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HYPOXIA HAS BEEN SHOWN TO ALTER SEVERAL

biochemical mechanisms in endothelial
cells,1 with a shift demonstrated toward a

procoagulant and prothrombotic state. In addition,
hypoxia induces the endothelial expression of adhe-
sion molecules and chemokines, thereby promoting

the recruitment of circulating cellular elements,
mainly neutrophils.2,3 Thus, there is a general agree-
ment that hypoxia induces a proinflammatory and
prothrombotic endothelial phenotype.

Endothelial abnormalities have been described in
patients with cyanotic congenital cardiac malforma-
tions that are potentially associated with increased
risk for thrombotic events.4,5 Although most such
malformations are now repaired in early infancy or
childhood, there are patients who remain hypoxaemic
for several reasons. Also, some patients will never be
ideal candidates for corrective surgery because of the
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early onset of pulmonary hypertension. Some of these
patients are hypoxaemic from birth, while others will
develop hypoxaemia sometime in life.

In the particular setting of the Eisenmenger syn-
drome, endothelial abnormalities may be even more
pronounced in view of the altered conditions of flow,
and the progressive development of blood hypervis-
cosity. In these patients, several authors, including
ourselves, have demonstrated the occurrence of throm-
bosis in the pulmonary6–8 and systemic9 circulations.
The specific effect of hypoxia on endothelial behav-
iour, however, is difficult to determine, since during
life many other factors may play a role. As far as we are
aware, thus far there have not been any studies seek-
ing to correlate the levels of markers of endothelial
dysfunction in the plasma of such patients with the
severity of their hypoxaemia. Neither has the effect of
decreased tensions of oxygen been explored on the
different markers. With these deficiencies in mind,
we designed this study to investigate whether abnor-
malities of circulating markers of endothelial dys-
function correlate with peripheral saturations of
oxygen in patients with pulmonary hypertension as a
consequence of congenital cardiac disease. Most
patients had the Eisenmenger syndrome. In particular,
we planned to make a comparative analysis between
three biochemical markers, namely tissue-type plas-
minogen activator, thrombomodulin, and von Wille-
brand factor.

Methods

Patients
Our population consisted of individuals with congen-
ital cardiac malformations associated with pulmonary
hypertension and peripheral desaturation of oxygen
who were admitted for diagnosis and treatment to the
Heart Institute, São Paulo, Brazil, from January 2002
to December 2003. We extended the study to include
patients with normal peripheral saturations of oxygen
at rest, but who became cyanotic during mild exer-
cise, and in whom bidirectional shunting was demon-
strated by echocardiographic analysis. Although they
would not meet the pure criterions for diagnosis of
Eisenmenger syndrome, their inclusion seemed to be
advantageous, since we sought to explore a wide range
of saturations of oxygen when testing the correlation
with levels of biochemical markers. All patients were
considered unsuitable for surgical correction of the
cardiac defects, based on the assumption of advanced
pulmonary vascular disease, a loud second heart sound
on the pulmonary area, absence of pulmonary conges-
tion, decreased vascular markings at the periphery of
lung fields on the chest X-ray, predominant right
ventricular hypertrophy on the electrocardiogram

and right-to-left or bidirectional shunting on the
echocardiogram. All the patients, or their parents in
case of children and adolescents, gave their informed
consent for inclusion. The study protocol was approved
by the Scientific and Ethics Committee of the Heart
Institute.

