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Sickle cell disease (SCD) is a common monogenetic disorder with
high associated morbidity and mortality. The pulmonary complica-
tions of SCD are of particular importance, as acute chest syndrome
and pulmonary hypertension have the highest associated mortality
rates within this population. This article reviews the pathophysiol-
ogy, diagnosis, and treatment of clinically significant pulmonary
manifestationsof SCD, includingacutechest syndrome,asthma, and
pulmonary hypertension in adult and pediatric patients. Clinicians
should be vigilant in screening and treating such comorbidities to
improve patient outcomes.
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Sickle cell disease (SCD) is an autosomal recessively inherited
genetic disorder caused by a single point mutation in the gene
encoding the b-globin chain of hemoglobin (1, 2). It is one of
the most common monogenetic disorders in the world, affecting
nearly 1 in 600 African Americans (3) and an estimated 1 to 4%
of babies born in sub-Saharan Africa (4). The resulting hemo-
lytic anemia is most severe in patients homozygous for the
sickle hemoglobin (HbS) gene mutation (Hb-b; glu6val). The
intensity of hemolytic anemia is less severe in individuals with
concurrent a-thalassemia (homozygous or heterozygous for
a single a-globin gene [HbA1, HbA2] deletion), a genotype found
in one-third of individuals with sickle cell anemia; however, rates
of vasoocclusive pain crisis (VOC) and acute chest syndrome
(ACS) increase. Anemia is least severe in patients with HbSC
disease (compound heterozygosity for HbS and HbC [HBB;
glu6lys]), who suffer from increased complications arising for
vasoocclusion coupled to high blood viscosity, such as retinal
disease and avascular necrosis of the femoral head (1, 3, 5).

Hemoglobin S polymerizes on deoxygenation, inducing eryth-
rocyte distortion, rigidity, and membrane structural damage. These

changes alter cellular rheologic properties, enhance adhesion
molecule expression, impair microvasculature blood flow, and
promote hemolysis and vasoocclusive episodes (3). The degree
of polymerization primarily determines illness severity (6) and
is proportional to the degree and duration of deoxygenation and
the intracellular HbS concentration raised to approximately the
15th to 34th power (2, 3, 7).

The complications of SCD aremyriad. The twomost common
acute events are VOC and ACS, a lung injury syndrome (8, 9).
Additionally, patients are at risk for a progressive vasculopathy
characterized by systemic and pulmonary hypertension (PH),
endothelial dysfunction, and proliferative changes in the intima
and smooth muscle of blood vessels (1, 3, 10, 11). With increas-
ing age, the incidence of chronic end-organ complications, in-
cluding chronic renal failure, osteonecrosis, and PH, increases.
The pulmonary complications of SCD are of particular impor-
tance, as ACS and PH have the highest associated mortality
rates within this population (8, 9, 11, 12). This article reviews
the pathophysiology, diagnosis, and treatment of clinically signif-
icant pulmonary manifestations of SCD, including ACS, restric-
tive lung disease, asthma, and PH in adult and pediatric patients.

ACUTE CHEST SYNDROME

ACS is an acute lung injury syndrome that occurs frequently in
patients with SCD. This lung injury syndrome has been defined
in clinical research studies as a new pulmonary infiltrate on chest
X-ray consistent with alveolar consolidation but not atelectasis,
involving at least one complete lung segment. The radiographic
abnormality is usually accompanied by one or more new signs or
symptoms, including chest pain, fever, tachypnea, wheezing,
cough, or hypoxemia (3, 5, 9). Although usually self-limited,
some episodes progress rapidly to acute respiratory failure caus-
ing substantial morbidity and death (13). ACS is the second
most common reason for hospitalization after VOC (14, 15).
In the Cooperative Study of Sickle Cell Disease, a 29% inci-
dence of ACS was reported in 3,751 subjects over a 2-year
period, representing 12.8 episodes per 100 patient-years for
HbSS disease (16). Before the recognition of PH, ACS was
considered the leading cause of premature death, accounting
for 25% of sickle cell–related mortality in early registry trials
(8, 15–17). The associated mortality has decreased in the
modern era of hydroxyurea therapy and early, more aggressive
transfusion therapy (18). More commonly, ACS-associated
mortality is related to underlying PH and acute cor pulmonale,
which may provide a two-hit event that destabilizes the patient
(19).

