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Sickle cell anemia-associated pulmonary arterial hypertension®
Roberto F. P. Machado'

Abstract

Pulmonary hypertension is a common complication of sickle cell anemia. Despite the fact that the elevations in pulmonary artery pressures
are slight, morbidity and mortality are high. In adult sickle cell anemia patients, pulmonary hypertension is emerging as a major risk factor
for death. The pathogenesis of sickle cell anemia-related pulmonary hypertension is multifactorial, including hemolysis, impaired nitric oxide
bioavailability, chronic hypoxemia, thromboembolism, chronic liver disease and asplenia. In the majority of patients, pulmonary arterial
hypertension is the main cause of elevated pulmonary artery pressures. However, pulmonary venous hypertension also plays a role in a
subgroup of patients. Specific data on the effects of treatment modalities for pulmonary hypertension in patients with sickle cell anemia
are scarce. It is likely that all patients would benefit from maximization of sickle cell anemia therapy, and that patients with the severe form
of the disease would benefit from treatment with selective pulmonary vasodilators and antiproliferative agents. Large trials evaluating the
effects of treatment for pulmonary hypertension in the sickle cell anemia population are underway.

Keywords: Anemia, Sickle cell; Hemolysis; Hypertension, pulmonary; Nitric oxide.

* Study carried out at the National Institutes of Health, Bethesda, MD, USA.

1. Doctor. National Institutes of Health, Bethesda, MD, USA.

Correspondence to: Roberto F. Machado. National Institutes of Health, 10 Center Drive, MSC 1476, Building 10CRC, Room 5-5140, Bethesda, MD, USA 20892-1476.
Tel 1 301 594-3444. Fax 1 301 451-7091. E-mail: robertom@nhlbi.nih.gov

Submitted: 22 February 2007. Accepted, after review: 2 March 2007.

J Bras Pneumol. 2007;33(5):583-591



584 Machado RFP

Introduction

Advances in health care of patients with sickle
cell anemia and other hemolytic anemias have
led to an increase in the life expectancy of these
individuals. As this population grows older, new
complications of these diseases tend to develop.
One of these complications, pulmonary arte-
rial hypertension, has become one of the leading
causes of morbidity and mortality in adults with
sickle cell anemia, thalassemia and, possibly, other
hemoglobinopathies.

Sickle cell anemia occurs in homozygotic individ-
uals in order to enable a nucleotide substitution in
the beta-globin gene, which results in the synthesis
of S hemoglobin (HbS), a structural variable that
is far less soluble than normal hemoglobin when
deoxygenated. Deoxygenated HbS polymerizes and
is accreted within circulating erythrocytes in microv-
asculature. Sickle cells, which are typically rigid and
dense, obstruct microvasculature, a process that is
intensified by their propensity to adhere to vascular
endothelium, resulting in a process of ischemia and
reperfusion, inflammation, and oxidative stress.
These events are responsible for the most typical
manifestations of the disease: frequent episodes of
bone pain, and acute thoracic syndrome. In addi-
tion, the membrane of erythrocytes that contain
HbS is constantly exposed to mechanical damage
that results in rupture and in a state of chronic
intravascular hemolytic anemia. This hemolytic
process results in the release of free hemoglobin
and arginase enzyme in plasma, producing a state
of endothelial dysfunction, and vascular prolifera-
tion, as well as oxidative and inflammatory stress.
These pathological mechanisms result in a prolif-
erative vasculopathy that can affect cerebral, renal,
and pulmonary circulations, and whose principal
manifestation is the development of pulmonary
hypertension in adult life.

1t is estimated that approximately 250,000 chil-
dren are born with sickle cell anemia worldwide
every year,V and, according to the World Health
Organization, 2500 children are born with the
disease annually in Brazil. Pulmonary complications
account for a significant portion of the deaths related
to sickle cell anemia.”*® In a multicenter prospective
study conducted as part of the Cooperative Study of
Sickle Cell Disease and involving 3764 patients, over
20% of the adults suffered from fatal pulmonary
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complications of the disease.”) In addition, pulmo-
nary diseases were the leading causes of death (28%
of all deaths) among the 299 patients monitored at
the Multicenter Study of Hydroxyurea in Sickle Cell
Anemia.©® Pulmonary hypertension springs among
these chronic cardiopulmonary complications as
one of the leading risks to well-being and longevity
of patients with sickle cell anemia.

