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tension classification (Venice 2003 revision). This disease is
characterized by an increase in pulmonary vascular resistance
to blood flow across the pulmonary circulation with resultant
elevation of pulmonary artery pressure. The ensuing progressive right ventricular dysfunction leads to progressive physical disability with a median survival in untreated patients
of 2–3 years from the time of diagnosis. PAH is most commonly associated with an underlying systemic disease such as
connective tissue disease, as well as congenital heart disease;
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however, PAH may be idiopathic [3].
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Pulmonary arterial hypertension has three distinct pathothrombosis, anticoagulation
logical patterns:
• Plexiform lesion characterized by medial hypertrophy,
eccentric or concentric-laminar intimal proliferation
and fibrosis, fibrinoid degeneration, and arteritis with or
ulmonary arterial hypertension is a disease state characwithout thrombosis.
terized by an increase in pulmonary vascular resistance
• Thrombotic lesions characterized by the presence of
to blood flow across the pulmonary circulation, causing an
thrombosis in different stages (fresh, organizing, or orgaincrease in pulmonary artery pressure. The ensuing progresnized, and recanalized-collander lesions), varying degrees
sive right ventricular failure leads to progressive disability and
of medial hypertrophy, but without plexiform lesions.
in many cases, death. PAH can be idiopathic or associated
with an underlying systemic disease.
• Veno-occlusive disease characterized by intimal proliferation
and fibrosis of the intrapulmonary veins and venules [4].
Regardless of the etiology, thrombotic pulmonary vascular
lesions are an integral part of pulmonary vascular pathology
The clinical presentation of patients with different histological
that includes, in addition,
subtypes of pulmonary arteThrombotic arteriopathy, a highly prevalent rial hypertension is remarkvasoconstriction and remodeling. Current evidence suggests
pathological pattern of PAH, is an important ably similar and there are no
that primary and/or secondary
pathophysiological feature of the disorder distinctive features that would
abnormalities of blood coaguallow the clinician to differenlation factors, antithrombotic factors and the fibrinolytic systiate among them based on clinical criteria only.
tem all contribute to a prothrombotic state [1,2]. This review
summarizes current knowledge on the thrombotic process
Thrombotic arteriopathy
regarding its contribution to the pathogenesis of pulmonary
arterial hypertension and evaluates the rationale for anticoThe term thrombotic arteriopathy is applied to cases where a
agulation therapy.
thrombotic lesion predominates. In two retrospective cohort
studies evaluating histology in idiopathic PAH patients, the
prevalence rates of isolated thrombotic arteriopathy were
Pulmonary arterial hypertension
56% and 57%, respectively [5,6]. In a detailed study [4] of pulmonary vascular histopathology from the National Institutes
Pulmonary arterial hypertension represents Group 1 (of five)
within the World Health Organization pulmonary hyperof Health Primary Pulmonary Hypertension Registry, 33%
of 48 patients with pulmonary arteriopathy had thrombotic
lesions.
PAH = pulmonary arterial hypertension
Abstract:

