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Abstract Patients who have had the Fontan procedure
report poor exercise performance. Fontan subjects can tol-
erate a higher level of sub maximal activity than might be
anticipated from Vo,, suggesting a different mechanism of
exercise limitation. Near-infrared spectroscopy (NIRS)
provides a non-invasive, continuous method to monitor
regional tissue oxygenation (rSO2) and thereby a window
into regional oxygen supply—demand relationships. We
hypothesized that Fontan patients would have altered rSO2
trends from normal population that might reflect the
mechanisms of exercise limitation. All the patients without
structural or acquired heart disease and Fontan patients
were eligible for inclusion if they were ordered to undergo
cardiopulmonary exercise testing (CPET). Four-site regio-
nal rSO2 were recorded continuously during exercise. The
difference between the oxyhemoglobin saturation measured
by pulse oximetry (Spo,) and NIRS (rSO2) was computed
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as the regional arterial-venous saturation difference
(AVDO?2). A total of 33 normal subjects and five Fontan
subjects scheduled for CPET were recruited. None of the
Fontan subjects had a fenestration of the conduit. In the
cerebral circulation, the Fontan patients have a signifi-
cantly higher initial slope of increasing AVDO2 compared
with normals. After vAT, the AVDO2 slope is flat for
Fontan patients (p = 0.02). There is also a substantially
larger rebound of cerebral rSO2 than in normal subjects
after QT (p < 0.0001). Reduced anaerobic exercise
capacity in Fontan patients may be secondary to limitation
of cerebral blood flow, secondary to low systemic venous
compliance due to absence of a sub-pulmonary ventricle,
and augmented hyperventilatory response during exercise.

Keywords NIRS - Fontan - Exercise

Introduction

Patients who have undergone the Fontan procedure report
poor exercise performance with measured reduction in
peak oxygen consumption (Vo,) and exercise intensity [4—
6, 10, 14, 17, 26, 28, 33]. Fontan subjects can tolerate a
higher level of submaximal activity than might be antici-
pated from measurement of Vo,. Chronotropic incompe-
tence and arterial desaturation are minimally responsible
for the variance in aerobic performance and physical
working capacity [21]. Exercise capacity is not altered by
closure of fenestration [15]. However, Fontan subjects can
tolerate a higher level of submaximal activity than might
be anticipated from Vo,, suggesting a different mechanism
of exercise limitation than whole-body oxygen transport.
Near-infrared spectroscopy (NIRS) provides a nonin-
vasive, continuous method to monitor regional tissue
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oxygenation (rSO2) [13, 31]. Clinically useful NIRS
techniques rely on adaptations of the Beer-Lambert law for
measurement of the concentration of a substance according
to its absorption of light while accounting for scatter in
biologic tissue [20]. NIRS devices measure the venous
weighted oxyhemoglobin saturation in a field of tissue,
rather than in arteries, and thus the rSO2 parameter pro-
vides a window into regional oxygen supply—demand
relations. The use of multisite NIRS monitoring during
cardiopulmonary exercise testing (CPET) for the purpose
of studying global cardiac output distribution trends
through the patterning of visceral, muscular, and cerebral
rSO2 data has been reported in normal populations [23].We
hypothesized that Fontan patients would have altered rSO2
trends compared with a normal population that might
reflect the mechanisms of exercise limitation. Our aim was
to study the regional blood flow distribution patterns in
Fontan patients with incremental exercise.

Methods

This study was initiated with funding assistance from the
Children’s Research Institute, a division of Children’s
Hospital and Health System, and the Medical College of
Wisconsin, Milwaukee, WI, and had Institutional Review
Board approval. All patients without structural or acquired
heart disease and previous Fontan procedure were eligible
for inclusion if they were ordered to undergo CPET by a
cardiologist at the Herma Heart Center’s Exercise Physi-
ology Laboratory for evaluation of non-life-threatening
symptoms. Patients without structural heart disease who
were referred for CPET for a variety of indications and who
had normal stress test result formed the control group. The
patients underwent a routine physical examination before
initiation of exercise assessment. Consent from parent and
assent from subject was obtained before enrollment.

