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Background Clinical trials in children with congenital heart disease are often limited by the absence of the following:
(1) a primary outcome that can be observed in a reasonable period; (2) information regarding health-related quality of
life; (3) knowledge of the correlation between health status and ventricular function and exercise performance; (4) a
sufficient number of children at a single institution to provide adequate statistical power; and (5) procedural and
management differences between and within institutions.

Methods The NHIBIfunded Pediatric Heart Network designed a cross-sectional study of children aged 6 to 18 years,
from 7 pediatric clinical centers, who had undergone a Fontan procedure as treatment for congenital heart disease. Health-
related quality of life was measured by the Child Health Questionnaire and the Congenital Heart Adolescent and Teenager
Questionnaire. Ventricular function was assessed by maximal exercise testing, echocardiography, cardiac magnetic
resonance imaging, and B-type natriuretic peptide. The study was designed to detect a correlation of R > 0.30 between
health status scores and measures of ventricular function and performance in a subcohort with all study measures completed.

Results A total of 1078 children were screened by chart review; 644 (60%) were eligible. The consent rate was
85% and 546 children were enrolled. Acquisition of echocardiograms, B-type natriuretic peptide, and health status was
>94%; completion rates were lower for maximal exercise testing (76%) and cardiac magnetic resonance imaging (41%).

Conclusions This large study provides unique information regarding the relationship between health status and

clinical measures in post-Fontan patients that will facilitate the design of future randomized trials. (Am Heart J

2006;152:427-33.)

Randomized clinical trials are difficult to perform in
children after congenital heart surgery because few
practical yet clinically significant primary outcome
variables can be identified. Discrete clinical outcomes
that quantify how a patient feels or functions in daily life

From the °New England Research Institutes, Watertown, MA, ®Duke University Medical
Center, Durham, NC, “Columbia University Medical Center, New York, NY, dUniversiry
of Texas Southwestern Medical Center, Dallas, TX, °The Hospital for Sick Children,
Toronto, Ontario, Canada, ‘Children’s Hospital Boston, Boston, MA, 9Medical University
of South Carolina, Charleston, SC, hPrimcry Children’s Medical Center, Salt Lake City,
UT, and ‘Children’s Hospital of Philadelphia, Philadelphia, PA.

This work was supported by grants from the National Heart, Lung and Blood Institute, NIH/
DHHS, Bethesda, MD, #UO1 HL68270 (Sleeper, Geva, Colan), UO1 HL068269
(Anderson), UOT HL068292 (Williams), UOT HLO68290 (Hsu), UO1 HLO68288
(McCrindle), UO1 HLO68285 (Roth), UOT HLO68281 (Saul), and UOT HL068279 (Clark).
Submitted July 18, 2005; accepted February 7, 2006.

Reprint requests: Lynn A. Sleeper, ScD, New England Research Institutes, 9 Galen Street,
Watertown, MA 02472.

E-mail: Isleeper@neriscience.com

0002-8703/% - see front matter

© 2006, Mosby, Inc. Al rights reserved.

doi:10.1016/j.ahj.2006.02.009

are poorly validated in children, and primary events are
sufficiently rare to preclude a practical study. Parent-
based functional measures and patient laboratory meas-
urements could be used as surrogate end points in clinical
trials of these patients. The use of a surrogate end point in
a clinical trial, however, demands sufficient evidence to
link changes in the surrogate outcome to a change in
clinical outcome. To establish such a link, we performed a
cross-sectional observational study designed to estimate
the association between clinical outcome or state,
measured by a validated quality of life instrument, and
measures of cardiac performance or state that can serve as
surrogate outcomes in future clinical trials.

Children who have had a Fontan procedure now survive
into adulthood and are a good example of a population
with congenital heart disease that would benefit from
randomized clinical trials."? The Fontan procedure (total
cavopulmonary anastomosis) is usually successful in
restoring near-normal systemic oxygen saturation and
extending the lives of patients with even the most
complex forms of congenital heart disease. Nevertheless,
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it results in an abnormal hemodynamic state and is
associated with a wide variety of late complications
including late ventricular dysfunction,’ -6 congestive
heart failure leading to a need for cardiac transplanta-
tion,”® decreased exercise tolerance,” ! protein-losing
enteropathy,'*'® thrombosis and embolism,'*'> and
arrhythmias that often require pacemaker implantation.” ©

The Fontan Cross-Sectional Study was designed to
identify a quantifiable measure of cardiovascular perfor-
mance that correlates with clinical outcome assessed by
a validated, health-related quality of life instrument in
children treated with a Fontan procedure. The informa-
tion gained from this study will provide important
information in its own right, as well as provide a basis
for end point selection in subsequent randomized
clinical trials in this population.

