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Abstract

Ozet

A dysfunctional pulmonary vascular endothelium with diminished
release of nitric oxide (NO) and increased expression of endothelin-1 is
thought to be the main pathophysiological inductive mechanism for
acute pulmonary hypertension. New therapeutic approaches are aimed at
ameliorating endothelial dysfunction in acute pulmonary hypertension.
Whether or not acute pulmonary hypertension has to be treated depends
on the degree of functional impairment of the right ventricle resulting
from an acute increase in right ventricular afterload. The treatment of
acute pulmonary hypertension comprises optimizing right ventricular
preload, increasing contractility, lowering right ventricular afterload,
improving coronary perfusion and, lastly, mechanical circulatory
support. Most importantly, it is essential that pulmonary arterial
pressures and right ventricular afterload be lowered in acute pulmonary
hypertension. Systemic vasodilators to treat pulmonary hypertension are
nonselective and may induce arterial hypotension. Inhaled NO in
therapeutic doses selectively dilates the pulmonary vasculature without
inducing systemic hypotension. To date, NO inhalation is only approved
for the treatment of persistent pulmonary hypertension in newborns. For
all other indications, NO therapy is only possible as "off-label use".
Inhaled NO has been successfully used for all indications in the
treatment of acute pulmonary hypertension following cardio-surgical
interventions. It has proved to be especially effective after implantation
of left ventricular assist devices and following heart and lung
transplantations. As an alternative therapy, inhalation of aerosolized
prostanoids similar to inhaled NO selectively decreases pulmonary
arterial pressures, but is still awaiting medical approval. In the future,
endothelin-receptor antagonists will be available to treat pulmonary
hypertension; they are presently being evaluated in extensive clinical
trials. Since the advent of the routine use by many centers of inhaled NO
following heart transplantations and implantation of left ventricular
assist devices, the incidence of right ventricular failure due to pulmonary
hypertension is decreasing.
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Nitrik oksit (NO) salimimmin ortadan kalktigi ve endotelin-1’in
artis gosterdigi fonksiyonlar bozulmus akciger damar endotelinin, akut
pulmoner hipertansiyona neden olan ana patofizyolojik mekanizma
oldugu diistiniilmektedir. Yeni tedavi yaklasimlari, akut pulmoner
hipertansiyonda endotel fonksiyonlarindaki bu bozulmayr gidermeye
yoneliktir. Akut pulmoner hipertansiyonun tedavi edilip edilmeyecegi,
sag ventrikiil art yiikiindeki artisa bagh olarak sag ventrikiil
fonksiyonlarindaki bozulmanin derecesine baghdir. Akut pulmoner
hipertansiyonun tedavisini sag ventrikiil 6n yiikiinii optimize edilmesi,
kontraktilitenin arttirilmasi, sag ventrikiil art yiikiiniin azaltiimasi,
koroner perflizyonun iyilestirilmesi ve nihayetinde mekanik dolasim
desteginin saglanmasi olusturur. Akut pulmoner hipertansiyonda,
pulmoner arter basinglar1 ve sag ventrikiil artylikii azaltilmas1 énemlidir.
Pulmoner hipertansiyonun tedavisinde sistemik vazodilatorler secici
degildirler ve arteryel hipotansiyona neden olabilirler. Tedavi edici
dozlarda NO inhalasyonu sistemik hipotansiyona neden olmadan segici
olarak pulmoner damar yatagmi genisletir. Bugline kadar NO
inhalasyonu yenidoganlarda persistan pulmoner hipertansiyon
tedavisinde onaylanmis tek yontemdir. Diger tiim endikasyonlar i¢cin NO
tedavisi “prospektiis dis1 kullanim” ile miimkiindiir. Kardiyak cerrahi
girisimler sonrast akut pulmoner hipertansiyonun tedavisinde NO
inhalasyonu basart ile kullaniimaktadir. Ozellikle sol ventrikiil destek
cihazlarinin (Assist Device) yerlestirilmesi ve kalp ve akciger nakilleri
sonrast etkili oldugu kanitlanmigtir. Pulmoner hipertansiyona bagl sag
ventrikiil yetmezligi insidansi, birgok merkezde sol ventrikiil destek
cihazlarinin yerlestirilmesi ve kalp ve akciger nakilleri sonrasi rutin NO
kullanimma bagl olarak azalmaktadir. Alternatif bir tedavi yontemi
olarak aerosol halinde prostanoidlerin inhalasyonu, benzer sekilde segici
olarak pulmoner arter basinglarim azaltmaktadirlar. Ancak bunlar halen
tibbi onay1 beklemektedirler. Gelecekte endotelin reseptor antagonistleri
pulmoner hipertansiyon tedavisinde yerini alacaktir. Bu yenikusak
ilaglar halen yaygin klinik ¢aligmalarla degerlendirilmektedir.
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ulmonary hypertension is caused by a vari-
ety of factors and is associated with either an
increase in blood flow, or an increase in
resistance in the pulmonary vessel system. Physio-
logically, the lung is a low pressure system that
compensates for fluctuations in blood flow by the
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recruitment of less perfused pulmonary vessels and
dilation of more highly perfused vessels. It is able
to compensate for considerable fluctuations in
blood flow with only little change in pulmonary
arterial resistance.'”