Pulmonary arterial hypertension is a complex pulmonary
vascular disease with a broad range of abnormal vascular
abnormalities. Vasoconstriction, remodeling and thrombosis
contribute to some extent to increased pulmonary vascular
resistance and pressure. This review presents current
knowledge on the role of the thrombotic process in the
pathogenesis of PAH and evaluates the rationale for
anticoagulation therapy.
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Since these changes were found in the absence of clinical
thrombin-activating prothrombinase complex and activator pathological evidence of pulmonary embolism, they were
ing the extrinsic pathway of coagulation via release of tissue
considered as in situ thrombosis, as originally proposed by
factor. In addition, endothelial cells produce and release von
Bjornsson and Edwards [6]. Thrombotic lesions have also been
Willebrand factor.
described in pathological samples from patients with PAH assoEndothelial cells not only facilitate the thrombotic process
ciated with exogenous toxins (e.g., aminorex) and with portal
but also actively inhibit thrombosis and promote fibrinolysis.
hypertension [7]. Taken together, these observational studies
Production and release of nitric oxide and prostacyclin, two
potent inhibitors of platelet aggregation, by the endothelial
indicate a relatively high prevalence of thrombotic lesions in
PAH. Furthermore, these studies suggest that the presence of
cells are important mechanisms in the prevention of intravasthrombotic lesions are related to age and disease duration but
cular thrombosis [13]. In addition, expression of thrombomodulin, a high affinity receptor for thrombin, on the surface
are not specific with regard to the etiology of PAH. The exact
role of thrombosis in the
of endothelial cells prevents
Pulmonary vascular endothelial dysfunction cleavage of fibrinogen to fibrin.
pulmonary arteries and the
might lead to local thrombosis
Endothelial cells are also a source
microvasculature is controversial. One theory holds that
of tissue plasminogen activator, a
thrombotic arteriopathy is an epiphenomenon of the underlying
key activator of plasminogen in the fibrinolytic cascade. On the
hypertensive pulmonary vascular state and endothelial dysfuncother hand, endothelial cells also synthesize and release plasminogen activator inhibitor-1, an inhibitor of t-PA, highlighttion of PAH. Another view is that chronic organized thrombotic
pulmonary vascular lesions are integral aspects of pulmonary
ing the role of the endothelium in regulating the fine balance
vascular remodeling, luminal narrowing and increased pulmoof prothrombotic and antithrombotic processes.
nary vascular resistance that contribute to the progression of
There are several lines of evidence indicating that endothePAH. Irrespective of whether thrombotic arteriopathy is a cause
lial cell dysfunction might interfere with the normal balance
or consequence of PAH, thrombotic arteriopathy may alter the
between prothrombotic and antithrombotic mechanisms and
progression and prognosis of the disease.
contribute to the pathophysiology of PAH.
Thrombomodulin, produced by endothelial cells, is a
membrane-bound co-factor with a high affinity for thrombin
Thrombosis
that renders the capacity of endothelium to cleave fibrinogen,
or activates platelets. Furthermore, thrombomodulin rapidly
As stated above, pulmonary intravascular thrombosis and
activates protein C. Abnormalities of the thrombomodulin/
thrombotic arteriopathy are common pathological findings in
protein C anticoagulant system, evidenced by a decrease in
PAH. Indeed, in the study by Eisenberg et al. [8], the level of
soluble thrombomodulin in patients with idiopathic PAH,
fibrinopeptide, a byproduct and a marker of fibrin degradamay initiate or play a role in perpetuation of pulmonary
tion and generation, was elevated in all 31 PAH patients and
hypertension [14].
markedly so in 19 of 31 patients (61%). Other studies showed
The endothelium, as mentioned earlier, also has an
increased expression of von Willebrand factor antigen [9,10], a
important role in the fibrinolytic process. Endothelial cells
pivotal glycoprotein in primary hemostasis that functions as an
of pulmonary arteries release t-PA both continuously and
adhesive protein for platelets to the vessel wall in PAH, either
acutely in response to triggering factors. Since t-PA has only
idiopathic or associated with congenital heart disease. These
limited activity on a preexisting fibrin clot, acute and local
patients also exhibit abnormal vWF multimer pattern [11],
production of t-PA plays a major role in fibrinolysis and, thus,
possibly due to degradation of the vWF main subunit [12].
maintains the antithrombotic state in the pulmonary circuThrombosis is a complex process characterized by interlation. On the other hand, endothelial cells also synthesize
action of endothelial cells with both soluble elements (e.g.,
and release PAI-1, which inhibits t-PA by rapid formation of
plasma coagulation proteins) and cellular elements of blood
enzyme inhibitor complex. Indeed, increased levels of PAI-1,
(e.g., platelets). In a healthy state, a balance exists between
supporting ongoing thrombosis, were found in the plasma of
ongoing thrombosis and prevention of clot formation by both
17 of 29 idiopathic PAH patients [8].
antithrombotic and fibrinolytic systems.
The role of endothelium in PAH

Abnormalities of platelet function in PAH

Endothelial cells regulate the thrombotic-antithrombotic
balance and participate actively in the process of coagulation by activating factor X, facilitating the formation of the

Platelets not only participate in clot formation but are capable
of releasing many vasoactive substances that promote vaso-

vWF = von Willebrand factor

t-PA = tissue plasminogen activator
PAI-1 = plasminogen activator inhibitor type-1
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constriction (e.g., thromboxane-A2, serotonin) and thromcontrast to these five studies suggesting that anticoagulation
bosis (e.g., TxA2), as well as growth factors that stimulate
therapy may be an effective intervention, two retrospective
proliferation of smooth muscle cells, endothelial cells, and
cohort studies did not support these findings [23,24]. In
fibroblasts (e.g., serotonin, platelet-derived growth factor).
the study by Frank et al. [23], improved 5 year (63% versus
38%) and 10 year survival (39% versus 20%) were reported in
Increased platelet aggregation is enhanced by the altered
balance of vasoactive mediators in idiopathic PAH, such as
warfarin-treated versus warfarin-naive PAH patients associincreased TxA2 (pro-aggregatory) and decreased nitric oxide
ated with systemic diseases. However, warfarin-treated and
warfarin-naive idiopathic PAH patients had similar outcome
and prostacyclin (anti-aggregatory).
The role of activated platelets in PAH in thrombi formaas manifested by the 5 year survival rate.
tion in the pulmonary vasculature was investigated in experimental models. There is an emerging role of platelet-selective
Summary
release of mediators, such as serotonin, TxA2 and growth
Available evidence suggests that thrombotic arteriopathy is an
factors occurring in patients with severe PAH.
important pathophysiological feature of PAH and may alter the
One of the key mechanisms by which platelets are involved
progression and prognosis of idiopathic PAH patients. The pulin the pathophysiology of PAH may be the production and
monary vascular endothelium plays an important role in maintaining blood fluidity through
release of serotonin, a vasoInterruption of ongoing thrombosis is
the lung. Studies have shown
active substance with importhat an impairment of this
tant effects on cell growth and
expected to improve the prognosis of
function in patients with idioproliferation [15]. Idiopathic
patients with idiopathic PAH
pathic PAH or severe secondary
PAH patients were found to
pulmonary hypertension leads to local thrombosis. Interruption
have a markedly elevated plasma serotonin level while the
of ongoing thrombosis with effective systemic anticoagulation
serotonin content of platelets, the major source of blood
serotonin, was significantly reduced [16].
therapy is expected to improve the prognosis, especially for
patients with disease not responsive to vasodilators.
Inherited thrombophilic states in PAH

