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Abstract
Objective—To examine cardiopulmonary performance in 52 adult patients with a Fontan circu-
lation.
Design—Retrospective cohort study. Values of maximum oxygen uptake (VO2max), maximum
heart rate (HRmax), forced vital capacity (FVC), and forced expiratory volume in one second
(FEV1) were compared with predictive values for diVerent age groups. Patients were further sub-
divided into those with a pulmonary artery connection (RA–PA) or right atrium to right ventri-
cle conduit (RA–RV).
Results—At late follow up (median 10 years, range 1 to 26 years), patients with Fontan circula-
tion had greatly diminished VO2max, HRmax, FVC, and FEV1 compared with predicted values.
Early age at surgery had a positive impact on aerobic capacity. The FEV1:FVC ratio indicated
restrictive lung function. No diVerences were found with respect to any variable between patients
with RA–PA connections and those with RA–RV connections.
Conclusions—Patients with a Fontan circulation have greatly diminished values of aerobic
capacity and a restrictive pattern of lung function. Patients with an early surgical procedure
obtained higher values of VO2max. The theoretical benefits of including the right ventricle in a
Fontan circulation were not apparent.
(Heart 2001;85:295–299)
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The natural history of complex cyanotic heart
disease was radically changed by the introduc-
tion of venous shunt procedures. In tricuspid
atresia the mortality in the presence of
infundibular pulmonary stenosis used to be
90% by the end of the first year,1 and in the
absence of pulmonary stenosis similar mor-
tality occurred by the 10th year of life. Glenn
and Patino first described the theory behind
the bypass of the right ventricle2 and later pub-
lished a clinical report based on this theory.3

Fontan and Baudet described what has now
become known as the classical Fontan proce-
dure in 1971.4 This improved the longevity of
patients with tricuspid atresia.5 After this
description several modifications have
emerged, and the procedure has also now been
applied to a wider spectrum of congenital heart
defects. The atriopulmonary anastomosis was
advocated by Kreuzer and associates and later
by de Leval and colleagues, who described the
lateral tunnel procedure.6 7 More recently the
extracardiac tunnel has been described.8

The right atrium to right ventricle conduit
(RA–RV) was first reported by Björck and col-
leagues in 1979.9 The role of the right ventricle
in the Fontan circulation has been a subject of
controversy. Pulsatile blood flow potentially
increases cardiac output during exercise and is
therefore thought to increase functional capac-
ity.10 Furthermore the circulation is also driven
by two pumps and is therefore less dependent
on the systemic ventricle. However, complica-
tions with this modification are well recog-
nised. Conduit failure develops with time and
replacement is required.11 Obstruction may
also occur as a result of compression by the
anterior thoracic wall. The physiological ben-

efit of this modification has not been demon-
strated in an adult cohort.

With improved survival beyond childhood,
increasing numbers of patients with the Fontan
circulation are being managed at adult con-
genital heart disease centres.12 13 They have sig-
nificant morbidity in the form of atrial arrhyth-
mias (20% by five years), protein losing
enteropathy, and severely diminished exercise
capacity.5 11 14–22 Long term survival is compro-
mised, with only a 60% 10 year survival.5

Some questions remain unanswered in this
patient population—for example, what is the
role of respiratory function in aerobic capacity
and what is the aerobic ability at late follow up
in this group? It was our aim in the present
study to compare lung function and dynamic
exercise performance between healthy adults
and patients with the Fontan circulation. In
addition, we aimed to investigate the influence
of age at surgery and to define diVerences in
exercise responses between patients with an
RA–PA connection and those with an RA–RV
conduit.

Methods
PATIENT POPULATION

At the Hospital for Sick Children and Toronto
General Hospital, 565 patients have undergone
a modified Fontan procedure. At the time of
study, 223 of these were expected to be 18
years of age or older. However, this group of
patients had an early mortality (within three
months after surgery) of 16% (36 patients),
and a late mortality (more than five years after
surgery) of 6% (14 patients) before the age of
18. Thus only 173 patients reached the age of
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18 (77.5%). The mortality rate after the age of
18 was 8% (17 patients).

Of the 156 patients still alive at the time of
this study, 131 (83%) are being followed at the
University of Toronto Congenital Cardiac
Centre for Adults (TCCCA). Of these 131
patients, 52 (40%)—identified from the car-
diopulmonary database—had lung function
and exercise tests over a 10 year period (1989
to 1999) (table 1). These patients underwent
the Fontan procedure between 1977 and 1994.
The reason for not including all the patients
was that they are not all being followed actively
at TCCCA, and not all had attended for exer-
cise testing at the time the data were analysed.

