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Impaired exercise capacity is common after the Fontan procedure and
is attributed to cardiovascular limits. The Fontan circulation, however,
is also distinctively vulnerable to unfavorable lung mechanics. This
study aimed to define the prevalence and physiological relevance of
pulmonary dysfunction in patients with Fontan physiology. We ana-
lyzed data from the Pediatric Heart Network Fontan Cross-Sectional
Study to assess the prevalence and pattern of abnormal spirometry in
Fontan patients (6–18 yr old) and investigated the relationship be-
tween low forced vital capacity (FVC) and maximum exercise vari-
ables, including peak O2 consumption (V̇O2peak), among those who
demonstrated adequate effort (n � 260). Average ages at the time of
exercise testing and Fontan completion were 13.2 � 3.0 and 3.5 � 2.2
yr old, respectively. Aerobic capacity was reduced (V̇O2peak: 67.3 �
15.6% predicted). FVC averaged 79.0 � 14.8% predicted, with 45.8%
having a FVC less then the lower limit of normal. Only 7.8%
demonstrated obstructive spirometry. Patients with low FVC had
lower V̇O2peak (64.4 � 15.9% vs. 69.7 � 14.9% predicted, P � 0.01);
low FVC independently predicted lower V̇O2peak after adjusting for
relevant covariates. Among those with V̇O2peak � 80% predicted (n �
204/260), 22.5% demonstrated a pulmonary mechanical contribution
to exercise limitation (breathing reserve � 20%). Those with both low
FVC and ventilatory inefficiency (minute ventilation/CO2 production �
40) had markedly reduced V̇O2peak (61.5 � 15.3% vs. 72.0 � 14.9%
predicted, P � 0.01) and a higher prevalence of pulmonary mechanical
limit compared with patients with normal FVC and efficient ventilation
(36.1% vs. 4.8%). In conclusion, abnormal FVC is common in young
patients after the Fontan procedure and is independently associated with
reduced exercise capacity. A large subset has a pathologically low
breathing reserve, consistent with a pulmonary mechanical contribution
to exercise limitation.

Fontan procedure; congenital heart disease; exercise physiology; pul-
monary; pulmonary heart disease

THE FONTAN PROCEDURE is the most common surgical palliation
for patients with single ventricle physiology, a severe form of
congenital heart disease (CHD) associated with early mortality.
While the Fontan procedure addresses both the hypoxemia and
systemic ventricular volume loading inherent to other forms of
palliation, it is associated with impaired exercise capacity, an

array of evolving complications, and premature death (19). As
patients enter adulthood and acquire additional comorbidities
related and unrelated to CHD (27), it is increasingly critical to
understand the mechanisms of exercise limitation to facilitate
the development of novel strategies to support the tenuous
underlying cardiopulmonary physiology.

It is commonly understood that physical work with Fontan
physiology is limited by inadequate cardiac output, due to an
inability to augment ventricular preload (13). Pulmonary me-
chanics may also play a role in exercise intolerance in various
types of CHD. Forced vital capacity (FVC) correlates with
exercise capacity (14) and predicts survival among adults with
CHD (5). The relationship could be due to effects of the
underlying cardiovascular disease (e.g., pulmonary congestion
or cardiomegaly) on lung mechanics. Studies in adults without
known heart disease, however, have reported an association
between FVC and risks for myocardial infarction, heart failure,
and death (41). Proposed mechanisms include inflammation
and long-term effects of less favorable in utero and early
developmental environments (30, 39).

Reports have described the abnormal pulmonary physiology
and pathology associated with various forms of CHD, includ-
ing small studies of Fontan patients (12, 17, 23, 25, 35).
Abnormal lung function may be common and important in
Fontan patients. While there are likely differences in the
hemodynamic response by Fontan subtypes (26, 36, 37), none
has pulsatile flow or a subpulmonary energy source. As a
consequence, augmentation of pulmonary flow and pressure
are limited, reducing the normal exercise-related recruitment
and distension of the pulmonary vasculature and the attendant
drop in pulmonary vascular resistance. Modest intrathoracic
pressure shifts can, therefore, have a major influence on sys-
temic venous and pulmonary arterial blood flows (32–34).

This study aimed to explore the prevalence and pattern of
abnormal spirometry and relationships between spirometry and
aerobic capacity after the Fontan procedure.