ACS occurs in 10 to 20% of hospitalized patients with SCD,
usually 1 to 3 days after admission for severe VOC (9, 18),
whereas in children it often presents as an admitting diagnosis.
These differences may be explained by the higher prevalence of
fat emboli syndrome in adults and community-acquired atypical or
viral infections in children (9, 16). Risk factors for increased ACS
frequency include younger age, higher steady-state hemoglobin
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level, lower hemoglobin F concentrations, higher steady-state
leukocyte counts, history of asthma (in children) (20), active
smoking, or environmental smoke exposure (21) and may be
more severe in individuals with HbSS as compared with HbSC
disease (5, 9, 15, 20, 22–25).

The etiology of ACS is multifactorial. The three primary stud-
ied mechanisms include pneumonia or systemic infection, fat
embolism, and direct pulmonary infarction from HbS-containing
erythrocytes (3, 9). The National ACS Study Group (671 ACS
episodes in 538 patients) identified an infectious agent (mostly
atypical bacteria or viruses) in 54% of ACS admissions (Fig-
ure 1) (9). Community-acquired encapsulated bacteria were
isolated in less than 10% of cases, despite the fact that most
patients with HbSS have functional asplenism. Additionally,
methicillin-resistant Staphylococcus aureus has been observed
late in the hospital course in patients with severe ACS, espe-
cially in patients with large pleural effusions (9). Moreover,
severe ACS related to seasonal influenza, including H1N1, has
also been described (26–28).

It has been proposed that community-acquired respiratory
infection induces an excessive inflammatory lung injury response
in the susceptible patient with SCD. Consequently, more than
80% of adult patients with SCD report a history of hospitaliza-
tion with “pneumonia” requiring intravenous antibiotics (11).
Transgenic mouse models of SCD that express only human
HbS suggest increased susceptibility to inflammatory triggers
(lipopolysaccharide and bacteria) and development of lung
injury at lower endotoxin levels that do not adversely affect
wild-type mice (29, 30).

Fat emboli syndrome represents another major ACS etiology.
Severe VOC involving multiple bones, especially the pelvis and
femur, results in infarction and edema of the marrow compart-
ment (3). The marrow undergoes necrosis, and its contents,
including fat, cells, and even bony spicules, access the blood-
stream and are carried to the lung. After lodging in the lung
vasculature, direct cellular occlusion and secondary inflamma-
tory events lead to acute hypoxemia and PH (31–33). This
syndrome should be suspected in patients with abrupt multi-
organ failure with rapid development of the acute respiratory
distress syndrome, acute increases in pulmonary arterial pres-
sures, evidence of hepatopathy, alterations in mental status,
prominent thrombocytopenia, and/or coagulopathy (34, 35).
The identification of oil-red-O–positive lipid accumulations
within alveolar macrophages is diagnostic of fat emboli to
the lung and has been associated with systemic fat emboli
syndrome (9, 33). The National ACS Study Group identified
fat emboli syndrome in 16% of ACS cases in adults and chil-
dren based on positive lipid accumulations in alveolar macro-
phages obtained by bronchoscopy (9). One study compared
induced sputum sampling of alveolar macrophages with sam-
ples obtained from bronchoalveolar lavage and found a modest
but significant correlation (R ¼ 0.65) (33). In this study, patients
with induced sputum lipid-laden macrophages had significantly
more extrathoracic pain, more neurological symptoms, a lower
platelet count, and higher hepatic transaminase levels than those
without evidence of fat emboli, suggesting fat embolization–
associated ACS may manifest a more severe course with sys-
temic complications.

Figure 1. Vicious cycle of vasoocclusive crisis and acute chest syndrome. Modified by permission from Reference 3.
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Direct adhesion of sickled cells in the pulmonary vasculature
with vascular occlusion and infarction has been proposed as
a third mechanism for ACS, but the exact prevalence of this
mechanism is unknown. Rarely, overt lung infarction with cavi-
tation is observed. A recent French study evaluated pulmonary
artery thrombosis by CT–pulmonary angiography in 125 con-
secutive patients with 144 episodes of acute ACS. Surprisingly,
investigators noted a 17% prevalence of subsegmental throm-
boembolism, without associated peripheral thrombosis, sugges-
tive of in situ thrombosis or cellular occlusion (36). More
work will be required to characterize this newly appreciated
endophenotype of ACS (mechanisms of ACS are shown in Fig-
ure 1).

