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Guenette JA, Ramsook AH, Dhillon SS, Puyat JH, Riahi M,
Opotowsky AR, Grewal J. Ventilatory and sensory responses to
incremental exercise in adults with a Fontan circulation. Am J Physiol
Heart Circ Physiol 316: H335–H344, 2019. First published Novem-
ber 2, 2018; doi:10.1152/ajpheart.00322.2018.—Many adults with
single-ventricle congenital heart disease who have undergone a Fon-
tan procedure have abnormal pulmonary function resembling restric-
tive lung disease. Whether this contributes to ventilatory limitations
and increased dyspnea has not been comprehensively studied. We
recruited 17 Fontan participants and 17 healthy age- and sex-matched
sedentary controls. All participants underwent complete pulmonary
function testing followed by a symptom-limited incremental cardio-
pulmonary cycle exercise test with detailed assessments of dyspnea
and operating lung volumes. Fontan participants and controls were
well matched for age, sex, body mass index, height, and self-reported
physical activity levels (all P � 0.05), although Fontan participants
had markedly reduced cardiorespiratory fitness and peak work rates
(P � 0.001). Fontan participants had lower values for most pulmonary
function measurements relative to controls with 65% of Fontan
participants showing evidence of a restrictive ventilatory defect.
Relative to controls, Fontan participants had significantly higher
breathing frequency, end-inspiratory lung volume (% total lung ca-
pacity), ventilatory inefficiency (high ventilatory equivalent for CO2),
and dyspnea intensity ratings at standardized absolute submaximal
work rates. There were no between-group differences in qualitative
descriptors of dyspnea. The restrictive ventilatory defect in Fontan
participants likely contributes to their increased breathing frequency
and end-inspiratory lung volume during exercise. This abnormal
ventilatory response coupled with greater ventilatory inefficiency may
explain the increased dyspnea intensity ratings in those with a Fontan
circulation. Interventions that enhance the ventilatory response to
exercise in Fontan patients may help optimize exercise rehabilitation
interventions, resulting in improved exercise tolerance and exertional
symptoms.

NEW & NOTEWORTHY This is the first study to comprehensively
characterize both ventilatory and sensory responses to exercise in
adults that have undergone the Fontan procedure. The majority of
Fontan participants had a restrictive ventilatory defect. Compared

with well-matched controls, Fontan participants had increased breath-
ing frequency, end-inspiratory lung volume, and ventilatory ineffi-
ciency. These abnormal ventilatory responses likely form the mech-
anistic basis for the increased dyspnea intensity ratings observed in
our Fontan participants during exercise.

cardiopulmonary exercise testing; congenital heart disease; dyspnea;
restrictive lung disease; ventilatory limitation

INTRODUCTION

Single ventricle physiology encompasses a spectrum of
malformations in which both pulmonary venous and systemic
venous (superior and inferior vena cava) blood flow are di-
rected back into a functional single ventricle via the atria (27).
The basic premise of the Fontan operation is to separate the
pulmonary and systemic venous circulations by directing sys-
temic venous blood to the pulmonary artery without an inter-
posed ventricle, leaving the single ventricle to serve the sys-
temic circulation. However, a univentricular Fontan circulation
does not replicate a normal biventricular circulation. As a
result, exercise capacity is reduced to ~60% of normative
values during midadolescence and continues to fall at a rate of
~2.6% per year until the mid-20s (18).

The reduced exercise capacity in those with a Fontan circu-
lation is thought to be driven, in large part, by an inability to
adequately increase cardiac output attributable to a reduction in
ventricular preload (17). Thus, it is well understood that these
individuals experience a “cardiac limitation” to exercise. How-
ever, emerging evidence suggests that other noncardiac factors
may also contribute to reduced exercise capacity in this pop-
ulation. For example, pulmonary function abnormalities have
been documented in Fontan patients, including symmetric
reductions in forced vital capacity (FVC) and forced expiratory
volume in 1 s (FEV1) (16). FVC correlates with exercise
capacity (19) and is an independent predictor of survival in
adults with congenital heart disease (2). Whether these abnor-
malities in resting pulmonary function result in ventilatory
limitations and increased levels of exertional dyspnea has not
been systematically evaluated.
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The majority of studies that have examined ventilatory
limitations in Fontan patients have focused on gross measures
of ventilatory reserve [i.e., the ratio between maximal exercise
minute ventilation (V̇E) and maximum voluntary ventilation
(MVV)] (40, 45). Values exceeding 85% are generally consid-
ered evidence of a “ventilatory limitation” (3). This widely
used method is simple to interpret but has a number of
drawbacks. First, V̇E/MVV provides little insight into the
factors that contribute to ventilatory constraints during exercise
(25). Second, a voluntary measure of ventilatory capacity
performed under resting conditions (i.e., MVV) bears little
resemblance to the breathing patterns, operating lung volumes,
and respiratory muscle recruitment patterns adopted during the
hyperpnea of exercise (28). Finally, objective evidence of
ventilatory limitations can be demonstrated even in the setting
of a normal V̇E/MVV (10, 24, 25). Accordingly, more detailed
assessments of breathing pattern responses, operating lung
volumes, and expiratory flow limitation have the potential to
advance our understanding of ventilatory limitations during
exercise (21, 25), particularly in those with congenital heart
disease (42). Importantly, it remains to be determined whether
ventilatory limitations contribute to increased levels of exer-
tional dyspnea in Fontan patients.