Epidemiology

Pulmonary hypertension, a disorder character-
ized by increased pulmonary artery pressure and
pulmonary vascular resistance, has been increasingly
recognized in patients with sickle cell anemia.”"'? For
example, the prevalence of pulmonary hypertension
diagnosed by echocardiogram in patients examined
at referral centers ranges from 20 to 30%."' In
autopsy studies, approximately 75% of patients
with sickle cell anemia present histological evidence
of pulmonary hypertension."” In addition, various
retrospective studies demonstrate that patients
with pulmonary hypertension associated with sickle
cell anemia have a worse prognosis. One study
demonstrated a 40% mortality rate in a 22-month
follow-up period with an odds ratio of 7.86 and a
95% confidence interval (95% CI) of 2.63-23.4.0" 1n
a study by other authors, mean survival for patients
with sickle cell anemia complicated by chronic
pulmonary disease and pulmonary hypertension was
2.5 years.” Similarly, another study!* demonstrated
a 50% mortality within two years in patients with
pulmonary hypertension confirmed by right heart
catheterization.

These retrospective data were confirmed by a
screening study of pulmonary hypertension in sickle
cell anemia carried out by the National Institutes
of Health.'” In the present, prospective study,
195 adults with sickle cell anemia were assessed by
echocardiogram, using tricuspid regurgitant jet (TRJ)
velocity to estimate systolic pulmonary artery pres-
sure. Pulmonary hypertension was defined as TRJ
velocity > 2.5 m/sec. The prevalence of pulmonary
hypertension in the present study was 32%, and
9% of the patients presented moderate to severe
increases of systolic pulmonary pressure (defined as
TRJ velocity > 3 m/sec).

Using univariate analysis, high TRJ velocity was
associated with markers of hemolytic anemia such as
low hemoglobin, high aspartate aminotransferase,
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and high lactate dehydrogenase. Advanced age was
also related to pulmonary hypertension, and the
age of the patients with pulmonary hypertension
was significantly higher than that of the individ-
uals without (38 = 19 years for patients with TRJ
velocity > 3 m/sec, 39 + 12 years for patients with
TRJ velocity 2.5-2.9 m/sec, and 34 + 10 years for
patients with TRJ velocity < 2.5 m/sec, p = 0.02). In
a multiple logistic regression, having been diagnosed
with pulmonary hypertension was associated with
a history of renal or cardiovascular problems, high
systolic artery pressure, lactate dehydrogenase, high
alkaline phosphatase, and low serum transferrin. In
men, a history of priapism was also associated with
pulmonary hypertension. The presence of these risk
factors in the development of pulmonary hyperten-
sion suggests that this is a component of a systemic
vasculopathy associated with sickle cell anemia,
characterized by systemic arterial hypertension,
renal insufficiency, and priapism, which it is mecha-
nistically connected to hemolysis, iron overload, and
cholestatic liver dysfunction.

In another prospective study with 60 patients, the
prevalence of pulmonary hypertension (using TRJ
velocity adjusted for body mass index) was 300%.(
Similar findings were reported in a sample of partic-
ipants in the Multicenter Study of Hydroxyurea in
Sickle Cell Anemia Patients’ Follow-up Study in
1996.7