The CPET protocol began with application of 12-lead
electrocardiogram leads, an automated oscillometric blood
pressure cuff on the left arm, and a pulse oximeter on the
right index finger (Spo,; GE-Marquette, Waukesha, WI).
Four NIRS probes with 4-cm source-detector spacing and
shallow-field rejection (Adult Somasensor, INVOS 5100C;
Somanetics Corp, Troy, MI) were placed on the midline
forehead, below the 12th rib in the left para vertebral space,
on the vastus lateralis, and on the deltoid muscle (rSO2 C,
rSO2 R, rSO2 L, and rSO2 A), respectively. Four site
regional rSO2 and Spo, were measured and recorded
continuously at six-second intervals at rest, during exer-
cise, and throughout a 5-min recovery period. Baseline
spirometry using a forced expiratory maneuver was per-
formed following the standards of the American Thoracic
Society. Patients were introduced to the treadmill and
given specific instructions as to what to expect during the
exercise portion of the study. Immediately before the ini-
tiation of exercise, a snorkel-style mouthpiece was placed
in the child’s mouth for the measurement of breath-by-
breath oxygen consumption (Vo,), carbon dioxide pro-
duction (VCO?2), and instantaneous respiratory quotient
(RQ). After 1 min of baseline data collection, a ramping
treadmill protocol was initiated. At set intervals throughout
the test, the workload was progressively increased. The
progression was terminated when the child reached vol-
untary or symptom-limited exhaustion (quitting time
[QTY]). Throughout the exercise portion of the test, 12-lead
electrocardiograph machine, blood pressure, and O, satu-
ration, in addition to breath-by-breath ventilatory mea-
sures, were recorded on a minute-by-minute basis.
Immediately after exercise, the child was allowed to cool
down for 3 min by walking slowly, with the remainder of
the 5-min recovery being performed in a seated position.
All Spo,, heart rate, blood pressure, Vo,, VCO2, RQ,
and NIRS data were synchronously aggregated. Subjects
who were unable to complete the CPET protocol or who

Fig. 1 Typical rSO2 trends
with CPET in a single control
subject
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Fig. 2 Typical rSO2 trends 100 16
with CPET in the Fontan subject
80
60
8 4
7 =
40 16
14
20 =
12
0 T T T T T T T T T T T T T T T 0
X S 42 > ™ “° © A ? ) N Y D> > )
Qg,‘v QQ’* R
Time
Kidney —&—— Brain Arm ---B-- Leg METs
Table 1 Brain AVDO2 Type Group Parameter Estimate CI D
Brain Normal Baseline 28.6602 (26.4, 30.9)
Initial slope 0.1965 (0.06, 0.32) 0.0050
Extra slope after vAT 1.2597 (0.87, 1.63) <.0001
Extent of rebound —6.6367 (—10, =3) 0.0010
Recovery rate 0.3625 (0.18, 0.53) 0.0003
Fontan Difference in baseline 3.5916 (—2.6, 9.84) 0.2693
Difference in initial slope 0.6296 (0.11, 1.14) 0.0224
Difference in extra slope after VAT —2.2183 (—4.0, —0.3) 0.0272
Difference in extent of rebound —10.8092 (—15.0, —6.5) <.0001
Table 2. Arm AVDO2 Type Group Parameter Estimate CI D
Arm Normal Baseline 21.8849 (19, 24.6)
Initial slope 0.9898 (0.68, 1.29) <.0001
Extra slope after vAT 2.4902 (1.99, 2.99) <.0001
Extent of rebound —0.6648 (-2, 1.02) 0.4463
Recovery rate 0.8605 (0.69, 1.02) <.0001
Fontan Difference in baseline 1.7235 (-5, 9.38) 0.6627
Difference in initial slope —0.08330 (—1.0, 0.85) 0.8634
Difference in extra slope after VAT —1.8417 (—4.2, 0.53) 0.1407
Difference in extent of rebound —6.8822 (=10, —=2.9) 0.0021

had incomplete metabolic cart data acquisition were
excluded.