Study design

The Fontan Cross-Sectional Study has a multicenter,
cross-sectional, observational design that includes chil-
dren from 6 to 18 years of age who had undergone a
Fontan procedure at least 6 months before entry into the
study. Prospective data collection for each subject
occurred within a 3-month period and included health
status questionnaires completed by a parent and child
(=10 years), cardiac magnetic resonance imaging
(CMRYD), 2-dimensional (2D) and Doppler echocardiogra-
phy, resting serum B-type natriuretic peptide (BNP), and
maximal exercise testing. The primary aim was to
determine the association between reported health status
and laboratory measures of ventricular dimensions and
performance and, secondarily, to determine the interre-
lationships among laboratory measures of ventricular
size, function, and performance. For each subject,
anatomic, clinical, and surgical information was collected
to determine if differential associations exist between
clinical and laboratory measures for patient subgroups.

Inclusion criteria

1. Age 6 to 18 years at enrollment
2. Fontan surgery of any type at least 6 months before
enrollment
3. Agreement and ability to have at least the following
testing completed:
* An echocardiogram at the study center
* Child Health Questionnaire Parent Report
(CHQ-PF50)
e Serum BNP
4. Planned or ongoing cardiac care at the study center
allowing completion of study testing within 3 months
of study enrollment
5. Informed consent of a parent or guardian, and assent
of the study participant if able to provide it, according
to institutional guidelines
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Exclusion criteria

1. Noncardiac medical or psychiatric disorder that
would prevent successful completion of planned
study testing or would invalidate its results

2. Ongoing or planned participation in another research
protocol that would either prevent successful
completion of planned study testing or invalidate
its results

3. Lack of reading fluency by the primary caregiver
in both English or Spanish, the languages for which
the parental report health status questionnaire has
been validated

4. Pregnancy at the time of enrollment or pregnancy
planned before completion of study testing

Recruitment protocol

The Data Coordinating Center (DCC) provided each
clinical center with a Screening Log to record basic
identifying patient information (name, sex, date of birth,
date of Fontan completion, medical record number)
next to a set of predefined study identification numbers.
The research coordinator at each site reviewed the clinic
or hospital roster to identify all patients who underwent
a Fontan procedure and who were believed to be alive
and currently followed at the clinical center and
recorded each of these patients in the Screening Log. A
Patient Screening Form was completed for each patient
by review of the medical record without patient contact
and entered into the Web-based data management
system at the DCC. Based on the screening data, the
DCC prepared a list of potentially eligible patients for
each clinical center, defined as those who met inclusion
criteria for age, date of surgery, and location of ongoing
cardiac care. These lists comprised the sampling frame
for the study. Study coordinators then contacted each
potential participant and scheduled a visit to obtain
written consent and to begin testing for each verbally
consenting subject.

To assess the representativeness of the study sample,
patients who were study eligible but declined partici-
pation were invited to participate as a partial protocol
participant whose health status and basic demographics
would be compared with the sample enrolled in the full
protocol. This partial protocol required completion of
the Child Health Questionnaire (CHQ) Parent Report
only, by mail or at a clinic visit.

Statistical considerations

To achieve a study sample that was representative of
Fontan survivors, a sampling plan that minimized
selection bias was required. Initial estimates of the
number of available patients suggested that the number
exceeded the target sample size. Random sampling of
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potentially eligible subjects at each center was planned
as opposed to proceeding sequentially through the
patient lists until the target number was achieved.
However, the number of patients listed on center rosters
and still being followed at the centers was lower than
expected; thus, a sampling fraction of 1.0 was utilized,
as the entire pool of 831 potentially eligible patients was
required to achieve target sample size.

Sample size and power

The target sample size was determined after consid-
eration of several requirements. First, the study was
designed to have 85% power to detect a moderate effect
size—a correlation of R > 0.3 between health status and
clinical measures. For this calculation, the required
sample size to detect a correlation of R = 0.3 between
health status and any of the laboratory measures with
85% power using a 2-tailed test and a type I error rate of
.05 was 100 (rounded up from 97). Second, because the
Congenital Heart Adolescent and Teenager Question-
naire (CHAT) was the only disease-specific instrument in
this study, it was necessary to have sufficient power to
detect correlations between CHAT scores and the
laboratory parameters. Both the CHQ Child Report
(CHQ-CF87) and the CHAT questionnaire require that
the subject be at least 10 years old to complete the
instrument. It was estimated that 64% of the subjects
enrolled in the study would be at least 10 years old.
Therefore, 157 subjects (100/0.64) were required to
detect R = 0.3 with 85% power and obtain 100 subjects
who are at least 10 years old. Third, an inflation factor to
enable multivariate analysis on 157 subjects who
completed all required testing (CMRI and exercise
testing in particular were not feasible in many of the
6- to 8-year-olds) was applied. Based on an initial
completion rate for all the required testing midway
through the study of 30%, the final target sample size
was set at 525 subjects.

