al (10)

THE IMPACT OF THE FONTAN PROCEDURE

ON EXERCISE TOLERANCE
In theory, the Fontan procedure may enhance exercise toler-
ance by reducing and/or eliminating the right-to-left shunt,
thus decreasing the systemic ventricular volume overload.
Comparing the exercise tolerance in patients before and after
their Fontan procedure, Zellers et al (11) observed a 19%
increase (22 mL/kg/min to 27 mL/kg/min) in maximal oxygen
uptake (VO,max) in a cohort of 20 patients, while Driscoll
et al (10), who studied 81 patients before and 27 patients after
a Fontan procedure, noted a 16% increase (20.5 mL/kg/min to
24.3 mL/kg/min) in VO,max. In general, following the
Fontan procedure, patients have a VO,max ranging from
15 mL/kg/min to 29 mL/kg/min (approximately 43% to 78% of
normal VO,max) (14,15). Nevertheless, the long-term impact
of this procedure on exercise tolerance is equivocal. Some may
increase their exercise tolerance during the six years following
surgery (16), while other may have a deterioration in their
exercise tolerance (17). Deconditioning may contribute to this
deterioration because aerobic exercise training has been shown
to improve these patients’ functional capacity (18-21).
Nevertheless, this long-term decline in exercise tolerance fol-
lowing the procedure may also be related to the disease pro-
gression (17) or to the reduced capacity to increase the cardiac
output (Q) in response to exercise secondary to the Fontan-
type circulation, thus limiting the oxygen transport to the
periphery (22,23).

Slower oxygen uptake kinetics, ie, the precise integration of
the cardiorespiratory system required to transport the oxygen
from the atmosphere through active muscles to achieve oxida-
tive phosphorylation (24), is well documented in patients with
coronary artery disease, cyanotic congenital heart disease or
heart failure (25-31). In patients who have had a Fontan pro-
cedure, slower oxygen uptake kinetics was observed compared
with those of healthy individuals, suggesting alterations in the
central component (oxygen transport) and/or in the peripheral
component (oxygen utilization) during exercise (32).
Notwithstanding the benefit of the Fontan procedure, there is
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evidence that a significant reduction in exercise tolerance per-
sists in these patients (Table 1). The main factors related to the
lower exercise capacity may be due to cardiovascular function,
cardiac dysthythmia, ventilatory and pulmonary functions,
and the skeletal muscle status and function.

CARDIOVASCULAR FUNCTION
According to the Fick principle (oxygen uptake = flow x
arteriovenous difference in oxygen) (24), parameters from the
central and peripheral components may be implicated in the
exercise intolerance observed in patients after a Fontan proce-
dure. Regarding the central component, an abnormal
Q response to exercise is present in patients after a Fontan pro-
cedure (Table 2). This alteration may be explained by a
reduced stroke volume at rest (10,33) with an insufficient
stroke volume response to exercise (33), and lower resting and
exercise ejection fractions (34). In fact, the change in the
patients’ physiology as a result of the Fontan procedure does
not allow the Q to adequately increase in response to exercise,
as it would in healthy individuals. Because the pulmonary
blood flow is not driven by the right ventricle, it is reduced and
almost nonpulsatile (22,23). This leads to a limited increase in
pulmonary blood flow in response to exercise, a reduced left
ventricle filling and a smaller stroke volume, resulting in a
reduced increase in Q. The blood pressure response to exercise
seems normal and adapted to the workload (14,15). However,
a higher diastolic blood pressure response during exercise has
also been reported (11), and may be explained by the absence
of a systemic-to-pulmonary shunt (11) and/or may be linked to
the abnormal reflex signals coming from the ergoreceptors
(15). A lower peak systolic blood pressure, probably due to a
lower Q, has also been documented (35). Finally, a reduced
maximal heart rate has been observed in some (Table 2) but
not all patients (36). In some instances, a similar (33) or 15%
higher heart rate (37) has been reported in Fontan patients
during submaximal exercise compared with controls. These
altered chronotropic responses to exercise may be explained by
a sinus node dysfunction following surgery or concomitant
abnormal autonomic heart rate control (10,11,35,38).

CARDIAC ARRHYTHMIAS

Cardiac arrhythmias are frequent following the Fontan proce-
dure, particularly at the supraventricular level (13). Stretching
of the right atrium, decreased ventricular function and atrio-
ventricular valve insufficiency have all been associated with
cardiac arrhythmias (13). In fact, 20% of these patients need
an antiarrhythmic agent and/or a pacemaker after a mean
follow-up of five vyears (13). Among 59 patients,
Durongpisitkul et al (39) reported that 10 patients presented
premature ventricular contractions, one patient had ventricu-
lar tachycardia, one patient had atrial fibrillation and eight
patients had nonspecific ST-T wave changes. However, all
these arrhythmias occurred during exercise only, and none
were documented during the recovery period (39). Also, first-
degree atrioventricular block, junctional rhythm at rest, pre-
mature ventricular contractions and premature atrial
complexes during exercise have been observed (40).