The purpose of the present study was to provide a compre-
hensive characterization of the ventilatory and sensory re-
sponses to exercise in adults that have undergone the Fontan
procedure. We hypothesized that Fontan participants would
have higher dyspnea intensity ratings at standardized absolute
submaximal work rates and would experience greater mechan-
ical constraints on tidal volume (VT) expansion at lower work
rates compared with healthy age-, sex-, and physical activity-
matched healthy controls.

METHODS

Participants. This study included 17 Fontan participants and 17
controls with each group having 8 women and 9 men. Fontan
participant inclusion criteria included a history of the Fontan opera-
tion, age of �18 yr, nonsmoking (currently or history of �10
pack-years), clinically stable, and free of contraindications to exercise
testing according to the treating cardiologist. Fontan participants were
recruited from the St. Paul’s Hospital Pacific Adult Congenital Heart
Clinic. Sedentary control participants with no history of cardiopulmo-
nary disease were recruited from the community and university
population through poster advertisements. Control participants were
recruited after data was collected for Fontan participants to facilitate
matching based on age and sex. Women were tested randomly
throughout their menstrual cycle and were permitted to use oral
contraceptives because the ventilatory response to exercise does not
appear to be affected by menstrual cycle phase (6, 13, 31) or oral
contraceptive use (8).

Experimental overview. This study received institutional ethical
approval from the University of British Columbia and Providence
Health Care Research Ethics Board. All participants provided written
informed consent before participation, and all experimental testing
took place on a single visit to a dedicated research laboratory (Car-
diopulmonary Exercise Physiology Laboratory) at St. Paul’s Hospital.
Participants first completed questionnaires followed by pulmonary
function testing and a symptom-limited incremental cardiopulmonary
cycle exercise test. All participants were thoroughly familiarized with
testing procedures and symptom scales before completing the tests.

Questionnaires. All participants completed demographic, medical
history, medication, dyspnea [oxygen cost diagram (34), modified
Medical Research Council dyspnea scale (33), and baseline dyspnea

index (32)] and physical activity [International Physical Activity
Questionnaire-Short Form (12)] questionnaires. A Physical Activity
Readiness Questionnaire (https://eparmedx.com) was completed by
healthy controls only.

Exercise protocol. The incremental exercise test was performed
using an electronically braked cycle ergometer (ergoselect 200, Er-
goline). The exercise test began with a steady-state resting period
while the participant was seated on the cycle ergometer for 7 min
followed by a 1-min warmup of unloaded pedaling and 20-W stepwise
increases in work rate every 2 min until symptom limitation.

Pulmonary function. Spirometry, plethysmography, diffusing ca-
pacity of the lungs for carbon monoxide, and maximum respiratory
pressures were measured according to standard recommendations (4,
30, 35, 48) using a commercially available cardiopulmonary testing
system (Vmax Encore 229 with V62J Autobox, CareFusion). Pulmo-
nary function measurements are expressed in absolute values and
relative to predicted values (9, 23, 46).