In the National Institutes of Health cohort,
a TRJ velocity > 2.5 m/sec was an independent
marker of significantly increased risk of mortality
(RR = 10.1; 95% Cl: 2.2-47; p < 0.001). Mortality
rate in 18 months was 16% for patients with TRJ
velocity = 2.5 m/sec and less than 2% in patients
without pulmonary hypertension. These patients
are still being monitored and recent data still
demonstrate that pulmonary hypertension remains
significantly associated with the risk of mortality,
with a mortality rate of 40% in 45 months. In
an updated analysis, relative risk of mortality for
patients with TRJ velocity > 2.5-2.9 m/sec was
4.4 (95% Cl: 1.6-12.2; p < 0.001) and 10.6 (95% Cl:
3.3-33.6; p < 0.001) for patients with TRJ velocity
> 3.0 m/sec (Figure 1). Two other studies confirm
these findings: with 17% mortality rate within two
years for patients with pulmonary hypertension
(versus 2% in the control group) in one study,'®
and 10% in 26 months (versus 1% in the control
group) in the other study.'?
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Figure 1 - Survival and severity of pulmonary hypertension
in patients with sickle cell anemia. Survival is significantly
higher in patients with tricuspid regurgitant jet velocity
(TRJV) < 2.5 meters per second when compared with
patients with TRJV > 2.5 meters per second (p < 0.001).
Adapted from Gladwin et al.(®

In summary, retrospective®''¥ and prospecti
vel15161819) stydies suggest that pulmonary hyper-
tension is the leading risk factor for the well-being
of adults with sickle cell anemia and, possibly, of
patients with other hemolytic hemoglobinopathies.
In addition, it is apparently clear that, similar to
what occurs in patients with idiopathic pulmo-
nary arterial hypertension or associated with other
diseases such as scleroderma or HIV, the prognosis
of pulmonary arterial hypertension associated with
sickle cell anemia is poor.

Pathogenesis

Although different hemolytic anemias have
specific clinical manifestations, the etiology of
pulmonary hypertension in these patients seems
to involve mechanisms that are common to these
diseases altogether. These processes probably
include hemolysis, causing endothelial dysfunc-
tion and oxidative/inflammatory stress, chronic
hypoxemia, chronic thromboembolism, chronic liver
disease, iron overload, and asplenia.

An important process in the development of
pulmonary hypertension in patients with hemoglob-
inopathies is hemolytic anemia. Hemolysis results
in the release of hemoglobin into plasma, where
it reacts and consumes nitric oxide (NO) causing a
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state of resistance to NO-dependent vasodilatory
effects.?*2" In addition, hemolysis also causes the
release of arginase into plasma, which decreases the
concentration of arginine, substrate for the synthesis
of NO.?? Other effects associated with hemolysis
that can contribute to the pathogenesis of pulmo-
nary hypertension are as follows: increased cellular
expression of endothelin, production of free radi-
cals, platelet activation, and increased expression of
endothelial adhesion mediating molecules.®?

Studies suggest that splenectomy (surgical or
functional) is a risk factor for the development of
pulmonary hypertension,?? especially in patients
with hemolytic anemias.?>?” 1t is speculated that
the loss of the spleen increases the circulation of
platelet mediators and senescent erythrocytes that
result in platelet activation (promoting endothelial
adhesion and thrombosis in the pulmonary vascular
bed), and possibly stimulates the increase in the
intravascular hemolysis rate.?8-3"

Chronic pulmonary involvement due to repeated
episodes of acute thoracic syndrome can lead to
pulmonary fibrosis and chronic hypoxemia, which
can eventually lead to the development of pulmo-
nary hypertension. However, in epidemiological
studies, the number of episodes of acute thoracic
syndrome has not been related to pulmonary
hypertension.!>'” In addition, the prevalence of
pulmonary hypertension in patients with thalassemia
(who do not suffer from acute thoracic syndrome
or significant pulmonary fibrosis) is quite similar to
that of patients with sickle cell anemia, suggesting
that chronic hypoxemia contributes to the devel-
opment of pulmonary hypertension but is not a
major etiological factor. Coagulation disorders, such
as low levels of protein C, low levels of protein S,
high levels of D-dimers and increased activity of
the tissue factor, occur in patients with sickle cell
anemia.®?3® This hypercoagulable state can cause
thrombosis in situ or pulmonary thromboembolism,
which occurs in patients with sickle cell anemia and
other hemolytic anemias.2627,39-43)

Clinical manifestations

The diagnosis of pulmonary hypertension in
patients with sickle cell anemia is typically difficult.
Dyspnea upon exertion, the symptom most typi-
cally associated with pulmonary hypertension, is
also very common in anemic patients. In addition,
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other disorders with similar symptomatology, such
as left heart failure or pulmonary fibrosis, frequently
occur in patients with sickle cell anemia. Patients
with pulmonary hypertension tend to be older,
present higher systemic blood pressure, more severe
hemolytic anemia, lower peripheral oxygen satura-
tion, worse renal function, impaired liver function,
and a higher number of red blood cell transfusions
than do patients with sickle cell anemia and normal
pulmonary pressure.!'”

