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Abstract
Background—Nitric oxide (NO) is known
to modulate myocardial contraction and
coronary tone, and its inhalation reduces
pulmonary vascular resistance in patients
with pulmonary hypertension.
Objectives—To evaluate the pathophysio-
logical role of NO in patients with a
ventricular septal defect (VSD).
Patients—Twenty nine children with VSD,
nine of whom had undergone VSD closure
surgery, and 14 patients with Kawasaki
disease. The mean age of the VSD patients
was 3.1 years (range, 2 months to 9 years).
Methods—Using high performance liquid
chromatography, nitrate (a more stable
NO oxidation product) was measured in
plasma specimens of the patients under-
going cardiac catheterisation.
Results—Nitrate concentrations in the
pulmonary artery bore a significant rela-
tion to mean pulmonary artery pressure,
pulmonary to systemic systolic pressure
ratio, and pulmonary to systemic flow
ratio.
Conclusions—The concentration of ni-
trate was in proportion to the increment
in intravascular or cardiac pressure, indi-
cating that endogenous NO is upregulated
as a compensatory homeostatic attempt to
reduce pulmonary pressure and blood
flow.
(Arch Dis Child 1998;79:498–501)
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Nitric oxide (NO) is an endothelium derived
relaxing factor. In addition to being a vasodila-
tor, NO acts as a bronchodilator1 and
anticoagulant.2 Several studies have shown that
inhalation of NO reduces pulmonary vascular
resistance in patients with pulmonary
hypertension.3 NO is also known to modulate
myocardial contraction and coronary tone.4 5

NO is produced from L-arginine under the
catalytic control of three isoforms of the
enzyme, nitric oxide synthase (NOS). Consti-
tutive NOS was reported to exist in the mam-
malian heart6 and to be regulated by the
contractile state of the heart or shear stress.7 8

Pulmonary vascular endothelial cells also
produce endogenous NO.9 Increased pulmo-
nary blood flow raises basal NO production.10

Nitrate is one of the NO oxidation products
and is regarded as an index of NO
production.11 12 The role of NO in the modula-
tion of cardiac function is less well character-

ised. Therefore we measured plasma nitrate
using high performance liquid chromatography
(HPLC) to study its relation to mean pulmo-
nary arterial pressure in patients with ventricu-
lar septal defect (VSD) as a representative
intracardiac shunt disease.

Patients
Thirty eight subjects with VSD (nine treated
surgically, 29 treated medically) were studied;
their median age was 3.1 years (range, 2
months to 9 years). Four patients who had
been operated on for VSD were examined
before and after surgery. Fourteen patients
with Kawasaki disease were also studied more
than one year after onset. They were healthy
except for a past history of Kawasaki disease,
and coronary dilatation, or suspected aneu-
rysm. No coronary changes were seen in the
patients with Kawasaki disease by echocardio-
graphy or cardiac catheterisation at the time of
study. None of the patients had renal dysfunc-
tion or cardiac diseases other than VSD. They
were not on nitrate containing medication.
Sixteen patients were on long term digoxin and
diuretics but did not take their medications on
the day of the study. Pulmonary and femoral
arterial blood pressures were determined with
indwelling catheters and fluid filled transduc-
ers (Mingograf 7; Siemens Elema AB, Solna,
Sweden). Heparinised blood was obtained
during diagnostic cardiac catheterisation from
the femoral artery, left and/or main pulmonary
arteries, right atrium, right ventricle, superior
vena cava, and inferior vena cava. Five
specimens from the right atrium, three from
the right ventricle, three from the superior vena
cava, and two from the inferior vena cava were
not available because of technical problems.
Vascular resistance and central shunt were
determined with standard formulae, and resist-
ance was indexed to body surface area.13

Cardiac output was measured by the Fick
principle.14 Cardiac index was determined as
cardiac output divided by body surface area.
Informed consent was obtained from the
parents of the patients.