Independent of its etiology, pulmonary hyper-
tension is at least partially caused by an excess of
endogenous vasoconstrictors, e.g. endothelin and
angiotensin II, relative to endogenous vasodilators,
e.g. nitric oxide (NO) and prostacyclin.’ In pulmo-
nary hypertension, the finely tuned interplay of
these opposing systems, in which the endothelium
plays a crucial role in regulating pulmonary vessel
tonus, is out of balance.* Thus, novel treatment
modalities for acute pulmonary hypertension aim
at alleviating endothelial dysfunction.

Pulmonary circulation is the major determi-
nant of right ventricular afterload and determines
the right ventricular ejection fraction. Independent
of its etiology, pulmonary hypertension results in
increased right ventricular afterload. The thin-
walled, trapezoid right ventricle is highly compli-
ant and is able to tolerate a considerable volume
load.” However, it possesses only limited contrac-
tile reserves and adaptive mechanisms to counter
acute increases in pulmonary resistance.’ Thus, the
extent to which acute pulmonary hypertension is
treatable depends in large part on right ventricular
function under conditions of an acute increase in
afterload.

Acute pulmonary hypertension with right ven-
tricular dysfunction can be caused by mechanical
obstruction of pulmonary vessels by massive em-
bolism, by inflammation such as in sepsis or reper-
fusion, or by right ventricular failure after cardio-
pulmonary bypass. In these instances, right ven-
tricular failure is almost always a consequence of
increased afterload caused by an obstructed pul-
monary circulation.

Right ventricular failure can develop acutely,
such as in pulmonary embolism. Most often, how-
ever, it is caused by aggravation of existing pul-
monary hypertension in critical illnesses, for ex-
ample due to hypoxic pulmonary vasoconstriction
in chronic obstructive pulmonary disease (COPD)
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or in cardiac surgery after cardiopulmonary by-
pass. The acute increase in right ventricular after-
load or the progression of a chronic hypertensive
condition results in an increase in right ventricular
end-diastolic volume and a decrease in right ven-
tricular ejection fraction. Right ventricular failure
can in turn cause a decrease in left ventricular end-
diastolic volume with septal shift to the left and
ballooning of the right ventricle. In these instances,
left ventricular ejection fraction and cardiac output
can decrease further and result in a low cardiac
output syndrome with hypotension and shock.

Consideration of the underlying etiology of
acute pulmonary hypertension is pertinent in a
causative treatment regimen, such as in the event
of massive pulmonary embolism, but is beyond the
scope of this review. Therefore, the following
comments on the therapy of acute pulmonary hy-
pertension are restricted to symptomatic ap-
proaches, i.e. optimizing right ventricular preload,
increasing contractility, decreasing right ventricu-
lar afterload, improving coronary perfusion, and
applying mechanical circulatory assistance, includ-
ing right ventricular assist devices.

The aims of therapy are to avoid the develop-
ment of a low cardiac output syndrome. Reduction
of increased pulmonary resistance, improvement in
myocardial oxygen consumption, and maintenance
of adequate preload and coronary perfusion
through sufficient aortic pressure, are important in
this respect. Arrythmias and atrioventricular con-
duction disturbances have to be appropriately
treated to maintain an adequate ejection volume
and heart rate.