In terms of risk factors for developing ACS during VOC hos-
pitalizations, it is notable that ACS is typically preceded by se-
vere limb and chest pain and fevers. Although a high steady-state
hemoglobin level is an independent ACS risk factor, it is often
preceded by a fall in baseline hemoglobin (mean decrease of
0.78 g/dl) and rising lactate dehydrogenase levels. This suggests
that steady-state high hemoglobin levels are a risk factor for
VOC and ACS, likely related to viscosity effects of higher steady-
state hemoglobin levels promoting vasoocclusive events, but after
VOC develops, acute hemolysis may contribute to the develop-
ment of lung injury. Similarly, preceding and during an ACS
event, the platelet counts drop. Because functional asplenia typ-
ically manifests with baseline thrombocytosis in (approximately
400 3 103/ml), a drop below 200 3 103/ml has been identified as
an independent risk factor for multilobar ACS and mechanical
ventilation (3, 9). The relationship between increased intra-
vascular hemolysis and thrombocytopenia suggests a possible
thrombotic thrombocytopenic purpura–like mechanism may oc-
cur in a subset of patients with ACS. Indeed, recent studies
suggest that hemoglobin produced during hemolysis may inhibit
ADAMTS13 activity (37–39). This remains an area of active
basic investigation and could open the door to new therapeutic
approaches for ACS.

A number of studies have suggested that acute increases in
the blood levels of secretory phospholipase A2 (sPLA2) imme-
diately predate and predict ACS development (32, 40). Acti-
vated sPLA2 converts marrow fat into inflammatory free fatty
acids that cause lung injury. Based on these observations, a small
study evaluated the efficacy of prophylactic blood transfusions
in patients with sPLA2 elevation during VOC (41). This thera-
peutic approach eliminated ACS in this very small cohort, sug-
gesting that larger confirmatory trials are indicated.

It is our practice to perform transthoracic echocardiography
in patients admitted to the intensive care unit (ICU) for ACS for
risk assessment and possible intensification of therapy. A pro-
spective analysis of 70 consecutive adults (84 episodes) receiving
standardized ICU treatment for ACS reported that both an el-
evated Doppler echocardiographic estimate of pulmonary artery
systolic pressure, defined by a tricuspid regurgitant jet velocity
(TRV) greater than or equal to 3 m/s, and right ventricular di-
lation and dysfunction (cor pulmonale) were frequent, occurring
in 13% of cases (19). Pulmonary hypertension and right ventric-
ular failure correlated with elevations in B-type natriuretic pep-
tide levels, troponin I levels, invasive ventilation requirement,
and mortality. Pulmonary hypertension in the setting of ACS
was correlated to markers of more severe hemolysis and liver
dysfunction (19). In our experience over the last 10 years at the
National Institutes of Health, we have also observed that a sub-
set of patients with VOC and ACS develop hyperhemolysis and
thrombocytopenia, often associated with severe PH with right
ventricular dilation and failure. It is our practice to move to more
aggressive exchange transfusions in these patients and monitor
them in the ICU setting.

ACS TREATMENT

Therapies reported to prevent ACS in at-risk patients include
preoperative blood transfusion (42), maintenance asthma ther-
apy for children with asthma (43), maintenance hydroxyurea
therapy (14, 44), and the use of incentive spirometry during
acute VOC hospitalizations (14, 17, 45).

Standard therapy during ACS events includes nonspecific
supportive care strategies aimed at hastening recovery to base-
line, including hospitalization, hydration, analgesics, broad-
spectrum antibiotics (guided by regional resistance patterns
and season, including coverage for atypical bacteria and seasonal
influenza), incentive spirometry, supplemental oxygen, and blood
transfusions (13, 14, 46).