Underlying diagnoses include tricuspid
atresia (25 patients), univentricular connection
(11 patients), and transposition of the great
arteries (eight patients with simple complete
transposition and eight with congenitally cor-
rected transposition). Two diVerent surgical
procedures were used (RA–PA in 37 patients
and RA–RV in 15 patients). Twenty nine of the
patients have been reported in a previous
paper.11

CARDIOPULMONARY TESTS

Cardiopulmonary tests were performed at
Toronto General Hospital on a cycle ergometer
(Elema, Sweden). Continuous measurements
of expired gas values were analysed every 30
seconds (Amtech VO2 oxygen analyser S-3A/I,
Pittsburg, Pennsylvania, USA). The analyser
was calibrated before tests using known values
of oxygen and carbon dioxide. During the test,
measurements of blood pressure, heart rate,
ventilation (VE), and oxygen saturation (SaO2)
were made continuously. All patients started at
20 W for warm up during the first minute.
Workload was increased by 20 W every two
minutes to the point of fatigue. The American
College of Sport Medicine (ACSM) guidelines
for ending an exercise test were used.23 Before
the exercise tests, spirometry (SensorMedics,
USA) was conducted according to American
Thoracic Society standards, with measure-
ments of forced expiratory volume in one sec-
ond (FEV1) and forced vital capacity
(FVC).24 25

The results of VO2max from the Fontan
patients were compared with a healthy popula-
tion in Canada over diVerent age groups.26

Results of FEV1 and FVC were compared with
predicted values calculated from equations
reported by Jones.25

STATISTICS

Data were analysed using SPSS 9.0 for
Windows. Median values with range were used

descriptively and to compare VO2max in
patients with Fontan circulation with a healthy
population. DiVerences between Fontan pa-
tients and predicted values with respect to FVC
and FEV1 were analysed with the Mann–
Whitney test, and analysis over diVerent age
groups was done by analysis of variance. Mul-
tivariate linear regression modelling (stepwise
backward elimination selection procedure) was
used to examine the relation between age at
surgery, age at test, years since surgery, type of
surgery, sex, and outcome variables of VO2max,
maximum heart rate (HRmax), maximum
ventilation (VEmax), FVC, and FEV1. If two
independent variables were closely correlated
(r > 0.70), only the variable with the strongest
correlation with the outcome of interest was
entered into the multivariate model. Mean
values for RA–RV v RA–PA were compared
using the two sample Student t test. A
probability value of p < 0.05 was regarded as
significant.

Results
VO2max (ml/kg/min) was severely diminished
in the Fontan patients compared with a healthy
population, their achievement being on average
35.7% (range 33–39%) of the reference values

Table 1 Descriptive data for the Fontan patients

Variable
All Fontan
(n=52)

Male
(n=27)

Female
(n=25) p Value

Age at test (years) 26.5 (18–45) 26 (19–45) 27 (18–37) 0.582
Weight (kg) 64 (41–100) 69 (51–100) 60 (41–75) < 0.001
Height (cm) 170 (146–188) 175 (157–188) 163 (146–173) < 0.0001
Age at surgery (years)* 17.5 (5–36) 17.5 (5–36) 17 (7–29) 0.712
Years since surgery* 10 (1–26) 10 (1–26) 10 (1–21) 0.865

Values are median (range).
*Based on 49 patients.
The p values are given for diVerences between the sexes.

Figure 1 The values of maximum oxygen consumption
(VO2max; ml/kg/min) in patients with a Fontan circulation
(n = 52) compared with a healthy population. The values
for patients are given as median and 75th centile for both
sexes in order to compare them with the reference population
(median and 25th centile).
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Figure 2 Obtained and predicted mean values (with 95%
confidence intervals) of forced expiratory capacity (FVC)
in all patients (n = 52) with a modified Fontan circulation.
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(fig 1). In addition, both VEmax and HRmax
were reduced compared with normal values.
The mean oxygen saturation was also de-
creased.

The mean values for FVC (fig 2) and FEV1

were reduced (p < 0.0001) compared with
predicted values. However, no diVerences over
age groups were found (FVC, p = 0.821;
FEV1, p = 0.632). Determination of the ratio
FEV1:FVC showed that 58% of the patients
had a restrictive pattern.

In the univariate model a negative correla-
tion was found when VO2max was analysed
against both age at surgery (r = −0.413,
p = 0.003) and age at test (r = −0.351,
p = 0.012). In the multivariate model, how-

ever, age at surgery was the single most impor-
tant predictor of VO2max in patients with the
Fontan circulation (p < 0.001). The younger
the patients were at surgery, the better was their
aerobic capacity (fig 3). Sex also had an eVect
on VO2max (p = 0.003): male patients achieved
higher values, as shown in table 2. With regard
to FVC, FEV1, and VEmax, only sex had a sig-
nificant impact on the results, male patients
achieving higher values. No eVect of time since
repair was found. None of the variables exam-
ined was found to influence HRmax.