Outcome measures and rationale
The Child Health Questionnaire

The CHQ-PF50 measures the physical and psychoso-
cial (eg, emotional, behavioral, and social) well-being of
children 5 to 18 years of age.?” The Child Report (CHQ-
CF87) has been validated in children 10 to 18 years of
age and is not applicable to younger children. The CHQ-
PF50 instrument provides two summary scores: (1) a
measure of physical functioning (mean score and SD for
US healthy children 53.0 + 8.8) and (2) a measure of
psychosocial status (mean score and SD for US healthy
children 51.2 + 9.1). The CHQ User’s Manual provides
age- and sex-specific normative data for 379 children in
the general US population as well as for 6 clinical
samples of children, including those with chronic

Sleeper et al 429

illnesses (eg, asthma and epilepsy) and psychiatric
problems.'” Based on these data, 5- to 10-point differ-
ences from the normative US sample for either summary
score (physical or psychosocial) are considered to
represent true disease effects.

Congenital Heart Adolescent and
Teenager Questionnaire

The CHAT is a disease-specific quality of life instrument
completed by children 10 to 18 years of age. As such, it
offers the possibility of a stronger relationship with
measures of disease severity than those from generic
instruments and may be more likely to be sensitive to
changes in health status and provide greater discrimina-
tive validity. Furthermore, disease-specific questionnaires
often have fewer ceiling effects (where a large number of
subjects attain the lowest or highest scores due to their
non-healthy state) and thus show more variability in
scores, allowing for greater sensitivity and responsiveness
to change—a desirable feature when trying to assess the
impact of different interventions on health.'®

2D and Doppler echocardiography

Each subject underwent a 2D and Doppler echocar-
diographic examination to evaluate ventricular diastolic
function.” The available data on diastolic function in
patients after the Fontan operation are based on indices
derived from Doppler samples of atrioventricular inflow,
primarily E/A ratio and rate of deceleration of early
inflow. These indices are highly dependent on cardiac
loading conditions,'® rendering their accuracy ques-
tionable in the Fontan circulation, which is known to be
characterized by increased systemic vascular resistance
and reduced preload. Furthermore, enhanced chamber
compliance, which is characteristic of volume-over-
loaded ventricles, is not distinguishable from impaired
relaxation using this methodology.”® More recently,
several promising alternative approaches have been
reported'? that may overcome these limitations, includ-
ing duration of pulmonary vein flow reversal during
atrial systole assessed using pulsed Doppler, atrioven-
tricular valve annulus velocity in early diastole assessed
using tissue Doppler, and the rate of ventricular flow
propagation using M-mode color Doppler. Image acqui-
sition was performed at the 7 centers according to a
common technical protocol. No measurements were
done at the time of image acquisition. Echocardiograms
were interpreted by a Core Echocardiography Labora-
tory to minimize bias and interobserver error. Measure-
ments included valve gradients, vena contracta of
regurgitant jets, ventricular volume and ejection fraction
using a biplane Simpson’s algorithm, atrioventricular
valve inflow Doppler analysis (peak early velocity, peak
atrial velocity, early deceleration velocity, and a-wave
duration), duration of pulmonary vein flow reversal,
tissue Doppler parameters (peak systolic velocity, peak
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early and late diastolic velocities), and ventricular flow
propagation velocity.

Cardiac magnetic resonance imaging

Magnetic resonance imaging is a highly accurate and a
reproducible technique for measurements of ventricular
volumes and mass in a variety of disease states, including
in those with a complex chamber geometry, such as
patients who have undergone a Fontan procedure.?!*?
The decreased interstudy variability of CMRI measure-
ments compared with that of echocardiographic meas-
urements may reduce the number of subjects required
to achieve a desired level of statistical power if CMRI
measures are used as study end points.

In this study, CMRI was used to measure end-diastolic,
end-systolic, and stroke volumes, ejection fraction, mass,
and mass-to-end-diastolic volume. Secondary variables
included localized flow measurements in the superior
and inferior venae cavae, branch pulmonary arteries, and
the atrioventricular valve(s). The caval flow measures,
when summed, estimate systemic flow and provide
validation for flow measurement in the ascending aorta.
The CMRI data were acquired in each of the 7
participating centers using a 1.5-T MRI scanner, archived
on removable storage media, and interpreted at a Core
CMRI Laboratory.