Although there are no prospective studies demonstrating that
transfusions, either exchange or simple, alter the outcome of
ACS, transfusion in patients with ACS acutely increases hemo-
globin oxygen saturation and has been shown to prevent ACS
during major surgery (9, 42, 47). Analysis by the National
ACS Study Group showed that the oxygenation significantly
improved with transfusion. In patients who had hypoxia before
transfusion (defined as an oxygen saturation , 91%), the values
increased from 86 to 93% (P , 0.001), and both simple and
exchange transfusion resulted in similar improvements (9). It
is now standard of care to initiate transfusion therapy for
patients with ACS. In the recently completed DeNOVO trial,
there were no patients mechanically ventilated and no deaths in
30 patients with ACS receiving the current practice of early
transfusion therapy, suggesting improved outcomes compared
with historical data from the National ACS Study Group, in
which 13% of patients required mechanical ventilation (9, 18).

Simple packed red blood cell transfusions appear to be as ef-
fective as full exchange transfusion (9). To avoid excessively
increasing blood viscosity, simple transfusion should be re-
served for patients with hemoglobin values less than 10 g/dl.
Because most patients with ACS drop their hemoglobin, it is
usually feasible to transfuse two to four units in the first 24 hours
and then maintain hemoglobin levels at 10 to 11 g/dl with
subsequent transfusions. However, in severe or rapidly pro-
gressive illness, exchange transfusion is advised (48). It should
be noted that one of the major iatrogenic complications in the
treatment of ACS is transfusion of alloreactive blood. This
often occurs because prior alloantibody levels become unmea-
surable over time but are produced with repeat exposure. We
recommend contacting other hospital blood banks where
transfusions were delivered in the past to check for prior
red cell antibodies. Additionally, routine partial matching for
Rh antigens D, C, and E, as well as Kell can reduce this risk
substantially (9, 49).

Corticosteroids as a treatment for ACS have been shown in
three placebo-controlled trials to reduce length of hospitaliza-
tion by 24 hours; however, this was associated with significant
rebound VOC events necessitating rehospitalization in up to
25% of patients.

Concerns over side effects, including avascular necrosis, re-
bound VOC (50), and association with hemorrhagic stroke
(51, 52), have limited enthusiasm regarding corticosteroid use
in patients with SCD.

Noninvasive ventilation (NIV) has also been investigated as
a means to alter patient outcomes in the setting of ACS. In a pro-
spective randomized open single-center study of 67 adult patients
with ACS in a French teaching hospital, NIV use improved respi-
ratory rate and gas exchange; however, NIV failed to significantly
reduce the number of patients remaining hypoxemic at Day 3 and
was associated with greater patient discomfort (13). Additionally,
NIV did not change transfusion rates, pain scores, narcotic dose,
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or hospital length of stay, but instead prolonged length of stay in
the step-down unit (13).

We have explored inhaled nitric oxide (NO) therapy for patients
with SCD presenting in VOC in a relatively large placebo-
controlled trial. Despite positive early small phase II trials (53,
54), we observed no effect of inhaled NO therapy on the duration
of pain crisis, narcotic use, pain scores, or the development of ACS
(18).

RESTRICTIVE LUNG DISEASE

Patients suffering from repetitive episodes of ACS can develop
scattered areas of lung fibrosis, predominately observed in the
lung bases. Figure 2 illustrates two examples of this lung fibrosis
in adult patients with SCD. The development of advanced chronic
lung disease in patients with SCD has been called sickle cell chronic
lung disease (55). Although patients can present with advanced
interstitial lung disease, as illustrated in Figure 2A, this is a relatively
rare complication. High-resolution CT studies usually reveal a few
scattered foci of lung scarring. In the historical SCD registry study,
the Cooperative Study of Sickle Cell Disease, which was performed
in the pre-hydroxyurea treatment era, pulmonary function studies
were available for analysis in 310 patients with HbSS with SCD
(56). Ninety percent of the population had abnormal pulmonary
function studies, and the major abnormality was a mild restrictive
pulmonary function defect (TLC of 70 6 15% predicted) and iso-
lated reduction in the DLCO (576 20% predicted). The spirometry
was technically within the normal range, but the population means
for FEV1 (83% predicted) and FVC (84% predicted) were low–
normal, with an FEV1/FVC of 98% predicted. Obstructive disease,
either alone or mixed with restrictive disease, was relatively uncom-
mon in adult patients, occurring in 3% of the patients. Similar
findings of mild restrictive abnormalities have been observed in
more recent cohort studies of adult patients (57).

