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Older Age at Completion
of Fontan Procedure

Is Associated with Improved Percentage of
Predicted Maximum Oxygen Uptake

We tested the hypothesis that later completion of the Fontan procedure is associated with
improved exercise capacity in the current period of staged single-ventricle palliation. We
performed a retrospective study, in Fontan patients, of exercise stress test data from April
2003 through March 2011. Patients were included if they had received staged palliations
in accordance with current surgical strategy, defined as the performance of a superior
cavopulmonary connection at <1 year of age, followed in subsequent years by Fontan
completion. Patients with a pacemaker or respiratory exchange ratio <1 were excluded.
Early and late Fontan groups were created on the basis of whether Fontan completion
had been performed at <4 or >4 years of age. The primary predictor variable was age at
Fontan completion, and the primary marker of exercise performance was the percentage
of predicted maximum oxygen consumption. During the study period, 55 patients were
identified (mean age, 11.7 + 2.8 yr).

Older age at Fontan completion correlated positively with higher percentages of pre-
dicted maximum oxygen consumption (R=0.286, P=0.034). Patients in whom Fontan
completion was performed at >4 years of age had higher percentages of predicted maxi-
mum oxygen consumption than did those in whom completion was at <4 years of age
(84.4 +21.5 vs 72.9 + 18.1, P=0.041). Later Fontan completion might be associated with
improved exercise capacity in patients palliated in accordance with contemporary surgical
strategy. (Tex Heart Inst J 2015;42(4):333-40)

t has long been understood that exercise performance is diminished in patients

who have undergone the Fontan procedure. Poor exercise performance in this

population has been linked to decreased heartrate response to exercise,' increased
body mass index,' ventricular dysfunction,’ right ventricular morphology of the
single ventricle,’ and the atriopulmonary-type Fontan.* More recently, studies have
shown that decreased exercise performance is associated with an increased risk of early
death.>* Exercise stress test data might then uncover circulatory limitations not seen in
the at-rest patient. We reviewed our institution’s experience and sought to determine
the association between a patient’s age at performance of the Fontan procedure and
his or her aerobic performance, as measured by the percentage of predicted maximum
oxygen consumption (VO,). We especially focused on those patients who had been
treated in accordance with the current strategy of staged single-ventricle palliation, in
which a superior cavopulmonary connection (ScPc) precedes the Fontan procedure.

Patients and Methods

In this retrospective clinical study, we reviewed the cases of all Fontan patients who
had undergone exercise testing at our center from April 2003 through March 2011.
Patient demographics (age and sex) and clinical characteristics were obtained from
our cardiology database. The age of each patient at the Fontan operation was also
noted. The single-ventricle anatomy type (for example, morphologic right ventricle),
the Fontan type (lateral tunnel or extracardiac conduit), and the presence of a fenes-
tration at the time of the Fontan procedure and at the time of exercise testing were
documented. Pacemaker dependency was also noted. In order to investigate a group
palliated in accordance with current surgical strategy, patients were excluded if they
had undergone a single-stage Fontan or a superior cavopulmonary anastomosis at an
age older than one year. Patients were also excluded if they had a respiratory exchange
ratio of less than 1, or a pacemaker at the time of exercise testing. Approval for this
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study was obtained from the Baylor College of Medi-
cine Institutional Review Board.

In all patients, treadmill exercise testing was per-
formed in accordance with the Bruce protocol.” If more
than one exercise test was performed on a patient, the
most recent study was used. Metabolic measurements
were derived from inspired gas. Absolute values were
obtained for peak VO,, VO, at anaerobic threshold, peak
oxygen pulse, peak heart rate, and chronotropic index.
Oxygen pulse is the peak VO, divided by the peak heart
rate. The oxygen pulse index was calculated as the oxy-
gen pulse divided by the patient’s body surface area. On
the basis of normative data, we calculated percentiles
of predicted maximum VO,, anaerobic threshold,* and
maximum heart rate.” A respiratory exchange ratio of
>1 was considered the equivalent of adequate exercise
effort.®