Optimizing right ventricular preload

Beneficial hemodynamic effects of volume
therapy to improve right ventricular preload have
been described in acute pulmonary hypertension.’
However, there are strict limitations. Volume ther-
apy is restricted to those instances in which a lar-
ger expansion of the right ventricle in diastole is
expected to make use of a higher preload reserve
by increasing right ventricular end-diastolic vol-
ume and cardiac output through the Frank-Starling
mechanism. In contrast, however, many experi-
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mental animal studies in acute pulmonary hyper-
tension have shown a deterioration in hemodynam-
ics. Hemodynamic consequences of volume ther-
apy depend on volume status and the degree of
right ventricular function impairment under the
conditions of an acute increase in pulmonary resis-
tance. In effect, individual volume requirements in
a given patient can only be clarified by volume
therapy itself, administered under close hemody-
namic monitoring. If, under volume therapy, only
right atrial filling pressure rises without a concomi-
tant increase in cardiac output, further volume
therapy is not indicated. Central venous pressure
(CVP) can serve as a rough orientation in this re-
spect, with volume therapy indicated at a CVP
below 10 mmHg, and possibly useful up to a CVP
of 15 mmHg. Volume therapy is not indicated in
the presence of high right ventricular filling pres-
sure with a consecutive low cardiac output syn-
drome and systemic arterial hypotension.

Increasing contractility

Patients with acute pulmonary hypertension
and consecutive right ventricular dysfunction re-
quire positive inotropic therapy to improve myo-
cardial contractility. The catecholamines dopa-
mine, dobutamine and epinephrine are commonly
administered. In patients with a low cardiac index
but normal systemic blood pressure, dopamine and
dobutamine are preferred.® Because of dobuta-
mine’s predominantly B-agonistic effect and mini-
mal o-agonistic activity, it is advantageous in in-
stances in which vasoconstrictive effects are not
desired.” As its peripheral vasodilatory effect can
cause a decrease in blood pressure, dobutamine has
to be used with caution in patients with systemic
hypotension. In patients with systemic hypotension
and a low cardiac output syndrome, in whom right
ventricular preload has to be considered and opti-
mized if necessary, epinephrine is used in order to
achieve an adequate cardiac index and perfusion
pressure.'” Catecholamines increase myocardial
oxygen consumption, are arrhythmogenic, and lead
to tachyphylaxia if used for longer periods of time.
At higher dosages, the positive inotropic effects of
dopamine and epinephrine are neutralized by dose-
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dependent vasoconstriction, which also affects the
pulmonary vessel system.

A useful supplement to catecholamine therapy
is found in phosphodiesterase III inhibitors, such as
enoximone and milrinone. This class of substances
acts as positive inotropes as well as relaxing agents
on smooth muscle. The cAMP-mediated increase
in intracellular cGMP concentration is independent
of adrenoceptor activity and circulating catechola-
mine levels. The effect of phosphodiesterase III
inhibitors therefore does not rely on the stimulation
of B-receptors, which can be down-regulated or
desensitized in prolonged catecholamine therapy or
heart failure.'" Thus, the combination of B-agonists
and phosphodiesterase III inhibitors leads to an
increase in cAMP levels and synergistic hemody-
namic effects via two independent mechanisms.
The fact that phosphodiesterase III inhibitors do
not increase myocardial oxygen consumption is
attributed to a concomitant lowering effect on af-
terload. These considerations also explain the po-
tential side-effect in which an ensuing drop in arte-
rial blood pressure can quickly fall below a critical
systemic pressure, particularly in patients with
acute pulmonary hypertension and right ventricular
failure with systemic hypotension. In such situa-
tions, the use of phosphodiesterase III inhibitors
should be considered only with great caution, par-
ticularly in view of the long half-life of these com-
pounds.

Another advantage of phosphodiesterase III
inhibitors is pulmonary vasodilation with benefi-
cial effects in patients with pulmonary hyperten-
sion and increased right ventricular load."

Reduction of right ventricular afterload

Pulmonary arterial pressure depends largely
on right ventricular function. In acute pulmonary
hypertension, the non-adapted right ventricle is
able to produce pressures of 45-50 mmHg. Further
pressure increase leads to progressive right ven-
tricular failure with a decrease in cardiac index and
a low cardiac output syndrome. If pulmonary hy-
pertension develops slowly and the right ventricle
is given the opportunity to adapt, much higher
pulmonary arterial pressures can be generated.
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Conversely, when right ventricular failure occurs,
the pulmonary arterial pressures can be relatively
low, although the pulmonary vascular resistance is
high.

