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Functional state following the Fontan procedure
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Abstract
Background—Despite improvements in outcomes after completion of the Fontan circulation,
long-term functional state varies. We sought to identify pre- and postoperative characteristics
associated with overall function.

Methods and Results—We analyzed data from 476 survivors with the Fontan circulation
enrolled in the Pediatric Heart Network Fontan Cross-sectional Study. Mean age at creation of the
Fontan circulation was 3.4 plus or minus 2.1 years, with a range from 0.7 to 17.5 years, and time
since completion was 8.7 plus or minus 3.4 years, the range being from 1.1 to 17.3 years. We
calculated a functional score for the survivors by averaging the percentile ranks of ventricular
ejection fraction, maximal consumption of oxygen, the physical summary score for the Child
Health Questionnaire, and a function of brain natriuretic peptide. The mean calculated score was
49.5 plus or minus 17.3, with a range from 3 to 87. After adjustment for time since completion of
the circulation, we found that a lower score, and hence worse functional state, was associated with:
right ventricular morphology (p less than 0.001), higher ventricular end-diastolic pressure (p
equals 0.003) and lower saturations of oxygen (p equals 0.047) prior to completion of the Fontan
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circulation, lower income for the caregiver (p equals 0.003), and, in subjects without a prior
superior cavopulmonary anastomosis, arrhythmias after completion of the circulation (p equals
0.003). The model explained almost one-fifth (18%) of the variation in the calculated scores. The
score was not associated with surgical centre, sex, age, weight, fenestration, or the period of stay
in hospital after completion of the Fontan circuit. A validation model, using 71 subjects randomly
excluded from initial analysis, weakly correlated (R equals 0.17, p equals 0.16) with the score
calculated from the dataset.

Conclusions—Right ventricular morphology, higher ventricular end-diastolic pressure and
lower saturations of oxygen prior to completion of the Fontan circuit, lower income for the
provider of care, and arrhythmias after creation of the circuit, are all associated with a worse
functional state. Unmeasured factors also influence outcomes.

Keywords
Clinical outcomes; single ventricle; univentricular heart

Advances in medical and surgical techniques have increased the survival of patients with
functionally univentricular heart into adolescence and young adulthood following the final
stage of palliation, namely creation of the Fontan circulation. While patients with this
circulation may lead relatively normal lives, their exercise tolerance and functional state
often decline over time. Patients with a failing circuit may manifest signs and symptoms of
exercise intolerance, protein-losing enteropathy, intractable arrhythmias, poor growth,
cyanosis, or recurrent effusions. Although ventricular dysfunction may underlie these
symptoms, patients with normal ventricular function may also be affected. As the population
with the functionally univentricular circulation ages, an increasing number are being
referred for cardiac transplantation due to their poor functional state.1 Unfortunately, poor
nutritional state, or end-organ dysfunction, increases the risk of death while waiting for, or
following, transplantation. Identification of factors associated with a worse functional state
following creation of the Fontan circuit may allow the early recognition of patients at risk
for poor outcome, permitting appropriate intervention and earlier referral for evaluation for
transplantation. The aim of our analysis, therefore, was to identify characteristics of the
patients before and after conversion to the functionally univentricular circulation associated
with a prospectively collected measure of overall functional state, analysing a well
characterized cohort of patients who have undergone the Fontan operation.

Methods
Study Design

The National Heart, Lung, and Blood Institute Pediatric Heart Network Fontan Cross-
sectional Study, a multi-centric assessment completed in 2004 by the 7 network centres,
enrolled 546 survivors with the Fontain circulation, aged from 6 to 18 years. Details of the
overall study have been published previously.2–4 In brief, 4 clinically useful and
independent measures of functional state, specifically ventricular function, exercise
performance, health-related measures for quality of life, and evidence of neurohormonal
activation, were measured in subjects at a mean of 8.7 plus or minus 3.4 years after
completion of the circuit, with the goal of determining the relationship among the variables
collected. At the time of enrollment, we recorded the medical history related to the
underlying cardiac anatomy, clinical, and echocardiographic state prior to completion of the
circuit, the surgical outcomes, and the course after completion of the functionally
univentricular circulation. Each centre obtained approval from the local ethics review
committee, and informed consent was obtained for each subject.
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Assessment of ventricular function
Ventricular ejection fraction as assessed by echocardiography provided a quantitative
measure of ventricular function. In order to justify the use of echocardiographic calculated
ejection fractions in the population, we compared the ejection fractions in a 125 subjects
who underwent both magnetic resonance imaging and echocardiography, and found the
absolute mean difference between modalities to be less than 2%. Imaging was performed at
each participating centre using a standard protocol, and all measurements were conducted in
a standardized fashion by the Core Laboratory of the Fontan Cross-Sectional Study. Cross-
sectional echocardiograms and Doppler evaluations of standard short- and long-axis views
of the ventricle or ventricles were interpreted by one of two readers. Ejection fraction was
calculated using end-diastolic and end-systolic volumes obtained using the biplane-modified
Simpson’s method.