Cardiorespiratory responses to exercise. Standard cardiorespira-
tory measures were recorded on a breath-by-breath basis and averaged
over 30-s epochs (Vmax Encore 229, CareFusion). Arterial oxygen
saturation, heart rate, and blood pressure were monitored at rest and
throughout the exercise test using pulse oximetry (Radical-7 Pulse
CO-Oximeter, Masimo), 12-lead electrocardiography, and manual
sphygmomanometry, respectively. Operating lung volumes were de-
rived from dynamic inspiratory capacity maneuvers (21). Specifically,
end-expiratory lung volume (EELV) was calculated as the difference
between total lung capacity (TLC) and inspiratory capacity, and
end-inspiratory lung volume (EILV) was calculated as the sum of
EELV and VT. Figure 1A shows an example of an operating lung
volume plot in an individual Fontan participant. All cardiorespiratory
measurements were averaged between 60 and 90 s of each 120-s stage
of exercise and were then linked with the symptom ratings and
inspiratory capacity-derived variables that were collected between 90
and 120 s. This was done to prevent potential breathing pattern
alterations that could occur during the performance of inspiratory
capacity maneuvers and/or when participants rate their sensory re-
sponses to exercise. The degree of expiratory flow limitation (EFL)
was estimated by superimposing tidal flow-volume loops within a
preexercise maximum flow-volume loop according to EELV. The
percentage of EFL was then quantified as the volume of the tidal
breath that met or exceeded the expiratory limb of the maximum
flow-volume loop divided by the VT of those breaths (21), as shown
in Fig. 1B.

Dyspnea evaluation. Dyspnea intensity (defined as “the sensation
of labored or difficult breathing”) and perceived leg discomfort were
evaluated at rest, every minute during exercise, and at peak exercise
using the modified 0–10 category ratio Borg scale (7). The end points
of the scale were described as follows: 0 represents “no breathing or
leg discomfort” and 10 represents “the most intense breathing or leg
discomfort you have ever experienced or could ever imagine experi-
encing.” Slopes relating dyspnea intensity and V̇E (using only Borg
ratings �0) were also calculated. Immediately after stopping exercise,
participants were asked to 1) state their primary reason(s) for stopping
exercise (e.g., breathing discomfort, leg discomfort, a combination of
breathing and leg discomfort, or another reason), 2) attribute a
percentage between breathing and leg discomfort leading to exercise
cessation, and 3) choose applicable qualitative descriptors of breath-
lessness using a modified list of descriptors from Simon et al. (43), as
we have used previously (11).

Statistical analysis. Between-group comparisons (Fontan partici-
pants vs. healthy controls) for descriptive characteristics (e.g., age,
height, pulmonary function, etc.) and peak exercise responses were
performed using unpaired t-tests when data were normally distributed.
Nonparametric permutation tests were performed on data that showed
marked deviations from normality, as indicated by density plots and
Shapiro-Wilk tests. Comparisons for cardiopulmonary and sensory
responses to exercise at standardized absolute submaximal work rates
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were performed using repeated-measures ANOVA with the Green-
house-Geisser correction. To determine whether group differences
were present at various work rates, the interaction between group
and work rate was tested followed by Bonferroni-adjusted post hoc
comparisons when results were significant. Statistical comparisons
were primarily focused on absolute instead of relative (e.g., per-
centage of maximal) submaximal work rates because the primary
aim was to determine whether Fontan participants experience more
dyspnea and ventilatory abnormalities to perform the same stan-
dardized absolute physical task, similar to what they might expe-
rience during their daily activities. This also avoids the need to
interpolate data, particularly dyspnea and inspiratory capacity-
derived measurements because these measurements were not ob-
tained at precise relative work rates (e.g., 25%, 50%, and 75% of
peak work rate). Group differences in the reasons for stopping
exercise and the qualitative descriptors of dyspnea were analyzed
using Fisher’s exact test. Spearman correlation coefficients were
determined to explore the relationship between dyspnea intensity
ratings and select ventilatory data at peak exercise in Fontan
participants. Statistical significance was set at P � 0.05. Data are
presented as means � SD. Data analysis was performed using
SPSS version 25 and R version 3.4.4.

RESULTS

Participant characteristics. Baseline characteristics of Fon-
tan and control participants are shown in Table 1. Both groups
were closely matched for age, sex, height, body mass index,
and body surface area. Despite the numerically higher self-
reported value for physical activity levels in Fontan partici-
pants, there was no statistically significant difference between
groups (P � 0.42). The numerically higher value was due
exclusively to one extreme outlier who reported unusually high
levels of walking attributable to his occupation. When removed
from this analysis, mean physical activity levels were nearly
identical between Fontan versus control participants (1,819 �
406 vs. 1,941 � 376 MET-min/wk, respectively, P � 0.83).