The treatment of acute pulmonary hyperten-
sion focuses on lowering the pulmonary arterial
pressure and thus reducing right ventricular after-
load.” The aim is to induce dilation of the pulmo-
nary vessels and lowering of the pulmonary vascu-
lar resistance without a decrease in the arterial
systemic blood pressure or coronary perfusion
pressure. The deleterious effects of a drop in blood
pressure caused by vasodilatory therapy in pulmo-
nary hypertension have been known for a long
time."> With the exception of inhaled NO therapy,
all other substances administered systemically for
the treatment of increased pulmonary vascular
resistance and pulmonary hypertension are non-
selective vasodilators and can induce arterial hy-
potension.

By the same token, organic nitrates lead to
pulmonary vasodilation, but at dosages required
they also lead to a drop in systemic blood pressure
and may aggravate hypoxia through a mismatch
between pulmonary ventilation and perfusion.'*"

The same holds true for the physiologically
present prostanoids prostaglandine E; and I, that
have a half-life of only a few minutes. Therapeuti-
cally they are used as prostacycline and epopros-
tenole and as the derivative iloprost, which has a
considerably longer half-life of 30 minutes.
Prostanoids are potent pulmonary vasodilators that,
when administered intravenously, lead to a simul-
taneous decrease in systemic blood pressure, which
considerably limits their therapeutic use.'® For
example, prostanoids have been investigated in
pulmonary hypertension during and after heart
transplantation, and a decrease in pulmonary arte-
rial resistance with a reduction of right ventricular
load could be demonstrated.'”"® Comparing nitro-
glycerine, nitroprusside and prostacycline, the
pulmonary vasodilating effect of prostacycline was
more pronounced than that of nitroglycerine, but
comparable to that of nitroprusside. Systemic
vasodilation caused by prostacycline was, how-
ever, considerably higher than that caused by ni-
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troglycerine or nitroprusside. On balance, prosta-
cycline was not more pulmonary selective than
nitroprusside, but compared with organic nitro
compounds, prostacycline was the most potent
systemic vasodilator. In contrast to nitroprusside
and prostacycline, only under NO inhalation could
a pulmonary selective effect be proven, and NO
was the only substance that did not require the
administration of a vasopressor to raise arterial
blood pressure.'*?

Likewise, adenosine is effective as a pulmo-
nary vasodilator with a very short half-life. It is
being used in the evaluation of transplant candi-
dates with pulmonary hypertension and, like
prostanoids and NO, in some centers in pre-
operative protocols to test the pharmacological
reversibility of pulmonary hypertension. The vaso-
dilating effect of adenosine is mediated by the
membrane-bound A, receptors of vascular smooth
muscle cells and leads to an increase in cAMP by
activating adenylate cyclase. Adenosine is deacti-
vated during passage through the lung by adeno-
sine deaminase. When infused in a dose of 50
png/kg/min, adenosine led to a decrease of pulmo-
nary arterial pressures, without induction of vaso-
dilation.”" At higher doses of 70 pg/kg/min how-
ever, systemic vasodilation was observed.”> Under
adenosine infusion an increase of pulmonary capil-
lary occlusion pressure with the danger of acute
pulmonary edema has been reported. For these
reasons, adenosine has so far not been used in
therapeutic regimens for acute pulmonary hyper-
tension.

NO is formed by oxidation of the amino acid
L-arginine. It is released as a free radical from
vascular endothelial cells, among others, and is a
potent endogenous vasodilator. After being gener-
ated in the vascular endothelium, NO diffuses to
neighboring vascular smooth muscle cells and
leads to vascular relaxation by an increase in intra-
cellular cGMP levels.”

Inhalation of NO in therapeutic doses causes
selective pulmonary vascular dilation without sys-
temic hypotension. The physiological precondi-
tions for pulmonary selectivity are its administra-
tion by inhalation, its short half-life of a matter of
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seconds, and its high affinity for hemoglobin, by
which it is deactivated.** NO inhaled into the al-
veoles passes the alveolo-capillary membrane by
diffusion and relaxes the vascular smooth muscle
cells of pulmonary vessels. Systemic vasodilation
does not occur, as NO is inactivated quickly by
binding to hemoglobin in the lumen of perfused
vessels. Since the vasodilating effect of NO is re-
stricted to ventilated areas of the Iung, NO has the
additional benefit of reducing intrapulmonary
shunt volume and thus improves oxygenation.”
When NO inhalation is abruptly discontinued, its
vasodilating effect ceases as quickly as it com-
mences, due to the short half-life of cGMP of less
than 1 minute, i.e. for practical purposes the phar-
macological effects of NO end nearly simultane-
ously with its administration.”

