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Decline in arterial partial pressure of oxygen after exercise:

a surrogate marker of pulmonary vascular obstructive disease
in patients with atrial septal defect and severe pulmonary
hypertension
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Abstract Objectives: To examine the utility of decline in arterial partial pressure of oxygen after exercise as a
marker of pulmonary vascular obstructive disease in patients with atrial septal defect and pulmonary
hypertension. Methods: Treadmill exercise was performed in 18 patients with atrial septal defect and
pulmonary hypertension. Arterial blood gas samples were obtained before and after peak exercise. A decline in
the arterial pressure of oxygen of more than 10 millimetres of mercury after exercise was considered significant
based on preliminary tests conducted on the controls. Cardiac catheterisation was performed in all patients and
haemodynamic data sets were obtained on room air, oxygen, and a mixture of oxygen and nitric oxide (30-40
parts per million). Results: There were 10 patients who had more than a 10 millimetres of mercury drop in
arterial partial pressure of oxygen after exercise and who had a basal pulmonary vascular resistance index of
more than 7 Wood units per square metre. Out of eight patients who had less than a 10 millimetres of
mercury drop in arterial partial pressure of oxygen after exercise, seven had a basal pulmonary vascular
resistance index of less than 7 Wood units per square metre, p equals 0.0001. A decline in arterial partial
pressure of oxygen of more than 10 millimetres of mercury predicted a basal pulmonary vascular resistance
index of more than 7 Wood units per square metre with a specificity of 100% and a sensitivity of 90%.
Conclusions: A decline in arterial partial pressure of oxygen following exercise appears to predict a high
pulmonary vascular resistance index in patients with atrial septal defect and pulmonary hypertension. This test
is a useful non-invasive marker of pulmonary vascular obstructive disease in this subset.
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SMALL PROPORTION OF PATIENTS WITH ATRIAL
septal defects develop pulmonary vascular
obstructive disease and present in adule life
with pulmonary arterial hypertension and elevated
pulmonary vascular resistance.' > Clinical examina-
tion including the chest X-ray and electrocardiogram
suggests the presence of pulmonary hypertension.
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Echocardiography further refines this assessment by
providing an estimate of pulmonary artery systolic
pressures. These data are at best semi-quantitative
and do not allow accurate stratification of patients
into operable and inoperable. Cardiac catheterisation
to estimate the pulmonary vascular resistance index
at baseline and after administration of pulmonary
vasodilators such as inhaled nitric oxide is often
undertaken for the purpose of this stratification.
However, this is invasive and with important
limitations. The results of cardiac catheterisation
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are validated systematically through long-term
follow-up after closure of the defects; as a result,
cut-offs separating operable from inoperable pa-
tients are not clearly defined.*”

During strenuous rhythmic exercise, several
cardiovascular compensations take place, which
results in 5—6-fold increased cardiac output. Both
systemic vascular resistance and pulmonary vascular
resistance decline with exercise.® As the resting
pulmonary vascular resistance is very low in normal
individuals, further decline in pulmonary vascular
resistance on exercise is relatively marginal when
compared to the decline in systemic vascular
resistance. This is especially true in a patient with
a large atrial septal defect and normal pulmonary
artery pressure in whom the pulmonary vascular bed
capacitance is high. In a patient with a large atrial
septal defect and pulmonary vascular obstructive
disease, pulmonary vascular resistance is elevated and
not reversible by neurohumoral mechanisms during
exercise. During exercise, left ventricular output
increases, which results in excessive systemic venous
return. Since the pulmonary vascular resistance is
elevated, right ventricular output is relatively fixed.
This results in increased right atrial filling pressure
that may promote right to left shunt across the
defect.” We hypothesised that a decline in systemic
arterial partial pressure of oxygen on exercise can be
used as an indicator of development of pulmonary
vascular obstructive disease with relatively fixed
elevation of pulmonary vascular resistance.

We sought to prospectively test this hypothesis in
a group of patients with atrial septal defect with
pulmonary hypertension. The purpose of this study
was to examine the utility of decline in arterial
partial pressure of oxygen after exercise as a marker of
pulmonary vascular obstructive disease in patients
with atrial septal defect with pulmonary hypertension.

Methods
Study design and setting

This was a prospective study undertaken in a
tertiary referral hospital. Prior approval from the
institutional ethics committee was obtained.

Informed consent

This was obtained from healthy volunteers and patients
with atrial septal defect but normal pulmonary artery
pressure, who acted as controls and study patients with
atrial septal defect and pulmonary hypertension. For
patients under 18 years of age, consent was obtained
from one of the parents and assent was obtained from
the patient.
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Patient selection

The inclusion criteria for the study patients with
atrial septal defect with pulmonary hypertension
were as follows:

® Resting saturation of more than 90% measured
by pulse oximetry (Nellcor, Oximax ™, N 65,
CO., United States of America).