We recorded age, time from Fontan operation, body
mass index, and body surface area at the time of exercise
testing. Echocardiograms performed within 1 year of
exercise testing were reviewed for the presence of mod-
erate or greater atrioventricular valve regurgitation and
moderate or greater ventricular systolic dysfunction.
For patients who had undergone cardiac catheteriza-
tion within 3 years of exercise testing, we included
mean Fontan pressure and pulmonary vascular resis-
tance index data. Pulmonary vascular resistance index
at catheterization was calculated from an assumed VO,
on the basis of the patient’s age, sex, and heart rate. Cen-
tral branch pulmonary artery (PA) caliber was evaluated
by reviewing angiograms, computed tomograms, and
magnetic resonance images, provided that the imaging
had been performed 4 years before or after the exercise
testing. Imaging or catheterization data were excluded
if surgical- or catheterization-based interventions had
altered the patient’s anatomy between the time of ex-
ercise testing and imaging. When right and left PA di-
mensions were available, the Nakata index (combined
cross-sectional area of branch PAs divided by body
surface area) was calculated for each patient. All com-
puted tomography and magnetic resonance imaging PA
measurements were performed retroactively by a single
observer (SAM) with expertise in cardiac imaging, who
was blinded to the patient outcome data. Branch PA
measurements were made in orthogonal planes with
use of the AquariusNET® system (TeraRecon, Inc.;
Foster City, Calif) at the following locations: proximal
branch PA (immediately distal to the main PA), nar-
rowest branch PA, and distal branch PA (immediately
proximal to the first segmental branch). The narrowest
diameter and smallest cross-sectional area were used to
calculate the Nakata index.

The primary predictor variable was age at comple-
tion of the Fontan procedure, and the primary outcome
variable was the percentage of predicted maximum VO,.
Patients were divided into early- and late-Fontan groups
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on the basis of whether Fontan completion had been
performed at <4 or >4 years of age. Data are expressed
as mean * SD for normally distributed continuous vari-
ables, median (interquartile range) for non-normally
distributed continuous variables, and number (percent-
age) for categorical variables. Testing for normality was
performed with use of the Shapiro-Wilk test. Means
between 2 normally distributed groups of continuous
variables were compared via the independent 7 test. In
cases of nonparametric distribution, the Mann-Whie
ney U test was used for comparison of 2 groups. Com-
parison of 2 categorical variables was performed via the
Pearson % test in the event of normal distribution of
variables, and the Spearman correlation in the event of
nonparametric distribution. Linear regression was used
to evaluate the association of continuous independent
variables with exercise-performance values. Multiple
regression was performed on all independent variables
that achieved a P value of <0.05 in univariate analysis.
All statistics were performed with use of SPSS version
19.0 (IBM Corporation; Armonk, NY).

Results

Table I shows characteristics of the study population.
From 2003 through 2011, a total of 144 patients iden-
tified with Fontan circulation had undergone exercise
testing. After excluding patients for a history of pace-
maker placement (n=33), a respiratory exchange ratio
of <1 (n=16), single-stage Fontan procedure (n=23),
and age at the Glenn operation of >1 year (n=17), there
were 55 remaining patients who had undergone an ex-
ercise stress test after Fontan palliation in accordance
with a current surgical approach. Thirty-seven patients
underwent early Fontan completion at <4 years of age,
and 18 patients underwent late completion at >4 years
of age. There were significant differences between the
early- and late-Fontan groups for percentages of pa-
tients with patent fenestration at exercise testing (51%
vs 13%, P=0.014), resting oxygen saturation (93% vs
97%, P=0.004), and oxygen saturation at peak exercise
(85% vs 92%, P=0.006). Otherwise, there were no sig-
nificant differences between the groups for the variables
investigated.

Exercise performance indices for all patients are shown
in Table II. For the entire cohort, the average peak VO,
was 37 + 8.2 mL/kg/min, and the percentage of pre-
dicted maximum VO, was 76.7% =+ 19.9%. Patients in
whom Fontan completion was performed at <4 years of
age had lower percentages of predicted maximum VO,
than did patients in whom the Fontan was done at >4
years (72.9% £ 18.1% vs 84.4% + 21.5%, P=0.041).
When the percentage of predicted maximum VO, was
dichotomized at one SD below the mean (66%), using
a cutoff of 4 years of age at Fontan completion gave a
specificity of 78% in predicting which patients would
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TABLE I. Characteristics of Current Fontan Patients Included in the Study