METHODS

Subjects. We analyzed data from the Pediatric Heart Network
Fontan Cross-Sectional Study from patients 6–18 yr old who had
undergone a Fontan procedure. Ethics board approval and informed
consent/assent were obtained according to local guidelines. A cycle
ergometry cardiopulmonary exercise test was performed on 411 of
546 subjects (75%) enrolled in the overall study; exclusions were
height � 115 cm, refusal, inability to cooperate, or a medical condi-
tion precluding exercise (31).
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Spirometry. Subjects underwent spirometry and a 10-s maximal
voluntary ventilation (MVV) maneuver. Both were repeated more
than three times to ensure reproducibility as recommended by Amer-
ican Thoracic Society guidelines (8). Forced expiratory volume in 1 s
(FEV1), FVC, and the ratio of FEV1 to FVC were compared with
predicted values as recommended by the American Thoracic Society
[National Health and Nutrition Examination Survey (NHANES) III],
with the lower limit of normal (LLN) as the 5th percentile of the
general population. NHANES III equations were derived on data from
subjects 8 yr of age or older. Only 7 of 260 subjects in this analysis
were �8 yr old; excluding these subjects did not substantively alter
the results. An obstructive pattern on spirometry was defined as a
FEV1-to-FVC ratio � LLN, whereas FVC � LLN defined restrictive
spirometry. Analyses were repeated using an alternative predictive
equation to confirm the robustness of the results (21) and using FEV1 �
40 to estimate MVV. We reported the most conservative estimates of
the pulmonary mechanical limit to exercise using the higher of the two
values (MVVcons) to calculate the breathing reserve (BR).

Cardiopulmonary exercise testing. Subjects pedaled unloaded for 3
min, and the workload was subsequently continuously increased at a
rate aimed to achieve a symptom-limited test after 10–12 min. Minute
ventilation (V̇E) was measured continuously, as were breath-by-breath
O2 uptake (V̇O2) and CO2 output (V̇CO2). Peak V̇O2 (V̇O2peak) was
defined as the highest V̇O2 averaged over 20 s indexed to body weight
(in ml/kg) and expressed as a percentage of the predicted values (%
predicted) (10). The ventilatory anaerobic threshold (VAT) was esti-
mated using the V-slope method. The ventilatory equivalent for CO2

(V̇E/V̇CO2) was measured at the VAT. Other variables, including the
respiratory exchange ratio (RER), BR, arterial O2 saturation, heart rate
(HR), and chronotropic index, were calculated as previously described
(31). A pulmonary mechanical exercise limitation was defined as BR �
20% and V̇O2peak � 80% predicted.

Statistical analysis. Interpretable exercise testing with baseline
spirometry data was available for n � 401/411. Analysis was limited
to n � 260 with either peak RER � 1.05 or peak HR � 80%
predicted. Average V̇O2peak of the subjects meeting one of these
criteria was 67.4 � 14.7% predicted, similar to n � 147 who met the
single criterion of peak RER � 1.09 (66.7 � 14.8% predicted). FVC
(79.0 � 14.8% vs. 78.5 � 9.4% predicted) and peak HR (78.5 �
10.0% vs. 78.5 � 9.4% predicted) were also similar. Sensitivity
analysis was performed to confirm equivalent results using the stricter
classification. Continuous variables are presented as means � SD, and
categorical variables are presented as counts and percentages. Un-
paired t-tests were used to compare values for normally distributed
variables between FVC groups, whereas Wilcoxon rank-sum tests
were used for non-normally distributed variables. Tests between
subgroups for categorical variables were performed with Fisher’s
exact test. Multiple linear regression was used to test the associ-
ation of FVC with the percent predicted V̇O2peak, adjusting for
variables shown in Table 1 using forward selection (P � 0.10 for
entry). Two-way interactions were assessed. Logistic regression
was used to identify predictors of percent predicted V̇O2peak above
the sample median value (V̇O2peak � 67.9% predicted). The inter-
action between FVC and V̇E/V̇CO2 was explored given the border-

Table 1. Demographic and clinical characteristics

Characteristic Total FVC � LLN FVC � LLN P Value

n 260 119 141
Age, yr

At earliest Fontan 3.5 � 2.2 3.7 � 2.4 3.3 � 2.1 0.09
At exercise testing 13.1 � 3 13.6 � 2.7 12.8 � 3.3 0.03

