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In vivo detection of endothelium dependent and
independent pulmonary artery relaxation in
children
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Abstract
Background-In vitro studies have

suggested an important role for the
endothelium in the control of pulmonary
vascular tone, but endothelium depen-
dent and independent relaxation of pul-
monary arteries have not been studied in
children in vivo.
Methods-The response of the pul-

monary circulation to graded infusions
of acetylcholine (an endothelial depen-
dent vasodilator) and to nitroprusside (a
dilator not dependent on endothelium)
was studied in 10 children aged four to 16
years who had normal pulmonary
haemodynamics. Arterial diameter was
measured by quantitative angiography,
and pulmonary blood flow velocity was
measured with a 3F intra-arterial Dop-
pler catheter placed in a lower lobe seg-
mental artery.
Results-There was a dose dependent

increase in flow velocity in response to
acetylcholine (maximum response 93%)
(SEM 7%), and an increase of 51% (8%)
in response to nitroprusside. By con-
trast, segmental artery diameter was
unchanged during acetylcholine infusion
in all patients, and increased only mod-
estly in response to nitroprusside (5%
(1%)).
Conclusions-The most important site

of action of endothelium dependent and
independent pulmonary vasodilators is
distal to the segmental pulmonary art-
eries. Despite low resting tone in the
pulmonary circulation, endothelium
dependent vasodilatation can be shown
in vivo. This may allow study of the role
of endothelial dysfunction in children
with abnormal pulmonary haemodynam-
ics secondary to congenital heart disease.
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Healthy vascular endothelium is known to
produce a relaxing factor that exerts impor-
tant control over local vasomotor tone,' 2 and
that mediates the vasorelaxant action of
endogenous vasodilators such as acetyl-
choline. In lambs, endothelium derived relax-
ing factor in part mediates the low resistance
of the pulmonary circulation.' 4 Study of
human pulmonary arteries in vitro also sug-
gests that endothelium maintains low resis-
tance by secretion of relaxing factor (or
factors),5 but such arteries may still dilate in

response to acetylcholine or adenosine
diphosphate.67 Despite this, apart from two
preliminary reports on adult subjects,89 in
vivo data on the role of pulmonary endotheli-
um in modulating vascular tone in human
subjects are lacking.
A potential role for endothelial dysfunction

as an early event in the pathophysiology of
pulmonary vascular disease has been postu-
lated,10 and structural abnormalities of
endothelial cells have been shown in the first
years of life in children with congenital heart
disease and pulmonary hypertension." An in
vivo test of pulmonary endothelial function
would permit study of the role of endothelial
dysfunction in the pathogenesis of pulmonary
hypertension in various clinical settings. We
therefore studied the response of the pul-
monary circulation to endothelium depen-
dent and independent vasodilators in children
with normal pulmonary haemodynamics.

Patients and methods
PATIENTS
As normal children do not undergo cardiac
catheterisation, we selected for study 10 chil-
dren aged four to 16 years with congenital
heart disease that did not alter their pul-
monary haemodynamics. Six children had
mild left heart obstructive lesions, such as
aortic stenosis or coarctation, three had tiny
intracardiac defects with no detectable left to
right shunt, and one child had a fistula from
the left coronary artery to the left atrium.
These patients had each had echocardiogra-
phy, and underwent cardiac catheterisation as
part of their further management, at the dis-
cretion of their consultant cardiologist. In all
10 patients the mean pulmonary artery pres-
sure was < 15 mm Hg, the left ventricular
end diastolic pressure was < 8 mm Hg, and
the pulmonary resistance was < 1-5 units.m'
(calculated with oxygen saturations, assumed
oxygen consumption, and the Fick principle).
None had had any previous surgery, and
none were taking cardioactive medications.
The study protocol was approved by the insti-
tution's committee on ethical practice, and
informed written consent was obtained from
the parents of all patients.