As potential side effects the formation of
toxic nitric oxides such as NO,, the generation of
methemoglobin, and the prolongation of bleeding
time caused by inhibition of thrombocytes have
been reported. The generation of toxic nitric ox-
ides is dependent on the NO dose administered
and the duration of oxygen contact and increases
exponentially with inspiratory oxygen concentra-
tion.”® Toxic methemoglobinemia is highly
unlikely to occur with the doses of NO used
therapeutically, and in clinical use a higher bleed-
ing tendency could not be corroborated. In the
literature, the rate of side effects described is gen-
erally low, and in numerous controlled studies it
was hardly ever necessary to discontinue its use
due to unwanted side effects.”” However, a poten-
tially lethal complication can result from abrupt
discontinuation of NO administration, which can
lead to a dramatic deterioration in gas exchange
and hemodynamic collapse.”® These rebound phe-
nomena are well known in clinical practice and
suggest the gradual reduction of NO therapy with
immediate availability of a replacement NO inha-
lation device in case of an equipment failure. In
clinical use, controlled admixture of the gas close
to the patient, intensive monitoring, use of the
smallest doses possible, and avoidance of the
generation of toxic nitric oxides are recommended
internationally.”
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Inhaled NO therapy is being employed in-
creasingly often to treat pulmonary failure or pul-
monary hypertension with consecutive right heart
failure. So far, NO inhalation is only approved for
use in persisting pulmonary hypertension of the
newborn (PPHN). In this indication, under NO
therapy a decrease in pulmonary arterial pressures,
an improvement in oxygenation, and less frequent
need of ECMO have been documented.’™*! For all
other indications, NO therapy can only be used
“off-label”.

NO doses required in the treatment of pulmo-
nary hypertension are generally higher than in
adult respiratory distress syndrome (ARDS). Since
the response to inhaled NO differs markedly from
patient to patient, individual dose titration is neces-
sary for optimal treatment with the smallest possi-
ble dose. Hemodynamic effects are expected above
10 ppm NO, and to effectively reduce pulmonary
pressures, up to 50 ppm may be required. Dose-
dependent effects have been described.

Inhaled NO therapy is able to reduce pulmo-
nary hypertension in a variety of diseases of differ-
ent etiology, e.g. in hypoxic vasoconstriction,
COPD, ARDS, primary pulmonary hypertension,
congenital heart diseases and mitral valve dis-
eases.””*>% In patients with chronic heart failure,
inhaled NO therapy led to a decrease in pulmonary
vascular resistance, with the pre-treatment value of
pulmonary vascular resistance serving as a predic-
tor for expected maximum effects.”’

Inhaled NO therapy has successfully been
used in all indications after cardiac surgery in
which acute pulmonary hypertension develops
postoperatively.*** Acute pulmonary hypertension
with an increase in pulmonary vascular resistance
after cardiopulmonary bypass is in many cases
associated with severe acute right ventricular fail-
ure, its incidence being highest after the implanta-
tion of left ventricular assist devices (> 20%), fol-
lowed by orthotopic heart transplantation (>
10%).**! Clinical effects of inhaled NO therapy
have been investigated in patients who developed
right ventricular dysfunction with postoperative
low cardiac output syndrome after implantation of
a left ventricular assist device. With a dose titration
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of 5-40 ppm NO, pulmonary arterial pressures
decreased in a dose-dependent manner, while at the
same time cardiac index increased without sys-
temic hypotension developing. During long-term
administration of NO with further hemodynamic
improvement catecholamine therapy could be pro-
gressively reduced, and finally inhaled NO therapy
gradually weaned and then terminated. After ther-
apy, no hemodynamic deterioration occurred, and
pulmonary vascular resistance remained signifi-
cantly below the pre-treatment values.*