Assessment of exercise capacity
A maximal bicycle ergometry exercise test was performed using a standard ramp protocol
across all centres. We recorderd the percentage predicted maximal consumption of oxygen
normalized for age and sex.5,6

Assessment of perceived functional state of health
The Child Health Questionnaire Parent Report Form7 is a validated self-administered
instrument for parents to report on the general health and functioning of their child. It yields
two summary scores, one physical and the other psychosocial. We used the physical score,
which includes questions about functional limitations at school and at home, physical
discomfort, and overall health, in our analysis.

Assessment of neurohormonal activation
We measured centrally the resting concentration of brain natriuretic peptide in the plasma
using the Shionogi brain natriuretic peptide-32 human assay.8

Statistical methods
Functional Score—In an effort to characterize the overall functional state at the time of
participation in the study, we created a functional score. This score is novel, and was
developed over the course of multiple discussions by 15 representatives, including both
physicians and statisticians, of the 7 participating centres, the New England Research
Institute, and the National Heart, Lung, and Blood Institute. The components were
determined by consensus from first principles prior to analysis of study data, and are
considered to represent clinically useful and independent measures of the functional state at
any given time in the period of follow-up. The composite score was calculated for each
subject by averaging the percentile rank, determined relative to the other participants in the
study, of the four main assessments collected during the study, namely ventricular ejection
fraction measured by echocardiography, percentage predicted maximal consumption of
oxygen on exercise testing, the physical summary score on the Child Health Questionnaire,
and the negative of the residual of age- and gender-adjusted concentration of brain
natriuretic peptide in the serum. Equal weight was attributed to each component of the score.
The scale ranged from 0 to 100, with a higher score indicative of better functional state.

As an example, the severity score for an individual subject would be calculated as follows:

Percentage predicted maximal consumption of oxygen 57th percentile

Physical score for the Child Health Questionnaire 49th percentile

Negative brain natriuretic peptide 66th percentile
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Total ejection fraction 33th percentile

The overall score equals 57 plus 49 plus 66 plus 33 divided by 4, in other words, 51.3.

Due to known effects of gender on the levels of brain natriuretic peptide, we adjusted the
raw values prior to calculating the score. Since an adequate external reference does not exist
for children, we normalized the values to take account of age and sex, and we used the
percentile rank of the residuals to calculate the score. The equation used for adjustment is:

Normalized brain natriuretic peptide equals

where x1 is age at enrollment, 11.86 is mean age, x2 is 0 if female and 1 if male, and 0.603 is
the prevalence of males in the study group.

Candidate Predictors of the Functional Score—A list of potential correlates of the
functional score was generated by discussion after review of available medical history data.
In Table 1, we show the complete list of potential variables. Due to their low prevalence in
our sample, we did not use an anatomic diagnosis of totally anomalous pulmonary venous
connection, found in only 7 subjects, procedures performed on the pulmonary arteries after
completion of the circuit, undertaken in only 4 subjects, and repair of the aortic arch during
completion of the circuit, undertaken in only 1 subject. Medications were not considered as
correlates due to wide variation in institutional practices.

Variable reduction—Cluster analysis was used to explore collinearity among variables,
and to limit the number of variables considered for building our model.

Imputation of potential predictors—Some variables had missing values that were
replaced prior to building the model using mean imputation from the modeling cohort.
These were ventricular end-diastolic pressure, in 21 subjects, saturations of oxygen
measured at preoperative catheterization, in 8 subjects, the income of the caregiver, in 49
subjects, and age at unloading surgery, in 5 subjects. Missing values in length of hospital
stay, discovered in 12 subjects, were replaced by the median number of hospital days. Of
note, although data relating to income was missing for 12% of the subjects, when a
complete-case analysis was conducted, excluding the cases with unknown income, the
multivariate model contained the same variables.

Development of the model—Linear regression was used to explore the relationship
between the calculated functional score and potential correlates, and generalized additive
modeling and graphical displays were used to determine whether any associations were non-
linear. The number of years since completion of the circulation demonstrated a non-linear
relationship with the score and was therefore categorized as less than 6 years, from 6 to 11
years, and greater than 11 years since completion, based on lower and upper quartiles. The
number of operative procedures performed after completion of the circuit also demonstrated
a non-linear relationship, and was categorized as up to 2, or more than 2, procedures.

Multivariate linear regression was used to identify associations between the calculated score
and the potential correlates. The criterion for entry to the model was set at p equals 0.2. The
criterion to remain in the model was p equals 0.05. Stepwise regression was first used to
select a multivariate model that contained main effects only. Time since completion of the
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Fontan circuit was retained in all multivariate modelling, as the value of some potential
correlates depended on follow-up time. Bootstrap bagging was used to indicate reliability of
variable selection for inclusion in the final multivariable model. In order to assess whether
the predictors identified are important across clinical subgroups, we explored the effects of
interactions. We examined 3 different interactions with each candidate predictor in separate
models. One interaction term was for the presence of a prior superior cavopulmonary
anastomosis, noting yes or no, one interaction term was for the age at Fontan completion of
less than 3 years as opposed to equal to or more than 3 years, and the final interaction term
was for left versus right versus mixed morphology for the dominant ventricle.