Height, cm 150.8 � 14.6 152.2 � 13.2 149.7 � 15.6 0.16
Weight, kg 45.3 � 15.7 44.6 � 14.4 46 � 16.7 0.49
Body surface area, m2 1.4 � 0.3 1.36 � 0.27 1.37 � 0.32 0.78
BMI

kg/m2 19.3 � 3.7 18.8 � 3.6 19.8 � 3.8 0.03
Z-score 0.0 � 1.1 �0.4 � 1.2 0.3 � 0.9 �0.0001

Sex, n (%)
Male 155 (59.6) 71 (59.7) 84 (59.6) 1
Female 105 (40.4) 48 (40.3) 57 (40.4) 1

Race, n (%)* 0.1
Caucasian 225 (86.5) 101 (84.9) 124 (87.9)
African-American 19 (7.3) 6 (5.0) 13 (9.2)
Asian 8 (3.1) 6 (5.0) 2 (1.4)

Ventricular morphology, n (%) 0.68
Left 142 (54.6) 68 (57.1) 74 (52.5)
Right 78 (30) 35 (29.4) 43 (30.5)
Both 40 (15.4) 16 (13.5) 24 (17.0)

Type of Fontan, n (%) 0.20
APC 43 (16.5) 23 (19.3) 20 (14.2)
Intracardiac lateral tunnel 152 (58.5) 68 (57.1) 84 (59.6)
Extracardiac lateral tunnel 3 (1.2) 0 (0) 3 (2.1)
Extracardiac conduit 57 (21.9) 24 (20.2) 33 (23.4)
Other 5 (1.9) 4 (3.4) 1 (0.7)

Pacemaker present, n (%) 30 (11.6) 15 (12.6) 15 (10.7) 0.54
Orthopedic problem, n (%) 27 (10.6) 17 (14.5) 10 (7.2) 0.07
Respiratory problem, n (%) 28 (10.9) 18 (15.5) 10 (7.1) 0.04
Asthma, n (%) 32 (12.7) 17 (14.8) 15 (10.9) 0.45
Neurological deficit, n (%) 9 (3.6) 8 (7.0) 1 (0.8) 0.01
Developmental delay, n (%) 23 (10.4) 14 (13.7) 9 (7.6) 0.18
Postoperative chylothorax, n (%) 12 (4.6) 8 (6.7) 4 (2.8) 0.15
Postoperative pleural effusions, n (%) 68 (26.2) 28 (23.5) 40 (28.4) 0.40

Continuous variables are presented as means � SD; categorical variables are presented as number of subjects (n) and percentages. Demographic and clinical
characteristics by forced vital capacity (FVC) category [less than vs. greater than or equal to the lower limit of normal (LLN)] are shown. *Other and unknown
races are not shown. BMI, body mass index; APC, atiropulmonary connection.
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line statistical significance of an interaction term (P � 0.10) and
physiological rationale that low FVC may have a greater impact on
exercise capacity in the setting of ventilatory inefficiency. Given
the strong correlation between FEV1 and FVC (absolute r � 0.97
and r � 0.99 overall and percent predicted r � 0.87 and r � 0.93
for the subset without obstructive spirometry), the results for FEV1

and FVC were similar. Only the FVC analysis is presented.
Two-sided P values of �0.05 were considered significant. Analysis
was performed with SAS 9.3 for Windows (SAS Institute, Cary,
NC). This study was approved by the Institutional Review Board of
Boston Children’s Hospital.

RESULTS

Patient characteristics. The NHANES III percent predicted
FVC was normally distributed [79.0 � 14.8% (median: 79.9%,

interquartile range: 68.6–88.1%), P � 0.72 by Shapiro-Wilk
test; Fig. 1A]. Almost half of the subjects (45.8%) had FVC �
LLN (low FVC; Table 1). Those with low FVC were slightly
older and more likely to report clinical respiratory, orthopedic,
or neurological problems. While there was no significant dif-
ference in either height or weight, the mean body mass index
(BMI) was lower in the low FVC group. There were no
demographic (sex and race) or clinical (underlying anatomic
cardiac diagnosis, ventricular morphology, or Fontan type)
differences between those with low and normal FVC. There
was no significant relationship between the number of surgical
procedures before Fontan (P � 0.79), total number of cardiac
surgeries (P � 0.17), or age at first palliative surgery (P �
0.83) and low FVC.