Fontan participants had significantly higher chronic activity-
related dyspnea according to all three dyspnea questionnaires
(Table 1). Fontan participants had significantly reduced abso-
lute and percent-predicted values for FEV1, FVC, MVV, and
diffusing capacity of the lungs for carbon monoxide relative to
controls. Eleven (65%) and thirteen (76%) Fontan participants
were below the lower limit of normal (LLN) for FVC and
FEV1, respectively, compared with only 1 (6%) and 2 (12%)
controls, respectively. There was no difference in FEV1/FVC
between groups, and no participant had a FEV1/FVC of �80%
predicted, although three Fontan participants and four controls
were below the LLN. Twelve (71%) Fontan participants had
TLC values below the LLN with only one of these participants
having a FEV1/FVC below the LLN. Thus, 11 (65%) Fontan
participants were classified as having a restrictive abnormality
according to established criteria (41). Maximal inspiratory
pressure was similar between groups, but maximal expiratory
pressure was significantly lower in Fontan participants when
expressed as a percentage of predicted (P � 0.05) and tended
to be lower when expressed in absolute values (P � 0.06).
Clinical characteristics of Fontan participants are shown in
Table 2. In addition, two patients had scoliosis, three patients
had pectus deformities, no patients had documented diaphrag-
matic paralysis, and the group had an average of 4 � 2 proce-
dures that involved a sternotomy or thoracotomy.

Peak exercise responses are shown in Table 3. Fontan
participants had markedly reduced peak oxygen uptake values
compared with both controls and normative values based on
age, sex, and height (26). Similarly, average peak work rate
was 46% lower in Fontan participants relative to controls. Both
groups achieved respiratory exchange ratios that were, on
average, �1.05 with no significant difference between groups.

Cardiopulmonary responses. Selected cardiopulmonary vari-
ables during exercise are shown in Fig. 2. Fontan participants
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Fig. 1. A: operating lung volume plot in an individual Fontan participant. End-expiratory lung volume (EELV) decreased relative to resting values and stayed
below resting values throughout all exercise intensities. An increase in EELV relative to rest would be indicative of dynamic lung hyperinflation, which did not
occur in any Fontan participant. End-inspiratory lung volume (EILV) progressively increased throughout exercise and then reached a plateau at 120 W. The tidal
volume (VT), represented in the dark gray shaded region (i.e., the difference between EELV and EILV), continually increased throughout exercise but became
constrained at 120 W. At this point, the patient’s EILV is approaching 95% of their total lung capacity (TLC), at which the elastic loading on the inspiratory
muscles should be elevated. The light gray shaded region represents the inspiratory reserve volume (IRV). The IRV is large during light intensity exercise but
progressively decreases, particularly when VT becomes constrained. B: schematic representation of a preexercise maximum expiratory flow-volume (MEFV)
curve in the same Fontan participant. The thin black flow-volume loop represents a breath at maximal exercise and is positioned along the volume axis according
to the measured EELV. The percentage of expiratory flow limitation (EFL) was calculated by dividing the volume of the maximal exercise breath that met or
exceeded the MEFV curve (i.e., VFL) by VT.
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achieved significantly reduced peak heart rate values relative to
controls with no differences between groups at absolute submaxi-
mal work rates (Fig. 2A). Fontan participants achieved peak heart
rate values of 77 � 13% predicted compared with 95 � 12%
predicted for controls (P � 0.001; Table 3). Similarly, peak
oxygen pulse was significantly lower at peak exercise in Fontan
participants relative to controls but was not different at standard-
ized absolute work rates (Fig. 2B). Arterial oxygen saturation (via
pulse oximetry) was consistently lower in Fontan participants at
rest and throughout all exercise intensities (Fig. 2C).

Ventilatory responses. The ventilatory response to exercise
is shown in Fig. 3. V̇E was consistently elevated in Fontan
participants at standardized submaximal work rates and tended
to be higher at rest (P � 0.08). The higher V̇E during submaxi-
mal work rates appeared to be driven by both a modestly higher

VT (Fig. 3B) and significantly higher breathing frequency (Fig.
3C). However, the peak V̇E in Fontan participants was signif-
icantly reduced relative to controls, and this was primarily due
to their significantly lower peak VT (Fig. 3 and Table 3).
V̇E/MVV was not different between groups at peak exercise
(Table 3) with five (29%) Fontan participants and three (18%)