Comparisons between patients with an
RA–PA connection and those with an RA–RV
connection are given in table 3. The only vari-
able that diVered significantly between these
two groups was maximum diastolic blood
pressure. However, in neither case did the
mean diastolic blood pressure diVer from nor-
mal control values.

Discussion
In this retrospective analysis, results of exercise
tests in 52 patients late after a Fontan repair
operation were compared with values obtained
in a healthy population. The patients were sub-
divided into those given a right atrium to
pulmonary artery connection and those with a
right atrium to right ventricle conduit. The
main findings were that patients with a Fontan
circulation have impaired lung function and
diminished aerobic capacity. Age at surgery
had a positive eVect on aerobic capacity, as
patients with an early surgical procedure
obtained higher values of VO2max. No diVer-
ences were found between patients with an
RA–PA connection and those with an RA–RV
conduit.

AEROBIC CAPACITY OVER AGE GROUPS

Our patents had diminished aerobic capacity,
in agreement with previous studies of adults,
adolescents, and children with a Fontan
circulation.11 14–21 VO2max varied between 33%
and 39% of the reference population. A possi-
ble reason for this may be an inability to
increase cardiac output.11 21 Another could be
reduced physical activity level in the patients
compared with the reference population. The
reference values used in the present study are
based on 23 000 healthy Canadians, who may
have a higher daily activity level than other ref-
erence populations in North America. The
severely diminished maximum ventilation
compared with predicted values may also con-
tribute to the diminished aerobic capacity.

Values of VO2max in our study were lower
than those reported by other investigators.27

This may be because the patients in our cohort
were older, or because our study did not
include patients with any of the newer haemo-
dynamic modifications of the Fontan proce-
dure. Interestingly, the Fontan patients did not
show any decline in aerobic capacity with age,
as healthy subjects do. Other investigators have
observed the same phenomenon.18 A possible
reason for this could be that the severely
reduced cardiac output masks the eVect of age.
However, the duration of follow up in our study

Figure 3 The eVect of age at time of Fontan surgery on
maximum oxygen consumption (VO2max; ml/kg/min). The
data are based on 49 patients (age at surgery was not
recorded in three patients).
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Table 2 Results of the spirometry and cardiopulmonary test show for the whole Fontan
sample and divided into sexes

Variable All Fontan Male Female p Value

VO2max (ml/kg/min) 15.9 (4.0) 17.1 (3.79) 14.5 (3.81) 0.015
VO2max (ml/min) 1043 (372) 1210 (374) 855 (271) < 0.0001
Maximum ventilation (l/min) 49.3 (14.2) 55.1 (15.3) 42.7 (9.7) < 0.001
Maximum heart rate (beats/min) 139 (25) 140 (26) 138 (24) 0.688
O2 saturation (%)* 87 (5) 88 (6) 87 (4) 0.881
Maximum systolic blood pressure

(mm Hg)
150 (30) 160 (29) 140 (28) 0.034

Maximum diastolic blood pressure
(mm Hg)

77 (18) 79 (13) 75 (22) 0.526

FVC (litre) 3.20 (0.96) 3.65 (1.07) 2.72 (0.53) < 0.0001
FVC (% predicted) 77 (16) 78 (19) 76 (11) 0.801
FEV1 (litre) 2.62 (0.70) 2.95 (0.76) 2.27 (0.41) < 0.0001
FEV1 (% predicted) 80 (16) 80 (17) 80 (11) 0.246

Values are mean (SD).
*Based on 24 patients.
The p values are given for diVerences between the sexes.
FEV1, forced expiratory volume in one second; FVC, forced vital capacity; VO2max, maximum
oxygen uptake.

Table 3 Descriptive and exercise data for patients with right atrium to pulmonary artery
connection (RA–PA) and right atrium to right ventricular conduit (RA–RV)

Variable RA–PA (n=37) RA–RV (n=15) p Value

Sex (male) 21 (57%) 6 (40%)
Age at test (years) 26 (18–45) 29 (18–36) 0.744
Weight (kg) 65 (42–100) 61 (41–80) 0.435
Height (cm) 170 (146–188) 168 (158–185) 0.539
Age at surgery (years) 18 (7–36) 15 (5–27) 0.100
Years since surgery 9 (1–26) 12 (1–21) 0.038
VO2max (ml/kg/min) 15.5 (8–25) 15.0 (11–23) 0.686
Maximum ventilation (l/min) 49 (24–100) 47 (29–63) 0.494
Maximum heart rate (beats/min) 137 (96–194) 139 (86–179) 0.645
Systolic blood pressure (mm Hg) 152 (30) 145 (27) 0.470
Diastolic blood pressure (mm Hg) 81 (18) 68 (14) 0.037
FVC (litre) 3.1 (1.2–5.1) 3.1 (2.5–5.5) 0.825
FEV1 (litre) 2.6 (0.9–4.1) 2.5 (2.0–4.2) 0.836

Values are mean (range), mean (SD), or n (%).
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might have been insuYcient to detect age
related changes.