The whole-body anaerobic threshold (vAT) was com-
puted on VCO2 and RQ post-hoc using the v-slope method
[25]. The difference between the oxyhemoglobin saturation
measured by pulse oximetry (Spo,) and NIRS (rSO2) was
computed as the regional arterial-venous saturation dif-
ference (AVDQO?2). Regional AVDO2 measurements in the
arm, leg, brain, and kidney, as well as heart rate mea-
surements, were modeled using a three-part change-point
model with mixed effects, i.e., a linear increase until VAT,
followed by a linear increase with a potentially different
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slope until QT, and finally an exponential decrease
to a level that could be different from the initial starting
value.

Results

Thirty-three normal subjects and 5 Fontan subjects sched-
uled for CPET were recruited. Only 1 normal subject was
excluded for not completing the CPET protocol due to
anxiety. None of the Fontan subjects had a fenestration of
the conduit.
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Table 3 Leg AVDO2

Type Group Parameter Estimate CI P
Leg Normal Baseline 33.3830 (30.7, 35.9)
Initial slope 0.02170 (-0.2, 0.34) 0.8949
Extra slope after vAT 3.5931 (3.04, 4.14) <.0001
Extent of rebound —14.6492 (—16, —13.) <.0001
Recovery rate 1.5139 (1.22, 1.80) <.0001
Fontan Difference in baseline 6.8062 (—04, 14) 0.0774
Difference in initial slope —0.6598 (—1.6, 0.33) 0.2044
Difference in extra slope after vAT —0.8233 (=3.4, 1.84) 0.5499
Difference in extent of rebound 0.2364 (=3.9, 441) 0.9126
Table 4 Kidney AVDO2 Group Effect Parameter Estimate CI P
Kidney Normal Baseline 21.7987 (18.7, 24.8)
Initial slope 1.0462 (0.89, 1.19) <.0001
Extra slope after vAT 2.1118 (1.65, 2.56) <.0001
Extent of rebound —2.8081 (—4.3, —1.2) 0.0014
Recovery rate 1.0779 (0.8, 1.28) <.0001
Fontan Difference in baseline 12.7038 4.27, 21) 0.0061
Difference in initial slope 0.2596 (—0.3, 0.88) 0.4216
Difference in extra slope after vAT —1.9451 (—4.2, 0.39) 0.1144
Difference in extent of rebound —9.4086 (=13, =5) <.0001
Fontan +——+ Normal >>—<
Arm Brain Kidney Leg
o o o o o
S S S S S
— — N — —
2 21 3] 3 2
3 8- 8- . 3 8-
© =
> o] o | - o | o |
< < < <
o _|
o | o _| Y] o | o _|
« « « I3
o o o e o = o
T T T T T T T T
5 0 5 10 5 0 5 10

Time centered at AT

Fig. 3 Predicted trajectories with 95% confidence point wise confidence bands for two hypothetical patients with typical values of VAT and QT:
for the Fontan patient AT = 7 min and QT = 10 min, while for the normal patient VAT = 9 min and QT = 14 min

The typical trends of the four-site rSO2 with progressive
exercise during CPET in a control and Fontan subject is
shown in Figs. 1 and 2. In the cerebral circulation in nor-
mal subjects, AVDO?2 increases at a clinically insignificant
rate of 0.2 percentage points/min until vAT (Table 1).
After vAT, the rate of increase rises to 1.5 percentage
points/min. There is a rebound return of the rSO2 to
baseline AVDO?2 after exercise termination (QT). In con-
trast, the Fontan patients differ in multiple ways. They have