Validation of the model—We selected randomly 71 subjects, accounting for 15% of the
overall study sample, to serve as a validation cohort. The data of these 71 subjects were not
used in the construction of the primary model. The objective was to compare the predicted
score from the regression equation with the score that was calculated from the database.

Results
Calculation of the Functional Score

Data for all components of the score were available for 285 subjects. Analyses indicated that
the calculated score was robust when using an average of 3 variables if 4 were not available.
Using 3 variables for definition resulted in scores that were within one standard deviation of
the score based on complete data for 98% of subjects. On this basis, we included 476
subjects, in whom we had at least 3 components of the score. Similar results were achieved
using a score restricted to those with all four components.

Among the 476 subjects, 396 (83%) had an ejection fraction available for analysis, 392
(82%) had percentage predicted maximal consumption of oxygen, 463 (97%) had a physical
summary score, and all had a measured level of brain natriuretic peptide available. In Figure
1, we show the distribution of each component of the score, and the overall calculated
functional score.

Spearman correlation analysis demonstrated that the four components of the score correlated
weakly with each other, confirming that their contributions to a composite measure of
functioning are largely independent. Only the physical summary score and the percentage
predicted maximal consumption of oxygen had a correlation coefficient exceeding 0.15 (R
equals 0.24). The calculated functional score itself had a symmetric distribution, with a
mean of 49.5 plus or minus 17.3, and a range from 3 to 87.

Results of the Functional Score
In Table 1, we show the characteristics for the entire cohort of 476 subjects, the model
cohort of 405 subjects, and the validation cohort of 71 subjects. For the modelling cohort,
mean plus or minus standard deviation age at the Fontan procedure was 3.4 plus or minus
2.0 years and, at enrollment, the time since the procedure was 8.8 plus or minus 3.4 years.
Of the subjects, 60% were male, and 79% were white. The dominant ventricle was
morphologically left in 52% of the subjects, morphologically right in 33%, and was deemed
to be of mixed morphology in the remaining 15%. The cohorts used for modeling and
validation are similar with respect to all but one variable. The percentage of subjects with a
surgical fenestration is lower in the cohort used for analysis than in the one used for
validation, at 64.7% versus 80.3% (p equals 0.009).
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Results of modelling
Reduction of variables—Cluster analysis revealed expected correlations such as right
ventricular morphology and an anatomic diagnosis of hypoplastic left heart syndrome,
cardiac anatomic diagnosis and age at Fontan, and pulmonary arterial pressure and end
diastolic pressure. Of these, we retained ventricular morphology, age at Fontan, and end-
diastolic pressure. Postoperative complications were not used in modeling, as this variable
was highly collinear with length of hospital stay. Similarly, since annual household income
and highest level of education for the caregiver were collinear, we excluded education.

The results of univariate analysis of the candidate predictors using the modelling subset of
405 subjects are listed in Table 2. We identified 6 independent predictors of the functional
score as determined by multivariate regression modelling (Table 3). We regarded the time
since the procedure as an adjustment variable. The functional score was associated with
ventricular morphology (p less than 0.001), with a lower score for those with a dominant
right as compared to dominant left (p less than 0.001) or mixed ventricular types (p equals
0.002). The score did not differ between those having dominant left or mixed ventricular
morphology (p equals 0.55). A lower score was also associated with higher ventricular end-
diastolic pressure (p equals 0.003), and lower saturations of oxygen (p equals 0.047) at the
time of the preoperative catheterization, as well as with lower annual family income (p
equals 0.003). The multivariate model explained 18 percent of the variation in the calculated
score. The multivariate model also included an interaction between performance of a prior
superior cavopulmonary anastomosis and the presence of out of hospital arrhythmias after
the procedure (p equals 0.003). Among subjects without a superior cavopulmonary
anastomosis, the score was significantly lower, with a mean difference of 16.7 points, for
those with compared to those without arrhythmias (p less than 0.001). Among subjects with
a superior cavopulmonary anastomosis, the mean scores were similar, with a difference of
3.4 points, when those with were compared to those without arrhythmias (p equals 0.153;
see Table 3). Thus, the presence of a postoperative arrhythmia was associated with a lower
score if a prior superior cavopulmonary anastomosis had not been performed.

No association with the score was found for the centre where the Fontan circulation was
created, gender, race, age at the time of the Fontan procedure, weight for age z-score at the
time of the procedure, atrioventricular valvar regurgitation observed prior to the procedure,
fenestration of the Fontan baffle, time of cardiopulmonary bypass, length of stay in hospital
at the time of the Fontan procedure, and the number of operative surgeries or interventions
undertaken subsequent to creation of the functionally univentricular circulation.