Similarly, inhaled NO therapy was also effec-
tive after heart and lung transplantation.”** In-
haled NO therapy led to a selective reduction in
pulmonary vascular resistance in pulmonary hyper-
tension after heart transplantation, an improvement
in right ventricular ejection volume, and a decrease
in the incidence of postoperative right ventricular
dysfunction.* It has therefore been proposed that
NO therapy in pulmonary hypertension should be
initiated immediately after heart transplantation in
order to prevent right ventricular failure.”” In
known cases of pulmonary hypertension in heart
transplant patients, NO therapy is often begun im-
mediately after the induction of anesthesia and
intubation to “condition” the pulmonary vessel
bed, interrupted during cardiopulmonary bypass,
and restarted after the termination of extracorpo-
real circulation.*’ In some cases of lung transplan-
tation, inhaled NO therapy has been a life-saving
measure to treat the most severe forms of reperfu-
sion edema.*® In addition, the incidence of reperfu-
sion damage has been reduced by prophylactic
inhaled NO therapy after lung transplantation.®
Some centers have therefore begun to administer
inhaled NO therapy prophylactically after left ven-
tricular assist device implantation and after the
transplantation of thoracic organs.™

An alternative to NO therapy is the use of in-
haled prostanoids, which can be administered as
aerosols with jet or ultrasound nebulizers. In ani-
mal experiments simulating hypoxic pulmonary
hypertension, prostacycline has been shown to
selectively reduce pulmonary arterial pressures,
similar to inhaled NO.*'”* The pulmonary selective
effect of prostacycline has been demonstrated in
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clinical studies in ARDS and after cardiac surgery,
and it has been confirmed in tests of the pharma-
cological reversibility of pulmonary hypertension
before transplantation of thoracic organs. The inha-
lation of 10 pug/mL prostacycline showed a compa-
rable acute effect to that of 40 ppm NO with re-
spect to pulmonary vasodilation.” Prostacycline
inhalation has also been described as a therapeutic
alternative to ventilation with NO in reperfusion
damage after lung transplantation.>® Iloprost has
been used successfully in the long-term therapy of
primary pulmonary hypertension.” Inhaled ad-
ministration of prostanoids is not clinically ap-
proved at present. Arterial hypotension is possible
with large doses, if a sufficient concentration is
reached in the systemic circulation by resorption.
Toxic side effects have not been published until
now.

In patients with primary and secondary pul-
monary hypertension, significantly increased
plasma levels of endothelin-1 were found, and
increased expression of endothelin-1 was seen in
the lungs.”®*’ Since then, a number of studies have
shown that endothelin-1 plays a role in the patho-
physiology of pulmonary arterial hypertension, due
to its mitogenic and vasoconstrictive properties.™
Endothelin-1 can increase resistance and lead to
pulmonary vascular hypertrophy, suggesting that
local production of endothelin-1 in the lung is as-
sociated with the pathological vascular changes in
pulmonary hypertension.”” Due to these pulmonary
vascular effects, and since production and clear-
ance of ET-1 primarily take place in the lungs,
endothelin receptor antagonists are a new therapeu-
tic option in the treatment of pulmonary hyperten-
sion.”” These substances are still in the develop-
ment phase, but have been evaluated in animal
models and clinical trials.

Two subtypes of endothelin receptors are
known: ET, and ETg. ET, receptors are located on
vascular smooth muscle cells and have a vasocon-
strictive and mitogenic effect, while ETp receptors
are expressed in vascular endothelial cells and act
vasodilatively. It is hoped that, with the availability
of non-selective antagonists, such as bosentan, and
subtype-specific ET, and ETg endothelin receptor
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antagonists, the role of endothelin receptor sub-
types will be elucidated and new therapeutic ave-
nues opened.”’ In the treatment of patients with
moderate to severe pulmonary hypertension, endo-
thelin antagonists seem to be promising with re-
spect to efficacy and oral bio-availability. In ani-
mal models, a significant reduction of pulmonary
hypertension and right ventricular hypertrophy and
prolongation of survival have been shown with
endothelin antagonists.®’ In a clinical trial with 32
patients, the non-selective and orally available
endothelin antagonist bosentan was investigated
for its effects on exercise tolerance, cardiopulmon-
ary hemodynamics, and for safety and efficacy.
This double-blind and placebo-controlled study
showed that bosentan given orally (62.5 mg twice
daily for 4 weeks, then 125 mg twice daily for at
least 12 weeks) improves physical exercise capac-
ity and hemodynamics in patients with pulmonary
hypertension. The effect of bosentan on pulmonary
hemodynamics consisted of a decrease in pulmo-
nary vascular resistance, mean pulmonary arterial
pressure and central venous pressure, without a
significant reduction in systemic arterial blood
pressure. The dose administered was tolerated well
in this clinical trial.** As a result of this and other
studies endothelin antagonists are increasingly
being used in the clinical management of pulmo-
nary hypertension. However, further studies are
required to define the role of endothelin antago-
nists in more detail.