STUDY DESIGN
Diagnostic cardiac catheterisation was per-
formed under local anaesthesia and benzodi-
azepine sedation through a percutaneous
femoral approach, and haemodynamic data
were taken. Heparin (50 units/kg) and
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Figure I Position of the
Doppler catheter forflow
velocity measurement
and the catheterfor
angiography in the
pulmonary artery. The
segment analysed by
quantitative angiography
is indicated by the
stippled box. ECG,
electrocardiogram; PAP,
pulmonary artery pressure.

diazepam (0- 1-03 mg/kg) were giv
venously before the vascular studs
Studies were performed before d
angiography. Arterial blood gases w(

at the beginning, during, and at th
each study to exclude carbon dioxi(
tion and to document respiratory
throughout the infusion. Depenl
patient size, a 5, 6, or 7F long biopE
(Cordis, UK and Cook, UK) was

into the left or right lower lobe pi

artery. A 20 MHz pulsed Doppler cr

mounted on a 3F catheter (Wessex
Midhurst, England) was positioned
the biopsy sheath into a straight sel
the medial or posterior branch of t
lobe pulmonary artery. If neither
branches had a straight segment, the
catheter was positioned in the disi
lobe artery (fig 1). Position in the
this vessel was confirmed by "

angiography and a stable flow veloc
with minimal noise. The Doppler
was connected through a flow vel
box (Millar Instruments Inc, I
Texas) to a multichanel recorder,

Figure 2 The infusion
protocolfor the pulmonary
artery studies. Cl and C2,
control infusions; ACh 8,
7, and 6, acetylcholine
infusions of 1U8, 1-7, and
1-6 M; NP, nitropnusside.

Angiography

Flow velocity

Infusions
Cl ACh8 ACh7ACh6

played the electrocardiogram, pulmonary
arterial pressure, and the mean or phasic

e#0100 Doppler flow velocity.
Pulmonary Serial infusions with an infusion pump
artery (Harvard Apparatus, Edenbridge, UK) were

made at a rate of 0-8 ml/min through the
Doppler catheter into the segmental pul-
monary artery in the sequence: (a) a four
minute control infusion (5% dextrose); (b)
three acetylcholine infusions each lasting four
minutes, with a final estimated concentration
of 10-8, 1 0-7 and 10-6 M; (c) an eight minute

\\ repeat control infusion; and (d) a four minute
infusion of sodium nitroprusside at 0-1

\ ug/kg/min (fig 2). If the systemic arterial pres-

sure was stable, the nitroprusside infusion
was continued at double the given rate for a

further two minutes. Throughout the proto-

Infusion col the heart rate, systemic and pulmonary
pump arterial pressure, and the electrocardiogram

were monitored continuously. Thirty seconds
before the end of each infusion Doppler flow
velocities were recorded. The values for mean
and phasic flow velocity were calculated auto-

:ity matically, and read directly from the chart
recorder. Flow velocity during each infusion
was expressed as a percentage relative to the
velocity during the first control infusion.

en intra-
y began. QUANTITATWE ANGIOGRAPHY
liagnostic At the end of each infusion, a single plane
ere taken digital subtraction angiogram (Digitron 2 sys-

[e end of tem, Siemens) was performed in the antero-
de reten- posterior projection, or a few degrees of left
stability of anterior oblique if the Doppler catheter

dent on overlay the left cardiac border. Contrast was

sy sheath injected through the long biopsy sheath: one

inserted third strength non-ionic contrast material
almonary (Ultravist, by Schering, UK) made up in nor-

ystal side mal saline was given; 0 3-0 5 ml/kg at a rate
Medical, of 0 3-0 5 ml/kg/s through a power injector
through (Angiomat by Phillips, UK), to optimise the
gment of quality and reproducibility of the opacifica-
he lower tion. After each angiogram (biplane system by
of these Siemens, UK), fluoroscopy was performed in
Doppler anteroposterior and lateral projections to con-