Validation of the model
The mean score for the cohort of 71 subjects used for validation was 50.0 plus or minus
14.9, with an interquartile range of 40.5 to 59.8, and a range from 12.0 to 81.3. There was no
significant difference between the score predicted from the regression equation and the
calculated score, the mean difference being 0.9 plus or minus 15.4 (p equals 0.625). In
Figure 2, we show a scatter plot for the predicted score versus the original calculated score,
revealing a weak correlation (R equals 0.17, p equals 0.16). The scatter plot demonstrates
that the derived model predicts the outcome of ‘middle’ patients reasonably well, but for
those with a higher functional state in particular, the model provides an underestimate. There
are two extreme observations where the absolute difference between the predicted and the
original calculated scores is greater than 40. After removing the two outliers (open circles),
the correlation between the predicted and the original score in the remaining 69 subjects
increases to 0.29 (p equals 0.017).
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Discussion
Despite improvements in surgical outcomes following completion of the Fontan circulation,
functional state varies considerably among survivors. Through creation of a functional score,
averaging the percentile ranks of four main evaluations collected during our Fontan Cross-
Sectional Study, we aimed to identify pre- and postoperative characteristics associated with
overall function for patients in the years following their Fontan operation. We chose our 4
specific components because each was felt to represent a unique and important measure of
overall functional state of the individual with Fontan physiology. After adjustment for time
since the Fontan procedure, multivariate linear regression demonstrated that a lower
functional score, indicating a worse functional state, was associated with: right ventricular
morphology, higher ventricular end-diastolic pressure, lower saturations of oxygen, lower
annual family income, and, in subjects without a superior cavopulmonary anastomosis,
occurrence of arrhythmias after the Fontan procedure. The model explained almost one-fifth
of the variation in the calculated score.

Previous series have evaluated risk factors for poor outcomes following palliation by
creation of the Fontan circulation. In a recent report of 406 patients at a mean follow up of
6.1 plus or minus 5.7 years, factors associated with poor late outcome included qualitatively
decreased ventricular function and elevated pulmonary arterial pressures prior to completion
of the Fontan circuit.9 Cluster analysis of our data demonstrated a strong correlation
between pulmonary arterial and ventricular end-diastolic pressures prior to the Fontan
procedure, and therefore we removed pulmonary arterial pressure as a variable prior to
building our model. In a cohort of 220 patients studied 10.2 plus or minus 0.6 years after a
Fontan procedure, early failure of the circulation was associated with right ventricular
morphology, preoperative elevated pulmonary vascular resistance and pulmonary arterial
distortion, and postoperative elevated right atrial pressures.10 Late death was associated
with a history of repair of coarctation and right ventricular morphology. Our data also
suggests that worse functional state is associated with right ventricular morphology. Patients
with a dominant right ventricle may fare worse due to an increased likelihood of poor
coronary arterial perfusion during the initial stage of surgery, as in patients with hypoplastic
left heart syndrome and aortic atresia. Differences intrinsic to the molecular biology of right
ventricular myocardium or to anatomic geometry may also contribute to this finding.
Another group reported that atrioventricular valvar regurgitation and heterotaxy were
associated with late failure among 121 patients at a mean follow up time of 10.9 plus or
minus 5.2 years, albeit that only heterotaxy remained significant in a multivariate equation.
11 In our study, the preoperative echocardiographic finding of moderate to severe
atrioventricular valvar regurgitation in 20 subjects was not significantly associated using
univariate analysis with the functional score (p equals 0.360). We had 33 subjects with
heterotaxy syndrome in our cohort, albeit that cluster analysis revealed high collinearity with
age at the time of the Fontan procedure and the presence of heterotaxy syndrome. Because
of this we eliminated heterotaxy syndrome from the list of potential predictors.

Increased ventricular end-diastolic pressure is presumed to be detrimental to patients with
the Fontan circulation due to the impeding of pulmonary venous inflow, the increased
pulmonary pressures, and hence compromise of the passive flow dynamics of the Fontan
circuit. In addition, elevated ventricular end-diastolic pressure can lead to atrial enlargement,
which increases the risk for tachyarrhythmias, another reported risk factor for failure of the
Fontan circuit. Reasons for the worse functional state of those with lower saturations of
oxygen prior to creating the circuit are unclear. This was the weakest of the independent
predictors identified. Chronic hypoxaemia may be a marker for decreased pulmonary arterial
flow, and poorer pulmonary arterial growth, leading to less favourable outcomes following
completion of the Fontan circuit.
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The negative impact of postoperative arrhythmias on the patient with a Fontan circuit, both
from a functional and a psychosocial perspective, has been well described. The decreased
ventricular filling time associated with tachyarrhythmias rapidly leads to impaired
ventricular relaxation, increased ventricular end-diastolic pressures, and potentially
decreased flow through the Fontan circuit. Interventions such as cardioversion, and
medications to control the arrhythmias, may negatively impact on the quality of life, and
increase the risk of adverse effects. Our finding that arrhythmias were predictive of the
functional score only in the absence of a superior cavopulmonary anastomosis is curious.
The effect could not be explained by any single component of the score. Of note, most
patients who did not undergo a prior superior cavopulmonary anastomosis had a history of
tachyarrhythmia rather than bradyarrhythmia. Within the group of those with a superior
cavopulmonary anastomosis, the prevalences of tachy-versus bradyarrhythmia were similar,
consistent with the reported association between staged surgery and sinus nodal dysfunction.
12 Although highly statistically significant, we cannot exclude the possibility that the effect
of this interaction is spurious. Independent replication of this interaction is of interest, as
earlier studies may not have examined interactions by clinical subgroups.