The patients entered the study consecutively. Once
included, we stratified them as stable or unstable
based on their recent clinical history. Those present-
ing with symptoms placing them in class II or III of
the classification of the New York Heart Association,
who were seen as outpatients, and who had no rele-
vant changes in their clinical state over the year prior
to their inclusion, were classified as stable. Those
with symptoms placing them in class III, or episodes
of class IV manifestations requiring hospital care,
were classified as unstable. These episodes were char-
acterized by moderate to severe dyspnoea at rest, wors-
ening of hypoxaemia, and the need for continuous
administration of oxygen. We hypothesized that the
unstable patients would be more hypoxaemic than
those considered stable. Importantly, for the purpose
of the study, laboratory tests were always performed 
in steady conditions, never during hospital care. We
established that, in order to address the central subject
of the study, namely a possible association between
peripheral saturations of oxygen and levels of bio-
chemical markers, it would be adequate to recruit 
25 patients (see also statistical analysis). We planned
to perform one measurement per patient at baseline,
achieving the main objective of the study after the
inclusion of the twenty-fifth patient. As a secondary
objective, we also decided to observe the behaviour of
the endothelial markers over time. For this purpose,
we planned to perform measurements every 6 months
from baseline. We did not plan to include all patients
in this part of the study. Initially we estimated that,
by the time of the inclusion of the twenty-fifth case,
approximately half of the patients would have com-
pleted 24 months of follow-up. We therefore planned
to consider this particular subgroup for statistical
analysis of the repeated measurements performed over
time.

Medical treatment
We used only conventional medical therapy, with no
vasodilators, during the study. Thus, treatment con-
sisted of administration of warfarin, with rigorous
medical supervision to maintain an international nor-
malized ratio between 2.0 and 2.5; administration of
oxygen at concentrations of 28 to 32 percent over
periods of 8 to 10 hours each day, and cautious use 
of diuretics when absolutely necessary. Isovolemic
haemodilution was performed in some patients only
to relieve the symptoms related to hyperviscosity, and
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not to correct any abnormalities in the haematocrit.
Iron was administered orally whenever necessary to
replenish stores and prevent microcytosis. Normal
hydration, and control of systemic blood pressure, was
strongly encouraged.

General collection of data
We recorded demographic data, as well as the func-
tional class, the peripheral saturation of oxygen as
determined using pulse oximetry, and the haematocrit
for all patients. The morphologic characteristics of 
the congenital cardiac malformations were defined 
by Doppler echocardiography in most cases, although
angiography was necessary in some instances. We
report the mean pulmonary arterial pressure as esti-
mated noninvasively, since this measure was available
for all patients. This was obtained using continuous-
wave Doppler recordings to evaluate the curve of
pulmonary regurgitation.

Biochemical analyses
Laboratory analyses were performed by one of the
authors in a blinded fashion. Levels of tissue-type plas-
minogen activator, thrombomodulin and von Wille-
brand factor antigen were measured in the plasma by
enzyme-linked immunosorbent assay using commer-
cially available kits (Diagnostica Stago, Asnières,
France). Results were obtained by comparison with a
standard curve using reagents provided by the manu-
facturer. The multimeric pattern of von Willebrand
factor was analyzed by Western immunoblotting as
previously described,10 using a specific rabbit anti-
human von Willebrand factor polyclonal antibody
(Dako Corporation, Carpinteria, California, United
States of America). The multimers were visualized 
by chemiluminescence (Western blot detection kit;
Amersham Biosciences, Buckinghamshire, United
Kingdom) and luminographs were analyzed by laser
densitometry. The density of low molecular weight
multimers, representing the five lower bands in the
luminographs, was calculated and expressed as a ratio
relative to the sum of all multimers. Control plasma for
biochemical analyses was obtained from 20 healthy
individuals with ages similar to the patients, choosing
equal numbers of males and females. For Western blot-
ting, we used pooled normal plasma.

Design of the study
In the first part of the study, variables were analyzed at
baseline, and comparisons were made between patients
and controls, and between stable and unstable patients.
In addition, the markers of endothelial dysfunction
were correlated with peripheral saturations of oxygen.
Afterwards, biochemical markers were analyzed over

time, comparatively between stable and unstable
patients, for those who had been followed for 
24 months.

