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ABSTRACT. Noninvasive exercise testing was used to
assess gas exchange in 13 patients age 6-25 yr who had
undergone Fontan procedures for tricuspid atresia, five of
whom had preexisting Glenn shunts. The results were
compared to 28 age- and sex-matched controls. Oxygen
saturation was measured by ear oximetry at rest and after
exercise. Ventilation, oxygen consumption (VO.), carbon
dioxide production (VCOZ), and heart rate were measured
during progressive exercise. The ventilatory equivalents
for oxygen (V&/VO,) and carbon dioxide (Ve/VCO,), mixed
expired pCO; (PgCO,) end-tidal pCO; (P1CO,), and dead
space to tidal volume ratio (Vp/Vr) were determined during
steady state exercise on a cycle ergometer. Heart rate was
higher for VO, by 15% (p < 0.02) and ventilation was
higher for both VO, (by 37%, p < 0.001) and VCO, (by
27%, p < 0.002) in the patients than the controls. Mean
Vi/VO, was 354 % 7. 8 (SD) compared to 25.8 £ 3.1 (p
< 0.001) and mean Vg/VCO, was 41.7 £ 9.0 compared to
31.6 £ 4.3 (p < 0.001). Mean PgCO, was 21.4 * 4.4 torr
with controls at 27.9 * 3.8 (p < 0.001) and mean PgrCO,
was 33.0 % 5.3 torr compared to 40.0 * 3.3 (p < 0.001).
The patients had a mean oxygen saturation of 92 * 5% at
rest and abnormal saturation after exercise (87 £ 9, p <
0.005). There were no differences in Vg/VO,, Vg/VCO,,
PrCO;, Pe1CO2, % of Hb saturated with oxygen before
and after exercise, or Vp/Vy ratios between the five patients
who had also undergone the Glenn operation and those
who had not. Two patients who had right atrium to right
pulmonary artery anastomoses demonstrated higher (Vg/
VO, and Vg/VCO, ratios, lower end-tidal and mixed ex-
pired pCO;, and lower % of Hb saturated with oxygen
before and after exercise than the patients with right atrium
to right ventricle anastomoses. Patients with tricuspid atre-
sia who have undergone the Fontan operation show high
heart rate for oxygen consumption, high ventilation for O,
consumption and CO; production, low expired CO, concen-
trations, and oxygen desaturation during exercise. The
results indicate elevated physiological dead space and ven-
tilation perfusion mismatch consistent with maldistribution
of pulmonary blood flow in patients with Fontan physiology
who have had either a right atrium to pulmonary artery or
right atrium to right ventricle connection with or without a
previous Glenn shunt. Longer follow-up of these patients
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will be necessary to determine the late clinical implications
of these findings. (Pediatr Res 24: 1-5, 1988)

Abbreviations

Vg, minute ventilation

YO, oxygen consumption

YCO., carbon dioxide production

VE/V 0., ventilatory equivalent for oxygen

Ve/VCO,, ventilatory equivalent for carbon dioxide
P:CO,, mixed expired partial pressure of carbon dioxide
PerCO:,, end-tidal partial pressure of carbon dioxide
Vo/V7, dead space to tidal volume ratio

Sa0,, percent of hemoglobin saturated with oxygen
FEV1, forced expiratory volume in 1 s

A study by Cloutier et al. (1) showed maldistribution of
pulmonary blood flow in two patients after the Fontan procedure
due to low perfusion pressures. The Glenn shunt is associated
with a similar hemodynamic picture (2-5) as well as long-term
evidence of the development of pulmonary arteriovenous fistulae
(6) in the lower lung lobes. Also, patients who have undergone
the Fontan procedure have reduced exercise tolerance which
may be associated with maldistribution of pulmonary blood flow
(7-10).

As an index of maldistribution, physiologic dead space can be
measured noninvasively from expired gases. The measurement
becomes more accurate during steady state exercise, when large
volumes of expired gas are appropriate for high metabolic rates.
Using this method, our study was done to find whether maldis-
tribution of pulmonary perfusion expected in patients who had
undergone the Fontan procedure (type of procedure listed in
Table 1) for tricuspid atresia is detectable by analysis of expired
gas during exercise. In addition, we sought possible differences
in degree of maldistribution associated with a preexisting Glenn
shunt.