a significantly higher initial slope of increasing AVDO2.
After vAT, the AVDO?2 slope is flat for Fontan patients
(p = 0.02). There is also a substantially larger rebound of
cerebral rSO2 by 10.8 percentage points compared with
normal subjects after QT (p < 0.0001). In the arm, among
normal patients, AVDO?2 increases at a rate of 1 percentage
point/min until vAT, then the rate of increase rises by an
additional 2.5 percentage points/min (Table 2). There is no
substantial rebound of rSO2 after QT. The trends are not
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statistically significant in the arm tissue bed in Fontan
patients. In the leg, there are no statistical differences in the
AVDO?2 slopes among the Fontan patients and normal
subjects (Table 3). At the kidney, in normal subjects,
AVDO?2 increases at a rate of 1 percentage point/min until
VAT (p < .0001), after which the rate increase rises by an
additional 2.1 percentage points/min (p < .0001) (Table 4).
There is a brisk return to baseline after QT. The Fontan
patients had a higher baseline AVDO2. The trends with
exercise were not different for the normal subjects at the
renal site. Finally, predicted trajectories with 95% confi-
dence pointwise confidence bands for two hypothetical
patients with typical values of vAT and QT were as follows:
for the Fontan patient vAT = 7 min and QT = 10 min,
whereas for the normal patient VAT = 9 min and QT =
14 min (Fig. 3).

Discussion

Implementation of the Fontan procedure [7], and its mod-
ifications has resulted in improved survival for a diverse
group of patients with complex congenital heart disease
and single-ventricle physiology. Separation of the systemic
and pulmonary circulations in these patients reduces sys-
temic ventricular volume loading and provides normal or
near-normal systemic arterial O, saturation. Fenestration of
the Fontan pathway was introduced in 1990 as a means to
ameliorate the perioperative course in high-risk patients
[3]. Previous studies in patients with the Fontan procedure
report poor exercise performance, decreased peak oxygen
consumption (Vo,), and decreased Vo, at ventilatory
anaerobic threshold (VAT) [4-6, 10, 14, 17, 26, 28, 33]. A
large cohort of Fontan survivors participated in a multi-
center cross-sectional study to determine the association
between defined clinical factors and exercise performance
[21]. In most cases peak exercise capacity was significantly
depressed. A unique finding in this study was that vAT was
in the normal range for the majority of subjects. This
finding suggested that Fontan subjects can tolerate a higher
level of submaximal activity than might be anticipated
from measurement of peak Vo,. Absence of a subpulmo-
nary ventricle might limit Fontan patients’ ability to
accommodate hemodynamic burdens associated with levels
of exercise above the anaerobic threshold. Chronotropic
incompetence and arterial desaturation were minimally
responsible for the variance in aerobic performance (both
at peak Vo, and at vAT) and the physical working capacity
in the subgroup of subjects who achieved maximum effort.
In this patient population, in subjects with Fontan fenes-
tration closure, the exercise capacity remained unchanged
[15]. The concept of multisite NIRS monitoring to char-
acterize changes in integrative circulatory physiology has
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been described and has been extensively evaluated in
the cerebral [11, 12, 19, 29, 31, 32], splanchnic [8, 22],
and quasi global circulations [16, 24, 30] Hoffman et al.
used frontal cerebral (rSO2-C) and dorsolateral T10-L2
(rSO2-R) renal probe sites to reflect changes in regional
oxygenation in circulations presumably under different
physiologic control and found distinct changes in cerebral
and somatic oxygenation during different phases of oper-
ation with full-flow bypass and selective cerebral perfu-
sion, thus demonstrating the regional nature of rSO2
measures. NIRS can be used to monitor cerebral and
somatic oxygenation in various clinical situations—
including during cardiopulmonary bypass, during deep
hypothermic circulatory arrest [12, 18], and in other high-
risk newborns [1, 8, 27, 30, 31]—and has been found to be
helpful in predicting cerebrovascular dysfunction [18, 27]
and splanchnic ischemia [8]. Multisite NIRS monitoring
during exercise has been described as a tool to monitor
blood flow distribution in different visceral organ beds and
reliably predict vAT during ramping exercise [23]. Multi-
site NIRS monitoring shows differential desaturation pat-
terns in the exercising muscle, brain, somatic and renal
vascular beds during CPET and demonstrates that these
patterns underlie the systemic oxygen consumption-to-
flow-coupling dynamics observed during increasing levels
of exercise [23]. Progressive sympathetic nervous system
activation during exercise serves to match cardiac output to
exercising muscle. Because blood flow distribution during
exercise depends on the interaction of regional, autonomic,
and humoral mechanisms affecting vascular resistance,
regional blood flow-metabolism relations should change
during activation of autonomic and behavioral responses to
progressively intense exercise. This hierarchical redistri-
bution of flow is known to be affected by individual dif-
ferences, drug effects, and disease states. Individual
variations in regional patterns of blood flow are likely to
emerge under different pathologic conditions. Recent study
documented that during cycle exercise at 360 W performed
to exhaustion, left and right cerebral artery mean flow and
velocity measured as by Doppler ultrasound declined
continuously from the onset of exercise. However, cardiac
output and mean arterial pressure demonstrated an increase
at the onset of exercise that reached a peak value after
approximately 3-5 min and then declined slightly before
exhaustion [9]. The findings by Bhambhani et al. suggested
that decreases in cerebral oxygenation and cerebral blood
volume evident just beyond the vAT were associated with a
significant reduction in PETCO2 (an indirect estimate of
PaCO2) that occurred at this threshold [2]. It has been
theorized that the acute appearance of metabolic acidosis
with anaerobic work induces respiratory alkalosis, which
acutely elevates cerebrovascular resistance, thus resulting
in reduction of cerebral blood flow [2]. Cerebral
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desaturation from blood flow distribution in anaerobic exer-
cise triggers its termination for self-preservation.