Statistical analysis
Based on our previous studies, we estimated that
inclusion of 24 individuals in two groups would be
adequate for demonstrating differences of 0.85 stan-
dard deviation, with a power of 80 percent, and a level
of significance of 0.05. We therefore decided to
include 25 patients in the study. Results are expressed
as mean and standard deviation or median and range,
as appropriate. Comparisons between patients and
controls, or between stable and unstable patients, were
performed using the Student’s t-test or the Mann–
Whitney test for univariate analysis. Differences
between stable and unstable patients were further
tested by multivariate analysis using Fisher’s linear
discriminant function. Receiver operator characteris-
tic curves were constructed to analyze the sensitivity
and specificity of variables in discriminating between
the groups. Correlations between variables were
tested using linear and nonlinear models. The long-
term differences between stable and unstable patients
regarding the biochemical indexes were tested using
two-factor analysis of variance with repeated meas-
ures of one factor. In all procedures, we assumed a
level of significance of 0.05. The statistical analysis
was carried out using the SPSS statistical software,
version 12.0 (Chicago, United States of America).

Results

We enrolled 25 patients, 13 of whom were female,
with ages ranging from 4 to 52 years, and with a
median age of 31 years. General diagnostic data of
the individual patients is shown in Table 1. The
mean pulmonary arterial pressure was 55 plus or
minus 15 millimetres of mercury. Peripheral satura-
tion of oxygen at rest was 86 plus or minus 7 percent,
decreasing to 68 plus or minus 14 percent after a six-
minute walk. The haematocrit was 58 plus or minus
7 percent. All patients presented with cyanosis during
mild exercise, even those with normal saturation of
oxygen at rest. According to the criterions we had
established, we classified 18 patients as stable, leaving
7 patients who were deemed to be in an unstable
clinical condition.

At baseline, all 3 markers of endothelial dysfunc-
tion were altered in patients in comparison with con-
trols. von Willebrand factor antigen, and tissue-type
plasminogen activator, were increased (p equal to
0.0005), while thrombomodulin was decreased (p less
than 0.0001) (Table 2). In addition, the relative con-
centration of the low molecular weight fractions of von
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Table 1. Diagnostic data of individual patients.

Mean pulmonary Peripheral oxygen
arterial pressure saturation (percent) 

Gender Age Functional (millimetres of Haematocrit
Identification group (years) Diagnosis class* mercury) Rest Walk** (percent)

TCHS Female 35 Atrial septal defect II 43 90 78 53
MNKR Female 45 Ventricular septal defect II 36 88 81 56
ALR Female 43 Double outlet right ventricle III/IV 58 75 55 61
ARM Male 49 Atrial septal defect III/IV 38 84 68 60
JGFP Male 23 Double outlet right ventricle II 98 82 65 66
RKE Male 30 Double outlet right ventricle III 68 89 64 62
VCF Female 36 Ventricular septal defect III/IV 58 78 40 55
FRS Male 30 Ventricular septal defect II 53 85 70 65
JCS Male 34 Ventricular septal defect III 53 87 59 61
SGS Female 20 Atrioventricular septal defect III 64 81 64 64
EPS Female 11 Double outlet right ventricle III/IV 66 67 41 69
MACOA Female 42 Totally anomalous pulmonary III/IV 46 79 68 56

venous drainage
NR Male 52 Ventricular septal defect II 62 88 76 60
PAMB Male 14 Atrioventricular septal defect III 30 89 69 62
LCS Female 31 Atrioventricular septal defect III/IV 77 78 54 52
RM Male 34 Ventricular septal defect II 50 88 69 60
JMM Female 4 Functionally univentricular heart III 72 78 66 57
RI Male 29 Patent arterial duct II 57 97 88 63
AI Male 22 Atrioventricular septal defect III/IV 38 81 40 56
DCS Female 11 Patent arterial duct II 50 97 89 42
JLSC Male 26 Ventricular septal defect II 53 92 67 68
SAVS Female 37 Atrial septal defect III 55 91 78 54
MGS Female 23 Atrial septal defect III 42 96 88 42
SAM Female 38 Atrial septal defect III 49 89 79 47
VRA Male 34 Functionally univentricular heart III 66 92 80 50