VENTILATORY AND PULMONARY FUNCTIONS
Before surgery, Fontan patients have an increased ventilatory
drive at rest and during exercise. This is demonstrated by an
elevated ventilatory equivalent for oxygen at rest and at
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TABLE 2

Comparison of physiological parameters in patients who underwent the Fontan procedure compared with healthy
individuals

Parameters Author (reference)

Lower maximal oxygen consumption

Brassard et al (15), Nir et al (16), Mocellin and Gildein (32), Ohuchi et al (35), Rhodes et al (36),

Grant et al (37), Durongpisitkul et al (39), Troutman et al (42), Chua et al (43), Inai et al (44),
Fredriksen et al (45), Rosenthal et al (72), Weipert et al (73), Zajac et al (74), Ohuchi et al (75)

No change in cardiac output at exercise Grant et al (37)

Lower maximal heart rate

Brassard et al (15), Harrison et al (34), Ohuchi et al (35), Durongpisitkul et al (39),

Troutman et al (42), Chua et al (43), Inai et al (44), Fredriksen et al (45), Rosenthal et al (72),
Weipert et al (73), Zajac et al (74), Ohuchi et al (75)

Lower arterial blood saturation at rest

No change in maximal heart rate

No change in arterial blood saturation at rest
Higher submaximal heart rate

Lower arterial blood saturation maximum

Grant et al (37)

Nir et al (16), Brassard et al (15), Gewillig et al (33)
Grant et al (37), Ohuchi et al (75)
Grant et al (37), Inai et al (44), Zajac et al (74), Ohuchi et al (75)

Brassard et al (15), Grant et al (37), Durongpisitkul et al (39), Troutman et al (42), Chua et al (43),

Inai et al (44), Fredriksen et al (45), Zajac et al (74)

No change in submaximal heart rate
Higher maximal ventilatory equivalent for carbon dioxide
No change in blood pressure at rest

Geuwillig et al (33)
Brassard et al (15), Grant et al (37), Troutman et al (42), Chua et al (43), Inai et al (44)
Brassard et al (15), Nir et al (16), Gewillig et al (33), Chua et al (systolic blood pressure) (43),

Inai et al (44), Zajac et al (74), Ohuchi et al (systolic blood pressure) (75)

No change in maximal ventilatory equivalent for carbon dioxide Ohuchi et al (75)
Higher maximal ventilatory equivalent for oxygen
Lower blood pressure at exercise

Brassard et al (15), Grant et al (37)
Nir et al (systolic blood pressure) (16), Gewillig et al (33), Ohuchi et al (systolic blood pressure) (35),

Inai et al (44), Ohuchi et al (systolic blood pressure) (75)

No change in maximal ventilatory equivalent for oxygen
No change in blood pressure at exercise

Lower maximal minute ventilation

Lower cardiac output at exercise

Durongpisitkul et al (39)

Nir et al (diastolic blood pressure) (16), Chua et al (systolic blood pressure) (43), Zajac et al (74)
Harrison et al (34), Grant et al (37), Fredriksen et al (45), Zajac et al (74), Ohuchi et al (75)
Durongpisitkul et al (39)

maximal exercise (14). Following the surgical procedure, the
ventilatory equivalent for oxygen may be corrected at rest but
stays slightly elevated at maximal exercise (15,37). This is the
consequence of an increased physiological dead space to tidal
volume ratio resulting from ventilation or perfusion mismatch
and a persistent right-to-left shunt, hypoxic stimulation of
ventilation and/or the need to maintain acid-base homeosta-
sis by eliminating carbon dioxide from a reduced blood vol-
ume (10,14,39,41). Furthermore, a significant increment of
the ventilatory equivalent for carbon dioxide has also been
reported (15,37,42-44), suggesting excessive ventilation in
patients after a Fontan procedure compared with healthy indi-
viduals. These abnormalities may be secondary to the
increased physiological dead space to tidal volume ratio or a
lower chemoreceptors threshold for arterial carbon dioxide
partial pressure (42).