Table 2. Exercise testing characteristics of those with and without FVC below LLN

Total FVC � LLN FVC � LLN P Value
r Value for Continuous
Percent Predicted FVC

P Value for Continuous
Percent Predicted FVC

V̇O2peak

ml·kg�1·min�1 27.4 � 6.5 26.1 � 6.7 28.5 � 6.2 0.004 0.18 0.005
% predicted 67.3 � 15.6 64.4 � 15.9 69.7 � 14.9 0.006 0.16 0.01

V̇O2 at VAT, % predicted 79.5 � 24.4 75.2 � 23.8 83 � 24.5 0.01 0.13 0.04
Maximum work

W 90.2 � 36.3 84.7 � 28 94.8 � 41.6 0.03 0.22 0.0003
% predicted 65.2 � 16.2 63.4 � 16.8 66.6 � 15.5 0.11 0.15 0.02

V̇E/V̇CO2 42.1 � 8.0 43.1 � 8.4 41.3 � 7.5 0.07 �0.19 0.004
Breathing reserve, % 31.5 � 16.3 27.7 � 15.9 34.7 � 15.7 0.0004 0.36 �0.0001
Peak HR

beats/min 162.4 � 21 159.2 � 23.7 165.1 � 18.1 0.02 0.13 0.04
% predicted 78.5 � 10 77.1 � 11.3 79.7 � 8.6 0.04 0.11 0.07

Chronotropic index 0.7 � 0.2 0.6 � 0.2 0.7 � 0.1 0.03 0.11 0.08
Peak O2 pulse

ml·m�2·beat�1 5.6 � 1.3 5.4 � 1.3 5.7 � 1.3 0.06 0.16 0.01
% predicted 88.5 � 21.8 86.9 � 23.1 89.8 � 20.7 0.28 0.07 0.29

Peak O2 saturation, % 90.8 � 6.1 90.2 � 6.7 91.3 � 5.6 0.14 0.21 0.001
Peak V̇E, l/min 57.1 � 20.2 53.9 � 16 59.7 � 22.9 0.02 0.18 0.004
Peak VT, liters 1.13 � 0.46 1.03 � 0.37 1.21 � 0.5 0.002 0.28 �0.0001
Peak RR, breaths/min 52.7 � 12.3 54.2 � 12.2 51.4 � 12.3 0.07 �0.20 0.002

Data are presented as means � SD. Exercise testing characteristics by FVC category (less than vs. greater than or equal to LLN) are shown. There were no
significant between-group differences in peak respiratory exchange ratio, resting heart rate (HR), or resting O2 saturation (data not shown). V̇O2peak, peak O2

consumption (V̇O2); VAT, ventilatory anaerobic threshold; V̇E, minute ventilation; V̇CO2, CO2 production; VT, tidal volume; RR, respiratory rate.

Fig. 1. Distribution of National Health and Nutrition Examination Survey (NHANES) III percent predicted (%pred) values for forced vital capacity (FVC; A)
and forced expiratory volume in 1 s (FEV1)-to-FVC ratio (B).
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Obstructive spirometry (i.e., FEV1-to-FVC ratio � LLN)
was present in only 7.8% (Fig. 1B). There were no differences
in the prevalence of obstructive spirometry (6.8% vs. 8.5%,
P � 0.65) or mean FEV1-to-FVC ratio (0.89 � 0.08 vs. 0.87 �
0.07, P � 0.07) between those with low and normal FVC.
Knudson and NHANES III percent predicted values for FVC
correlated well(r � 0.95), with a mean percent predicted FVC
for the entire sample of 83.1 � 17.3% and 79.0 � 14.8% using
Knudson and NHANES III equations, respectively; FVC �
80% predicted was present among a similar proportion (43.9%
and 45.8%) for each predictive equation.

Relationship between baseline spirometry and cardiopulmo-
nary exercise variables. Both weight-normalized and percent
predicted V̇O2peak were lower in the low FVC group (Table 2).
Peak HR was lower in the low FVC group, and there was a
trend toward a lower O2 pulse. Those with low FVC also
tended to have lower peak O2 saturation and higher V̇E/V̇CO2.
Low FVC was associated with both lower peak tidal volume
(VT) and higher peak respiratory rate (RR). The increase in RR
did not fully compensate for the limited VT, and those with low
FVC had lower peak V̇E. The BR at peak exercise averaged
31.5 � 16.1% (using MVVcons), and BRs of �30%, �20%,
and �10% were present in 45.0%, 26.5%, and 9.6% of the
subjects, respectively. A pulmonary ventilatory exercise limi-
tation, defined as BR � 20% and V̇O2peak � 80% predicted,
was present in 19.4% of the subjects overall and in 26.9% and
13.2% of those with low and normal FVC, respectively.
Among those with an aerobic limitation (V̇O2peak � 80%pre-
dicted), a pulmonary limit was present in 22.5% of the subjects
(29.3% and 16.2% of those with low and normal FVC, respec-
tively).