® Predicted pulmonary artery systolic pressure
more than 50 millimetres of mercury by Doppler
echocardiography.

® Patients in functional class I or II (New York
Heart Association).

The following patients were excluded from the
study:

® All patients with resting oxygen saturation of
less than 90%.

® Patients with any other potential disease that can
result in arterial desaturation (for example, lung
disease, thoracic cage deformities, Down’s syndrome).

® Patients who were unable to perform an exercise
treadmill test for any reason.

Exercise test

A symptom-limited treadmill exercise was performed
on all the patients. Bruce protocol was followed. A
radial artery was cannulated under local anaesthesia
with a 22- or a 24-gauge cannula and it was used for
blood gas sampling. Arterial blood gas samples were
drawn before and as soon as the test was terminated
(peak exercise). A decline in arterial partial pressure of
oxygen of more than 10 millimetres of mercury was
considered as “significant” arterial desaturation. This
conclusion was made after we performed a similar
exercise test in 11 patients with normal pulmonary
artery pressure who acted as controls. Of them, six
were healthy volunteers with no cardiac disease and
five were patients with large atrial septal defect and
normal pulmonary artery pressure. Only 1 out of the
11 had a decline in arterial partial pressure of oxygen
of 9 millimetres of mercury, whereas the rest of them
had either no change or a marginal increase in the
arterial partial pressure of oxygen after exercise (Fig 1).

Cardiac catheterisation

All the study patients with atrial septal defect and
pulmonary hypertension underwent cardiac cathe-
terisation. In the control group, cardiac catheterisa-
tion was performed only on patients with atrial
septal defect and normal pulmonary artery pressure.
No sedation was administered during the proce-
dure. Fick’s principle was used to quantify the
pulmonary systemic blood flow and the calculation
of pulmonary vascular resistance index and systemic
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Figure 1.

Observed partial pressure of oxygen before and after exercise in six healthy volunteers (a), patients with atrial septal defect and normal
pulmonary artery pressuve (b), and in patients with atrial septal defect and pulmonary hypertension but with a pulmonary vascular resistance index
of less than 7 Wood units per square metve (¢) shows that there was either an increase or no significant decrease in arterial partial pressure of oxygen
after exercise. In patients with an atvial septal defect, pulmonary hypertension, and a pulmonary vascular rvesistance index of more than 7 Wood
units per square metve (d), there was a universal and significant dyop in arterial partial pressure of oxygen after exercise.

vascular resistance index. Oxygen consumption was
assumed and derived from standard tables for age,
sex, and heart rate.® Oximetry data were obtained
from the superior caval vein (as a representation of
mixed venous blood), pulmonary artery, one of the
four pulmonary veins, and the descending thoracic
aorta. Similarly, pressure data were obtained from
the right atrium, pulmonary vein, pulmonary
artery, and descending thoracic aorta. Pressure and
oximetry data were obtained while patients were on
room air, 100% oxygen inhalation, and a mixture of
oxygen and 30-40 parts per minute of inhaled
nitric oxide. Oxygen was delivered by a tightly
fitting anatomical facemask connected to an oxygen
reservoir. Flow rate was maintained at 12—15 litres
per minute. The desired concentration of inhaled
nitric oxide was achieved by administration of nitric
oxide flow calculated by the formula:

Nitric oxide flow (litres per minute)
= 3 X minute ventilation
x desired concentration of nitric oxide/

concentration of nitric oxide in the cylinder.

Nitric oxide was delivered by a constant flow of
oxygen at 5 litres per minute through a tight fitting
oxygen mask. 100% oxygen and inhaled nitric
oxide were administered for 10 minutes each with a
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10-minute washout period between the two. A single
arterial blood gas analyzer was used to measure oxygen
saturation and dissolved oxygen content.

Data analysis

On the basis of exercise test and arterial blood gas
results, study patients with atrial septal defect and
pulmonary hypertension were further sub-divided
into two groups: those who had a decline in arterial
partial pressure of oxygen more than 10 millimetres
of mercury and those who had a decline of less than
10 millimetres of mercury after exercise. Only these
two subgroups were considered for statistical analysis
with cardiac catheterisation data. The variables that
were analysed were

® pulmonary artery mean pressure on room aif,
oxygen inhalation, and inhaled nitric oxide;

® pulmonary vascular resistance indexed to the
body surface area on room air, 100% oxygen
inhalation, and inhaled nitric oxide;

® pulmonary to systemic blood flow ratio on room
air, 100% oxygen inhalation, and inhaled nitric
oxide.