In several studies, the perioperative increase in
pulmonary resistance after cardiopulmonary by-
pass has been explained by an increase in endo-
thelin-1 plasma levels, suggesting the use of endo-
thelin antagonists in the management of acute
pulmonary hypertension after cardiac surgery as

well.®

It has long been known that the administration
of 100% oxygen leads to a decrease in pulmonary
vascular resistance and, conversely, that hypoxe-
mia is associated with pulmonary vasoconstriction.
Likewise, the administration of 100% oxygen is
integrated into pre-operative protocols to test the
reversibility of pulmonary hypertension. Continu-
ous oxygen therapy is used successfully as a pul-
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monary vasodilator in pulmonary hypertension and
hypoxic states. It could be shown recently that the
acute administration of 100% oxygen, independent
of pre-treatment oxygenation and hemodynamics,
decreases mean pulmonary arterial pressure and
pulmonary vascular resistance, and increases car-
diac index.** So far it is unclear how long the fa-
vorable acute hemodynamic effects persist. Never-
theless, in the treatment of acute pulmonary hyper-
tension the temporary administration of 100%
oxygen is viewed as one of the first measures.

Conversely, hypercapnia and acidosis lead to
an increase in pulmonary vascular resistance and
may aggravate pulmonary hypertension. After
correction of congenital heart defects with a post-
operative acute increase in pulmonary hyperten-
sion, hyperventilation has been used successfully
for many years to reduce pCO, and pulmonary
arterial pressures.”” Therefore, in the treatment of
adults care should also be taken to achieve a good
acid-base balance and a somewhat lowered pCO,
through moderate hyperventilation.

Improvement of coronary perfusion

If an acute increase of pulmonary vascular
resistance leads to right ventricular failure with
low cardiac output syndrome, the implantation of
an intra-aortic balloon pump should be consid-
ered. Although intra-aortic counterpulsation does
not support right ventricular function directly and
is therefore primarily used in left ventricular fail-
ure, favorable hemodynamic effects with an in-
crease in cardiac output could also be shown in
acute hemodynamically relevant right ventricular
dysfunction. This may be explained by an im-
provement in coronary perfusion pressure.®® In
addition, the reduction in afterload by an intra-
aortic balloon pump can potentially lead to an
improvement in the ejection fraction of the left
ventricle in patients in shock and with already
compromised left ventricular function.”” The
pulmonary arterial implantation of a balloon
pump has not found widespread use, and today it
is only of historical interest.®®

The administration of vasoconstrictors to raise
perfusion pressure is in most instances not indi-
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cated since, with the increase in systemic resis-
tance, pulmonary vascular resistance also rises.
Therefore, with an increase in pulmonary arterial
pressure, deleterious effects on right ventricular
function are likely, even with a rise in systemic and
coronary perfusion pressure.” The temporary ad-
ministration of norepinephrine, which possesses o
and ;-mimetic properties, is possible under excep-
tional circumstances in pulmonary hypertension,
when right heart failure with shock and systemic
hypotension are present.”” The administration of
norepinephrine via the left atrium has not been
successful, as the selective effect on systemic cir-
culation sometimes claimed could not be proven in
clinical practice, not to mention the risks of a left
atrial infusion after cardiac surgery.

Mechanical circulatory support with
assist devices

In acute pulmonary hypertension with conse-
quent right ventricular failure that proves to be
refractory to therapy, the implantation of a right
ventricular assist device is the last resort. Since
many centers began to routinely employ NO inha-
lation after cardiac operations such as heart trans-
plantation and implantation of left ventricular as-
sist devices, the incidence of right ventricular fail-
ure has significantly dropped. Initial results with
right ventricular assist devices in pulmonary hyper-
tension refractory to therapy were poor.”' Of great
importance, beside sufficient experience, is the
timely implantation before multi-organ failure sets
in, which has led to improved results.” Ideally, a
right ventricular assist device should be implanted
when, despite all measures for the treatment of
acute pulmonary hypertension, progressive right
ventricular dysfunction looms. Mechanical support
should be continued until right ventricular function
recovers and a reduction in central venous and
pulmonary arterial pressures has taken place.”’