tal lower firm the stability of the Doppler catheter posi-
centre of tion.
'sighting" For each angiogram, the first four diastolic
:ity signal frames with good, even opacification of the
catheter lower lobe artery were selected. Analysis was

locimeter performed by an observer blinded to the
Houston, patient's diagnosis. Each frame was magnified
that dis- 16 times, and the diameter of a segment of

straight artery, just below the tip of the
Doppler catheter, was measured. The same

arterial segment was analysed for each infu-
sion and a computerised measurement of
diameter was calculated with the "per cent
stenosis" software package (Siemens).
Arterial diameter was calculated in pixels on a

|1 512 x 512 matrix and expressed as percent-
age relative to the diameter of the vessel in

C2 NP
the first control infusion.

STATISTICAL ANALYSIS

All data are expressed as mean (SEM).
Results for each experimental condition were

expressed as a percentage relative to the first
control value. The Student's t test was used

I I / I I//I/I/I
0 4 8 12 16 20 24 28

Time (min)
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AcetylcholineWI

occurred in response to acetylcholine; during
infusions of 10-8, 10-7, and 10-6 M acetyl-
choline, the flow velocity increased by
16%(7%), 60%(10%), and 93%(7%) (range
51%-131%, p < 0-01 compared with baseline
value). After the second control infusion, flow
velocity returned to its baseline value
(9%(4%), NS). Flow velocity also increased
in response to nitroprusside infusion
(51%(8%), range 10%-100%, p < 0 01 com-
pared with baseline) (figs 3-5).

Figure 3 Phasic and mean flow velocity traces from an 1 year old boy during control
and acetylcholine infusions show considerable increase in pulmonaryflow velocity with
acetylcholine.

to compare measurements of flow velocity or
diameter before and after infusions, and sta-
tistical significance was inferred at p < 0 05.

Results
Ten (five boys, five girls) children aged four
to 16 (mean 9 (1)) years were studied. Pul-
monary to systemic flow ratio was 1 0 in all,
mean pulmonary artery pressure was 11(1)
mm Hg, and pulmonary resistance index was
1 0 (0 1) units m.' Mean systemic arterial
pressure was 65 (4) mm Hg.

HAEMODYNAMIC AND RESPIRATORY
MONITORING
In nine of 10 patients, the heart rate, arterial
blood gas measurements, and systemic arteri-
al and pulmonary arterial pressures remained
constant throughout the infusion. In one con-
trol patient all variables were stable until the
third minute of the nitroprusside infusion, at
which time systemic hypotension and tachy-
cardia were noted; these values returned
promptly to normal when infusion of the drug
was stopped. Therefore analysis of response
to nitroprusside was based on only nine
patients. All patients tolerated the procedure
well.

ARTERIAL DIAMETER
The diameter of the segments analysed varied
from 2d1 to 10-5 mm (5-3(0 8) mm). The
diameter did not change significantly during
any of the acetylcholine infusions; after 10-6
M, the diameter was increased by 1% (1%)
(range 2 to 7) compared with the baseline
value (NS). During nitroprusside infusion
there was a small but significant increase in
diameter (5%(1%), range 1 to 12, p < 0 05
compared with baseline). There was no sig-
nificant relation between the size of the vessel
measured and the increase in flow velocity to
acetylcholine (r = 040) or nitroprusside (r =
0A43).

Discussion
This study shows that endothelium depen-
dent and independent vasodilatation occur in
the lungs of children with normal pulmonary
haemodynamics. Given that there was almost
no change in segmental artery diameter in
response to acetylcholine but a large increase
in flow velocity, the most important site of
endothelial dependent pulmonary artery
relaxation must be distal to the large arteries.
Preliminary reports from two groups studying
pulmonary haemodynamics in adults also
found that diameter of the conduit pul-
monary arteries did not change in response to
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A dose dependent increase in flow velocity
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Figure 5 Maximal increase in flow velocity in pulmonary
arteries of each patient in response to acetylcholine (ACh)
and nitroprusside (NP). Horizontal lines indicate the mean
value.