Family income, another independent predictor of the functional score, was associated with
the level of education of the parents. This association between the level of education and
scores for quality of life has been reported previously.13

Limitations
Requirements for entry into the cross sectional study, including survival to the time of the
study, ability to attempt an exercise test, and surgery performed at one of the 7 participating
centres, necessarily resulted in bias of selection towards higher functioning patients. Brain
natriuretic peptide was normalized using least-square residuals derived from the study
sample, limiting the ability to apply this equation to all patients with the Fontan circuit. In
general, as the score is derived from the percentile ranks of the population studied, caution
should be used if seeking to extrapolate the score to other patients with the Fontan circuit.
Assessment of cardiac function using calculations of ejection fraction derived from those
with normal left ventricles may also introduce error. Despite utilization of all available data
in this well characterized cohort, we were able to explain 18% of the variation noted in
functional state following the completion of the Fontan circulation. Hence, over four-fifths
of the variation remains unexplained. Unmeasured factors, such as subclinical myocarditis
or subtle intraoperative events, may contribute significantly to outcomes. Alternatively, this
cohort may be too highly functioning and homogeneous with respect to clinical state to
allow us to identify predictors of good and poor function following completion of the Fontan
circuit. Future studies including patients with failed Fontan physiology, such as those who
have died or have undergone cardiac transplantation, are needed to investigate predictors of
long-term outcomes following completion of the Fontan circulation.
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Figure 1.
Distribution of the functional score and its components. The middle line in each box
indicates median, asterisk indicates the mean, and lower and upper edges of boxes represent
the 25th and 75th percentiles, respectively. Three extreme values of Brain Natriuretic
Peptide (377, 500, 652) are not shown.
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Figure 2.
Validation cohort predicted versus empirical functional score. Solid line is line of identity.
Pearson correlation is 0.17, p equals 0.16. Outliers are depicted by open circles.

Williams et al. Page 12

Cardiol Young. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Williams et al. Page 13

Ta
bl

e 
1

D
em

og
ra

ph
ic

, a
na

to
m

ic
, a

nd
 su

rg
ic

al
 c

ha
ra

ct
er

is
tic

s o
f t

he
 c

oh
or

ts
. A

ll 
va

ria
bl

es
 li

st
ed

 w
er

e 
co

ns
id

er
ed

 in
 m

od
el

lin
g 

as
 p

ot
en

tia
l c

or
re

la
te

s o
f F

on
ta

n
Fu

nc
tio

na
l S

co
re

, u
nl

es
s o

th
er

w
is

e 
no

te
d 

in
 M

et
ho

ds
.

St
ud

y 
C

oh
or

t
M

od
el

lin
g 

C
oh

or
t

V
al

id
at

io
n 

C
oh

or
t

V
ar

ia
bl

es
N

um
be

r 
m

is
si

ng

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
)

or
 %

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
) o

r 
%

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
) o

r 
%

p 
va

lu
e*

N
um

be
r o

f s
ub

je
ct

s
47

6
40

5
71

Fo
nt

an
 F

un
ct

io
na

l S
co

re
49

.5
 ±

 1
7.

3
49

.4
 ±

 1
7.

7
50

.0
 ±

 1
4.

9
0.

80
3

A
ge

 a
t e

nr
ol

lm
en

t, 
ye

ar
12

.0
 ±

 3
.4

12
.0

 ±
 3

.4
12

.1
 ±

 3
.3

0.
82

5

R
ac

e
1

0.
13

3

 
W

hi
te

38
2 

(8
0.

4%
)

31
9 

(7
9.

0%
)

63
 (8

8.
7%

)

 
B

la
ck

47
 (9

.9
%

)
44

 (1
0.

9%
)

3 
(4

.2
%

)

 
O

th
er

46
 (9

.7
%

)
41

 (1
0.

1%
)

5 
(7

.0
%

)

M
al

e
28

7 
(6

0.
3%

)
24

4 
(6

0.
2%

)
43

 (6
0.

6%
)

1.
00

0

Pa
re

nt
al

 h
ig

he
st

 g
ra

de
 o

f s
ch

oo
l

6
0.

39
1

 
So

m
e 

hi
gh

 sc
ho

ol
 o

r l
es

s
29

 (6
.2

%
)

22
 (5

.5
%

)
7 

(1
0.

3%
)

 
H

ig
h 

sc
ho

ol
 g

ra
du

at
e 

or
 G

ED
11

7 
(2

4.
9%

)
10

5 
(2

6.
1%

)
12

 (1
7.

6%
)

 
V

oc
at

io
na

l s
ch

oo
l, 

so
m

e 
co

lle
ge

15
9 

(3
3.

8%
)

13
6 

(3
3.