Methods
Plasma samples were frozen at −70°C until the
assay was performed. Deproteination was per-
formed by centrifugation with Centricut
(Tosoh, Tokyo, Japan). Plasma was diluted 20
times and 100 µl was applied as a sample.
Chromatographic analysis was carried out on a
Tosoh HPLC computer assisted system. The
analytical column was an ion chromatography
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TSK-gel IC-Anion-PW column (10 µm parti-
cle size, 50 mm × 4.6 mm internal diameter)
from Tosoh. A sodium chloride solution
(15 mM, pH 5.7) was prepared from an
analytical grade reagent and pumped through
the column at a flow rate of 1.2 ml/minute at
room temperature. Standard solutions of so-
dium nitrite and sodium nitrate were injected
into the HPLC system at a constant volume of
100 µl and at increasing concentrations. The
interassay coeYcient of variation (CV) was
1.0%. The HPLC column was calibrated daily
using standards.

CHEMICALS AND REAGENTS

Sodium nitrite and sodium nitrate were
obtained from Sigma (St Louis, Missouri,
USA). HPLC grade distilled water and sodium
chloride were from Wako (Osaka, Japan).

STATISTICAL ANALYSIS

Analysis of variance was used for comparisons
between groups.15 If significant, group means
were compared by the two tailed t test for
groups of unpaired observations. DiVerences
were considered significant at a probability
level of < 0.05. Group data were expressed as
means (SE).

Results
With our chromatographic procedure, sodium
nitrite and sodium nitrate had a retention time
of 4.2 (0.2) and 6.8 (0.3) minutes, respectively.
The assay was found to be linear over the
0–35 µmol/l range, with a mean regression cor-
relation coeYcient of 0.9 (not shown). Chro-
matograms obtained after the injection of a
plasma specimen diluted 1/20 into the HPLC
system yielded a significant increase in the
concentration of nitrate but not of nitrite.

The clinical data of the study subjects are
shown in table 1. The mean age of the VSD
group was younger than that of the Kawasaki
disease group. The mean pulmonary arterial
pressure, pulmonary to systemic flow ratio
(Qp/Qs), pulmonary to systemic systolic press-
ure ratio (Pp/Ps), and nitrate concentration in
the left and/or main pulmonary arteries in the
VSD group were higher than in the Kawasaki
disease group. The pulmonary to systemic vas-
cular resistance ratio (Rp/Rs) in the postopera-
tive VSD group was higher than in the
Kawasaki disease group. Pooled mean pulmo-
nary vascular resistance in the VSD, postopera-

tive VSD, and Kawasaki disease groups was 3.1
(0.6), 4.1 (0.9), and 2.0 (0.2) mm Hg/l/
minute, respectively; pulmonary vascular re-
sistance in the postoperative VSD group was
significantly higher than that in the Kawasaki
disease group (p < 0.01). Systemic resistance
in the VSD, postoperative VSD, and Kawasaki
disease groups was 26.0 (2.0), 21.2 (1.2), and
21.0 (1.3) mm Hg/l/minute, respectively. No
significant diVerence of systemic resistance was
seen among the three groups. Other para-
meters between the groups were comparable.
No correlation was seen between nitrate
concentrations and age.

Specimens of the Kawasaki disease patients
were drawn from fewer points—pulmonary
artery (n = 13), inferior vena cava (n = 9),
femoral artery (n = 9), and superior vena cava
(n = 9). Mean nitrate values of the VSD group
were significantly higher than those of the
Kawasaki disease group only in the pulmonary

Table 1 Profile of the subjects

VSD (n = 29)
VSD after
surgery (n = 9) KD (n = 14)

Male/female 19/10 7/2 11/3
Mean (SE) age (years) 3.1* (0.5) 3.2 (0 9) 6.5 (1.4)
Mean (SE) PPA (mm Hg) 21.7* (1.9) 18.6 (1.7) 15.3 (1.0)
Mean (SE) Qp/Qs 2.14† (0.25) 1.00 (0.05) 0.98 (0.04)
Mean (SE) Pp/Ps 0.40* (0.04) 0.28 (0.02) 0.24 (0.02)
Mean (SE) Rp/Rs 0.14 (0.02) 0.25† (0.02) 0.17 (0.03)
Mean (SE) nitrate (µmol/l) 38.6* (5.2) 29.5 (9.7) 18.1 (4.2)
Mean (SE) CI (litre/min/m2) 3.08 (0.40) 3.08 (0.39) 4.34 (0.40)
Mean (SE) serum creatinine (mg/dl) 0.31 (0.02) 0.30 (0.05) 0.33 (0.04)