*New York Heart Association; **measured at the end of a six-minute walk

1
5
0
5
-
0
9
.
q
x
d
 
 
8
/
2
5
/
0
5
 
 
3
:
2
1
 
P
M
 
 
P
a
g
e
 
5
0
7

https://doi.org/10.1017/S1047951105001381 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S1047951105001381


508 Cardiology in the Young October 2005

Willebrand factor was increased in the patients in
comparison with their controls (p less than 0.0001).
von Willebrand factor antigen correlated significantly
and negatively with the saturation of oxygen (r equal
to �0.47, p less than 0.02 – Fig. 1), but tissue-type
plasminogen activator and thrombomodulin did not 
(r equal to �0.06, p equal to 0.78, and r equal 
to �0.13 and p equal to 0.56, respectively). The
abnormalities of von Willebrand factor multimeric
composition also correlated significantly with the
severity of hypoxaemia. Patients with the lowest satu-
rations of oxygen had the highest density of small mul-
timers (r equal to �0.57, p less than 0.02 – Fig. 1).
Discrimination between groups by univariate analy-
sis is shown in Table 3. In the unstable patients, as
compared with those deemed stable, the peripheral
saturation of oxygen was significantly lower, as
expected (p equal to 0.0001). There were no differ-
ences between stable and unstable patients regarding
age, mean pulmonary arterial pressure, or haemat-
ocrit. von Willebrand factor antigen, but not tissue
plasminogen activator or thrombomodulin, was dif-
ferentially displayed between the stable and unstable
patients (p equal to 0.0135). In multivariate analysis,
that included age, mean pulmonary arterial pressure,
peripheral saturations of oxygen at rest and after a
six-minute walk, haematocrit, and all three biochem-
ical markers, the saturations of oxygen and levels of
von Willebrand factor were found to be the most
important predictors of stability as opposed to insta-
bility. A simplified multivariate model, including
only saturations of oxygen at rest and exercise, and
concentrations of von Willebrand factor, was still
highly predictive (p equal to 0.0003). As shown in
Figure 2, saturation of oxygen was superior in terms of
sensitivity and specificity of prediction. After removal
of saturation from the model, however, the discrimi-
nation between stable and unstable patients based on
the levels of von Willebrand factor still remained sig-
nificant (p equal to 0.0083).

The follow-up lasted from 5 to 30 months, with a
median of 24 months. Although some patients
improved their symptoms on medical treatment, the

analyses of biochemical markers over time were car-
ried out taking into account the original categorization
as stable or unstable, the more so since the peripheral
saturations of oxygen changed only minimally during
the follow-up (see below). Of the stable patients, 
2  died suddenly at 5 and 6 months (patients 18 and 10
respectively, Table 1). For the remaining ones, no spe-
cific changes were made in therapy. In 7 of 18 stable

Table 2. Abnormalities of circulating endothelial markers.

Controls Patients p-value

Plasma von Willebrand factor antigen 93 � 18 119 � 29 0.0005
(units per decilitre)

von Willebrand factor multimers 0.31 � 0.08 0.48 � 0.09 �0.0001
(low molecular weight/total)

Tissue-type plasminogen activator 6.5 � 2.7 14.3 � 8.4 0.0005
(nanograms per millilitre)

Thrombomodulin 34.6 (10.8–64.0) 14.4 (1.4–54.3) �0.0001
(nanograms per millilitre)

Results are expressed as mean plus or minus standard deviation or median and range
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Figure 1.
Influence of saturations of oxygen on plasma von Willebrand factor
antigen (a) and its multimeric composition (b). The density of low
molecular weight fractions (insert, Western blot, five lower bands)
was measured and expressed as a percentage of total multimer den-
sity. The numbers of patients in the insert are the same as Table 1.
Patient 16 had a peripheral saturation of oxygen in the range of 
88 to 91 percent. In patient 3, the range was 68 to 75 percent.
Expressed are the means of triplicate observations per patient
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patients, and 3 of 7 patients deemed to be unstable,
sessions of haemodilution were required for relief of
symptoms related to hyperviscosity, such as worsen-
ing of dyspnoea, headache, and visual disturbances.
Although patients with class IV symptoms were
considered candidates for heart and lung transplan-
tation, all of them were still under medical treat-
ment by the time the study was terminated.