Deficiencies of the classical inhibitors of coagulation (e.g.,
antithrombin, protein C, protein S) and abnormal procoagulant factors (e.g., factor V Leiden) are well-recognized
risk factors for thrombosis. With the rare exception of PAH
associated with antiphospholipid antibodies, there is no evidence to suggest an increased tendency to PAH in inherited
thrombophilic states [17].

Anticoagulation in pulmonary arterial
hypertension
The American College of Chest Physicians clinical guidelines [18] support the use of anticoagulation with a grade
"B" recommendation (a moderate recommendation) based
on observational studies that indicate a survival benefit in
anticoagulated idiopathic PAH patients, and weak recommendation based on expert opinion only for other PAH
types. However, due to the small number of patients and the
methodological limitations of these studies, the power of
these recommendations is weak.
The role of anticoagulation in PAH was reviewed by summarizing seven observational studies [2]. One case series
[19], three retrospective cohort studies [5,20,21] and one
prospective cohort study [22] demonstrated a survival benefit
of anticoagulation therapy in 488 idiopathic PAH patients. In
TxA A2 = thromboxane-A2
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Capsule
Locking parasites inside the cells
Apicomplexan parasites like Plasmodium falciparum, which
causes malaria, and Toxoplasma gondii , which causes
toxoplasmosis, replicate inside animal host cells. In order for
infections to spread successfully within the host from cell to cell,
daughter parasites after replication need to be able to escape
from their incubator cell. In the course of studies intended to
elucidate the functions of proteases during parasite infection,
Chandramohanadas et al. noted that host cell calpain is the

only protease present at the right time and place to facilitate
the egress of malaria parasites from infected red blood cells.
Parasite egress from infected resealed erythrocytes was
prevented when calpain was removed. Moreover, T. gondii was
unable to escape efficiently from murine fibroblast knockouts
lacking a calpain regulatory subunit.
Science 2009; 324: 794
Eitan Israeli

Capsule
Technique to eliminate reblockage of arteries following angioplasty
A simple technique to avoid reblockage of arteries cleared
by angioplasty and stent insertion has been developed by
Prof. Boris Rubinsky and team at the Hebrew University of
Jerusalem. Angioplasty is the gold standard treatment for
acute myocardial infarction, usually followed by coronary
stent implantation to prevent restenosis. But the procedure
damages the arterial wall and restenosis of the dilated artery
remains a major clinical problem. Since heart disease is the
leading cause of death in the western world, the technique
developed at the Hebrew University offers a very valuable
tool. The technique employs the biophysical phenomenon of
irreversible electroporation (IRE), which destroys cells within
seconds using very short electric field pulses. Compared with
other technologies for local destruction of cells and tissue,
IRE is simple and special training is not required. In IRE,

electrical fields are applied across targeted cells, penetrating
the cell membranes and leading to cell death. The electrical
fields damage only the cell membranes, with no collateral
damage to other structures. Although IRE has been known
for decades, Prof. Rubinsky and team developed a new
mode of application that affects only selected molecules
in tissue. In an article published in PLos ONE on March 9,
this group demonstrated that IRE can efficiently, safely
and quickly destroy the cells responsible for the restenosis
phenomenon in rats. IRE did the job in less than 23 seconds,
with no damage to any other structures. Clinical trials on
humans for restenosis treatment are planned. IRE was
recently successfully used in Australia for the treatment of
prostate, liver and lung tumors.
Israel High-Tech & Investment Report April 2009

“Every man thinks God is on his side. The rich and powerful know he is”
Jean Anouilh (1910-1987), French dramatist
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