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Abstract

Aims: Endothelial dysfunction is likely to contribute
to the pathogenesis of idiopathic Pulmonary Arterial
Hypertension (iPAH). We hypothesize that there are
different patterns of endothelial cell function, which
we studied in 17 children with iPAH.

Methods and Results: Pulmonary flow reserve was de-
termined by acetylcholine infusion into segmental pul-
monary arteries utilizing quantitative angiography and
intra-arterial Doppler flow wire. Depending on the re-
activity of the pulmonary to systemic arterial pressure
ratio to short-term oxygen and intravenous epo-
prostenol or aerosolized iloprost responders and non-
responders were classified.

In 7 responders to oxygen-prostanoid administra-

tion the pressure ratio decreased from 0.9 * 0.2 to
0.31 £ 0.11 (p = 0.01), the mean pulmonary flow re-
serve showed an excessive increase to 3.6 = 2.0 (p =
0.01) after infusion of acetylcholine. In 10 non-re-
sponders the pressure ratios remained unchanged dur-
ing oxygen-prostanoid testing. 4 of 5 patients without
any ecffect to acetylcholine died despite long-term
epoprostenol treatment. The other 5 nonresponders
to oxygen-prostanoid showed an impaired but signifi-
cant increase of the pulmonary flow reserve of 1.6 £
1.1 (p = 0.01). 2 of these patients did not only improve
clinically, but regained vascular reactivity by additional
therapy with sildenafil.
Conclusion: Endothelial reactivity in iPAH is either ex-
tensive, impaired or absent. Acetylcholine infusion
casts a light on the pathogenesis and has implications
for therapy.
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INTRODUCTION

Idiopathic Pulmonary Arterial Hypertension is usually
a rapidly progressive disease of the pulmonary vascula-
ture leading to right heart failure and death. Three fac-
tors are thought to cause an increase of the pulmonary
vascular resistance: vasoconstriction, remodeling of
the pulmonary vessel wall, and in situ thrombosis [1].
A substantial number of mechanisms have been impli-
cated in the pathogenesis of pulmonary arterial hyper-
tension, as recently reviewed by Humbert et al. [2].
Impaired chronic production of vasodilators seems re-

sponsible for the increase in vascular tone and perhaps
also for the vascular remodeling. In lungs of patients
with pulmonary hypertension a reduced expression of
endothelial nitric oxide synthase [3] as well as prosta-
cyclin synthase expression [4] has been found, along
with prolonged overexpression of vasoconstrictors
such as endothelin [5]. Consequently, nitric oxide and
prostacyclin currently represent logical pharmacologic
targets or are being used therapeutically. In fact the
treatment of iIPAH has improved survival compared
with historical reports before the use of calcium chan-
nel blocker (CCB) and/or epoprostenol [6]. However,
the current therapy is still not satisfactory, and far
from providing a cure. Therapeutic strategies in iPAH
depend on the outcome of acute vasodilator testing [6,
7]. We favour the stringent criteria for acute vasoreac-
tivity that were recently defined by Sitbon et al. [7].
Accordingly, responders to acute vasodilator testing
have to show a decrease of the mean pulmonary arteri-
al pressure of more than 20% from baseline, and the
mean pulmonary arterial pressure has to be less than
40mmHg. Only responders defined by these criteria
seem to be suitable for long-term treatment with CCB,
approximately 12% of the adult iPAH patients. Based
on these criteria, at our pediatric heart center patients
are treated with CCB when the ratio of the mean pul-
monary (PAP) to mean systemic arterial pressure
(SAP) decreases by acute vasodilator testing to less
than 0.4. Those patients who do not respond initially
or acute responders who deteriorate to nonresponders
are usually treated with intravenous epoprostenol [0,
7]. However, as the algorithm for treating iPAH is ap-
plied, novel agents are used, mostly on a compassion-
ate basis [8].