Patients, after a Fontan procedure, have a reduced forced
vital capacity and forced expiratory volume in 1 s compared
with predicted values (45). A lower forced vital capacity,
forced expiratory volume in 1 s, vital capacity, total lung
capacity and diffusion capacity to carbon monoxide has been
noted compared with healthy individuals (15,40,46).
Diaphragmatic palsy following the surgical intervention, respi-
ratory muscle weakness or restricted chest wall may be respon-
sible for the patient’s reduced pulmonary function. However,
no significant correlation was found between pulmonary func-
tion and exercise tolerance (15,40), suggesting that pulmonary
function is probably not a limiting factor to exercise tolerance
in these patients.

Arterial blood saturation returned almost to normal follow-
ing the Fontan procedure; however, it stays slightly lower than
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that of healthy individuals and decreases with exercise
(Table 2). This reduction may be the consequence of an intra-
pulmonary right-to-left shunt that may become more impor-
tant over time following the procedure, coronary sinus blood
return to the pulmonary venous atrium, an intracardiac right-
to-left shunt, a significant physiological dead space and/or a
ventilation/perfusion mismatch with an abnormal pulmonary
blood flow distribution (10,14,17,37,47). The lower arterial
blood saturation may also be the result of a flow increment in
the lungs’ superior lobes with increased pulmonary vascular
resistance (47).

A FORGOTTEN PLAYER: THE PERIPHERY
Until recently, the periphery, mainly characterized by the
skeletal muscles, has never been the centre of attention in
studies evaluating exercise tolerance in patients after a Fontan
procedure. Several investigators have demonstrated a poor
relationship between central hemodynamic measurements and
exercise tolerance in patients with congestive heart failure
(CHF) (48-51), a population that shares similar characteristics
with patients after a Fontan procedure. The contribution of
abnormal skeletal muscle function to the low exercise perform-
ance of patients with CHF is now well recognized (52,53). It
was recently demonstrated that the reduced exercise perform-
ance in Fontan patients may be related in part to altered skele-
tal muscle hemodynamics during exercise, as well as
endothelial dysfunction (44). Thus, these alterations may lead
to skeletal muscle function abnormalities in these patients as
in CHF patients. The authors also observed reduced skeletal
muscle endurance in a group of seven Fontan patients com-
pared with healthy individuals (15). Some skeletal muscle
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Figure 1) Schematic representation of the protocol used for the evaluation
of the ergoreflex contribution. RCO Regional circulatory occlusion; SBP
Systolic blood pressure

alterations encountered in CHF patients, like muscle atrophy
and weakness, morphological changes and/or altered metabolic
capacity, may explain these results. The authors also observed
a significant relationship between skeletal muscle strength
and exercise tolerance, suggesting that the skeletal muscle
function may be a limiting factor of exercise tolerance in these
patients (15).

Skeletal muscle function may be evaluated noninvasively
by ergoreflex activity (54). This reflex originates from small
afferent receptors located in the muscle that are sensitive to
metabolites produced during contraction (54). Some parame-
ters that are less influenced by the Fontan procedure, ie, venti-
lation and blood pressure, may be overstimulated by an altered
skeletal muscle function, leading to early exercise termination
due to dyspnea and fatigue.

The method used to stimulate these ergoreceptors involves
isolating their activity by trapping the metabolic milieu related
to muscle work by a regional circulatory occlusion (RCO)
(Figure 1) after muscular exercise until fatigue (55). Specifically,
the evaluation of the ergoreflex activity included two randomly
executed dynamic exercises. First, using the nondominant arm,
patients are asked to contract dynamic handgrips with a hand
dynamometer at 50% of their previously determined maximal
voluntary contraction. This exercise is performed at a frequency
of 30 handgrips/min to 40 handgrips/min until exhaustion. Ten
seconds before the end of the exercise, an RCO of 30 mmHg
above the resting systolic pressure is applied for 3 min with an
instantaneous release cuff. Ventilation and blood pressure are
taken during a 7 min period (3 min into RCO and 4 min after
the RCO period). Secondly, after a 30 min rest, patients are
asked to execute the same handgrip exercise, but the RCO
period is replaced by a controlled pressure of 50 mmHg or by the
absence of pressure for 3 min (15,55). Ventilation and blood
pressure values are also recorded over the whole 7 min. The
ergoreflex contribution to blood pressure is then quantified as
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Figure 2) Comparison of diastolic blood pressure (DBP) in healthy
individuals (A) and in Fontan patients (B) during the two handgrip
repetitions with (solid lines) and without (dotted lines) regional circula-
tory occlusion (RCO). Data are presented as means = SEMs. *P<0.05
posthandgrip controlled pressure (PH) wersus posthandgrip regional
circulatory occlusion (PHRCO). repos Rest

the absolute values (value at the third minute of posthandgrip
exercise with RCO minus value at the third minute of con-
trolled posthandgrip) and as the percentage response to hand-
grip exercise followed by RCO compared with controlled
posthandgrip (55). A controlled RCO of 200 mmHg without
previous exercise was applied with the instantaneous release cuff
first to ensure that exaggerated ergoreflex activation was not the
result of the RCO per se.