All Patients Fontan <4 Years Fontan 24 Years

Characteristic (N=b5) (n=37) (n=18) PValue
Male 36 (65) 27 (73) 9 (50) 0.093
Age at Fontan procedure (yr) 3.4(2.7-4.1) 3.1(2.8-3.4) 4.7 (4.3-5.1) <0.001
Age at Glenn operation (yr) 0.7+0.2 0.7+0.2 0.6+0.2 0.844
Age at EST (yr) 11.7+28 121+2.6 10.8+3.1 0.103
Time from Fontan completion to EST (yr) 8+3.3 9143 57+26 <0.001
Fenestration placed at Fontan procedure 46 (84) 31(84) 15 (83) 0.966
Patent fenestration at EST 22 (40) 19 (51) 3(13) 0.014
Oxygen saturation at rest (%) 94 (86-100) 93 (91-95) 97 (95-99) 0.004
Oxygen saturation at peak exercise (%) 87 (83-91) 85 (80-90) 92 (89-95) 0.006
Fontan pressure (mmHg) 12 (10-14) 12 (9.5-14.5) 11.5(9.5-13.5) 0.916
Systemic vascular resistance index (Wood units x m?) 16.8+5.8 17.4+5.7 15.2+6.4 0.485
Pulmonary vascular resistance index (Wood units x m?) 1.5+£0.7 1.5+0.7 1.3£0.8 0.451
Body mass index (kg/m?) 19.4+4.9 19.8+5.2 18.7+4.3 0.452
Systemic right ventricle 25 (46) 18(48) 7(38) 0.113
History of arrhythmia 7 (13) 6(16) 1 (5) 0.266
Extracardiac Fontan 26 (47) 16(43) 10 (65) 0.693
Oxygen saturation at Fontan completion (%) 84+5 84+5 84+6 0.627
Moderate-to-severe AV valve regurgitation at Fontan 8 (15) 2 (5) 3 (2) 0.225
Moderately to severely depressed function at Fontan 5 (9) 4(15) 1 (5) 0.498
Moderate-to-severe AV valve regurgitation at EST 8 (15) 5(14) 3(17) 0.756
Moderately to severely depressed systolic function at EST 4 (7) 2 (5) 2 (1) 0.445
Taking B-blocker at time of EST 3 (6) 2 (5) 1 (6) 0.982

AV = atrioventricular; EST = exercise stress test

Unless otherwise stated, data are presented as mean + SD, number and percentage, or number and interquartile range.

P <0.05 was considered statistically significant.

TABLE Il. Exercise Performance Values for All Patients and for Early- and Late-Fontan Subgroups of Patients

All Patients Fontan <4 Years Fontan >4 Years

Exercise Variable (N=55) (n=37) (n=18) PValue
Peak Vo, (mL/kg/min) 37+£82 35.7+8.8 395+6.6 0.113
Predicted Vo,max (%) 76.7£19.9 72.9+£18.1 84.4+21.5 0.041
Vo, at anaerobic threshold (mL/kg/min) 23.8+74 22.7£10.1 24.7+£10 0.06
Predicted Vo, anaerobic threshold (%) 105.2 (86.4-124.3) 99.1 (83.2-115) 112.8 (98.4-127.2) 0.157
Oxygen pulse index (mL/beat/m?) 6.6 (6-7.2) 6.4 (5.8-7) 6.9 (6.4-7.4) 0.158
Peak heart rate (beats/min) 179 (167-191) 175 (165-185) 172 (164-180) 0.631
Predicted max heart rate (%) 875+10.3 845+8.3 79.9+12 0.109
Chronotropic index (%) 78.6 (18.7) 75.4 (68.8-82) 71.5 (64.5-78.5) 0.329

max = maximum; Vo, = oxygen consumption

Data are presented as mean + SD or as number and interquartile range. P <0.05 was considered statistically significant.
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exercise at greater than 66% of predicted maximum
Vo,.

Univariate analysis of the primary predictor and out-
come variable showed a significantly positive correlation
between age at Fontan completion and percentage of
predicted maximum VO, (R=0.286, P=0.034) (Fig. 1
and Table III). When patients were excluded for either
very early Fontan completion (<2 yr of age) or very late
Fontan completion (>6 yr of age), there continued to
be significant correlation (R=0.346, P=0.015) (Fig. 2).
Table I1I shows that there were also positive correlations
between age at Fontan completion and the secondary
outcome variables of peak VO, (P=0.03), anaerobic
threshold (2=0.04), percentage of predicted anaerobic
threshold (2=0.013), and oxygen pulse index (”=0.05).