METHODS

Subjects. Studies were performed on 13 patients (six females,
seven males) who were at least 2 yr post-Fontan procedure for
tricuspid atresia. The age ranged from 6 to 25 yr. Eleven of the
patients had right atrium to right ventricle anastomoses (nine
valved conduits); two had right atrium to right pulmonary artery
anastomoses. Five of the patients had also undergone a Glenn
procedure; superior vena cava to right pulmonary artery shunt
(Table 1). All but one patient were New York Heart Association
class 1; patient 1 who was cyanotic at rest was class II. Nine of
the patients were students at the time of the study and partici-
pated in regularly scheduled gym activities, with two limited to
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Table 1. Subjects

Age at Yrsince  Yr since
Study Operations Fontan Glenn
Patients
1 11 Gln,* RA-PA} 6 10
2 18 Gln, RA-RV# 6 11
valved conduit
3 19 Gln, RA-RV 6 15
valved conduit
4 19 Gln, RA-RV 9 18
5 24 Gln, RA-PA 11 23
RA-RV 3
6 6 RA-PA 2
7 10 RA-RV, valved 9
conduit
8 13 RA-RYV, valved 8
conduit
9 13 PA band, RA-RV 4
valved conduit
10 19 RA-RV, valved 8
conduit
11 21 RA-RV, valved 7
conduit
12 24 Potts, RA-RV, 4
valved conduit
13 25 RA-RYV, valved 4
conduit
Controls 15
n=28 (7-27)

* Glenn shunt.
T Right atrium to pulmonary artery anastomosis.
¥ Right atrium to right ventricle anastomosis.

noncontact sports. Nine of the patients underwent postoperative
cardiac catheterization at rest. No patients had angiographic
evidence of intracardiac right to left shunting. One patient had a
tiny residual ventricular septal defect resulting in a small left to
right shunt. Two patients, one the class II patient with a Glenn
shunt and a right atrium to pulmonary artery anastomosis, and
the second with a right atrium to right ventricle anastomosis with
no valved conduit, had evidence of right to left shunting diag-
nosed as intrapulmonary. A third patient, who had a right atrium
to pulmonary artery anastomosis, had significant bronchopul-
monary collateral circulation. The mean cardiac index calculated
in seven of the patients was 3.5 #+ 0.9 liter/min/m?. The control
group consisted of 28 healthy subjects, 11 females and 17 males,
7 to 27 yr old (mean age 15 yr).

Exercise protocol. All studies were conducted on a Godart
bicycle ergometer (no. 1333) in the upright position. An estimate
of arterial oxygen saturation was made before and after each
incremental exercise test using a Hewlett-Packard ear oximeter
(HP-47201A). FEV1 was measured using a 7 L Collins water-
filled spirometer. Twelve electrocardiogram leads were placed for
monitoring during exercise and for measurement of heart rate.
The subject breathed through a Koegel two-way valve for meas-
urement of mixed expired and end tidal gases.

Each subject first performed a progressive exercise test, pedal-
ling at 0 W for 4 min with subsequent incremental increases in
workload each minute by an amount determined by height as
recommended by Godfrey et al. (11). The test was continued
until a subject was unable to pedal at 60 rpm for 1 full min at
the given workload. The subject then rested until the heart rate
returned to baseline.

A steady-state exercise test was then performed at 0 W and
power outputs approximately 25 and 45% of the maximum
workload achieved in the incremental exercise test. Steady state

was defined as a constant mixed expired gas composition after

at least 4 min of exercise.

For steady-state and incremental exercise tests inspired venti-
lation was measured with a dry-gas meter (Parkinson-Cowan,
CD 4). Expired gas was routed through low-resistance tubing to
a Jaeger mixing chamber (N8094). Mixed expired gas was sam-
pled from the mixing chamber after drying with Drierite crystals
(CaSO4, 8 mesh) with a Beckman LB2 carbon dioxide analyzer
and a Beckman OM-14 oxygen analyzer, using a heated sampling
tube (37° C). End-tidal gases were sampled during steady-state
exercise immediately distal to the mouthpiece and were not dried.
The Beckman analyzers were calibrated using a range of gases
containing 4 to 7% CO,. The calibration gases were analyzed
against a precision calibration gas, typically containing 5% CO,,
16% O,. The precision gas, primary standard, was analyzed by
the gravimetric method, referable to the National Bureau of
Standards. Measurements of heart rate, inspired ventilation,
carbon dioxide concentrations, and oxygen concentrations were
recorded on a Hewlett-Packard strip recorder (7758B). A 12-lead
electrocardiogram was recorded on a Quinton Status 1000 re-
corder every minute during incremental exercise and during each
stage of steady state exercise.

Calculations. VCO,, VO,, Vi/VO,, and Vg/VCO, were cal-
culated using standard equations (12); inspired ventilation was
converted to expired ventilation by applying the nitrogen correc-
tion (Haldane transformation). Maximum voluntary ventilation
was estimated by multiplying the FEV1 by 35 (12). Vp/V7 ratios
were calculated using the Bohr equation, with arterial pCO,
estimated from end-tidal pCO, (13).