Exercise testing

Maximal exercise testing is attractive as an outcome
measure because the exercise test itself approximates
activities of daily living experienced by a child. Previous
studies of exercise performance in Fontan patients show
that maximal exercise performance is abnormal and
limited by an inability to increase cardiac stroke volume
appropriately.”'® The purpose of including exercise
testing in this study was to determine if a correlation
exists between functional health status and maximal
oxygen consumption, oxygen pulse, anaerobic thresh-
old, chronotropic incompetence, and exercise-related
arterial oxygen desaturation.

Subjects were exercised to maximum volition using an
electronically braked cycle ergometer. The work rate
was increased using a ramp protocol with a slope
chosen to achieve the subject’s predicted maximal work
rate in 10 to 12 minutes of cycling time. Pulse oximetry,
heart rate, blood pressure, and VO, (mL/kg per minute)
and VCO, were monitored prior, during, and after
exercise. This protocol was chosen because it provides
direct measurement of work (watts) and it allows the
outcome measures maximum VO,, ventilatory anaerobic
threshold, and oxygen pulse to be derived. Sinus node
dysfunction was assessed by rhythm on the supine
resting electrocardiogram, baseline and maximum heart
rate during exercise, the cardiac rhythm present at the
time of the echocardiogram, and the indication for
pacing, where applicable.
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Table I. Demographic, anatomic, and surgical characteristics
of the Pediatric Heart Network Fontan Cross-Sectional Study
sample (N = 546)

Age at enrollment (y), mean + SD 11.9+3.4
Male 330 (60.5)
Race
White 464 (85.0)
African American 61 (11.1)
Asian 15(2.8)
Other 6(1.1)
Hispanic ethnicity 23 (4.2)
Ventricular dominance
Left ventricle 283 (51.8)
Right ventricle 224 (41.0)

Neither 38 (7.0)
Cardiac diagnosis

Tricuspid atresia 120 (21.9)
Hypoplastic left heart syndrome 112 (20.6)
Double inlet left ventricle 82 (15.1)
Heterotaxia 42 (7.7)
Double outlet right ventricle 41 (7.5)
Pulmonary atresia with intact ventricular septum 33(6.0)
Mitral atresia 31 (5.7)
Abnormal tricuspid valve 22 (4.0)
Atrioventricular canal defect 21 (3.9)
Other 38 (7.0)
Fontan type
Intracardiac lateral tunnel 328 (60.1)
Extracardiac lateral tunnel 69 (12.7)
Atriopulmonary connection 72(13.1)
Extracardiac conduit 67 (12.3)
Atrioventricular connection 6(1.1)
Other 4(0.7)

Values are presented as number (%) unless otherwise indicated.

B-type natriuretic peptide

B-type natriuretic peptide is a neurohormone primarily
secreted by the ventricular myocardium in response to
volume expansion or pressure overload. Early studies
demonstrated a correlation of the plasma BNP level with
ventricular dilation in patients with dilated cardiomy-
opathy.?® Studies in adult patients found plasma BNP to
be an accurate predictor of the presence of congestive
heart failure®*?> as well as providing predictive infor-
mation for use in risk stratification in patients with acute
coronary syndrornf:SZ(1 and chronic heart failure.>” Few
studies have been performed measuring plasma BNP
concentrations in children with congenital heart dis-
ease.”®3" Btype natriuretic peptide was included in this
study to determine if this potential predictor of heart
failure in children was correlated with health-related
quality of life.

Screening and test completion

A total of 1078 children were screened by chart
review, and 831 (77%) were potentially eligible. Poten-
tially eligible children were contacted, and 644 (60%)
were fully eligible. The consent rate was 85% of those
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Figure 1
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Fontan Cross-Sectional Study flow and patient enrollment. Echo, Echocardiogram.

fully eligible and 546 children were enrolled at age
11.9 £ 3.4 years with median age at Fontan of 2.8 years
(Table I). Acquisition rates for echocardiograms, BNP,
and health status were >94%; completion rates were
lower for maximal exercise testing (76%) and cardiac
MRI (41%) (Figure 1). The conduct of this study
demonstrated several interesting phenomena that

were not expected and should be considered when
planning studies in similar populations and/or with
similar study tests: (1) the number of patients who were
fully eligible was lower than expected due to the high
rate of referrals or migration from some clinical centers;
(2) the consent rate for this observational, relatively
short-term study (in many cases, a single day) was very
high (85% actual compared with 70% expected); and (3)
the rate of completion for maximal exercise testing and
CMRI, even in a sample at least 6 years of age, was lower
than expected.