Repeated measures were available for 12 patients
over a period of 24 months. These showed that 4

patients deemed unstable had peripheral saturations
of oxygen persistently lower when compared to the 
8 stable subjects. The respective levels were 76 plus
or minus 7 percent, and 87 plus or minus 3 percent
at the beginning of the follow-up (p equal to
0.0025), and 78 plus or minus 5 percent and 90 plus
or minus 4 percent at 24 months (p equal to
0.0011). Although the peripheral saturations of 
oxygen as measured in room air did not change 
significantly, they increased transiently during
administration of oxygen at home, with an average
increase of 11 percent. A differential behaviour of
endothelial markers was observed. von Willebrand
factor antigen decreased progressively over time (p
equal to 0.0001), with persistently higher levels in
unstable as compared to stable patients (p equal to
0.0063 – Fig. 3). In contrast, tissue-type plasmino-
gen activator decreased significantly (p equal to
0.0301), with no differences noted between the
groups. Thrombomodulin remained at low levels in
both stable and unstable patients.

Discussion

We have made a comparative analysis of three mark-
ers of endothelial dysfunction in hypoxaemic patients
with the Eisenmenger syndrome. The same endothe-
lial markers have been analyzed in patients with a
variety of acute and chronic disorders,11 but not, as
far as we are aware, in those with hypoxaemia or 
pulmonary vascular disease. We demonstrated that
abnormalities of circulating von Willebrand factor,
but not tissue-type plasminogen activator or throm-
bomodulin, correlated significantly with oxygen
desaturation. In the overall group of patients, quanti-
tative and qualitative abnormalities of von Wille-
brand factor were directly related to the severity of

Table 3. Discrimination between stable and unstable patients.

Variable Stable patients (18) Unstable patients (7) p-value

Age (years) 29 � 12 33 � 13 0.4071
Mean pulmonary arterial pressure 56 � 15 54 � 14 0.8618

(millimetres of mercury)
Peripheral oxygen saturation (percent)

Rest 89 � 5 77 � 5 0.0001
Walk* 74 � 9 52 � 12 0.0001

Haematocrit (percent) 57 � 8 58 � 6 0.7411
Plasma von Willebrand factor antigen 110 � 25 142 � 29 0.0135

(units per decilitre)
Tissue-type plasminogen activator 13.3 � 6.6 17.0 � 12.0 0.4087

(nanograms per millilitre)
Thrombomodulin 13.7 (1.5–34.0) 17 (9.4–54.3) 0.3233
(nanograms per millilitre)

Results are expressed as mean plus or minus standard deviation or median and range.
*Measured at the end of a six-minute walk
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Figure 2.
Receiver operator characteristic curves for peripheral saturations of
oxygen and levels of von Willebrand factor antigen in the plasma in
the discrimination between stable and unstable patients with
Eisenmenger syndrome. A saturation of oxygen below 84 percent
(sensitivity and specificity of 94 and 80 percent respectively) and
levels of von Willebrand factor antigen above 121 units per decilitre
(sensitivity and specificity of 60 and 90 percent respectively) were
predictive of unstable disease.
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hypoxaemia. Furthermore, in patients presenting with
worse symptoms, and lowest saturations of oxygen,
von Willebrand factor antigen was significantly
increased in comparison with less symptomatic and
less hypoxaemic individuals, and remained so for 
24 months of follow-up. Although levels of tissue-
type plasminogen activator and thrombomodulin
were abnormal in the plasma from the patients as
compared with their controls, they did not correlate
with the magnitude of hypoxaemia.