In contrast with patients presenting traditional
forms of pulmonary arterial hypertension (idio-
pathic, associated with scleroderma, for example)
who have symptoms such as a mean pulmonary
artery pressure (mPAP) of 50-60 mmHg, patients
with sickle cell anemia present a moderate increase
in mPAP (30-40 mmHg), together with a mild
increase in pulmonary vascular resistance (Table 1).
Another characteristic finding of this group of
patients is the mild increase in pulmonary capil-
lary pressure, which does not occur in patients
with pulmonary arterial hypertension. Specifically
in patients submitted to hemodynamic testing
in our department, 54% of the patients present
pulmonary arterial hypertension, and 46% present
pulmonary venous hypertension, mostly associated
with diastolic dysfunction, which suggests that the
etiology of pulmonary hypertension in patients with
sickle cell anemia is multifactorial. Our group also
using echocardiography to investigate the diastolic
function of 141 patients.“# Of this population, 18%
presented echocardiographic evidence of diastolic
dysfunction. In addition, diastolic dysfunction
contributed to increases in TRJ velocity in only one-
third of the patients with pulmonary hypertension.
The most important finding, however, was that the

Table 1 - Hemodynamic profile in patients with sickle
cell anemia.

Without PH With PH
mPAP (mm Hg) 19+ 0.7 36 + 1
mRAP (mm Hg) 6+0.4 101
PCP (mm Hg) 11+0.5 17 £1
Cl (L/min) 10 £ 0.5 9+0.3
PVR (dyn.sec.cm) 59+ 6 197 + 14

Adapted from various sources;!*'>* PH: pulmonary hyperten-
sion; mPAP: mean pulmonary artery pressure; mRAP: mean right
atrial pressure; PCP: pulmonary capillary pressure; Cl: cardiac
index; and PVR: pulmonary vascular resistance.
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combination of diastolic dysfunction and pulmo-
nary hypertension increases the risk of mortality in
these patients.

1t should be noted that pulmonary hyperten-
sion in patients with hemoglobinopathies is quite
different from classic pulmonary arterial hyper-
tension due to chronic anemia, which results in
increased cardiac index (in general, approximately
10 L/min) in an attempt to compensate for the
decrease in the oxygen carrying capacity resulting
from low hemoglobin. Due to this phenomenon,
it is quite probable that, in these patients with
severe anemia, any degree of pulmonary hyperten-
sion is poorly tolerated, which results in significant
morbidity and, possibly, mortality. This hypothesis
is supported by the results of a study that evalu-
ated the cardiopulmonary function of patients with
sickle cell anemia with and without pulmonary
hypertension.® When compared with patients with
normal pulmonary artery pressure, individuals with
pulmonary hypertension (paired by age, gender and
hemoglobin level) and mPAP of 36 + 1.5 mmHg
present lower distance covered on the 6-minute
walk test (435 * 31 versus 320 = 20 meters;
p = 0.002) and lower maximal oxygen uptake
(50 £ 3% versus 41 £ 2% of normality; p = 0.02).
In terms of comparison, in a study evaluating the
effects of sitaxsentan, an endothelin antagonist, in
patients with pulmonary arterial hypertension (idio-
pathic, associated with scleroderma and intracardiac
shunt) with mPAP of 54 mmHg, mean distance on
the 6-minute walk test was 398 meters, and mean
maximal oxygen uptake was 46% of normality.“9
Therefore, we can infer that, in patients with chronic
anemia, mild to moderate pulmonary hypertension
has a significant deleterious impact on the aerobic
functional capacity of these individuals.