Table 1. Descriptive characteristics of Fontan and control participants

Fontan Participants Control Participants

Age, yr§ 31.8 � 11.0 30.1 � 10.8
Sex (men:women) 9:8 9:8
Height, cm 167 � 10 167 � 8
Body mass index, kg/m2§ 25.8 � 6.2 24.9 � 3.1
Body surface area, m2 1.80 � 0.22 1.78 � 0.16
Physical activity, MET-min/wk 2,983 � 1224 1,941 � 376
Modified Medical Research Council dyspnea scale (scale: 0–4) 0.8 � 0.1† 0.2 � 0.1
Oxygen cost diagram, mm 75 � 3* 85 � 2
Baseline dyspnea index focal score (scale: 0–12) 9.1 � 0.4† 10.9 � 0.4
Oxygen saturation, % 93 � 5‡ 99 � 1
FEV1, l (% predicted) 2.74 � 0.59† (74 � 11‡) 3.49 � 0.64 (94 � 12)
FVC, l (% predicted) 3.38 � 0.79† (76 � 13‡) 4.39 � 0.93 (98 � 12)
FEV1/FVC, % (% predicted) 82 � 7 (98 � 8) 80 � 6 (96 � 7)
Maximum voluntary ventilation, l/min (% predicted§) 105 � 28‡ (71 � 18‡) 143 � 31 (95 � 15)
Functional residual capacity, liters (% predicted) 2.21 � 0.59 (73 � 16) 2.59 � 0.75 (85 � 19)
Total lung capacity, liters (% predicted) 4.50 � 0.86† (74 � 9‡) 5.62 � 1.31 (91 � 12)
Diffusing capacity of the lungs for CO, ml·min�1·mmHg�1 (% predicted) 17.5 � 4.2‡ (67 � 12‡) 25.7 � 7.5 (98 � 18)
Maximal inspiratory pressure, cmH2O§ (% predicted) 100 � 42 (89 � 31) 99 � 41 (87 � 27)
Maximal expiratory pressure, cmH2O (% predicted) 102 � 43 (84 � 32*) 136 � 56 (111 � 36)

Values are means � SD; values in parentheses are % predicted values. FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity. Predicted maximum
voluntary ventilation was calculated as predicted FEV1 � 40. *P � 0.05, †P � 0.01, and ‡P � 0.001 relative to healthy controls; §P values determined using
nonparametric permutation testing.

Table 2. Clinical and echocardiographic characteristics of
Fontan participants

Characteristic
Fontan Participants

(n � 17)

Clinical

Fontan anatomy
Atriopulmonary 2 (12)
Lateral tunnel 8 (47)
Extracardiac conduit 7 (41)

Predominant ventricular morphology
Left 13 (76)
Right 4 (24)

Cardiac medications
Coumadin 9 (53)
Aspirin 8 (47)
Angiotensin-converting enzyme inhibitor 7 (41)
�-Blocker 7 (41)

Echocardiographic

Systemic ventricular function
Normal/mild dysfunction 16 (94)
Moderate/severe dysfunction 1 (6)

Moderate/severe atrioventricular valve regurgitation 2 (12)

Data are number of participants with percentages in parentheses.

Table 3. Peak exercise data

Fontan
Participants

Control
Participants

Work rate, W 98 � 33‡ 156 � 40
V̇O2, ml·kg�1·min�1 22 � 7‡ 33 � 8
V̇O2, l/min 1.51 � 0.48‡ 2.32 � 0.63
V̇O2, % predicted§ 65 � 14‡ 99 � 27
V̇CO2, l/min 1.64 � 0.56‡ 2.61 � 0.68
Respiratory exchange ratio 1.09 � 0.09 1.14 � 0.11
V̇E, l/min 66 � 23* 89 � 32
VT, l 1.60 � 0.50* 1.99 � 0.45
Breathing frequency, breaths/min 41 � 6 44 � 9
V̇E/V̇CO2§ 41 � 8† 34 � 6
V̇E/V̇O2§ 45 � 11 38 � 9
End-tidal PCO2, mmHg 27 � 5† 34 � 6
Estimated dead space/VT 0.13 � 0.04* 0.11 � 0.02
Change in IC from resting values, liters 0.30 � 0.36 0.26 � 0.36
End-expiratory lung volume, %TLC 50 � 8 48 � 6
End-inspiratory lung volume, %TLC§ 86 � 6 84 � 5
Inspiratory reserve volume, l 0.63 � 0.33* 0.92 � 0.35
VT/IC, % 72 � 11 69 � 8
V̇E/maximum voluntary ventilation, % 65 � 19 62 � 16
Heart rate, beats/min 138 � 24‡ 171 � 22
Heart rate, % predicted 77 � 13‡ 95 � 12
Oxygen pulse, ml/beat 11 � 3* 14 � 4
Oxygen saturation, %§ 90 � 7† 97 � 4
Breathing discomfort (Borg scale: 0–10)§ 5 � 3 6 � 3
Dyspnea intensity/V̇E slope, Borg

0–10 scale/l/min§ 0.14 � 0.12 0.12 � 0.10
Leg discomfort (Borg scale: 0–10)§ 6 � 3 8 � 3