There have been many studies of the association of
hypoxia with pulmonary vasoconstriction and vascu-
lar remodelling.12–14 This association becomes even

tighter if one considers that a genetic background
impairing synthesis of nitric oxide in the lungs, and
thus representing a particular form of endothelial
dysfunction, is associated with development of pul-
monary hypertension and pulmonary oedema after
exposure to hypobaric or hypoxic conditions.15 In the
setting of the advanced pulmonary vascular abnor-
malities that occur in the Eisenmenger syndrome, the
exact impact of hypoxia on endothelial behaviour
may be difficult to establish in view of several other
factors that may alter endothelial function. In this way,
previous studies, including data from our laboratory,
have demonstrated abnormalities in the circulating
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Figure 3.
Behaviour of endothelial markers in 12 patients with Eisenmenger syndrome who were subjected to medical treatment and followed-up for 24 months
(left, open circles). Data from stable patients (open squares, N � 8) and unstable patients (closed squares, N � 4) are shown on the right. A pro-
gressive decrease in plasma von Willebrand factor antigen (p � 0.0001) and tissue-type plasminogen activator (p � 0.0301) was observed, with
significant differences between groups detected for von Willebrand factor antigen only (p � 0.0063). Thrombomodulin remained decreased in both
groups. Results are expressed as mean plus or minus standard deviation (von Willebrand factor antigen and tissue-type plasminogen activator) or
median and range (thrombomodulin).
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levels of endothelial markers in this syndrome,8,16,17

although as far as we know, correlations between levels
of different markers and the severity of hypoxaemia
have not been investigated.

One possible explanation for the association
between heightened levels of von Willebrand factor
antigen in the plasma and the severity of hypoxaemia
observed in our patients is the hypoxia-induced mod-
ification of the architecture of endothelial cells, with
an increased number of pores for secretion. These pores
represent the fusion of Weibel–Palade bodies with
the luminal membrane of endothelial cells, thus cor-
responding to exocytosis.18 It has been demonstrated,
indeed, that hypoxia induces endothelial release of 
P-selectin and von Willebrand factor, both stored
within the Weibel–Palade bodies.19 Although these
events have been observed during acute hypoxia, 
the possibility exists that they also occur in chronic 
situations.

Chronic administration of oxygen, for 8 to 10 hours
a day, particularly during sleep, is routinely recom-
mended in our Institution for hypoxaemic patients
with Eisenmenger syndrome. We speculate that such
administration of oxygen may have accounted in part
for the progressive decrease in levels of von Wille-
brand factor in the plasma over time, even though the
peripheral saturation of oxygen at the end of the fol-
low-up, as measured in room air, did not differ from
baseline. It is noticeable that persistently higher levels
of von Willebrand factor were registered for the more
hypoxaemic patients throughout the period of follow-
up. In addition to hypoxaemia itself, a number of
other factors may have accounted for the higher levels
of von Willebrand factor observed in these patients
with unstable disease. Haemodynamic factors may
have played an important role. As a limitation of the
present study, however, we were unable to correlate
biochemical abnormalities with haemodynamic vari-
ables such as pulmonary flow and vascular resistance.
In some patients, an invasive diagnostic was not con-
sidered necessary, while in others, the haemodynamic
evaluation and the biochemical analyses were not
coincident.

The correlation between hypoxaemia and the dif-
ferences in the multimeric composition of von Wille-
brand factor observed in our study is more difficult to
explain. The loss of larger multimers associated with
increased concentration of smaller fractions is likely a
consequence of abnormal enzymatic digestion of von
Willebrand factor protein. Several enzymes that are
able to cleave von Willebrand factor, such as elastase
and plasmin, may be present in the circulation of
these patients. The control of the size of the the mul-
timers of von Willebrand factor is largely dependent
on the proteolytic action of ADAMTS-13.20,21

It is also dependent on the reductase activity of

thrombospondin-1 present in endothelial cells and
platelets.21 Whether these enzymatic activities are
enhanced in hypoxaemic patients with the Eisen-
menger syndrome is not currently known. On the
other hand, immobilization of large multimers on
platelet membrane under certain conditions of flow,22

or endothelial cell membrane via P-selectin,23 may
facilitate the cleaving action of proteases.