*p < 0.05, †p < 0.005 v Kawasaki disease.
PPA, mean pulmonary arterial pressure (normally less than 20 mm Hg)16; Qp/Qs, pulmonary to
systemic flow ratio (in the absence of a left to right shunt Qp/Qs is 1); Pp/Ps, pulmonary to sys-
temic systolic pressure ratio; Rp/Rs, pulmonary to systemic vascular resistance ratio (normally less
than 0.3)16; CI, cardiac index; KD, Kawasaki disease.

Figure 1 Relation between plasma nitrate in pulmonary
arteries and mean pulmonary arterial pressure. Open
circles, VSD; closed circles, Kawasaki disease.
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Figure 2 Relation between plasma nitrate in pulmonary
arteries and pulmonary to systemic systolic pressure ratio
(Pp/Ps). Open circles, VSD; closed circles, Kawasaki
disease.
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Figure 3 Relation between plasma nitrate in pulmonary
arteries and pulmonary to systemic flow ratio (Qp/Qs).
Open circles, VSD; closed circles, Kawasaki disease.
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artery. The pooled nitrate concentrations of
each site were as follows: femoral artery, 26.4
(1.1); left and/or main pulmonary arteries,
35.0 (6.3); right atrium, 36.6 (6.6); right
ventricle, 34.3 (5.3); superior vena cava, 31.9
(6.0); and inferior vena cava, 27.2 (4.3) µmol/l.
No significant diVerence in nitrate concentra-
tions was observed among sampling sites.

In all the patients, mean pulmonary arterial
pressure was positively correlated with nitrate
in all sampling sites (p < 0.05). Figure 1 shows
the correlation between mean pulmonary arte-
rial pressure and nitrate in the pulmonary
artery. The nitrate concentrations in the
pulmonary artery (fig 2), right atrium, right
ventricle, inferior vena cava, and superior vena
cava were positively correlated with Pp/Ps. The
plasma nitrate concentration in the left and/or
main pulmonary arteries correlated positively
with Qp/Qs (p < 0.0001; fig 3). In the four
patients who were studied before and after sur-
gery for VSD, nitrate in the pulmonary artery
decreased after surgery. Nitrate was correlated
with the reduction of Qp/Qs in all the patients
(table 2). The nitrate concentration did not
correlate with pulmonary vascular resistance,
systemic resistance, Rp/Rs, cardiac index, oxy-
gen saturation, or haematocrit results.

Discussion
We determined plasma nitrate concentrations
in patients with VSD to see whether NO
production increases in relation to the pulmo-
nary artery pressure or pulmonary blood flow.
We found that endogenous NO production was
already increased in the patients with VSD
(table 1) and that plasma nitrate was positively
correlated with mean pulmonary arterial press-
ure (fig 1). We think, therefore, that raised pul-
monary pressure might lead to upregulation of
NO production.

Endothelia can respond to raised intravascu-
lar or cardiac pressure with an increased NO
production.6 When pulmonary arterial press-
ure is raised an enhanced NO production
probably acts as a compensatory mechanism in
the cardiohaemodynamics of VSD by decreas-
ing myocardial contractility and causing vascu-
lar dilatation. This conclusion was supported
by the fact that nitrate concentrations were
reduced dramatically after surgery for VSD
(table 2) and also by a previous report that NO
synthesis was higher when systemic arterial
pressure was increased.6

Although mean pulmonary arterial pressure,
Pp/Ps, and Rp/Rs were unremarkable, patient 4

was operated on for perimembranous outlet
type VSD to prevent progressive aortic insuY-
ciency. In accordance with a slight decrease in
Qp/Qs, nitrate also decreased after surgery. NO
might be regulated not only by pressure but
also by blood flow. Myles et al reported that low
systemic vascular resistance after cardiac sur-
gery was not associated with endogenous NO.17

Similarly, we did not find any correlation
between Rs/Rp and nitrate concentrations
before and after surgery. No diVerence in
serum creatinine was seen among the three
groups (table 1). The increased plasma nitrate
concentrations were not caused by the decrease
in glomerular filtration rate because serum crea-
tinine values were within the normal range in
the patients. Although we did not measure
nitrate clearance, we concluded that the
increase in nitrate might be a result of its
increased production without a reduced clear-
ance.