Values are means � SD. V̇O2, oxygen uptake; V̇CO2, carbon dioxide output;
V̇E, minute ventilation; VT, tidal volume; IC, inspiratory capacity; TLC, total
lung capacity. V̇O2 and heart rate prediction equations are from Jones et al.
(26). *P � 0.05, †P � 0.01, and ‡P � 0.001 relative to healthy control
participants; §P values determined using nonparametric permutation testing.
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controls having V̇E/MVV values exceeding 80%. Only two
Fontan participants and two controls had V̇E/MVV values
exceeding 85%. Operating lung volumes are shown in Fig. 4
and Table 3. Fontan participants had similar values for EELV
and EILV when expressed in liters (Fig. 3A), but Fontan
participants had higher EILV values during submaximal exer-
cise when normalized to TLC (Fig. 4B). This resulted in a
higher VT/inspiratory capacity ratio at all submaximal exercise
intensities (all P � 0.0001). Absolute inspiratory reserve vol-
ume was also reduced at peak exercise in Fontan participants
relative to controls (Table 3). No Fontan participants experi-
enced a reduction in inspiratory capacity � 150 ml at peak
exercise, suggesting that our Fontan participants did not expe-
rience dynamic lung hyperinflation. There was no statistically
significant difference in the degree of EFL between Fontan
participants versus controls (29 � 27% vs. 35 � 35%, respec-
tively, P � 0.05). A total of 10 Fontan participants and 9
controls experienced EFL � 20% at peak exercise. The ven-
tilatory equivalent for CO2 (V̇E/V̇CO2) was markedly elevated
in Fontan participants at rest and throughout all exercise
intensities, indicating significantly greater ventilatory ineffi-
ciency relative to controls (Fig. 3D).

Sensory responses. Intensity ratings for breathing and leg
discomfort are shown in Fig. 5. Both symptom ratings were
similar at peak exercise but were significantly elevated at 60 W
(both P � 0.05) and tended to be elevated at 40 W (both P �
0.05). There were no differences in slopes relating dyspnea
intensity and V̇E (Table 3). Spearman correlation data relating
peak dyspnea ratings and select ventilatory parameters are
shown in Table 4. Absolute EILV and the VT/inspiratory
capacity ratio at peak exercise were significantly associated
with peak dyspnea ratings, whereas EILV (%TLC) and V̇E/
MVV approached statistical significance (Table 4). There were
no differences in the selection frequency of the reasons for
stopping exercise in Fontan participants versus controls
(breathing: 11.8% vs. 5.9%, legs: 58.8% vs. 58.8%, combina-
tion of breathing and legs: 17.6% vs. 35.3%, and other: 11.8%
vs. 0%, respectively, all P � 0.05). There were also no
between-group differences in the self-reported relative contri-
bution between breathing and leg discomfort that caused ex-
ercise cessation in Fontan participants (breathing: 39 � 21 vs.
legs: 61 � 21%, respectively) and controls (breathing: 31 � 18
vs. legs: 69 � 18%, respectively). Finally, selection frequency
of the 15 qualitative descriptors of dyspnea at symptom limi-
tation are shown in Fig. 6. There were no statistically signifi-
cant differences between groups for any dyspnea descriptor.

DISCUSSION

Here, we present a comprehensive characterization of the
ventilatory and sensory responses to exercise in adult Fontan
participants. This is the first investigation to assess operating
lung volumes, expiratory flow limitation, and simultaneous
assessments of both the intensity and qualitative dimensions of
exertional dyspnea in Fontan participants compared with
healthy individuals. A key strength of this study is the inclu-
sion of a well-matched control group that had similar baseline
physical activity levels. This addresses the potentially con-
founding effects of exercise training and physical activity on
physiological and sensory responses to exercise when compar-
ing clinical populations with healthy individuals. The main
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results of this study are as follows: 1) the majority of Fontan
participants had a restrictive ventilatory impairment; 2) Fontan
participants had greater ventilatory requirements, adopted a
more rapid breathing pattern, had greater ventilatory ineffi-
ciency, and breathed closer to TLC relative to controls when
performing the same absolute work rates; and 3) Fontan par-
ticipants had significantly higher dyspnea intensity and leg
discomfort ratings at standardized submaximal work rates with
no differences at peak exercise. There was also no difference in
the selection frequency of various qualitative descriptors of

dyspnea at peak exercise and no difference in the subjective
reasons for exercise cessation between groups.