ASTHMA/REACTIVE AIRWAYS DISEASE

Asthma affects approximately 12% of all United States children
(58), 15 to 20% of African American children, and 9% of Af-
rican American adults (20, 58, 59). The prevalence of asthma
among pediatric patients with SCD appears to be similar to that
in children of African descent in the general population (57, 60).
As mentioned earlier, obstructive lung disease in adults with
SCD is less common, occurring in less than 3% of patients (56).

Based on asthma pathogenesis, ventilation–perfusion mis-
matching may result in local tissue hypoxia and increase red
cell sickling. Supporting this concept, asthma has been associ-
ated with increased rates of ACS events in children (14, 15, 20,
23–25, 59, 61, 62). A retrospective case-control analysis of 139

pediatric patients admitted for VOC reported that patients with
asthma were four times (95% confidence interval [CI], 1.7–9.5)
more likely to develop ACS during the admission, had longer
hospitalizations (5.6 vs. 2.6 d, P ¼ 0.01), and had greater 72-hour
readmission rates postdischarge (80 vs. 10%). Moreover, a sub-
sequent prospective observational analysis of 291 patients with
HbSS followed for 4,062 patient-years reported that pediatric
patients with asthma suffered twice as many ACS episodes as
patients without asthma (0.39 vs. 0.20 episodes per patient-year,
P , 0.001). Pediatric patients with SCD with asthma develop
a first ACS episode at a younger age, with a median age of 2.4
versus 4.6 years (hazard ratio, 1.64; 95% CI, 1.13–2.39; P ¼
0.010), and require more transfusions (1.00 vs. 0.60 per
patient-year, P ¼ 0.02) than patients without asthma (20); how-
ever, no significant difference in hospital length of stay or trans-
fusion requirement per ACS episode are reported (20).

Asthma is also associated with increased mortality in SCD
(20, 59). For example, a study of 1,963 patients with SCD found
that asthma was associated with twofold higher risk of all-cause
mortality (59). The median life span for individuals with and
without asthma who survived to age 5 years was 52.5 and 64.3
years of age, respectively (59). The reasons for increased mor-
tality remain unclear.

The associated morbidity of asthma in adults with SCD is less
clear and relatively understudied. A recent small cohort study
evaluated physician-diagnosed asthma and a history of wheezing
in 114 adults with SCD (63). Although self-reported severe and
recurrent wheezing was associated with increased rates of pain,
ACS, and risk of death, they found no relationship between
a physician diagnosis of asthma and complications.

Asthma Treatment

Due to a lack of controlled trials in patients with SCD, little is
known about the effects of asthma therapies in this population.
Patients with asthma with SCD should be treated similarly to
patients without SCD in accordance with National Institutes
of Health (NIH) guidelines (58, 64). The primary concerns as-
sociated with short-term systemic corticosteroid use in patients
with SCD presenting with severe asthma are rebound VOC
events and theoretical concerns of arrhythmia associated with
QT prolongation. Despite potential risks, corticosteroids should
not be withheld from patients with SCD presenting with severe
asthma, but close observation and early therapy for rebound
VOC and ACS must be a standard for such intervention. Emer-
gency department care should include oxygen, a short-acting b2-
agonist, and systemic corticosteroids for moderate or severe
exacerbations. Magnesium sulfate may be considered for severe
cases (58). A low threshold for hospital admission should exist.
On discharge, patients should be placed on a controller medi-
cation (an inhaled steroid and/or leukotriene inhibitor) (58).

Despite such recommendations, significant variability exists
between hospitals regarding treatment with corticosteroids
(46) and other controlling medications. The debate around re-
bound pain has led to reluctance by some clinicians to prescribe
systemic corticosteroids for patients with SCD presenting with
an asthma exacerbation, whereas some evidence demonstrates
the risks of asthma itself outweigh those of steroid use (58).
Despite a paucity of published trials in the SCD population, in
the general population, administration of systemic corticosteroids
in the setting of acute asthma exacerbation has been shown to
decrease admission rates and prevent symptom relapse (65, 66).
It should be noted that oral, intramuscular, and intravenous ad-
ministration reportedly have similar efficacy (65, 66). Addition-
ally, inhaled corticosteroids have also been reported to decrease
admission rates in the acute setting; however, it remains unclear if

Figure 2. Radiographic evidence of pulmonary fibrosis related to mul-
tiple episodes of acute chest syndrome in two patients with sickle cell

disease. Note the subpleural honeycombing fibrosis denoted by arrows.
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they offer further benefit when combined with systemic cortico-
steroids (67).