Iizuka et al reported that urinary nitrite and
nitrate concentrations of patients with Kawa-
saki disease on days 3–21 were higher than
those of controls.18 It could be argued that
comparing VSD patients with those with
Kawasaki disease is not appropriate, because
the latter disorder is associated with an
endothelial dysfunction. This assumption
might be valid when the Kawasaki disease
patients are in the acute stage, but those at one
year after onset are quiescent and could
reasonably be regarded to represent a “nor-
mal” population.

Pulmonary arterial pressure was positively
correlated with plasma nitrate concentrations
at all sampling sites. The significance of this
observation might indicate that all values on
the “right side” of the circulation are globally
raised because of a long half life of nitrate.
Zeballos et al noted a correlation with produc-
tion of NO and nitrate concentrations only in
the coronary and pulmonary circulation but
not in peripheral venous blood.12 No significant
diVerence was observed in nitrate concentra-
tions among sampling sites. Although we did
not determine nitrate concentrations in periph-
eral venous blood, they are estimated to be
equal to those in the superior vena cava and the
inferior vena cava. Therefore, nitrate in sys-
temic blood might be a good predictor of pul-
monary arterial pressure.

Table 2 Comparison of parameters: before and after surgery for VSD

Patient Age (months)
Nitrate in PA
(µmol/l)

PPA
(mm Hg) Qp/Qs Pp/Ps Rp/Rs

1 Before (4) 100 29 4.84 0.71 0.15
After (12) 22 14 1.07 0.27 0.20

2 Before (5) 55 35 1.82 0.57 0.33
After (36) 30 18 1.05 0.31 0.24

3 Before (2) 50 50 4.81 0.97 0.21
After (16) 39 16 1.00 0.31 0.31

4 Before (48) 39 10 1.07 0.20 0.05
After (70) 22 18 1.00 0.22 0.26

PA, pulmonary artery; PPA, mean pulmonary arterial pressure; Pp/Ps, pulmonary to systemic
systolic pressure ratio; Qp/Qs, pulmonary to systemic flow ratio; Rp/Rs, pulmonary to systemic
vascular resistance ratio (normally less than 0.3).

Key messages
+ The concentration of nitrate in the

pulmonary artery of VSD patients bears
a significant relation to both the ratio of
pulmonary to systemic systolic pressure
(Pp/Ps) and the ratio of pulmonary to
systemic flow (Qp/Qs)

+ The concentration of nitrate in the
pulmonary artery is reduced dramatically
after surgery

+ Plasma nitrate might be a good marker of
intravascular pressure and pulmonary
blood flow
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Nitrate in the pulmonary artery also showed
a good correlation with Qp/Qs, indicating that
not only intravascular or cardiac pressure, but
also flow, might contribute to NO production.
Reportedly, constitutive NO synthase is regu-
lated by shear stress.7 8 Although we did not
measure shear stress, we could not find any
correlation between nitrate concentrations and
haematocrit values that might have influenced
viscosity/shear stress. Thus, NO synthase
might be regulated mainly by pressure and
blood flow in patients with VSD.

We have demonstrated that raised pulmo-
nary pressure and blood flow might lead to
upregulation of NO production in patients
with VSD. Plasma nitrate concentrations de-
creased dramatically after surgery for VSD.
These results support the concept that endo-
thelia respond to intravascular or cardiac
pressure with increased NO production. This
represents a compensatory mechanism for high
pulmonary pressure and the cardiohaemody-
namics of VSD in children. Plasma nitrate
might be a good marker of intravascular press-
ure and pulmonary blood flow.
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