Diagnostic evaluation

The diagnostic evaluation of patients with
hemoglobinopathies and suspected of having
pulmonary hypertension should follow the same
guidelines established for the investigation of
patients with other causes of pulmonary hyperten-
sion. Considering the high prevalence of pulmonary
hypertension in patients with sickle cell anemia, we
recommend an echocardiogram screening for all
adults who suffer from the disease. 1t is important
to note that the screening should be performed

587

in clinically stable patients, since pulmonary pres-
sures significantly increase during episodes of algic
crises.”” Subsequently, we will review aspects of
diagnostic evaluation that are particularly relevant
in patients with sickle cell anemia.

Evaluation of symptoms
and functional capacity

Although the 6-minute walk test has not been
validated in patients with hemoglobinopathies,
preliminary data suggest that this test correlates well
with maximal oxygen uptake and with the severity
of pulmonary hypertension in patients with sickle
cell anemia.“? In addition, in these patients, the
distance covered on the 6-minute walk test signifi-
cantly improves with the treatment of pulmonary
hypertension, which suggests that it can be used in
this population. 849

Laboratory tests

Serology for collagen-related diseases, viral hepa-
titis, and H1V, as well as liver function tests, should be
performed in order to rule out other diseases associ-
ated with pulmonary hypertension. The degree of
iron overload severity and hemolytic anemia should
also be evaluated. Recently, we validated the use of
serum levels of the cerebral natriuretic propeptide
as a diagnostic and prognostic marker of pulmonary
hypertension in patients with sickle cell anemia."”)

Pulmonary ventilation/
perfusion scintigraphy

Ventilation/perfusion scintigraphy is an essential
component of diagnostic evaluation, considering
that chronic pulmonary hypertensive thromboem-
bolism can be surgically cured. This process is
particularly important in patients with sickle cell
anemia, in whom pulmonary thromboembolism is
a well-documented cause of mortality. In addition,
chronic pulmonary hypertensive thromboembo-
lism can occur and be successfully treated in these
patients.®

Nocturnal pulse oximetry

Nocturnal desaturation is relatively common
in children and adolescents with sickle cell
anemia.®"? Various lines of evidence suggest
that nocturnal hypoxia can contribute to the

J Bras Pneumol. 2007;33(5):583-591



588 Machado RFP

development of neurological complications and
algic crises through mechanisms that involve media-
tors that promote cell adhesion.®>°** These effects
can also be involved in the development of pulmo-
nary arterial vasculopathy.

Treatment

There are few data on treatment evaluation of
pulmonary hypertension associated with sickle cell
anemia. Most recommendations are based on the
opinion of specialists or evidence from treatment
of other forms of pulmonary arterial hypertension.
Our management typically includes intensifying the
sickle cell anemia therapy, treatment of associated
cardiopulmonary disorders and specific therapy for
pulmonary arterial hypertension.

Intensification of sickle
cell anemia therapy

Based on the observation that hemolysis plays a
major role in the development of pulmonary hyper-
tension in sickle cell anemia, it is possible that the
intensification of the treatment of hemolytic anemia
would be beneficial, since it modulates the principal
mechanism involved in the pathogenesis of pulmo-
nary hypertension. Therefore, we recommend the
use of hydroxyurea or chronic transfusions in all
patients with pulmonary hypertension. These inter-
ventions can also lead to symptomatic improvement,
since they tend to increase the hemoglobin level
and, consequently, the oxygen carrying capacity.

Treatment of associated disorders

Associated conditions such as iron overload,
HIV, chronic liver disease, nocturnal hypoxia, and
thromboembolic disorders should be specifically
investigated and treated. The use of systemic anti-
coagulation should be considered in patients with
moderate to severe pulmonary hypertension, consid-
ering the benefits demonstrated in patients with
idiopathic pulmonary arterial hypertension.6->9

Specific therapy for pulmonary
arterial hypertension

There is no high quality or long-term follow-up
evidence in the evaluation of specific therapies for
pulmonary arterial hypertension in patients with
sickle cell anemia. The choice of drugs, at the
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moment, is empirical and based on the profile of
adverse effects or on the preference of the health
professional. However, there are specific effects of
different drugs that can negatively interact with
pathophysiological aspects of sickle cell anemia
(Table 2).