The majority (i.e., 65%) of Fontan participants in the present
study had evidence of a restrictive ventilatory defect based on
a reduced TLC and normal FEV1/FVC. Other similar studies in
Fontan participants have classified restriction according to
varying spirometric criteria and found evidence of restriction in
~50–60% of patients (16, 40, 47). Accordingly, it is increas-
ingly recognized that many Fontan patients have abnormal
pulmonary function and that these abnormalities may contrib-
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ute to the reduced cardiorespiratory fitness and exercise capac-
ity seen in these patients (19, 40, 47). The mechanisms for the
restrictive ventilatory impairment in Fontan participants has
not been fully elucidated, but, as previously described (19, 40),
there are likely developmental, mechanical, surgical, and func-
tional factors that contribute. Given the evidence of a restrictive
ventilatory pattern in Fontan patients, it seems reasonable to
speculate that these individuals may experience ventilatory abnor-
malities during exercise as observed in those with other restrictive
respiratory conditions, such as interstitial lung disease (ILD) and
obesity (5).

Most exercise physiology studies in Fontan participants have
characterized ventilatory responses during exercise by focusing
on standard measurements such as V̇E, VT, and breathing
frequency. These studies demonstrated that Fontan participants
have lower values for peak V̇E and VT (14, 39) and are more
likely to adopt a rapid breathing pattern for a given exercise
intensity relative to controls (38). These observations are
consistent with the results of the present investigation. How-
ever, these variables are insufficient in determining the pres-
ence or absence of a ventilatory limitation to exercise. The
most common method of evaluating a ventilatory limitation
during exercise is to examine V̇E/MVV at peak exercise. A
recent study has shown evidence of a ventilatory limitation
(defined as V̇E/MVV � 80%) in 26.9% of Fontan participants
that had a low FVC. V̇E/MVV is simple to obtain and easy to
interpret but has numerous limitations, as previously described
(21, 25, 42). To provide a more detailed characterization of

ventilatory limitations to exercise, we had participants perform
inspiratory capacity maneuvers throughout exercise so that we
could evaluate dynamic operating lung volumes and expiratory
flow limitation.

Despite similarities in V̇E/MVV between groups at peak
exercise, Fontan participants had higher EILV (%TLC) values
across all submaximal work rates. Thus, to perform the same
absolute submaximal physical task, Fontan participants were
breathing closer to TLC, resulting in a relatively smaller
inspiratory reserve volume (Fig. 4). This abnormality should
result in a relatively higher elastic work of breathing in Fontan
participants relative to controls for a given work rate. Despite
these differences, EILV (%TLC) was similar at peak exercise.
The degree of EFL was also similar at peak exercise, but this
occurred at a markedly lower V̇E and work rate in Fontan
participants. Increases in EILV (%TLC) and decreases in
inspiratory reserve volume during exercise have been observed
in other populations, such as those with both restrictive and
obstructive pulmonary diseases (15), and are thought to play an
important role in the genesis of exertional dyspnea (37). The
mechanisms associated with the abnormal ventilatory response
in Fontan patients are likely complex and multifactorial. It
seems reasonable to suspect that the abnormal ventilatory
response to exercise is related, in large part, to the frequent
presence of a restrictive pattern on lung function testing.
However, other factors could potentially contribute. For exam-
ple, Greutmann et al. (20) found evidence of respiratory and
peripheral skeletal muscle weakness in young adults with
congenital heart disease, which could alter the ventilatory
response to perform a given absolute work rate. However,
absolute respiratory muscle strength was not significantly dif-
ferent between controls and Fontan participants in the present
study and likely did not contribute to the abnormal ventilatory
response to exercise. Unfortunately, we cannot rule out the
possibility that peripheral skeletal muscle weakness partially
contributed to the ventilatory responses observed in our Fontan
participants because we did not assess this. Exercise-induced
arterial hypoxemia could also contribute to the abnormal ven-
tilatory and sensory response to exercise, as previously shown
(39). Although Fontan patients were hypoxemic throughout
exercise, the change in oxygen saturation from resting values
to peak exercise was modest (i.e., 3%) and was not correlated
with the resting-to-peak change in V̇E, V̇E/V̇CO2, or dyspnea
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Table 4. Spearman correlations between peak Borg 0–10
dyspnea intensity ratings and select peak ventilatory
parameters

r P

IC, l 0.41 0.11
V̇E/MVV, % 0.46 0.07
EELV, l 0.40 0.12
EELV, %TLC 0.01 0.97
EILV, l 0.64 0.01
EILV, %TLC 0.49 0.05
VT/IC, % 0.53 0.03

IC, inspiratory capacity; V̇E, minute ventilation; MVV, maximum voluntary
ventilation; EELV, end-expiratory lung volume; TLC, total lung capacity;
EILV, end-inspiratory lung volume; VT, tidal volume.
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(data not shown). Dynamic hypoxemia, therefore, likely played
a relatively minor role in the abnormal ventilatory and sensory
response to exercise in these Fontan participants.