Considering the pathogenesis of iPAH as a complex
and multifactorial process in which endothelial dys-
function as well as severe structural changes of the
pulmonary vasculature play an integral role, the aim of
the present study was to test the endothelium-depen-
dent pulmonary arterial relaxation (EdPAR) in affect-
ed children. Our studies were particularly influenced
by the following observations and questions: Why can
a small group of patients be treated with CCB long-
term, thus utilizing solely pulmonary vasodilator strat-
egy? Why do children respond to short-term vasodila-
tors more often than adults and why is the response of
the pulmonary vasculature more likely the younger the

child is?
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In this context, the important, still unresolved ques-
tion is whether significant vascular reactivity and bet-
ter long-term outcome reflect a different stage, a slow-
er degree of disease progression or even a different
form of iPAH.

METHODS

In 17 children (Table 1) with iPAH undergoing routine
diagnostic cardiac catheterization we studied the en-
dothelium-dependent pulmonary arterial relaxation by
acetylcholine, an endothelium-dependent vasodilator.
Approval by the institutional review board and written
informed parental consent were obtained before in-
cluding the children in the study.

The following protocol was used:

1) baseline hemodynamic measurements; 2) admin-
istration of acetylcholine in graded infusions with a
1000-fold dose range to determine the maximal re-
sponse; 3) washout time for 15 minutes; 4) administra-
tion of 4-6 1 oxygen continuously per nasal prongs and
epoprostenol infusions or iloprost inhalation, respec-
tively.

After baseline hemodynamic assessment a 7F guide-
catheter (Cordis) was placed into the left lower lobe
vessel. A Dopplet-tip 0.014-in Flow-wire (Cardiomet-
rics) was positioned through an infusion or guide
catheter, just distal to the tip of the catheter. Serial 3-
minute infusions of acetylcholine (flow rate
0,8ml/min) were administered. Infusions were adjust-
ed to the local blood flow, as calculated from the ves-
sel area and blood flow velocity, in order to achieve
10-7, 10-6, 10-5, and 10-4 M concentrations of acetyl-
choline in the investigated vessel. The diameter of the
pulmonary segmental arteries and the pulmonary
blood flow velocity as average peak velocity (APV,
cm/s) were measured using quantitative angiography
and an intra-arterial Doppler-Flow-wire, as described
in detail previously [9, 10].

To avoid any artifacts during hemodynamic assess-
ment by acetylcholine infusion only additional online-
registered parameters were considered: APV with con-
tinuously calculated pulmonary flow reserve (PFR),
heart rate (beats /min), transcutaneous arterial oxyhe-
moglobin saturation (%) continuously measured by
pulse oxymetry (Critikon), PAP (mmHg) and SAP
(mmHg). The ratio of mean PAP and SAP (PAP/SAP)
was calculated.

Iloprost (Schering) was prepared from a vial of
50ug and diluted with NaCL 0.9% to obtain a
0.5ug/kg solution, which was actively inhaled in awake
patients or via mask by a microprocessor controlled
Optineb®-inhaler (Nebu-Tec). Short-term infusion
with prostacyclin (Epoprostenol, Glaxo-Smith-Kline)
was administered intravenously. The infusion started
with 5 ng/kg/min and was increased stepwise by 5
ng/kg/min every 5-10min to a maximal dose of 15 to
20 ng/kg/min.

STATISTICAL ANALYSIS
Flow velocities were the primary end points in this

study, and were used as an index of resistance-vessel
function. The vessel diameter at the site of Doppler
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velocity sampling was measured to ensure that changes
in flow velocity were not attributable to changes in
vessel diameter. Similarly, pulmonary arterial and sys-
temic blood pressures were registered to demonstrate
that changes in flow velocity were not due to changes
in trans-pulmonary pressure.