In the cerebral circulation, the Fontan patients have a
higher initial slope of AVDO2, whereas post-vAT AVDO2
remains constant compared with normal subjects
(p = 0.02). This is in the face of progressive cerebral
vasoconstriction after vAT. There is a significantly larger
rebound of rSO2C after QT (p < 0.0001). One can postulate
that maximal oxygen extraction was achieved around vAT
followed by cerebral oxygen debt, which resulted in
rebound hyperemia in the recovery phase. This physiology
suggests that reduced anaerobic exercise capacity in Fontan
patients is probably secondary to impaired cerebral auto
regulatory mechanisms, which is in turn secondary to low
systemic venous compliance. One can speculate that low
venous compliance from absence of a subpulmonary ven-
tricle might result in progressive increase in central venous
pressure (CVP) with escalating cardiac output with exer-
cise. We hypothesize that during anaerobic exercise,
increasing CVP coupled with hypocapnia mediated
increased cerebrovascular resistance; both contribute to a
reduction in cerebral blood flow with cerebral ischemia-
mediated exercise termination. This might also explain the
unchanged anaerobic exercise capacity in Fontan patients
after fenestration closure [15]. Paridon et al. found that of
the three factors responsible for O, delivery during exercise
(HR, arterial O, content, and stroke volume), superior O,
pulse (O, pulse is equal to stroke volume times the arterial-
venous O, content difference)/stroke volume at peak exer-
cise; probably due to higher stroke volume at peak exercise)
seems to be the most important factor that distinguishes the
high-functioning Fontan patient [21]. Higher stroke volume
might offset the effects of increasing CVP by providing a
better driving pressure to the cerebral circulation.

Limitations of this study include the small number of
patients tested and the lack of direct CVP measures. Actual
CVP measurements are lacking due to the unavailability of
noninvasive CVP monitors. This was a pilot study, and a
larger prospective study is presently underway and is cur-
rently recruiting normal subjects and Fontan patients with
varying intracardiac anatomy.

Conclusion

Reduced anaerobic exercise capacity in Fontan patients
may be secondary to limitation of cerebral blood flow,
which is secondary to low systemic venous compliance due
to absence of a subpulmonary ventricle and augmented
hyperventilatory response during exercise.
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