Statistical analysis. Covariant analysis was used to compare
patients to controls regarding VE with respect to VO, and VCO,
and heart rate with respect to VO, (14). The unpaired Student’s
two-tailed / test was used to compare peak oxygen consumption,
VE/ VOz and VE/ VCOz, PEC02, PETCOZ, and VD/ VT The palred
Student’s two-tailed ¢ test was used to compare SaO, before and
after exercise. SD was used as the index of dispersion.

RESULTS

The maximum ventilation achieved during incremental exer-
cise divided by the predicted maximum voluntary ventilation
was 55 = 21% for the patients and 50 + 13% for the controls.
This difference was not significant. The peak oxygen consump-
tion achieved during incremental exercise was significantly lower
for the patients (23.3 £ 6.1 ml/min/kg) compared to the controls
(37.7 £ 9.0) (p < 0.001). There was no significant difference in
the maximum heart rate achieved by the patients (164 + 16
bpm) and the controls (175 + 16). The ventilatory equivalents
for oxygen and carbon dioxide were higher in the patients at
peak oxygen consumption (p < 0.001 and p < 0.005, respec-
tively) (Table 2). FEV1 divided by vital capacity was 92 + 5%.

Ventilation. VE was higher during incremental exercise for
both VO, and VCO, in the patients than the control group. At
a VO, of 0.7 liter/min, Vg was 37% higher than in the controls
(p < 0.001) (Fig. 1). At a VCO, of 0.7 liter/min, Vg was 27%
higher for the patients (p < 0.002).

During steady state exercise, the Vg/VO, were higher in the
patients than in the controls (35.4 + 7.8 versus 25.8 £ 3.1) (p <

Table 2. Exercise data at peak VO,

Fontan Controls Significance
VO, (ml/kg/min) 23.3+£6.1* 37.8+9.0 p <0.001
Respiratory exchange 1.02 £ .16 1.01 £ .08 NS
ratio

Heart rate 163+ 15 174 £ 17 NS

Ve 398+£97 538+225 p<0.05
Ve/VO, 387+ 11.2 282+39 p <0.001
Ve/VCO, 38.0+11.5 28.1+40  p<0.005

* SD is used as the index of dispersion.
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0.001). The Vg/VCO, were also higher in the patients (41.7 +
9.0 versus 31.6 + 4.3) (p < 0.001). Both PgCO; and PerCO, were
decreased for the patients (p < 0.001) (Fig. 2). Vp/Vr ratios (Fig.
2) were increased for the patients (0.31 = 0.05 versus 0.25 *
0.05) (p < 0.005).

Arterial saturation. Individual measurements of Hb oxygen
saturation by ear oximetry in the sitting position for the 13
patients before and immediately after incremental exercise are
illustrated in Figure 3. The mean saturation before exercise was
92 + 5% and after exercise was 87 + 9% (p < 0.005). The values
were abnormally low (<95%) in eight of the patients before
exercise and 11 of the patients desaturated during exercise. The
mean of 28 controls was 96 = 1% before exercise. The mean of
eight controls retested after exercise was 96 + 2%.

Heart rate, electrocardiographic ST segment and T wave
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Fig. 1. Ventilation (liter/min) as a function of VO, (liter/min) during
incremental exercise. The shaded area represents the regression line +
95% confidence limits from 20 controls (r = 0.95). Each triangle repre-
sents one work load in a patient with a right atrium to pulmonary artery
anastomosis. Each closed circle represents one work load in a patient
with a right atrium to right ventricle anastomosis.
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Fig. 2. PeCO,, PexCO,, and Vp/Vt during steady state exercise. The
shaded areas represent the mean * 2 SD obtained from 20 controls.
Each triangle represents the mean pCO, or Vp/Vr of a patient with a
right atrium to pulmonary artery anastomosis. Each closed circle repre-
sents the mean of a patient with a right atrium to right ventricle
anastomosis.
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Fig. 3. SaO; measured by ear oximetry before and immediately after
incremental exercise. The closed square and bars represent the mean
value + 2 SD obtained before exercise and open square and bars after
exercise from eight controls. Each closed triangle represents the SaO, of
a patient with a right atrium to pulmonary artery anastomosis before
exercise and each open triangle after exercise. Each closed circle represents
the SaQ, of a patient with a right atrium to right ventricle anastomosis
before exercise and each open circle after exercise.

changes, and arrhythmia. One patient developed a significant
supraventricular tachycardia during progressive exercise and thus
the heart rate data from this patient were not included in the
analysis. Two patients developed mild atrial or ventricular ectopy
during recovery. Seven of the patients developed either ST seg-
ment depression, diffuse ST or T wave changes or T wave
inversions during exercise that resolved during recovery. The
mean heart rate for the patients at 16 ml/min/kg was 15% higher
than the controls (135 % 24 bpm versus 117 = 15) (p < 0.02)
(Fig. 4).