In our study, we observed a two-fold increase in
tissue-type plasminogen activator in the plasma of
patients compared with controls. The parallel increase
of tissue-type plasminogen activator and von Wille-
brand factor at baseline is consistent with the previous
observation that these proteins are colocalized to
endothelial Weibel–Palade bodies.24 It is likely that
they share mechanisms of secretion. In contrast to von
Willebrand factor, however, the level of tissue-type
plasminogen activator in the plasma did not correlate
with the magnitude of hypoxaemia. Furthermore, dis-
crimination between stable and unstable patients over
the follow-up was not as evident as in the case of von
Willebrand factor. These differences may be partly
explained by the fact that hypoxia influences
endothelial expression of tissue-type plasminogen
activator by different ways. For example, while vas-
cular endothelial growth factor and basic fibroblast
growth factor synergistically induce tissue-type plas-
minogen activator,24 the response of these growth
factors to hypoxia is quite different. Hypoxia induces
the expression of vascular endothelial growth factor1

but abolishes the synthesis of basic fibroblast growth
factor by endothelial cells.25

Thrombomodulin is a cell-surface proteoglycan
that serves as a receptor for thrombin. The thrombo-
modulin–thrombin complex suppresses coagulation
by generating activated protein C which catalyzes the
degradation of clotting factors V and VIII.26 Its solu-
ble fraction represents proteolytic fragments of the
membrane-bound proteoglycan. In contrast to tissue-
type plasminogen activator and von Willebrand fac-
tor, which are secreted by endothelial cells, the rise in
levels of thrombomodulin in the plasma is generally
associated with structural damage to endothelial
plasma membrane, a process that involves the action
of proteases.11

Our finding of decreased levels of thrombomod-
ulin in the plasma is in agreement with previous
observation in the same syndrome,17 and might be a
result of hypoxia-mediated suppression of thrombo-
modulin synthesis by endothelial cells. Although
this is difficult to demonstrate during life, in cul-
tured endothelial cells, hypoxia has been shown to
suppress the expression of thrombomodulin.27 The
pathophysiological consequence is that the combina-
tion of hypoxia with decreased endothelial expres-
sion of thrombomodulin is associated with extensive
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deposition of fibrin in the lungs, at least in experi-
mental conditions.28 In spite of the significant
decrease in thrombomodulin in the plasma from our
patients, a correlation between circulating levels of
this proteoglycan and the magnitude of hypoxaemia
was not demonstrated at baseline, nor during the 
follow-up. Such lack of correlation probably reflects
the multiplicity of mechanism that influences the
levels of thrombomodulin in the plasma during life.
In pathological conditions, the circulating level of
thrombomodulin may be the result of a combination
of mechanisms, including altered synthesis, enhanced
proteolytic degradation and possibly abnormal renal
clearance.

In conclusion, in the hypoxaemic conditions of the
Eisenmenger syndrome, altered levels of endothelial
markers in the plasma reflect the perturbation of
endothelial function, possibly as a result of several
pathophysiological insults, of which hypoxia is likely
to play an important role. Of three biochemical mark-
ers potentially influenced by hypoxia, only the abnor-
malities observed in the levels of von Willebrand
factor were in close relationship with the severity of
hypoxaemia. A potential implication for our findings
is that these abnormalities of von Willebrand factor
may be associated with increased interactions between
the platelets and the endothelial cells, since this pro-
tein plays a central role in adhesion and aggregation 
of the platelets. On the other hand, any therapeutic
interventions that increase the saturation of oxygen in
these patients may improve the abnormalities in von
Willebrand factor, thus decreasing the risk of throm-
botic events. Since this possibility was only suggested
in this study, further investigation is necessary.
During treatment with vasodilators, for example, the
impact of haemodynamics and saturations of oxygen
on the markers for endothelial dysfunction could be
analyzed using a multivariate model.
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