8%
)

23
 (3

3.
8%

)

 
4 

ye
ar

 c
ol

le
ge

 g
ra

du
at

e
11

0 
(2

3.
4%

)
93

 (2
3.

1%
)

17
 (2

5.
0%

)

 
G

ra
du

at
e 

de
gr

ee
55

 (1
1.

7%
)

46
 (1

1.
4%

)
9 

(1
3.

2%
)

H
ou

se
ho

ld
 in

co
m

e
61

0.
17

4

 
<$

20
 0

00
52

 (1
2.

5%
)

46
 (1

2.
9%

)
6 

(1
0.

2%
)

 
$2

0 
00

0–
39

 0
00

76
 (1

8.
3%

)
70

 (1
9.

7%
)

6 
(1

0.
2%

)

 
$4

0 
00

0–
59

 0
00

69
 (1

6.
6%

)
53

 (1
4.

9%
)

16
 (2

7.
1%

)

 
$6

0 
00

0–
79

 0
00

63
 (1

5.
2%

)
54

 (1
5.

2%
)

9 
(1

5.
3%

)

 
$8

0 
00

0–
99

 0
00

58
 (1

4.
0%

)
51

 (1
4.

3%
)

7 
(1

1.
9%

)

 
>$

10
0 

00
0

97
 (2

3.
4%

)
82

 (2
3.

0%
)

15
 (2

5.
4%

)

Pu
lm

on
ar

y 
at

re
si

a
29

 (6
.1

%
)

25
 (6

.2
%

)
4 

(5
.6

%
)

1.
00

0

H
yp

op
la

st
ic

 le
ft 

he
ar

t s
yn

dr
om

e
10

0 
(2

1.
0%

)
83

 (2
0.

5%
)

17
 (2

3.
9%

)
0.

52
9

C
om

m
on

 a
tri

ov
en

tri
cu

la
r v

al
ve

/H
et

er
ot

ax
y/

U
nb

al
an

ce
d 

at
rio

ve
nt

ric
ul

ar
se

pt
al

 d
ef

ec
t

52
 (1

0.
9%

)
42

 (1
0.

4%
)

10
 (1

4.
1%

)
0.

35
5

Tr
ic

us
pi

d 
at

re
si

a
11

4 
(2

4.
0%

)
97

 (2
4.

0%
)

17
 (2

3.
9%

)
1.

00
0

Cardiol Young. Author manuscript; available in PMC 2010 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Williams et al. Page 14

St
ud

y 
C

oh
or

t
M

od
el

lin
g 

C
oh

or
t

V
al

id
at

io
n 

C
oh

or
t

V
ar

ia
bl

es
N

um
be

r 
m

is
si

ng

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
)

or
 %

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
) o

r 
%

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
) o

r 
%

p 
va

lu
e*

To
ta

lly
 a

no
m

al
ou

s p
ul

m
on

ar
y 

ve
no

us
 re

tu
rn

8 
(1

.7
%

)
5 

(1
.2

%
)

3 
(4

.2
%

)
0.

10
3

V
en

tri
cu

la
r t

yp
e

0.
67

1

 
Le

ft
24

4 
(5

1.
3%

)
21

1 
(5

2.
1%

)
33

 (4
6.

5%
)

 
R

ig
ht

16
2 

(3
4.

0%
)

13
5 

(3
3.

3%
)

27
 (3

8.
0%

)

 
M

ix
ed

70
 (1

4.
7%

)
59

 (1
4.

6%
)

11
 (1

5.
5%

)

Pr
e-

Fo
nt

an
 m

ea
n 

pu
lm

on
ar

y 
ar

te
ria

l p
re

ss
ur

e,
 m

m
H

g
43

11
.4

 ±
 3

.3
11

.4
 ±

 3
.3

11
.9

 ±
 3

.3
0.

20
0

Pr
e-

Fo
nt

an
 e

nd
-d

ia
st

ol
ic

 p
re

ss
ur

e,
 m

m
H

g
22

7.
8 

± 
3.

3
7.

8 
± 

3.
4

8.
0 

± 
2.

6
0.

56
2

Pr
e-

Fo
nt

an
 o

xy
ge

n 
sa

tu
ra

tio
n,

 p
er

ce
nt

13
84

 ±
 5

.2
84

.0
 ±

 5
.0

84
.3

 ±
 6

.4
0.

69
4

A
ge

 a
t v

ol
um

e 
un

lo
ad

in
g 

su
rg

er
y 

(e
ith

er
 su

pe
rio

r c
av

op
ul

m
on

ar
y

an
at

om
os

is
 o

r F
on

ta
n)

, y
ea

r
6

1.
0 

(0
.6

, 2
.3

)
1.

0 
(0

.6
, 2

.3
)

1.
1 

(0
.6

, 2
.2

)
0.

94
9

Su
pe

rio
r c

av
op

ul
m

on
ar

y 
an

at
om

os
is

35
1 

(7
3.

7%
)

29
7 

(7
3.

3%
)

54
 (7

6.
1%

)
0.