Fisher’s exact test was applied to test the null
hypothesis of categorical variables. Levine’s t-test was
used to test the continuous variables. All statistical
analysis was performed using the SPSS software (SPSS,
California, United States of America).
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Table 2. Comparison of haemodynamic parameters in the two groups of study subjects with ASD and PAH.
=10 mmHg drop in <10 mmHg drop in
Parameter PaO, after exercise (n = 10) PaO, after exercise (n = 8) p-value
Age (years) 28.1+7.11 34.9+11.5 NS
Basal PaO, (mmHg) 76.4*12.7 84.34+ 125 NS
Mean PA pressure (mmHg)
Basal 57.00 *13.13 37.87 £10.54 0.003
On O, 56.50 = 13.26 34.0 £10.11 0.003
On iNo 55.00* 11.98 31.16 = 8.49 0.001
PVRi =7 Wu/m’
Basal 10 1 0.0001
On O, 8 0 0.007
On iNO 6 0 0.028
PVRi <7 Wu/m’
Basal 0 7 0.0001
On O, 2 6 0.007
On iNO 3 6 0.028

ASD = atrial septal defect; iNO = inhaled nitric oxide; NS = non-significant; O, = oxygen; PA = pulmonary artery; PAH = pulmonary arterial
hypertension; PaO, = partial pressure of oxygen; PVRi = pulmonary vascular resistance index. Due to technical reasons, data could not be
obtained on oxygen in two patients and with inhaled nitric oxide in three patients.

in their arterial partial pressure of oxygen after
exercise, the eight patients with atrial septal defect
and pulmonary hypertension who did not signifi-
cantly drop their arterial partial pressure of oxygen
after exercise had lower mean pulmonary artery
pressure, p equals 0.003. All the 10 patients with
atrial septal defect and pulmonary hypertension who
had a significant drop in arterial partial pressure of
oxygen had a basal pulmonary vascular resistance
index of more than or equal to 7 Wood units per
square metre. Out of eight patients with atrial
septal defect and pulmonary hypertension but who
did not have a significant drop in arterial partial
pressure of oxygen, seven had a basal pulmonary
vascular resistance index of less than 7 Wood units
per square metre, p equals 0.0001. The remaining
one patient also was noted to have a pulmonary
vascular resistance index of less than 7 Wood units
per square metre after oxygen and inhaled nitric
oxide. The difference in the arterial partial pressure
of oxygen after exercise was plotted against the basal
pulmonary vascular resistance index (Fig 2). No
linear correlation could be demonstrated between
the change in arterial partial pressure of oxygen after
exercise and pulmonary vascular resistance index.
A decline in arterial partial pressure of oxygen of
more than or equal to 10 millimetres of mercury
predicted a basal pulmonary vascular resistance index
of more than or equal to 7 Wood units per square
metre with a specificity of 100% and a sensitivity
of 90%.

Satisfactory haemodynamic data with oxygen could
not be obtained in two patients and with inhaled nitric
oxide in three patients due to technical reasons. The
haemodynamic data after oxygen inhalation and inhaled
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nitric oxide for the patients with atrial septal defect
and pulmonary hypertension are shown in Table 2.
In patients with atrial septal defect and pulmonary
hypertension who did not have a significant drop in
arterial partial pressure of oxygen after exercise,
there was a further reduction in the mean pulmo-
nary artery pressure after administration of oxygen
when compared with those patients with atrial
septal defect and pulmonary hypertension who had
a significant drop in arterial partial pressure of
oxygen after exercise, p equals 0.01. No further
reduction was seen with the pulmonary vascular
resistance index on oxygen, mean pulmonary artery
pressure on inhaled nitric oxide, and pulmonary
vascular resistance index on inhaled nitric oxide. There
was no association between the decline in arterial
partial pressure of oxygen after exercise in patients
with atrial septal defect and pulmonary hypertension
and their pulmonary to systemic blood flow ratio on
cardiac catheterisation under any condition.

Discussion

It is not clear why some patients with atrial septal
defect develop pulmonary hypertension while others do
not. Those who are destined to develop pulmonary
hypertension typically do so before the third decade of
life. Cardiac catheterisation is considered necessary to
obtain precise measurements of pulmonary artery
pressures, and to calculate shunt ratios and pulmonary
vascular resistance in most patients with atrial septal
defect and pulmonary hypertension. This is quite
unlike most children with post-tricuspid shunts and
pulmonary hypertension where a large shunt ratio is
often clinically obvious. Cardiac catheterisation also
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Figure 2.