Discussion

The Fontan procedure is now commonly used in the
treatment of children with complex congenital heart
disease and single ventricle physiology. Based on the
incidence of congenital heart disease with single ventri-
cle physiology, approximately 1000 to 1500 children
undergo a Fontan procedure yearly in North America and
the application of staged palliation in the treatment of
these children can represent up to 30% of all congenital
heart surgeries at large pediatric cardiac institutions.®">?

The current long-term outcome in children with a
Fontan procedure is unknown but worrisome because
of the multiple late morbidities observed. Some of these
complications, such as protein-losing enteropathy, seem
unique to children after the Fontan procedure and as yet
are poorly understood. Others appear possibly related to
the time elapsed since the Fontan procedure was
completed. Finally, because the function of the Fontan
circuit depends critically on the maintenance of ven-
tricular diastolic compliance, the expected normal
decrease in diastolic compliance (increased stiffness)
with advancing age is particularly threatening to the
well-being of these patients. Ideally, interventions that
could offer the possibility of maintaining cardiac func-
tion and decreasing the incidence of late morbidity, such
as anticipatory pharmacological management early in
the course of the Fontan, could be identified and tested.

Design of appropriate clinical trials for this population
is severely hindered by the lack of adequate primary
outcome measures and the small number of children
available for study at a single institution. The purpose of
this study design was to address these two issues by
quantifying the association between validated measures
of health-related quality of life and measures of ventric-
ular performance. If a significant correlation is found
between ventricular function and functional status, it
will suggest that both types of measures are suitable as
end points in clinical trials, more specifically, that
changes in ventricular function reflect a corresponding
change in the patient’s functional status, and vice versa.
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If no clinically significant correlation is identified
between ventricular function and functional status, then
these end points, while providing test-specific standards
for a future study, may not be valid surrogates.

In addition to the primary aim of the study, the design
will provide two necessary statistical components in
preparing for future clinical trials. First, it will provide
information regarding standard errors of measure and
the distribution of variables compared with normal
values for each of the outcomes, thus providing accurate
power calculations for the design of future trials.
Second, because all measures of performance for a given
subject had to be gathered within a 3-month period,
meaningful intercorrelations among outcome measures
can be estimated, providing information for the design
of a future trial with a composite outcome as its primary
end point.

Although not a primary goal of this study, the study
design also allowed us to examine present pharmaco-
logical treatment of Fontan patients in 7 centers in
Canada and the United States. Assessment of the type and
frequency of therapies currently in use will help develop
hypotheses to be tested in future randomized trials.

Study limitations

This study has three significant limitations. First, the
study was limited to subjects followed at each study
center and did not include all children undergoing
surgery at the 7 centers in a specified period. Further-
more, we did not attempt to abstract data from the
records of all children who had undergone a Fontan at
each center and thus cannot compare the enrolled
population with those children who died after under-
going the Fontan procedure. Similarly, children in the
poorest of health may have been less likely to partici-
pate. Therefore, the incidence of post-Fontan medical
events and complications such as protein-losing enter-
opathy, stroke, and ventricular dysfunction found in this
study are possibly underestimates for the Fontan
population as a whole.

A second limitation is the observational cross-sectional
design itself, which does not allow for the testing of
hypotheses focused on the efficacy of current treat-
ments in children after the Fontan procedure. It should
be noted that this was not a goal of the study. The study
will, however, generate a significant data set that can be
examined for potential relationships between medical
history, ventricular performance, and health-related
quality of life, which can be used to inform hypotheses
for future clinical trials.

Third, in a cross-sectional study, data collection is
limited to a single time point. Therefore, changes over
time cannot be assessed, and estimates of how quickly
study measures might respond to therapeutic interven-
tion cannot be provided. This limitation is particularly
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relevant to research on children after any cardiac
surgical procedure, but especially relevant in children
after the Fontan procedure, because the limited longi-
tudinal data available suggest a deterioration of cardiac
function over time. The important questions related to
the relative impact of time since Fontan versus the
type of Fontan (which has varied over the last two
decades) versus age on ventricular function can only be
answered by a longitudinal study. This study, however,
lays the logistic and scientific groundwork for imple-
mentation of a longitudinal study and guides the
selection of appropriate outcome measures for future
clinical trials as well as natural history studies of children
with a Fontan procedure.
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