77
0

N
um

be
r o

f p
ul

m
on

ar
y 

ar
te

ria
l s

ur
ge

rie
s

0.
4 

± 
0.

7
0.

4 
± 

0.
7

0.
5 

± 
0.

7
0.

81
9

M
od

er
at

e/
Se

ve
re

 a
tri

ov
en

tri
cu

la
r v

al
va

r r
eg

ur
gi

ta
tio

n
48

20
 (4

.7
%

)
17

 (4
.7

%
)

3 
(4

.4
%

)
1.

00
0

M
od

er
at

e/
Se

ve
re

 v
en

tri
cu

la
r d

ys
fu

nc
tio

n
31

6 
(1

.4
%

)
5 

(1
.4

%
)

1 
(1

.5
%

)
1.

00
0

A
ge

 a
t F

on
ta

n,
 y

ea
r

2.
9 

(2
.1

, 4
.0

)
2.

9 
(2

.1
, 3

.9
)

3.
0 

(1
.9

, 5
.0

)
0.

65
7

W
ei

gh
t f

or
 a

ge
 z

 sc
or

e 
at

 F
on

ta
n

8
−
1.

0 
± 

1.
2

−
1.

0 
± 

1.
2

−
0.

9 
± 

1.
2

0.
45

7

Fe
ne

st
ra

tio
n

31
9 

(6
7.

0%
)

26
2 

(6
4.

7%
)

57
 (8

0.
3%

)
0.

00
9

C
ar

dp
ul

m
on

ar
y 

by
pa

ss
 ti

m
e,

 m
in

ut
es

37
11

3.
9 

± 
47

.4
11

4.
0 

± 
48

.1
11

3.
0 

± 
43

.4
0.

86
5

Ty
pe

 o
f F

on
ta

n
0.

34
6

A
tri

op
ul

m
on

ar
y 

co
nn

ec
tio

n
67

 (1
4.

1%
)

61
 (1

5.
1%

)
6 

(8
.5

%
)

To
ta

l c
av

op
ul

m
on

ar
y 

co
nn

ec
tio

n 
in

tra
ca

rd
ia

c 
la

te
ra

l t
un

ne
l

28
7 

(6
0.

3%
)

24
4 

(6
0.

2%
)

43
 (6

0.
6%

)

To
ta

l c
av

op
ul

m
on

ar
y 

co
nn

ec
tio

n 
ex

tra
ca

rd
ia

c 
la

te
ra

l t
un

ne
l

53
 (1

1.
1%

)
41

 (1
0.

1%
)

12
 (1

6.
9%

)

To
ta

l c
av

op
ul

m
on

ar
y 

co
nn

ec
tio

n 
ex

tra
ca

rd
ia

c 
co

nd
ui

t
60

 (1
2.

6%
)

51
 (1

2.
6%

)
9 

(1
2.

7%
)

O
th

er
9 

(1
.9

%
)

8 
(2

.0
%

)
1 

(1
.4

%
)

Po
st

-o
pe

ra
tio

n 
co

m
pl

ic
at

io
n:

 P
ro

lo
ng

ed
 p

le
ur

al
/p

er
ic

ar
di

al
 e

ff
us

io
ns

/
ch

yl
ot

ho
ra

x
17

7 
(3

7.
6%

)
14

9 
(3

7.
3%

)
28

 (3
9.

4%
)

0.
79

1

Le
ng

th
 o

f h
os

pi
ta

l s
ta

y,
 d

ay
s

9
11

 (9
, 1

8)
12

 (9
, 1

8)
11

 (8
, 1

8)
0.

45
4

Po
st

-F
on

ta
n 

ar
rh

yt
hm

ia
10

1 
(2

1.
2%

)
86

 (2
1.

2%
)

15
 (2

1.
1%

)
1.

00
0

Po
st

-F
on

ta
n 

su
rg

er
ie

s ≥
2

13
 (2

.7
%

)
12

 (3
.0

%
)

1 
(1

.4
%

)
0.

70
2

N
um

be
r o

f p
os

t-F
on

ta
n 

ca
th

et
er

iz
at

io
n 

in
te

rv
en

tio
ns

0.
8 

± 
1.

1
0.

7 
± 

1.
1

1.
0 

± 
1.

2
0.

10
7

Cardiol Young. Author manuscript; available in PMC 2010 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Williams et al. Page 15

St
ud

y 
C

oh
or

t
M

od
el

lin
g 

C
oh

or
t

V
al

id
at

io
n 

C
oh

or
t

V
ar

ia
bl

es
N

um
be

r 
m

is
si

ng

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
)

or
 %

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
) o

r 
%

M
ea

n 
± 

SD
, M

ed
ia

n
(I

nt
er

qu
ar

til
e 

R
an

ge
) o

r 
%

p 
va

lu
e*

A
or

tic
 a

rc
h 

re
pa

ir
1 

(0
.2

%
)

0 
(0

.0
%

)
1 

(1
.4

%
)

0.
14

9

Pu
lm

on
ar

y 
ar

te
ria

l s
ur

ge
rie

s
4 

(0
.8

%
)

4 
(0

.9
%

)
0 

(0
.0

%
)

1.
00

0

N
um

be
r o

f y
ea

rs
 si

nc
e 

Fo
nt

an
8.