LUNG FUNCTION

The values of FVC and FEV1 were impaired in
Fontan patients. The reasons for this are not
entirely clear. The FEV1:FVC ratio indicated a
restrictive pattern. Diaphragmatic palsy follow-
ing surgery, respiratory muscle weakness, or a
restrictive thoracic cage could be contributing
factors.

HEART RATE

We found that maximum heart rates were
decreased compared with the reference popu-
lation. The majority of studies have reported a
low heart rate response to exercise in the Fon-
tan population, but the values in our study were
even lower than those reported by others.18 22 28

This probably reflects the older mean age of
our cohort. It is generally believed that abnor-
mal autonomic control, dysfunction of the
sinus node, and other factors contribute to the
abnormal response.15 22

As suggested by others, the correlation
between VO2max and HRmax did not achieve
significance (r = 0.269, p = 0.062), indicating
that HRmax was not a major determinant of
aerobic capacity.29 The reason for this may be
that an increased stroke volume during exercise
compensates for the decreased heart rate.29

However, an increase in stroke volume is not
suYcient to achieve an adequate cardiac
output during exercise, which explains the
diminished values of VO2max in the present
study.

VARIABLES PREDICTING VO2MAX

In this study the linear regression model
showed that male subjects achieved higher
VO2max values than female subjects, in agree-
ment with others.22 Age at surgery, regardless of
the type of surgery, was the most important
factor in determining VO2max. The younger
the patients were at the time of surgery the bet-
ter was their VO2max at late follow up. Early
surgery may therefore be preferable, and this is
currently the most common approach in
congenital heart disease centres worldwide.

RA–RV v RA–PA

We found no significant diVerences between
patients with an RA–RV conduit and an
RA–PA connection, as observed by others.10

Weipert and colleagues suggested that bulging
of the right ventricle into the left ventricle
impaired left ventricular diastolic compliance
and increased the left ventricular filling pres-
sure.14 However, other investigators have found
low diastolic right ventricular pressures and
have observed that the right ventricle is often
hypoplastic and considerably smaller than the
left ventricle.10 30

The diminished aerobic capacity in RA–RV
patients is most likely to be caused by the same
factors that result in decreased VO2max in
patients with RA–PA. A reduced systemic ven-
tricular filling limited by the poor pulmonary
venous return has been suggested as the major
determinant of exercise capacity in Fontan

patients.19 Bull and colleagues found that the
right ventricle did not perform any positive
work when included in the pulmonary circula-
tion.30 It is possible therefore that the pumping
capacity of the right ventricle is so poor that it
does not contribute in any great extent to
systolic function, as suggested by others.31

Despite this, Bull and colleagues suggested that
a conduit should be included when possible.30

In view of the lack of positive eVect on
VO2max we believe that the theoretical physi-
ological benefits of including the right ventricle
in the Fontan circulation may be oVset by the
long term complications that result in failure of
the right ventricular conduit, such as compres-
sion against the anterior chest wall, conduit
calcification, and stenosis or regurgitation
requiring replacement.31

LIMITATIONS OF THE STUDY

This study is limited by the follow up
constraints inherent in caring for adults with
congenital heart disease. Many of our patients
reside outside Toronto, and those who are well
may be less interested in returning to our cen-
tre for cardiopulmonary testing. Our 52
patients may therefore represent a biased sam-
ple with more medical problems and a poorer
exercise capacity. In addition, no information
was available on smoking habits in the study
sample.

CLINICAL IMPLICATIONS

The main clinical implication is that patients
who had surgery at a younger age have a better
aerobic capacity than those who had surgery at
an older age. In addition, the use of the right
ventricle appears to have no impact on aerobic
capacity and it may therefore be omitted in the
Fontan circulation.

CONCLUSIONS

Adult patients late after the Fontan procedure
have greatly reduced aerobic capacity com-
pared with healthy subjects. Possible explana-
tions are reduced chronotropic response,
decreased systemic ventricular preload, and
diminished ventilatory capacity. A pronounced
restrictive respiratory pattern was observed,
which may contribute to the diminished
aerobic capacity. Age at surgery has a positive
eVect on aerobic capacity, as patients who had
early surgery obtained higher values of
VO2max. Though in theory it should be benefi-
cial to include the right ventricle in the Fontan
circulation, we found no evidence in support of
this in our study.
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