The systemic use of prostanoids produces
systemic vasodilation and increases the cardiac
index, which can theoretically produce a state of
heart failure with high cardiac index in patients with
chronic anemia. The principal toxicity of endothelin
receptor antagonists is hepatocellular lesion, which
can complicate its use in patients with sickle cell
anemia who frequently suffer from chronic liver
disease (secondary to iron overload or viral hepatitis,
for example). Another effect of this class of drugs is
a drop in hemoglobin levels, which can be relevant
in patients with chronic anemia.“® The major preoc-
cupation related to the use of sildenafil (and other
phosphodiesterase-5 inhibitors) is the potential to
develop priapism in men with sickle cell anemia.

Considering that alterations related to NO play
an important role in the pathogenesis of pulmo-
nary hypertension related to sickle cell anemia,
therapeutic measures that increase the effect of
NO can be beneficial. L-arginine is the nitrogen
donor for the synthesis of NO and its use (0.1 g/
kg three times a day for five days) in 10 patients
with sickle cell anemia and pulmonary hyperten-
sion resulted in a 15.2% mean reduction in systolic
pulmonary artery pressure.® In a series of recent
cases, seven patients with thalassemia or sickle cell
anemia complicated by severe pulmonary hyper-
tension were treated with sildenafil for 4 weeks to
48 months. In that study, the tricuspid gradient

Table 2 - Potential adverse effects of drugs that affect
pulmonary circulation and are especially relevant for
patients with sickle cell anemia.

Drugs Potential adverse effects

Prostanoids

Inconvenience

Intravenous catheter-related
infection risk

Aggravation of hyperdynamic
hemodynamic state

Phosphodiesterase-5  Priapism
inhibitors
Endothelin receptor  Liver toxicity

antagonists Drop in hemoglobin levels
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decreased in all patients, which was associated with
an improvement in the functional class and distance
covered on the 6-minute walk test.®” We recently
reported our experience with sildenafil in patients
with sickle cell anemia and pulmonary hyper-
tension, when we treated 12 patients with mean
systolic pulmonary artery pressure of 51 mmHg
for mean six months.*® The therapy with sildenafil
decreased systolic pulmonary artery pressure by
9 (95% Cl: 0.3-17) mmHg, the distance covered on
the 6-minute walk test improved by 78 (95% ClI:
40-117) meters, and the plasma level of the cerebral
natriuretic peptide decreased by 448 pg/ml.

Taking into account the lack of specific data from
randomized long-term studies, we cannot recom-
mend any agent as a drug of choice for pulmonary
hypertension associated with hemolytic anemia.
Fortunately, two multicentric randomized studies
in patients with sickle cell anemia, one evaluating
the effects of bosentan and another evaluating
the effects of sildenafil in patients with pulmonary
hypertension, are open and recruiting patients.

Final considerations

Pulmonary hypertension is a typical complication
of sickle cell anemia (and, probably, of other hemo-
lytic anemias) associated with high morbidity and
mortality. Therefore, we suggest annual echocar-
diographic screening in this group of patients.
Considering the fact that there is a relationship
between the severity of hemolysis and pulmonary
hypertension, it is quite probable that the inten-
sification of specific therapy for sickle cell anemia
will curb the progression of hypertensive disease in
milder cases, and contribute to decrease morbidity
and mortality associated with the most severe cases
of the disease. In addition, we should consider the
use of specific agents for pulmonary hypertension in
symptomatic patients with severe pulmonary artery
pressure increase.

Further studies are needed in order to evaluate
the impact of pulmonary hypertension in patients
with hemoglobinopathies, especially considering
the high mortality rates associated with the disease
and the peculiar hemodynamic profile of these
patients. Randomized studies evaluating the effects
of the treatment of pulmonary arterial hypertension
in patients with sickle cell anemia are underway,
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which, we hope, will help clarify its role in this
population.
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