1254
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P=0.034

1004

Predicted Maximum Vo, (%)

754
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.
25+
T T T T T T
0 2 4 6 8 10

Age at Fontan Procedure (yr)

Fig. 1 Later age at Fontan completion was positively associated
with percentage of predicted maximum oxygen consumption
(Vo,) (N=55).

P <0.05 was considered statistically significant.

TABLE lll. Correlation Coefficients for Age at Fontan
Procedure and Values of Exercise Performance

Correlation

Exercise Value Coefficient PValue
Peak Vo, 0.373 0.005
Predicted maximum Vo, 0.286 0.034
Vo, at anaerobic threshold 0.286 0.04
Predicted Vo, anaerobic threshold 0.346 0.013
Oxygen pulse index 0.265 0.05
Peak heart rate —-0.021 0.878
Predicted maximum heart rate -0.074 0.5693
Chronotropic index -0.025 0.857

Vo, = oxygen consumption

P <0.05 was considered statistically significant.
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Fig. 2 Association between age at Fontan completion and
percentage of predicted maximum oxygen consumption (Vo,)
(N=55), when patients <2 years and >6 years of age at Fontan
completion were excluded. Later age at Fontan completion was
positively associated with percentage of predicted maximum
Vo,

P <0.05 was considered statistically significant.
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Fig. 3 Association between time from Fontan completion to
stress test and percentage of predicted maximum oxygen con-
sumption (Vo,) (N=55). Increased time from Fontan completion
to stress test was negatively associated with percentage of
predicted maximum Vo,.

P <0.05 was considered statistically significant.

Table IV shows exercise-performance indices by di-
chotomous patient characteristics. There were no signif-
icant differences in percentage of predicted maximum
VO, for sex, systolic function, degree of atrioventricular
valve regurgitation, presence of a fenestration at exercise
testing, type of Fontan procedure, or single-ventricle
morphology.
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TABLE IV. Exercise Performance for Dichotomous
Patient Variables

Patient Predicted
Characteristic (n) Max Vo, (%) PValue
Sex 0.664
Male (36) 75.8+19.2
Female (19) 78.3+21.4
Systolic function 0.476
Normal/mildly depressed (51) 77.2+19
Moderately/severely 69.8+31.9
depressed (4)
Atrioventricular valve 0.899
regurgitation
None/mild (47) 76.8+18.6
Moderate/severe (8) 75.9+275
Fenestration at exercise 0.551
stress test
No (33) 71.2(53.9-88.5)
Yes (22) 74.1 (42.6-105.6)
Type of Fontan procedure 0.061
Lateral tunnel (28) 71.9+21.8
Extracardiac (27) 82.1+£16.8
Single-ventricle morphology 0.982
Right (30) 76.7+20.9
Other morphology 76.6£18.9

(left, biventricular,
or indeterminate) (25)

Max Vo, = maximum oxygen consumption

Data are presented as mean + SD, number and interquartile
range, or number and percentage. P <0.05 was considered sta-
tistically significant.

Table V shows the relationships between predictor
variables and percentage of predicted maximum Vo,.
Percentile of the body mass index (P=0.019) and the
Nakata index (=0.049) were positively associated with
the primary outcome variable. Age at exercise testing
(=0.034) and Fontan pressure (”=0.015) showed nega-
tive associations with percentage of predicted maximum
VO,. There was also a negative correlation between the
time from Fontan to stress test and percentage of pre-
dicted maximum VO, (P <0.001) (Fig. 3 and Table V).

Multiple linear regression analysis was performed to
predict percentage of predicted maximum VO, from
age at exercise stress test, age at Fontan procedure, pres-
ence of fenestration, Nakata index, percentile of body
mass index, and Fontan pressure (predictor variables
that were significant in univariate analysis). Only age
at exercise stress test (”=0.007) and age at Fontan pro-
cedure (P=0.03) were statistically significant predictors
of percentage of predicted maximum VO,

Discussion

We found that older age at Fontan operation, in the
current period of staged palliations, was associated with
improved exercise performance. Larger Nakata indices

Texas Heart Institute Journal

and percentiles of body mass index likewise conferred
improved exercise performance, whereas increasing age
at exercise testing and elevated Fontan pressures were
associated with declines in performance.