Characteristics associated with percent predicted V̇O2peak.
Higher percent predicted FVC was associated with higher
percent predicted V̇O2peak (� � 	1.68/10% increase in percent
predicted FVC, r2 � 0.03, P � 0.01). Conversely, obstructive
spirometry was not associated with percent predicted V̇O2peak

(	3.0%, P � 0.61). The association between percent predicted
FVC and percent predicted V̇O2peak was strengthened by ad-
justment for important covariates (Table 3). Other variables
predictive of percent predicted V̇O2peak paralleled those previ-
ously reported (31). Limiting the analysis to patients with peak
RER � 1.09 yielded equivalent results (n � 145, multivariate
� � 	3.0/10% increase in percent predicted FVC, P � T
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Table 3. Multivariable regression, dependent variable
percent predicted V̇O2peak (n � 259, r2 � 0.35)

Independent
Variable �

95% Confidence
Interval

Partial
r2 Value P Value

Intercept 72.9 50.6, 95.2 �0.0001
Percent predicted

FVC, 10% 2.58 1.46, 3.71 0.08 �0.0001
BMI, kg/m2 �2.17 �2.72, �1.62 0.19 �0.0001
Age, yr �1.14 �2.01, �0.28 0.03 0.006
Female sex 3.86 0.62, 7.10 0.02 0.02
Height, cm 0.17 �0.01, 0.36 0.01 0.06
Morphological

right ventricle �3.43 �6.91, 0.04 0.01 0.06

Shown is the model derived using forward selection (P � 0.10 for entry) for
variables included in Table 1. Use of the BMI Z-score instead of absolute BMI
did not change the results.
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0.0001), with other significant predictors being BMI and sex
(P � 0.0001 and 0.03, respectively).

Normal FVC, relative to those with low FVC, was associ-
ated with a higher odds of having V̇O2peak above the median
[67.9% predicted (univariate odds ratio (OR) � 2.1, 95%
confidence interval: 1.3–3.5), P � 0.003] even after adjusting
for age and BMI (multivariable OR � 3.7, 95% confidence
interval: 2.0–6.9, P � 0.0001, with the c statistic increasing from
0.74 for a model including only age and BMI to 0.84 with
addition of FVC � LLN); the inclusion of V̇E/V̇CO2 did not
affect the result (multivariable OR � 4.5, 95% confidence
interval: 2.2–9.4, P � 0.0001, c statistic � 0.85).

Additive effects of ventilatory inefficiency and low FVC.
FVC and V̇E/V̇CO2 each independently predicted V̇O2peak, and
there was an additive effect: the combination of high V̇E/V̇CO2

(�40) and low FVC was associated with a much lower odds of
having V̇O2peak � median (Table 4 and Fig. 2), even after
adjustment for age and BMI. Those with V̇E/V̇CO2 � 40 but
normal FVC were able to achieve a peak V̇E equivalent to
patients with more efficient ventilation as the result of in-
creased RR in the setting of low peak VT; those with both
elevated V̇E/V̇CO2 and low FVC, however, were unable to
further increase RR despite an even more depressed peak VT.

Those with either inefficient ventilation or low FVC were more
likely to have a low BR; among those with both characteristics,
the BR averaged 24.6 � 15.0%, and 65.1% had BR � 30%
(Fig. 3). A pulmonary mechanical exercise limitation was
present in 4.8% of those with normal V̇E/V̇CO2 and FVC
compared with 36.1% among patients with a combination of
high V̇E/V̇CO2 and low FVC.