All data were analyzed using the GraphPad Prism
Software package. Results are expressed as mean *
SD. An analysis was performed for all patients and
separately for responders and nonresponders. For nor-
mally distributed data repeated measures ANOVA and
for non-normally distributed data the Friedman’s test
was used for each parameter, with post hoc correc-
tions as appropriate, for all pairwise multiple compar-
isons. P<0.05 was considered significant. Sub group
data containing less than five patients are only de-
scribed in mean values and minimum / maximum
range.

RESULTS

The demographic and hemodynamic patient data are
summarized in Table 1.

Depending on the response to short-term
oxygen/prostanoid vasodilator testing seven patients
aged 0.5 — 18 years showed an acute response to va-
sodilator testing (Fig. 1a). The mean pulmonary artery
pressure fell by 34.2 mmHg from 62.1 + 21.9 to 27.9 £
12 mmHg (p = 0.01). The mean systemic pressure did
not change (p = n.s.). The ratio of PAP/SAP decreased
significantly (p = 0.01) from 0.9 = 0.23 to 0.31 £ 0.11.

Ten children aged 0.7 — 12 years did not have a re-
sponse to acute vasodilator testing (Fig. 1b). The mean
PAP/SAP ratio before treatment was calculated to be
1.0 * 0.2, and remained almost unchanged during the
combined vasodilator therapy.

Acetylcholine Assessment: The mean average peak ve-
locity at baseline was 17.6 + 4.9 cm/s for the entire
group. During acetylcholine infusion, the flow velocity
increased by 117% to 38.8 = 28.5 cm/s (p = 0.01). In
all patients with a global endothelium-independent re-
sponse to oxygen/prostanoid testing acetylcholine in-
duced an increase of local pulmonary flow from 18.4
+ 4.5 cm/s at baseline to 62.4 £ 35.5 cm/s (Fig. 1¢).
The average increase of flow velocity was 294%, re-
flecting a significant rise in PFR to 3.6 £ 2.0 (p =
0.01). The change in pulmonary arterial flow velocity
in response to four doses of acetylcholine in one pa-
tient (No. 2) is shown in Figure 2.

In patients not responding to acute vasodilator
testing, a non-uniform behavior of the vasculature was
observed (Fig. 1d). The mean baseline APV of 17.0 £
5.5 cm/s of all nonresponders did not differ signifi-
cantly from the mean baseline flow velocity of the re-
sponder group (p = 0.1), and upon acetylcholine stim-
ulation the APV increased to 22.3 * 10.2cm/s, which
was not significant (p = 0.2). At a closer look, in five
of these 10 patients (Pts 12 to 17) acetylcholine did
not have any effect at all, but in the other five patients
an increase of the APV from a baseline of 20.2cm/s
(range 12 to 23 cm/s) to a maximum of 31cm/s (range
26 to 37 cm/s), corresponding to a PFR of 1.6 £ 1.1,
could be demonstrated.
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Fig. 1. Plot of change in the ratio of mean pulmonary artery pressute (PAP) and mean systemic arterial pressure (SAP) as an
acute response to combined oxygen / prostanoid testing, and pulmonary arterial flow velocities in response to acetylcholine
with maximal local concentration (10-4M). Figure 1a represents the responders to acute testing (n = 7); depicted is the impres-
sive decrease of the PAP/SAP-ratio (mean values). Figure 1b shows the data of the non-responder group (n = 10), and figure 1c
the marked increase of pulmonary arterial flow velocity in response to the highest dose of acetylcholine in the responder-group
(responder to oxygen/prostanoid). In figure 1d the mean APV and the flow velocities in the pulmonaty arteties of each patient

of the non-responder-group ate presented.