Control
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Figure 4 Changes in pulmonary arterialflow velocity in
response to three doses of acetylcholine (ACh 8, 7, and 6
equal to estimated local concentrations of 10 8, 10-7, and
106 M) and to nitroprusside (NP). 4.p < 0 01.
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infusions of acetylcholine or nitroprusside.'° "
The lack of substantial increase in the diame-
ter of a large artery after vasodilator infusions
in vivo compared with in vitro studies on
human pulmonary artery rings6 12 is probably
because in vitro investigators have precon-
stricted the vessels to elicit a vasodilator
response.

This in vivo method for the study of
endothelial function is similar to that
described by several groups to study the coro-
nary circulation.2 13 14 All patients were
catheterised under local anaesthetic to avoid
any potential influence of anaesthetic agents
on pulmonary endothelial function,15 and
long infusion times were chosen to ensure
that any transient effect of contrast material
on the endothelium would have worn off;'6
use of diluted contrast at normal osmolarity
minimised these effects, and in our pilot stud-
ies, injection of contrast caused a reversible
rise in flow velocity that returned to baseline
values within 60 seconds. The use of a 3F
Doppler intra-arterial catheter has previously
been shown to be non-obstructive to flow,
safe, and reliable.'7 Doppler catheters have
been validated for measurement of absolute
flow velocity, but at low flow rates may
underestimate flow.'8 Side mounted Doppler
catheters are reliable for the measurement of
flow ratios and relative changes of flow veloci-
ty.'7-'9 Quantitative angiography is a well vali-
dated technique for measurement of arterial
diameter, and in vessels > 1 mm in diameter
provides accurate and reproducible
results.2>22 In this study the 10 children were
of different ages and sizes, and therefore we
have used each child as their own control and
compared each observation with the first
baseline result for each child. Calculation of
vascular resistance was based on assumed
rather than measured oxygen consumption;
the potential error thereby introduced was
likely to be small in these patients with other-
wise normal pulmonary haemodynamics.

In 1957 Fritts et al reported that an infu-
sion of acetylcholine into the lungs of normal
human subjects produced a fall in pulmonary
arterial pressure, and that this effect was
exaggerated if the pulmonary circulation was
preconstricted by hypoxia.23 In the intact
lungs of cats and rabbits, acetylcholine pro-
duces vasoconstriction; only in preconstricted
arteries does acetylcholine induce vasodilata-
tion.2>26 Numerous studies on intact humans,
however, have shown that acetylcholine low-
ers pulmonary pressure and vascular resis-
tance;23 27-29 this response is now thought to be
due to the release of relaxing factors from the
endothelium that act on underlying smooth
muscle in vessels with basal vasoconstrictor
tone. This hypothesis has been supported by
in vitro studies,7 and was confirmed by our
findings in children.
The maximum increases induced in pul-

monary blood flow in our children (about
90% with acetylcholine and 50% with nitro-
prusside) are similar to the maximum relax-
ation that has been found in response to these
agents in isolated pulmonary arteries from

normal subjects studied in vitro (about 80%
and 40%).7 Both in vivo and in vitro, vasodi-
latation was greater in response to acetyl-
choline than to nitroprusside. This may be
because nitroprusside is a relatively weak
stimulator of pulmonary vascular smooth
muscle compared with endothelium depen-
dent relaxing factor, the endogenous nitro-
vasodilator, or that (at least in vivo) the dose
schedule elicited the maximal responses to
acetylcholine, but a submaximal response to
nitroprusside; for nitroprusside the dose
range is limited by its powerful systemic
vasodilator effect.
The availability of an in vivo test of

endothelial function in children may permit
further study of the role of endothelial dys-
function in the pathogenesis of pulmonary
vascular disease. We are therefore currently
studying endothelial function in children with
abnormal haemodynamics secondary to con-
genital heart disease.

This work is supported by a grant from the British Heart
Foundation. We thank Mary Jane Potter for her secretarial
assistance.
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