PULMONARY HYPERTENSION

PH is an increasingly recognized common complication of SCD
and other hereditary or acquired hemolytic anemias (2, 68). As
shown in Table 1, PH has been described in case reports or
series in most diseases associated with hemolytic anemia. This
complication has been most studied in patients with SCD and
thalassemia, who are now surviving to their fifth to seventh
decades of life, likely because of improved red blood cell
transfusion practice, fetal hemoglobin–inducing therapies (hy-
droxyurea), iron chelation therapy, and improved therapy of
infectious complications (69). These patients appear to suffer
from a high prevalence of pulmonary and systemic vascular
disease, driven in large part by chronic anemia with a high car-
diac output and high pulmonary blood flow, coupled with intra-
vascular hemolysis, which dysregulates NO signaling, increases
reactive oxygen species generation, and activates the coagula-
tion system, in large part mediated by the pathological effects
of cell-free plasma hemoglobin (10, 70).

Although early case series suggested that PH, even in the ab-
sence of thromboembolism, occurred in patients with SCD, the
first comprehensive examination of this complication by Castro
and colleagues (72) suggested that despite much lower mean
pulmonary artery pressure (mPAP) than in patients with idio-
pathic pulmonary arterial hypertension (PAH) (Table 2), the
associated mortality rate was very high. Each increase of 10 mm
Hg in mPAP was associated with a 1.7-fold increase in the rate
of death (95% CI, 1.1–2.7; P ¼ 0.028) (71). A CT scan of a pa-
tient with SCD with PAH is illustrated in Figure 3.

Population Screening Studies for PH Using

Doppler Echocardiography

Based on these early studies, a relatively large screening study
was conducted at the NIH in Bethesda, Maryland. In the first
report, 195 subjects were screened using noninvasive Doppler
echocardiography, with confirmatory right heart catheterization
in 18 subjects. An elevated pulmonary artery systolic pressure cal-
culated from the TRV of greater than 2.5 m/s was prospectively
defined as abnormal, based on the fact that this value is two SDs
above the mean. Using the Bernoulli equation, the TRV provides
a calculated estimate of right ventricular and pulmonary artery
systolic pressures (PASP z 4 3 TRV [2]) after adding an esti-
mate of the central venous or right atrial pressure. In patients

with SCD, this echocardiographic estimate has been reported to
correlate well with measured pulmonary artery systolic pressures
by right heart catheterization (R ¼ 0.77, P , 0.001). This corre-
lation is similar to that reported for Doppler echocardiography
in other population groups. It should be noted that a TRV
value greater than or equal to 2.5 m/s corresponds to an esti-
mated PASP of 25 to 35 mm Hg, which is approximately two
SDs above the normal mean and cannot be directly equated to
a right heart catheterization definition of PH, which requires
a value for a mPAP of greater than or equal to 25 mm Hg, which
is three SDs above the normal mean. For patients less than 40
years of age, the mean Doppler echocardiographic estimated
PASP is 27.5 6 14.2, with a 95% CI of 19.3 to 35.5 mm Hg (72).
In the NIH-PH screening study, data were analyzed for TRV
stratum of less than 2.5 m/s, 2.5 to 2.9 m/s, and greater than or
equal to 3 m/s, in addition to linear regression analyses, for asso-
ciated risk factors and mortality.

In this study, 32%of subjects had a TRV greater than or equal
to 2.5 m/s, and 9.2% greater than or equal to 3 m/s. Surprisingly,
even in patients with mildly elevated TRV values, the prospec-
tive mortality was very high, with a 10-fold increase in the odds
ratio (OR) for death for TRV greater than or equal to 2.5 m/s.
The risk of death appears directly related to increment in esti-
mated pulmonary systolic pressure: compared with patients with
TRV less than 2.5 m/s, the rate ratio for death for a TRV of 2.5 to
2.9 m/s and greater than 3.0 m/s was 4.4 (95% CI, 1.6–12.2) and
10.6 (95% CI, 3.3–33.6), respectively (3, 11). Other noninvasive
screening studies using Doppler echocardiography confirmed
these results. De Castro found that 6 of 42 patients (14%) with
elevated TRV and 2 of 83 patients (2%) with normal TRV died
during a 2-year follow-up period (73). Similarly, a screening study
by Ataga and colleagues reported that 9 of 36 patients with high
TRV and 1 of 57 patients with low TRV died during the 2.5-year
follow-up period (relative risk, 9.24; 95% CI, 1.2–73.3) (74).