Although the Fontan surgical approach results in a
stable physiology, there are attendant circulatory disad-
vantages, including elevated central venous pressures,"
reduced ventricular filling,""? and overall decreased
cardiac output.” During exertion, these shortcomings
are intensified. They have been studied and described:
patients with Fontan physiology have diminished maxi-
mum VO,,'" decreased anaerobic threshold,"*" and
lower peak heart rate.®"” The fact that the principal
limiting factor (absence of a subpulmonary ventricle) is
unalterable has necessarily placed tremendous focus on
modifiable factors, including surgical timing, use of a
fenestration, PA size, and even the configuration of the
Fontan anastomosis."

The age at Fontan completion has varied across surgi-
cal periods and among institutions. Before the 1990s,
single-stage total cavopulmonary connection was com-
mon, and in that setting an age of >4 years was recom-
mended for Fontan completion.” Since the widespread
adoption of the earlier ScPc, timing of the Fontan has
varied from 1 to >5 years of age.” Mahle and colleagues™
found that younger age at volume-unloading (Glenn or
single-stage Fontan) is associated with improved sub-
sequent exercise performance. In that study, however,
two thirds of the patients had undergone single-stage
Fontan completion without an intervening ScPc. Sev-
eral other investigators have shown that younger age
at Fontan is associated with improved exercise perfor-
mance." Yet again, a significant portion of the study

TABLE V. Association Between Candidate Predictor
Variables and Percentage of Predicted Maximum
Oxygen Consumption

Patient Correlation

Characteristic Coefficient PValue
Age at Fontan completion 0.286 0.034
Oxygen saturation at rest 0.281 0.053
Oxygen saturation at 0.265 0.086
peak exercise
Percentile of body mass index 0.317 0.019
Time frqm Fontan completion -0.367 0.006
to exercise stress test
Age at exercise stress test -0.287 0.034
Nakata index 0.389 0.049
Fontan pressure -0.501 0.015
Pulmonary vascular 0.107 0.653

resistance index

P <0.05 was considered statistically significant.
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cohorts did not undergo Glenn anastomosis or other
volume-unloading surgery before Fontan completion.
Hence, in those reports the Fontan was the first volume-
unloading procedure for a significant proportion of the
study cohorts. In 2008, results of a study from the Pedi-
atric Heart Network (PHN) showed that later Fontan is
associated with a higher incidence of non-sinus rhythm
and worse atrioventricular valve regurgitation, although
the investigators did not show a correlation between age
at Fontan and exercise performance.’ As was the case in
other studies, a significant proportion of patients in the
PHN study did not undergo volume-unloading before
the Fontan procedure.

Comparing results of outcome studies in the single-
ventricle population requires an understanding of the
significant changes in palliative strategy that have oc-
curred over recent decades. Our current study reviewed
performance evaluated by exercise testing from 2003
through 2011—and indeed Fontan completion in this
cohort was performed during 3 separate decades by sur-
geons who used both the lateral-tunnel and extracardiac
techniques. A simple statement of factors associated with
performance, then, can inadvertently overlook impor-
tant contributions from changes in approach, including
use of the ScPc, timing of the ScPc and the Fontan,
and the use or abandonment of the fenestration. Our
study differs from the aforementioned studies because
we attempted to identify a group of single-ventricle pa-
tients undergoing Fontan palliation in accordance with
the most current surgical strategy. We studied patients
who, before their Fontan procedure, underwent ScPc
during infancy and did not have a pacemaker. This co-
hort more closely reflects the patients undergoing staged
palliation at the present time. Among this cohort who
had undergone volume-unloading at age <1 year, older
age at subsequent Fontan was associated with improved
performance.

The primary benefit of Fontan completion is the
attendant improvement in oxygenation. However, an
understanding of the long-term drawbacks to total ca-
vopulmonary connection is growing, particularly among
caregivers of adults and adolescents with Fontan circula-
tion. Our study highlights one important drawback
to prolonged Fontan circulation: a gradual, progressive
deterioration in exercise performance. This diminution
has been characterized in other studies.”” In addition,
central venous pressures increase over time after Fontan
completion.” Elevation of venous pressures exerts delete-
rious effects upon renal, intestinal (protein-losing enter-
opathy), and hepatic function.” There is evidence that,
after Fontan completion, hepatic dysfunction ensues.
Several investigators have shown that hepatic synthetic
dysfunction,® coagulopathy,”” and cirrhosis*** are time-
dependent phenomena after the Fontan operation.