Summary: Procedures in acute pulmonary
hypertension

The vascular endothelium plays a decisive role

in the regulation of vascular tone in pulmonary

vessels. Today, pulmonary hypertension is ex-

plained in large part by a dysfunction of vascular
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endothelium in the pulmonary circulation, which
is to some degree associated with lowered release
of NO and increased expression of endothelin-1.
From this starting point, new therapies to amelio-
rate endothelial dysfunction and pulmonary hy-
pertension are emerging. Whether acute pulmo-
nary hypertension needs to be treated depends
mainly on the degree of right ventricular failure
during an acute increase of right ventricular after-
load. Since causal therapy is only appropriate in a
few instances of acute pulmonary hypertension, a
symptomatic treatment approach is normally
adopted. This means optimizing right ventricular
preload, increasing contractility, reducing right
ventricular afterload, improving coronary perfu-
sion, and if necessary mechanical circulatory as-
sistance including right ventricular assist devices.

Volume therapy is indicated in those instances
in which utilization of a preload reserve of the
right ventricle can be achieved. A target central
venous pressure of 10-15 mmHg can serve as ori-
entation. If solely right atrial filling pressure in-
creases without an increase in cardiac output, fur-
ther volume therapy should be avoided, as it
should if systemic hypotension already exists to-
gether with high right filling pressure and a low
cardiac output syndrome.

In right ventricular dysfunction due to acute
pulmonary hypertension, positive inotropic therapy
is necessary. In normotensive patients with low
cardiac index, dopamine and dobutamine are indi-
cated. In patients with systemic hypotension in low
cardiac output syndrome, epinephrine is used.
Catecholamine therapy can be complemented with
phosphodiesterase III inhibitors with synergistic
hemodynamic effects. In hypotensive patients,
phosphodiesterase III inhibitors should be used
only with great caution to prevent a further de-
crease in blood pressure.

Of the greatest importance in the treatment of
acute pulmonary hypertension is the reduction of
pulmonary vascular resistance and right ventricular
afterload. With the exception of inhaled NO ther-
apy, all substances administered systemically to
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treat pulmonary hypertension are non-selective
vasodilators and may induce arterial hypotension.
This holds true for example for intravenous ther-
apy with the prostanoids prostacycline, epopros-
tenol and iloprost, the effects of which last longer.
Inhaled NO in therapeutic doses results in selective
pulmonary vascular dilation, without causing sys-
temic hypotension. Since rebound phenomena can
occur if NO supply is abruptly discontinued, in-
haled NO therapy should be gradually weaned off.
So far, NO inhalation is only approved in the
PPHN. For all other indications, inhaled NO ther-
apy is only possible as “compassionate” use. Since
responsiveness to inhaled NO differs between in-
dividuals, dose titration is helpful. To reduce pul-
monary arterial pressures, doses of 10-50 ppm NO
may be required. Inhaled NO therapy has been
employed successfully for all indications following
cardiac surgery with pulmonary hypertension re-
quiring treatment. Inhaled NO therapy has been
especially effective after the implantation of left
ventricular assist devices and after heart and lung
transplantation, and some centers have begun to
use NO therapy prophylactically for these indica-
tions.

An alternative to NO therapy is the admini-
stration of inhaled prostanoids which, like inhaled
NO, selectively lower pulmonary arterial pres-
sures. The administration of 10 pg/mL inhaled
prostacycline is believed to have an acute effect
comparable to that of 40 ppm NO regarding pul-
monary vasodilation. Inhalation of prostanoids is
so far not clinically approved.

Endothelin receptor antagonists are likely to
present a future therapeutic option in pulmonary
hypertension. They appear to be promising in the
treatment of moderate to severe pulmonary hyper-
tension, although further studies are required to
determine their clinical value.

In addition, the temporary administration of
100% oxygen is one of the first measures, as well
as moderate hyperventilation and correction of
acidosis.

In right ventricular failure with low cardiac
output syndrome, the implantation of an intra-
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aortic balloon pump should be considered to im-
prove coronary perfusion. In exceptional circum-
stances, noradrenaline may be administered tempo-
rarily to raise perfusion pressure when right ven-
tricular failure, systemic hypotension and shock
are present. In acute pulmonary hypertension re-
fractory to treatment with consequent right ven-
tricular failure, the implantation of a right ventricu-
lar assist device remains the last possibility. The
incidence of right ventricular failure due to pulmo-
nary hypertension has decreased considerably
since routine use of NO inhalation was introduced
in many centers after heart transplantation and
implantation of left ventricular assist devices.
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