APV :1
e

APY:13
hese o el

CFR:1.08

Fig. 2. Shown is the average peak velocity (APV) at baseline
and in response to four doses of acetylcholine (estimated lo-
cal concentrations of 10-7, 10-6, 10-5 and 10-4 M, respective-
ly) in patient 2 who was also a responder during the oxy-
gen/prostanoid test. APV increased from 13 to 34 to 55 to
63 to 80 cm/s. CFR: coronaty (i.e. pulmonatry) flow resetve.
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Prior to the acetylcholine infusion the internal di-
ameter of the segmental pulmonary vessel averaged
3.6 £ 0.74mm in all patients and remained unchanged
3.54+/-0.83mm during the highest concentration of
acetylcholine. At the same time no hemodynamic ef-
fects were observed during the acetylcholine infusion
in respect to heart rate, PAP and SAP values; the tran-
scutaneous arterial oxyhemoglobin saturation re-
mained unchanged as well.

Four children of the non-responder group in whom
the APV did not show any change during acetylcholine
infusion died despite long-term epoprostenol and, in
some patients, additional bosentan therapy during a
follow-up period of 5.3 — 23 (mean of 14.5 months,
Table 1).

In contrast, the other five non-responders in whom
the APV increased during acetylcholine infusion re-
mained stable or improved clinically, although one
died by a catheter related sepsis (Pt 8). Interestingly,
three further children improved clinically after addi-
tional treatment with sildenafil, and two (Pts. 9 and 10)
regained vascular reactivity documented by follow-up
catheterizations after 20 and 34 months, respectively.

DiscussioNn

Our study demonstrates that endothelium-dependent
pulmonary arterial relaxation in children with iPAH is
not only preserved in those with an acute response to
global endothelium independent vasodilator testing,
but even shows an excess compared to previously pub-
lished data in children and adults with normal hemody-
namics [9, 10]. The novel diagnostic tool of in vivo
testing of endothelial function by determination of the
pulmonary flow reserve casts a light on the pathogene-
sis and has implications for therapy at our institution.
The method of quantitative vascular angiography com-
bined with Doppler flow measurements in response to
graded concentrations of acetylcholine or other ago-
nists is the “gold standard” when it comes to assessing
endothelial function in human arteries [11].
Acetylcholine induces endothelium-dependent re-
laxation by receptor-mediated stimulation of endoge-
nous NO [12], PGI2 [13], and perhaps other endothe-
lial cell-dependent vasodilators. Most previous studies
have been performed to elucidate the functional status
of the coronary endothelium [11], and only few data
are available in the setting of iPAH. The endothelium-
dependent pulmonary arterial reactivity in children
with iPAH has not been examined. In this context the
present study demonstrates that EAPAR in children
with iPAH is not only preserved in most children with
an acute vasodilatory response by oxygen/prostanoid
testing, but EAPAR is greater when compared to pre-
viously published data in children and adults with nor-
mal pulmonary hemodynamics [9, 10]. In healthy chil-
dren Celermajer et al. [9] showed a maximal increase
of the flow velocity in response to acetylcholine of 93
T 7%. In children with pulmonaty vascular disease as
a result of congenital heart disease [14] the flow veloc-
ity response to acetylcholine was impaired. However,
the utilized technique did not allow to determine the
absolute values of basal flow velocity in segmental pul-
monary arteries of children [9, 14, 15]. Cooper et al.
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[10], evaluating APV in seven healthy adults using the
same method and acetylcholine concentrations as
those in our study, demonstrated an increase of the lo-
cal pulmonary flow by 119% from a baseline level of 6
cm/s to a mean to 14 cm/s. Comparing these data,
most children with iPAH in our study had a distinctly
higher baseline of the pulmonary arterial flow velocity
(mean APV of 17.6 +/-4.9 cm/s). Because locally ad-
ministered acetylcholine did not induce any change in
the segmental artery diameter, as it was also shown in
previous studies [10, 15, 16], the site of endothelium-
dependent relaxation must be distal to the level of the
conduit vessels. In addition, the increase in flow veloc-
ity could not be attributed to a rise in pulmonary
artery pressure since heart rate, arterial oxygen satura-
tion, systemic arterial and pulmonary arterial pressures
remained unchanged.