Whereas the benefits of early Fontan are few, the
drawbacks of long-standing Fontan circulation appear
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to be numerous. Our data suggest that delaying the
Fontan operation until after 4 years of age, when fea-
sible, is preferable for most patients. This delay decreases
the total time that a patient is exposed to the imperfect
physiology imposed by the total cavopulmonary con-
nection. Although not investigated in this study, there
is most likely an age at which progressive desaturation
necessitates Fontan completion. We therefore suggest
an ideal but limited window of time for the Fontan
completion, beginning at 4 years of age.

Increasing the age at Fontan completion was also
positively correlated with oxygen pulse index. Because
the arteriovenous oxygen difference at peak exercise is
similar among patients, the oxygen pulse index has been
postulated as a surrogate for stroke volume. A publica-
tion in 2008 from the PHN showed that oxygen pulse
was the most important factor accounting for variance
in the percentage of predicted maximum V0,.* Our
data suggest that the reason for improved exercise per-
formance after delayed Fontan completion is due in part
to preserved stroke volume.

Although more patients in our early-Fontan-comple-
tion group had a fenestration, there was no difference in
exercise performance in association with the presence of
a fenestration at time of exercise testing. This is similar
to data published in 2011 from the PHN.* In addition,
oxygen saturations at rest and peak exercise were differ-
ent between groups, which were accounted for by the
presence or absence of a fenestration. However, we did
not find statistically significant associations between
oxygen saturations and exercise performance, a result
also encountered by the PHN.* Although our study was
not designed to judge the role of fenestration patency
and its impact on exercise performance, our data do not
support the practice of routinely closing fenestrations for
the purpose of improving the percentage of predicted
maximum VO,.

We also found that the percentage of predicted maxi-
mum VO, was diminished in patients with a smaller
Nakata index. In addition, we found a negative asso-
ciation between Fontan pressure and exercise perfor-
mance. Computerized flow models have demonstrated
increased Fontan circulatory power loss when PA cali-
ber is reduced.” The correlations between both Nakata
index and Fontan pressure with exercise performance
might provide a rationale for intervening on hypoplastic
and stenotic branch PAs to promote unobstructed Fon-
tan physiology. Future studies investigating the impact
of such interventions on Fontan patients at peak exercise
would clarify the benefits of such an approach.

Although right ventricular morphology has been
shown to result in a worse composite functional state,
which includes exercise capacity, ventricular morphol-
ogy was not associated with any exercise performance
value in our study.” This finding is similar to those pre-
viously reported.” A larger study from the PHN showed
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a weak association between exercise performance and
ventricular morphology, with the left-ventricle subgroup
having a higher percentage of predicted maximum Vo,.?

Our study failed to uncover any relationship between
either ventricular systolic function or valvar regurgita-
tion and exercise performance. These findings are con-
sistent with those of previous studies.’ Because only a
small proportion of our cohort had ventricular or valvar
dysfunction, our study might have been too underpow-
ered to determine any important relationship.

Because of the complexity of the Fontan circulation,
no single independent variable can be expected to ac-
count for all the variance in exercise performance. As
this imperfect circulation is incrementally improved,
small gains in modifiable factors have become the goal.
We therefore did not find large correlation coefficients
for any single independent variable.

Limitations. There were several limitations to this
study. Our institution does not include pulmonary
function testing with all exercise tests. An appropriately
functioning diaphragm provides a driving force for pul-
monary blood flow in the absence of a subpulmonary
ventricle.* In addition, only patients who were able to
perform treadmill exercise testing were included. A sig-
nificant number of patients might have been excluded
because of death, deconditioning, or musculoskeletal
limitations.

In conclusion, later completion of the Fontan pro-
cedure might be associated with improved exercise ca-
pacity in patients who received palliation in accordance
with recent surgical strategy. Our data suggest that de-
laying the Fontan operation until after 4 years of age,
when feasible, is preferable for most patients.
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