In healthy individuals, this ergoreflex activity may be a
facilitative mechanism during exercise because it stimulates
sympathetic drive, ventilation and vasoconstriction in the
nonexercising limbs (56). In CHF patients, and possibly in
Fontan patients, the excessive stimulation of ventilation and
blood pressure by the ergoreceptors may have a deleterious
impact on the cardiovascular and ventilatory systems (15,57).
A higher ergoreflex contribution to blood pressure response
was observed in seven Fontan patients (Figure 2) (15). These
patients may thus rely earlier on anaerobic metabolism than
healthy individuals, suggesting an abnormal oxidative capacity
of their skeletal muscle function. Consequently, the overstim-
ulation of the sympathetic drive and ventilation by this abnor-
mal reflex activity may lead, with time, to an increased burden
on the cardiorespiratory system and may favour the progression
of the disease as seen in CHF (58).
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IMPACT OF EXERCISE TRAINING

It is well known that regular aerobic exercise training
enhances the exercise tolerance in CHF patients (59-62).
More specifically, the positive impacts of exercise training in
these patients have been correlated to central and peripheral
hemodynamics, ventilatory and metabolic responses, and the
symptomatic status (63-66). Enhancements in the sympa-
thetic response, autonomic heart rate control and variability
have also been noticed (67). Furthermore, reduced exacerbated
inflammatory responses leading to enhancement in exercise
tolerance have also been observed following an exercise train-
ing program (68,69).

Because the contribution of altered skeletal muscle func-
tion to a reduced exercise capacity is well known in CHF
patients (52), it is interesting to note that resistance exercise
training leads to a positive impact on the periphery that may
potentially enhance exercise tolerance. Specifically, an
increase in muscular strength and endurance, a normalization
of the ergoreflex feedback, and enhanced structural and meta-
bolic characteristics of the skeletal muscle have all been
observed in CHF patients (55,70,71). With these positive
results of aerobic and resistance exercise training, it seems likely
that such results may also be observed in Fontan patients.

Few studies have reported on the impact of exercise train-
ing in a limited number of patients after a Fontan procedure.
Minamisawa et al (18) reported a 7% increase in maximal
workload and VO, max and a 5% increase in exercise time in
11 patients following a 11- to 15-week aerobic exercise train-
ing program. Recently, Opocher et al (19) observed a 19%
increase in both VO, max and oxygen pulse, and enhancement
of submaximal heart rate and oxygen pulse pattern after an
eight-month aerobic exercise training in 10 Fontan patients.
At this point, an important issue needs to be raised regarding
the positive impact of exercise training on exercise tolerance
in Fontan patients in the previous two studies. In both, the
positive influence of exercise training on VO,max was not
compared with results of a control group to ensure that these
observations were really the results of exercise training and not
maturation of these young patients per se. In contrast, Brassard
et al (15) did not observe any significant changes in VO, max
in five Fontan patients following an eight-week aerobic and
resistance exercise training program compared with a control
group of four Fontan patients who did not exercise (15).
However, a normalization of the ergoreflex contribution to
blood pressure was noted, suggesting a possible reduction of the
burden on the cardiovascular system (15). In addition, Balfour
et al (20) observed a 6% increase in VO,max in a 19-year-old
patient who was engaged in a three-month cardiac rehabilitation
program. Finally, McCall and Humphrey (21) reported
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improvements in oximetry values, and exercise intensity and
duration, as well as reduced fatigue perception in a young
Fontan patient following a 22-week aerobic and muscular
exercise training program before cardiac transplant.

Exercise training is thus an important feature in these young
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CONCLUSIONS

Until recently, the explanation for the reduced exercise capac-
ity in patients after a Fontan procedure was attributed to limited
cardiorespiratory function. However, we already know that in
patients with CHE, the skeletal muscle function seems to be
another important component of exercise tolerance. This lim-
ited skeletal muscle function could be a major factor explain-
ing the reduced exercise performance of patients after a Fontan
procedure. Moreover, the impact of exercise training on
VO, max in itself is small. However, further research is needed
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capacity. Interestingly, a significant impact of exercise training
may be observed on skeletal muscle function, suggesting that
this function may be implicated in the reduced exercise
capacity in these patients as in patients with CHE Most impor-
tantly, exercise training may have a positive influence on the
quality of life in Fontan patients, even with a small ameliora-
tion in exercise capacity.
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