Characteristics of patients with a pulmonary mechanical
exercise limit. Patients with a pulmonary exercise limit were
compared with those with a presumed cardiovascular limit
(i.e., V̇O2peak � 80% predicted but BR � 20%); anthropomet-
ric, demographic, and clinical characteristics were similar,
although men tended to have a higher probability of a pulmo-
nary limit (26.6% vs. 16.3%, P � 0.09). Those with and
without a pulmonary limit underwent a similar number of
surgical procedures overall or before the initial Fontan proce-
dure (4.0 � 1.8 vs. 3.5 � 1.5, P � 0.13, and 2.3 � 1.1 vs.
2.5 � 1.4, P � 0.33), and there was no difference in age at the first
palliative surgery (0.5 � 1.3 vs. 0.5 � 1.0 yr old, P � 0.99).
There were no differences in peak RER, V̇O2, workload, HR, or
O2 pulse between the two groups. A pulmonary limit was
associated with both lower FVC and higher V̇E/V̇CO2 (Table 5).
The presence of both lower MVVcons and higher peak V̇E

contributed to the lower BR. There was no difference in VT at
either VAT or peak exercise between those with and without a
pulmonary limit; those with a pulmonary limit, however, had a
markedly higher RR at both time points (Table 5 and Fig. 4A).
In addition, whereas absolute VT was equivalent, the ratio of
VT to FVC was greater among patients with a pulmonary limit
at both VAT and peak exercise (Fig. 4B). Interestingly, the
average FEV1-to-FVC ratio tended to be slightly lower for
those with a pulmonary limit, and almost half of the patients
with obstructive spirometry had a pulmonary exercise limit (7
of 15 patients, 46.7% vs. 19.8%, P � 0.02). We performed
multivariable logistic regression using forward selection inclu-
sive of univariate predictors of a pulmonary limit as well as age
and BMI. Higher V̇E/V̇CO2 (
2 � 11.9, P � 0.0006), higher
BMI (
2 � 10.8, P � 0.001), and lower percent predicted FVC
(
2 � 10.4, P � 0.0016) independently predicted the presence
of a pulmonary limit (model c-statistic: 0.81); neither the

Fig. 2. Aerobic exercise capacity as a function of FVC and minute ventilation
(V̇E)/CO2 production (V̇CO2). Shown is the proportion of subjects with low
peak O2 consumption (V̇O2; less than a median value of 67.9% predicted) by
category of FVC and V̇E/V̇CO2.

Fig. 3. Prevalence of low breathing reserve (PR) and a pulmonary mechanical limit to exercise by FVC and V̇E/V̇CO2 category. A and B: proportion of subjects
by BR (A) and with limited aerobic capacity (peak V̇O2 � 80% predicted) with a pulmonary mechanical limit to exercise (BR � 20%; B) by both category of
FVC and V̇E/V̇CO2.
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FEV1-to-FVC ratio as a continuous variable nor obstructive
spirometry was an independent predictor.

DISCUSSION

The physiological data from this large multicenter cohort
highlight the central role of the lungs in the exercise response
among young patients who have had a Fontan procedure. FVC
is below the normal range in almost half of patients with
Fontan physiology, and low FVC independently predicts im-
paired exercise capacity. This association between FVC and
V̇O2peak was stronger than that seen for ventricular morphology
or markers of ventricular dysfunction and represents one of our
key findings. Low FVC also appears to limit the ability to
compensate for ventilatory inefficiency, a common finding in
this population. As a result, aerobic capacity may be limited by
pulmonary in addition to cardiovascular factors in a sizable
subset of Fontan patients.

The underlying cause of low FVC is unclear, but there are
likely developmental, mechanical, and functional contributors.
Lung development is abnormal in many types of CHD without
intervention, and surgical interventions themselves also impact
pulmonary development. Both the pulmonary vasculature (4,
11, 16, 17, 35) and parenchyma may be affected (17, 35).
Alveolarization begins in the last trimester of pregnancy, and
rapid alveolar growth continues after birth, with continued
development for at least the first several years of life; 95% of
the adult alveolar surface area forms after birth, and disruption
of vascular development inhibits alveolar growth (2, 39). Thus,
both prenatal and early postnatal environmental, particularly
vascular, deprivation may affect lung development (6). There
are few data on pulmonary parenchymal effects of the Fontan
circulation, but animal studies have demonstrated acute devel-
opment of bronchiolitis after Fontan completion (18). Chest
wall abnormalities, including scoliosis and pectus deformities,
are common in patients with cyanotic CHD, and this can cause
low FVC through mechanical constraints and impaired lung
growth. Marked cardiomegaly, pleural adhesions, or ascites
may also mechanically limit lung volume. These findings are
not common in Fontan patients in this age group, however.