In respect to the acute vasodilator testing using oxy-
gen combined with an inhaled or intravenously applied
prostanoid the non-responders showed a non-uniform
response to acetylcholine. Five patients did not re-
spond at all; the other five children had a preserved
EdPAR. In this context it has to be considered that
endothelial dysfunction can manifest itself either by
decreased secretion of vasodilators, increased produc-
tion of vasoconstrictors, and increased sensitivity to
vasoconstrictors and/or resistance of smooth muscle
cells to endothelial vasodilators. Vascular remodeling
might be the consequence, but can also cause en-
dothelial dysfunction [17]. Therefore the identification
of patients with an acute response to the
oxygen/prostanoid testing accompanied with an ex-
cessive endothelium-mediated flow reserve on the one
hand and of patients with preserved EdPAR and those
deficient in this endothelial function on the other
hand raises the question, whether we deal with differ-
ent forms of pulmonary vascular diseases.

The excessive response to acetylcholine in some pa-
tients with iPAH demonstrates the principal availabili-
ty of endogenous NO perhaps due to increased ex-
pression of endothelial NO synthase (eNOS), but re-
futes some reports in the literature that endothelial
mediated vasodilatation is invariably reduced in pa-
tients with iPAH [3, 18]. It would be interesting to
know whether these are the patients without any en-
dothelial response to acetylcholine as well as without
any acute vasodilator response to oxygen-prostanoid
administration. The differences in the outcome of our
functional test supports other observations reporting
in human lungs strong immunostaining of eNOS in
the endothelium of abnormally thickened medium and
small pulmonary arteries that otherwise showed typical
characteristics of pulmonary hypertension [18]. This
important paradox in the literature that eNOS expres-
sion has been reported to be decreased, unchanged, or
increased [19] might be clarified only by a prospective
study comparing functional tests with representative
tissue samples removed from human lungs for im-
munostaining of eNOS.

In conclusion, our data support our hypothesis of
different subtypes of iPAH. The excessive response to
acetylcholine in several patients not only demonstrates
the principle availability of endogenous nitric oxide,
but also suggests that the excessive EdPAR might be
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useful to choose those patients who are suitable for
long-term treatment with CCB. In addition, we specu-
late that patients with a small, but detectable, EAPAR
may predominantly have a disease of endothelial dys-
function. Untreated vasoconstriction, due to impaired
vasodilatation, likely increases shear stress and leads to
pulmonary vascular remodeling. This might explain
why pulmonary vasodilator treatment alone is success-
ful in treating iPAH in 12% of adults only and about
20% to 40% of children and infants, respectively. Addi-
tionally, we believe that patients with impaired, but
residual EAPAR might benefit from stimulation of en-
dogenous endothelial vasodilator production rather
than from treatment with exogenous substances, which
can lead to further down-regulation of endogenous va-
soprotective mediators, as it has indeed been shown
for NO [20]. Therefore, at least for these patients
phosphodiesterase-inhibitors may be more beneficial
for long term therapy than agonists like inhaled NO.

The non-responders to acute vasodilator testing
likely have a form of pulmonary arterial hypertension
as a result of a remodelling of the vessels independent
of the endothelium-dependent vasodilator reserve of
the resistance vessels. Patients without any endothelial
reactivity at all may have a disease which is character-
ized by abnormal proliferation of pulmonary endothe-
lial and smooth muscle cells, and abnormal adventitial
connective tissue. These pulmonary vessels seem to be
encased in a rigid matrix of adventitial connective tis-
sue, which may impair vasodilation. For this majority
of iPAH patients new anti-angiogenic and antiprolifer-
ative strategies need to be developed, since the current
drugs to treat this form of iPAH fail in the long term.

Clearly, the implications of our study are limited by
the small number of patients; yet this in vivo endothe-
lial function test expands the diagnostic tools in pa-
tients with iPAH and may have an impact on therapeu-
tic strategies and prognosis.
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