The two patients who had right atrium to right pulmonary
artery anastomoses demonstrated higher Vg/VO, ratios, lower
end-tidal and mixed expired pCO, values and lower SaO, values
before and after exercise than the patients with right atrium to
right ventricle anastomoses. (Figs. 1-3). o o

There were no significant differences in Vg/VO,, Vg/VCO,,
P:CO,, PerCO,, S.O, before and after exercise, or Vp/Vr ratios
between patients who had also undergone the Glenn operation
and those who had not (Table 3).

DISCUSSION

Patients who have undergone the Fontan procedure with or
without a previous Glenn shunt for tricuspid atresia have a low
pulsatile pulmonary blood flow. Perfusion studies in patients
with Glenn shunts alone have shown this is associated with a
maldistribution of pulmonary blood flow manifested by an in-
creased distribution to the lower lung lobes (2-5). In addition
long term follow-up after Glenn shunts has revealed the devel-
opment of pulmonary arteriovenous fistulae in the lower lobes
(6). In our study analysis of expired gas during exercise was used
to measure the elevated physiological dead space predicted by
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the suboptimal pulmonary blood flow and maldistribution of
perfusion shown in the previous studies.

Under normal conditions pulmonary blood flow is decreased
to the upper lung lobes relative to the lower lobes. This is thought
to partially explain the small amount of physiological dead space
and venous admixture found in normal subjects. When these
conditions are exaggerated by suboptimal pulmonary blood flow,

estimates arterial pCO,, the dead space was underestimated.
Therefore, our approximation is on the conservative side.

In addition to low pulmonary blood flow, high physiological
dead space can also be caused by an abnormal distribution of
ventilation. This possibility is excluded by normal ventilation
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Fig. 4. Heart rate as a function of VO, during incremental exercise
obtained from 12 of the patients. The shaded area represents the regres-
sion line + 95% confidence limits (r = 0.80) from 20 controls. Each
triangle represents one work load in a patient with a right atrium to
pulmonary artery anastomosis. Each closed circle represents one work
load in a patient with a right atrium to right ventricle anastomosis.

scans found in previous studies (1) as well as the normal distri-
bution of ventilation seen in the alveolar plateaus in our study.

Maldistribution of pulmonary blood flow also explains the low
oxygen saturation found in our patients both before and after
exercise. At a constant total pulmonary blood flow, lung regions
with high ventilation/perfusion ratios must be associated with
areas of low ventilation/perfusion ratios. These low ventilation/
perfusion ratio areas lead to venous admixture. How these areas
may lead to the development of arteriovenous fistulae is un-
known. An alternative explanation for the hypoxemia would be
intracardiac shunting. However, none of the patients studied had
angiographic evidence of right to left intracardiac shunt during
cardiac catheterization.

Maldistribution of pulmonary blood flow is also consistent
with the decreased exercise performance in our patients. This
was manifested by a low peak oxygen consumption with a
maximum heart rate that was similar to controls. At submaximal
work loads, heart rate was elevated relative to oxygen consump-
tion. Although cardiac output was normal in seven of the patients
at rest, this implies a decrease in stroke volume during exercise.
Other investigators have measured cardiac output and also esti-
mated a low stroke volume during exercise (7, 8). A decrease in
right heart output could contribute to the decreased pulmonary
blood flow to the upper lung lobes leading ultimately to desatu-
ration. Hypoxemia is known to increase the oxygen deficit and
decrease the anaerobic threshold and the maximum oxygen
consumption achieved during exercise (15-17).

We have shown that analysis of expired gas during exercise
can be used to quantify high physiological dead space associated
with maldistribution of pulmonary blood flow after cardiac
surgery. We have also shown that these abnormalities occurred
whether or not the patients had a Glenn shunt before the Fontan
operation. Furthermore, the majority of the patients in this study
had a right atrium to right ventricle operation described by
Bowman et al. (18). Whereas one study showed that this opera-
tion improved pulsatile blood flow compared to the standard
right atrium to pulmonary artery anastomosis (19), a later study
showed that there was no difference (20). The two patients with
right atrium to pulmonary artery anastomoses in this study had
more severe ventilatory abnormalities. Although this may suggest
that the pulmonary blood flow in the patients with right atrium
to right ventricle anastomoses may be improved, there were too
few patients to draw any general conclusions.

Despite an abnormal cardiorespiratory response to exercise,
all the patients were active and clinically well. Long-term follow-
up of these patients will be necessary to determine the clinical
implications of these findings and the progression of the abnor-
malities with time.
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