Table 5. Characteristics of those with and without a
pulmonary exercise limitation

Characteristic

Pulmonary Limit

P ValueNo Yes

n 158 46
Age, yr

At earliest Fontan 3.7 � 2.5 3.3 � 2.1 0.23
At exercise testing 13.7 � 3.2 13 � 2.6 0.19

Height, cm 153.1 � 14.8 150.7 � 13.5 0.34
Weight, kg 47.8 � 16 47.4 � 16.5 0.89
BMI

kg/m2 19.8 � 3.8 20.2 � 4.2 0.52
Z-score 0.0 � 1.2 0.2 � 1.3 0.21

V̇O2peak

ml·kg�1·min�1 25 � 5.6 26.6 � 4.5 0.07
% predicted 60.9 � 12.7 63.7 � 8.8 0.17

Peak work
W 90.6 � 38 91 � 33.1 0.96
% predicted 61.1 � 15.9 63.1 � 12.2 0.42

Peak HR
beats/min 160.4 � 22.4 161.9 � 19.6 0.69
% predicted 77.7 � 10.6 78.2 � 9.6 0.77

Peak O2 pulse,
% predicted 81.5 � 19.4 83.6 � 15.7 0.52

Peak O2 saturation, % 90.5 � 6.5 89.6 � 6.3 0.47
V̇E/V̇CO2 41.3 � 7.4 47.2 � 9.1 �0.0001
Maximal voluntary

ventilation, liters 90.9 � 29.9 76.5 � 28.1 0.004
Breathing reserve,% 39.6 � 11.6 11.0 � 7.7 �0.0001
Peak V̇E, l/min 54.0 � 18.6 67.6 � 24.1 �0.0001
Peak VT, liters 1.17 � 0.45 1.15 � 0.49 0.84
Peak RR, breaths/min 48.2 � 11.2 60.9 � 8.7 �0.0001
VT/FVC at VAT, % 36.4 � 8.8 41.1 � 6.5 �0.0001
Peak VT/FVC, % 45.7 � 8.1 50.7 � 7.1 0.0002
FEV1, liters 2.24 � 0.74 1.89 � 0.71 0.006
FVC, liters 2.56 � 0.88 2.2 � 0.87 0.01
FEV1, % predicted 79.4 � 14.8 68.7 � 14 �0.0001
FVC, % predicted 80 � 14.6 71.9 � 13.7 0.001
FEV1-to-FVC ratio 0.88 � 0.07 0.86 � 0.09 0.09

There was no significant between-group difference in resting HR, chrono-
tropic index, resting O2 saturation, peak O2 pulse (in ml·m�2·beat�1) or peak
respiratory exchange ratio (data not shown). FEV1, forced expiratory volume
in 1 s. A pulmonary limit was defined as V̇O2peak � 80% predicted and
breathing reserve � 20%.

Fig. 4. Characteristics of the pulmonary ventilatory response to exercise among those with normal and low BR. A: tidal volume (VT), respiratory rate, and V̇E

at the ventilatory anaerobic threshold (VAT) and peak exercise for those with a pulmonary exercise limit compared with patients with peak V̇O2 � 80% predicted
but normal BR. Vertical arrows in A represent BR. B: whereas absolute VT was equivalent, VT relative to FVC was significantly higher at both time points. BPM,
breaths per minute; MVV, maximal voluntary ventilation; PML, pulmonary mechanical limit.
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Diaphragmatic paralysis is a known surgical complication, and
more subtle respiratory and skeletal muscle weakness is prev-
alent (15). While postoperative pleural effusions could presum-
ably have long-term consequences, the present data do not
support a relationship between this phenomenon and low FVC.
Similarly, while there was a trend toward lower FVC with
postoperative chylothorax, this was not statistically significant,
and only a small number of patients suffer postoperative
chylothorax (9).

The present analysis was limited to spirometry data. While
we observed a reduction in FVC, it cannot be concluded that
Fontan patients have restrictive lung disease as defined by low
total lung capacity. While spirometry suggests that obstructive
lung disease is uncommon in patients with Fontan physiology,
smaller studies have reported elevated residual volume/total
lung capacity, suggesting the presence of air trapping (23, 28).