The difference in the arterial partial pressure of oxygen after exercise (y axis) among all the 18 patients with atrial septal defect and
pulmonary hypertension is plotted against the pulmonary vascular resistance index obtained by cardiac catheterisation (x axis). A dotted
vertical line parallel ro the y axis is marked to show a pulmonary vascular resistance index of 7 Wood units per square metre. A dotted
horizontal line is marked to show a drop in arterial partial pressure of oxygen of 10 millimetres of mercury after exercise.

allows the opportunity to test the effect of pulmonary
vasodilators such as inhaled nitric oxide. Decisions on
operability are, however, often not based on precise cut-
offs of haemodynamic data either in the basal state
or after vasodilators. This is because of a paucity of
studies in which haemodynamic data are tested against
late outcomes after defect closure. The gold standard
here would perhaps be a pulmonary vascular resistance
index measured at least a year after defect closure.
Owing to the absence of unambiguous cut-offs,
decisions on operability in most settings often involve
a “holistic approach” that incorporates clinical, X-ray,
non-invasive, and haemodynamic data.

Exercise physiology-induced cardiopulmonary
compensations provide an additional tool to evaluate
the haemodynamics of pulmonary and systemic blood
flow in patients with shunt lesions. Exercise is shown
to increase systemic blood flow with a corresponding
increase in pulmonary blood flow without alteration
in pulmonary vascular resistance in patients with
moderate-sized ventricular septal defect and normal
pulmonary artery pressure.” In this study, we sought
to systematically examine the effect of exercise on
arterial partial pressure of oxygen in atrial septal
defect with pulmonary hypertension. We sought to
test the hypothesis on whether a decline in arterial
partial pressure of oxygen can be used as an indicator
of development of pulmonary vascular disease in a
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carefully selected group of patients with atrial septal
defect who were thought to have borderline oper-
ability status based on clinical and non-invasive
evaluation. We chose arterial partial pressure of
oxygen and not oxygen saturation because we expected
the former to be more sensitive to shunt reversal across
the atrial septal defect. There were six healthy
volunteers and five patients with atrial septal defect
and normal pulmonary artery pressure who served as
controls. Patients with advanced pulmonary hyperten-
sion with oxygen saturations less than 90% were
deliberately avoided because of the potential risks of
performing a symptom-limited exercise test. Further,
cardiac catheterisation could not be justified for
medical reasons because they were clearly thought to
be inoperable. A reduced exercise tolerance in patients
with atrial septal defect and pulmonary hypertension
was seen in our studgz and this is demonstrated in
another recent study.

When the exercise test was performed among the
six healthy volunteers and the five patients with atrial
septal defect and normal pulmonary artery pressure,
there was a decline in arterial partial pressure of
oxygen of 9 millimetres of mercury in one healthy
volunteer. In all others, the arterial partial pressure
of oxygen either increased or remained unchanged.
On the basis of these results, we chose a cut-off of
10 millimetres of mercury as a “significant” decline.
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Among the study patients with atrial septal
defect and pulmonary hypertension, this significant
decline appeared to accurately predict a basal
pulmonary vascular resistance index more than or
equal to 7 Wood units per square metre with a
specificity of 100% and a sensitivity of 90%.
However, there was no linear correlation with the
pulmonary vascular resistance index and a decline in
the arterial partial pressure of oxygen.

The test is safe, easy to perform, and simulates a
common physiologic state. The gold standard used
here was haemodynamic data obtained through
cardiac catheterisation. The question of whether this
test can be used to assess operability can only be
addressed through the prospective follow-up of a
cohort of patients with atrial septal defect and
pulmonary hypertension after closure of the defect.
Our results suggest that determining the decline in
arterial partial pressure of oxygen following exercise
can be an important addition to the available
diagnostic armamentarium in this group of patients
in whom decision-making is particularly difficult.

Study limitations

The relatively small numbers included in the study
are perhaps because our inclusion criteria were
limited to patients presumed to have borderline
operability status in whom cardiac catheterisation
was indicated for planning further management.
However, the association between the decline in
arterial partial pressure of oxygen of 10 millimetres
of mercury or more and pulmonary vascular
resistance is strong and consistent. Oxygen con-
sumption was assumed and not measured and this
could contribute to errors in flow and resistance
calculations.'" Only 6 patients from our 18 patients
with atrial septal defect and pulmonary hyperten-
sion have undergone closure of the defect. The
question on the value of this test in determination
of operability in patients with atrial septal defect
and pulmonary hypertension cannot therefore be
addressed. The youngest patient in the study was
10 years old and the rest of the patients were adults.
Intuitively, the results obtained in this study may
be extrapolated to the paediatric population, which
can perform an exercise stress test, though this
specific question is not answered.
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Conclusion

A decline in arterial partial pressure of oxygen of
10 millimetres of mercury or more following exercise
appears to consistently predict a high pulmonary
vascular resistance (basal, post-oxygen, and inhaled
nitric oxide) in patients with atrial septal defects
and pulmonary hypertension. Once validated in a
larger group of patients, these data would be more
physiological and might potentially obviate the need
for cardiac catheterisation to determine operability.
Measurement of arterial partial pressure of oxygen
before and after exercise should be considered in the
panel of investigations usually performed for patients
with shunts and elevated pulmonary artery pressures.
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