7 
± 

3.
4

8.
8 

± 
3.

4
8.

4 
± 

3.
7

0.
39

8

C
ur

re
nt

ly
 o

n 
pa

ce
m

ak
er

64
 (1

3.
5%

)
51

 (1
2.

6%
)

13
 (1

8.
3%

)
0.

19
1

* Te
st

 o
f s

ig
ni

fic
an

ce
 fo

r d
iff

er
en

ce
s b

et
w

ee
n 

m
od

el
 sa

m
pl

e 
(4

05
 su

bj
ec

ts
) a

nd
 v

al
id

at
io

n 
sa

m
pl

e 
(7

1 
su

bj
ec

ts
).

Cardiol Young. Author manuscript; available in PMC 2010 December 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Williams et al. Page 16

Table 2

Unadjusted linear regression of Fontan Functional Score on each independent variable (405 subjects).

Variables R2 Estimate Mean p

Demographics

Race 0.008 0.216

 White 1.04 50.1

 Black −3.93 45.2

 Other – 49.1

Male 0.001 1.03 0.566

Parental highest grade of school 0.019 0.109

 Some high school or less −4.25 47.1

 High school graduate/GED 1.04 52.4

 Vocational school, some college −4.77 46.6

 4 year college graduate −1.08 50.3

 Graduate degree – 51.4

Annual household income, $20K increments 0.027 1.76 0.001

Ventricular type 0.022 0.011

 Right – 45.9

 Left 4.79 50.7

 Mixed 7.19 53.1

Pre-Fontan end-diastolic pressure, mmHg 0.041 −1.08 < 0.001

Pre-Fontan oxygen saturation, % 0.019 0.50 0.005

Superior cavopulmonary anastomisis:

 Yes 0.020 5.68 50.9 0.004

 No 45.2

Age at unloading surgery 0.022 −1.68 0.003

Moderate/Severe atrioventricular valvar regurgitation:

 Yes 0.003 −1.85 45.8 0.502

 No 2.22 49.8

 Unknown – 47.6

Number of pulmonary arterial surgeries 0.001 −0.74 0.546

Age at Fontan, year 0.005 −0.62 0.157

Weight for age z score at Fontan 0.001 0.55 0.446

Surgical fenestration:

 Yes 0.004 2.35 50.2 0.202

 No – 47.9

Type of Fontan 0.032 0.011

 Atriopulmonary connection – 46.6

 Total cavopulmonary connection intracardiac lateral tunnel 2.25 48.9

 Total cavopulmonary connection extracardiac lateral tunnel 6.59 53.2

 Total cavopulmonary connection extracardiac conduit 7.86 54.5

 Other −11.3 35.3
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Variables R2 Estimate Mean p

Cardpulmonary bypass time, minutes 0.002 −0.02 0.347

Length of hospital stay, days 0.009 −0.09 0.062

Log transformed length of stay 0.018 −3.62 0.007

Arrhythmias:

 Yes 0.034 −7.93 43.2 < 0.001

 No – 51.1

Currently on pacemaker:

 Yes 0.021 −7.73 42.7 0.004

 No – 50.4

Post-Fontan surgeries ≥2 0.004

 Yes 0.020 −14.9 34.9

 No – 49.9

Number of post-Fontan catheterization interventions 0.011 −1.68 0.033

Number of years since Fontan 0.013 −0.59 0.023

Number of years since Fontan categorized 0.038 < 0.001

 Less than 6 years 4.91 49.3

 6 to 11 years 8.16 52.5

 Greater than or equal to 11 years – 44.4
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Table 3

Independent predictors of Fontan Functional Score (Model R2 = 0.18).

Variable Estimate ± Standard Error Least-Squares Mean p-value

Years since Fontan 0.042

 Less than 6 2.15 ± 2.54 45.3

 6 to 11 5.19 ± 2.19 48.3

 Greater than or equal to 11 – 43.1

Ventricular type <0.001

 Left −1.45 ± 2.42 47.2

 Right −7.88 ± 2.57 40.8

 Mixed – 48.7

Annual household income, $20 K increments 1.53 ± 0.50 0.003

Pre-Fontan end diastolic pressure, mmHg −0.75 ± 0.25 0.003

Pre-Fontan oxygen saturation 0.34 ± 0.17 0.047

Post Fontan arrhythmia* <0.001

Superior Cavopulmonary anastomosis 0.004

Superior cavopulmonary anastomosis × post-Fontan arrhythmia interaction 0.003

No superior cavopulmonary anastomosis

 No arrhythmia 50.3 <0.001

 Arrhythmia 33.6

Superior cavopulmonary anastomosis performed

 No arrhythmia 50.9 0.153

 Arrhythmia 47.5

*
Main effects estimates for post-Fontan arrhythmia and superior cavopulmonary anastomosis are not interpretable and not shown due to the

presence of a significant interaction.
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