The mechanisms for the robust relationship between low
FVC and low V̇O2peak remain undefined. A simple explanation
may be that smaller lungs have fewer pulmonary blood vessels,
thereby precluding a physiological decrease in pulmonary
vascular resistance with increased flow. Low FVC may reflect
smaller than normal lungs with fewer pulmonary vessels rela-
tive to body size, limiting the ability to recruit vessels in
response to increased flow. This impediment would be in
addition to demonstrated pulmonary vascular histological
changes and endothelial dysfunction in patients with Fontan
circulation (3, 20, 45). The prepulmonary Fontan circulation,
lacking a ventricle, would be unable to generate the power
needed to compensate for an abnormal pulmonary vascular
response to exercise, resulting in impaired cardiac output
augmentation.

The present data do not allow confirmation of the above
explanation, and there are alternative potential mechanisms.
The Fontan circulation is vulnerable to small changes in
intrathoracic pressure and loading conditions due to lack of a
subpulmonary power source as well as elevated systemic
venous pressures preventing the normal respiratory collapse of
veins entering the thoracic cavity (with negative right atrial
pressure), resulting in a continuous transmission of intratho-
racic venous pressure to the periphery. Studies have demon-
strated striking effects on venous and pulmonary blood flow
with changes in ventilation strategy (32, 33, 40, 44). Evidence
for the importance of a “pulmonary pump” in generating
forward flow is mixed (38); adverse pulmonary mechanics may
limit this positive effect or impede forward momentum. The
absence of normal pulsatile flow and pressure augmentation
may limit normal exercise-related dilation and upper lung
pulmonary vascular recruitment in the upright position and,
consequently, increase alveolar dead space. In combination
with the lower VT relative to FVC, this would increase the ratio
of physiological dead space ventilation to VT and V̇E/V̇CO2.
One study (29) has reported increased hypercapnic chemosen-
sitivty in a subset of Fontan patients (n � 10/42), and this was
associated with abnormal end-tidal CO2 and V̇E/V̇CO2. We are
not aware of studies of directly measured arterial PCO2 sug-
gesting an abnormal resting or exercise response, although if
present this would contribute to the elevated V̇E/V̇CO2. The
higher RR seen in patients with low FVC may itself be
disadvantageous; physiological modeling suggests that respi-
ration with exercise causes enhanced energy dissipation in the
total cavopulmonary anastomosis (22). While not as widely

appreciated, inspiratory muscle fatigue itself, in normal human
subjects, results in reflex sympathetic activation with associ-
ated skeletal muscle vasoconstriction and increases in arterial
pressure and HR, responses that would adversely impact Fon-
tan hemodynamics (42). In addition, progressive air trapping
could presumably compress the pulmonary vascular bed and
limit systemic ventricular preload. While the present data allow
little more than speculation on the underlying mechanisms, this
discussion highlights the complex interaction between the
pulmonary mechanical pump, pulmonary vasculature, neuromus-
cular physiology, and cardiac structures. The rich interplay be-
tween markers of pulmonary vascular dysfunction (V̇E/V̇CO2) and
pulmonary mechanical phenomena (FVC) in limiting maximal O2

delivery argues that aerobic capacity is limited by multiple factors.
It follows that a deeper understanding of the interactions between
the vasculature, heart, and lung in the Fontan circulation may
identify novel noncardiac therapeutic targets.

The data presented must be interpreted with an appreciation of
the study design. Only spirometry data were available, and low
FVC does not necessarily correspond to low total lung capacity
(1). There are no data on inspiratory muscle function or chest wall
deformities, and very limited data on diagnosed lung disease. We
used V̇E/V̇CO2 at VAT to represent ventilatory efficiency; opinion
varies on the merits of alternatives such as the V̇E/V̇CO2 slope,
although some support using V̇E/V̇CO2 at VAT (43).

The BR is a gross marker of pulmonary limitation and does
not provide mechanistic insights. We used a strict definition for
the pulmonary mechanical limit, choosing FEV1 �40 (as
opposed to �35) to provide a conservative estimate of the
prevalence of a pulmonary limit (43). Likewise, while BR �
30% has defined pulmonary limit in a previous study (24), we
used a stricter criterion (BR � 20%). The average BR in normal
adults is �39% (7), similar to the group of Fontan patients with
normal FVC and V̇E/V̇CO2, suggesting that the technique did not
preclude normal ventilatory findings. Thus, we believe that our
estimate of the proportion of patients with a physiologically
important pulmonary mechanical contribution to exercise limita-
tion underestimates the true prevalence. Even the cautious values
presented suggest that the role of pulmonary mechanics in Fontan
physiology deserves greater attention.
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