To our knowledge, this is the first study to examine the
intensity and qualitative dimensions of exertional dyspnea in
Fontan participants compared with controls. Given the abnor-
mal pulmonary function and ventilatory response to exercise in
Fontan participants, it seems reasonable to speculate that these
abnormalities would have important sensory consequences.
Indeed, we observed that Fontan participants experience
greater dyspnea intensity ratings at a standardized submaximal
work rate of 60 W and tended to have higher ratings at 40 W
(P � 0.05). The clinical significance of this finding is under-
scored by the fact that the metabolic requirements of these
work rates correspond well to important moderate-intensity
activities of daily living (1). This observation is consistent with
our dyspnea questionnaire data showing that Fontan partici-
pants experience greater chronic activity-related dyspnea rela-
tive to controls during daily life. It is difficult to definitively
determine the reason for the higher dyspnea intensity ratings
based on the design of this study. However, we speculate that
the restrictive ventilatory impairment that led to higher EILVs
and a more rapid breathing frequency may have partially
contributed. This is supported indirectly by the correlations
between both EILV and VT/inspiratory capacity and dyspnea
intensity ratings at peak exercise (Table 4). Future experimen-
tal studies are needed to directly determine the relative contri-
butions of ventilatory, cardiocirculatory, and pulmonary gas
exchange factors contributing to dyspnea in Fontan partici-
pants. Despite the higher dyspnea ratings at submaximal work
rates, there was no difference at peak exercise for both dyspnea
intensity ratings and the qualitative descriptors of dyspnea. The
lack of difference in the selection frequency of the qualitative
descriptors of dyspnea differs in patients with other restrictive
respiratory diseases (e.g., ILD) that more frequently select
phrases alluding to “rapid breathing,” “inspiratory difficulty,”
and “unsatisfied inspiration” compared with controls (36). This
discrepancy likely reflects the greater degree of restriction in

patients with ILD and their markedly different respiratory
pathophysiology relative to Fontan patients.

There are several limitations of this study that should be
acknowledged. First, our assessment of EFL needs to be
interpreted with caution, as we did not account for the con-
founding effect of thoracic gas compression or exercise-in-
duced bronchodilation when generating the maximum expira-
tory flow volume curve, which is known to overestimate the
degree of EFL (22). Whether this potential overestimation was
consistent between groups is unknown. Accordingly, we fo-
cused our study on the regulation of operating lung volumes
and sensory responses to exercise and have not attempted to
overstate our EFL findings. Second, we matched groups for
self-reported physical activity levels based on questionnaire
data rather than objective measures of physical activity. Third,
as with most studies in Fontan patients, we had a heteroge-
neous group of patients that included a small number of
participants with moderate/severe ventricular dysfunction (n �
1) and moderate/severe atrioventricular valve regurgitation
(n � 2), which could have influenced some of the cardiovas-
cular responses. In addition, patients in the present study were
permitted to continue their regular medications, including
�-blockers (n � 7), which may have influenced the heart rate
and oxygen pulse responses to exercise. Indeed, although heart
rate and oxyen pulse were lower at peak exercise in Fontan
patients compared with controls, the values were surprisingly
similar between groups for a given submaximal work rate. This
may be attributed, in part, to �-blocker use in a handful of
participants but may also be related to the relatively poor
aerobic fitness level of our activity-matched controls. Finally,
we did not include an examination of pulmonary gas exchange
with arterial blood gasses or detailed measures of cardiovas-
cular function (e.g., cardiac output), as the focus of this study
was on the ventilatory and sensory responses to exercise.

These findings suggest that the restrictive pulmonary defect
commonly observed in adult Fontan patients likely contributes
to an abnormal ventilatory response during submaximal exer-
cise, characterized by rapid breathing and increased EILV
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relative to a group of well-matched healthy controls. Interven-
tions that can potentially improve the ventilatory response to
exercise [e.g., inspiratory muscle training (29, 50)] should be
explored as adjuncts to enhance the beneficial effects of cardiac
rehabilitation for Fontan patients (44, 49). Finally, traditional
measures of ventilatory limitation (i.e., V̇E/MVV) may be
misleading in some Fontan patients. Thus, the inclusion of
inspiratory capacity maneuvers to track operating lung vol-
umes and EFL throughout exercise during routine cardiopul-
monary exercise testing may provide a more comprehensive
assessment of the noncardiac sources of exercise limitation in
these patients.
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