In these studies, the development of Doppler echocardio-
graphic–measured TRV was associated with indices of hemo-
lytic anemia (anemia and reticulocytosis with increases in serum
lactate dehydrogenase, aspartate aminotransferase, and biliru-
bin levels), iron overload, cholestatic liver dysfunction (eleva-
tions in alkaline phosphatase), systolic systemic hypertension,
renal insufficiency, a history of cutaneous leg ulceration, and in
men a history of priapism. To some surprise at the time, the
number of episodes of ACS or number of vasoocclusive events
did not associate with a high TRV, suggesting a more important
role for hemolytic anemia and end-organ injury to kidneys and
liver in the evolution of this process. This still-controversial
observation is consistent with the growing appreciation that
PH arises in other hemolytic diseases (Table 1) in which there
is no hemoglobin S and no vasoocclusion or ACS events.

A recent large screening study using Doppler echocardiography
of 483 patientswith homozygous SS disease conducted in theUnited
States and England reproduced these associations, finding that
patients with elevations inDoppler-estimated pulmonary artery sys-
tolic pressures (TRV) had more severe hemolytic anemia and renal
insufficiency. These patients had lower arterial oxygen saturation,
higher levels of N-terminal pro-brain natriuretic peptide (NT-
proBNP) and lower walk distance in 6 minutes (75). Again, a high
TRV was independent of rates of VOC or ACS, supporting the
hypothesis that this complication arises secondary to chronic he-
molytic anemia and end-organ dysfunction (renal and liver disease)
rather than secondary to episodes of ACS and related lung fibrosis.

Population screening with Doppler echocardiography also sug-
gests that increased PASPs occur in less hemolytic phenotypes of
SCD, including Hb SC, Sb1, and S-a thalassemias, but at a lower
frequency (73). One study reported a decreased incidence of high
TRV among patients with SCD with hemoglobin SC (OR ¼ 0.18;

TABLE 1. INCIDENCE OF PULMONARY HYPERTENSION AMONG
DIFFERENT TYPES OF HEMOLYTIC ANEMIA

Hemolytic Anemia Type Incidence References

Hemoglobin SS disease Increased 9, 73

Hemoglobin SC disease Increased 73, 76

Hemoglobin SOArab disease Increased 73

Hemoglobin Sb1 disease Increased 73, 76, 98

Hemoglobin Sb0 disease Increased 73

b-Thalassemia major Increased 99–101

b-Thalassemia intermedia Increased 102, 103

Hemoglobin E/b-thalassemia Increased 104

G6PD deficiency Not reported

Hereditary elliptocytosis Not reported

Hereditary ovalocytosis Not reported

Hereditary spherocytosis Increased 105

Idiopathic autoimmune Reported 106, 107

Microangiopathic Reported 108, 109

Paroxysmal nocturnal hemoglobinuria Increased 110, 111

Malaria Reported 112
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95% CI, 0.06–0.51; P ¼ 0.0005) or Sb1 thalassemia (OR ¼ 0.25;
95% CI, 0.06–1.16; P ¼ 0.10) phenotypes (76). Although these
compound heterozygotes may be protected from PH because of
reduced levels of intravascular hemolysis, they may still develop
this complication at a lower prevalence due to the presence of
nonhemolytic risk factors such as renal dysfunction, iron over-
load, and advancing age (76).

Operating Characteristics of Doppler Echocardiographic

Screening for PH in Patients with SCD

As mentioned earlier, the Doppler echocardiogram is an impor-
tant tool for population-based estimates of PASP elevation, but

it cannot be used to define PAH, which is a right heart catheter–
based diagnosis defined by the elevation of the mPAP greater
than or equal to 25 mm Hg and a pulmonary artery occlusion
pressure of less than 15 mm Hg. Note that PASPs can rise with
both right (PAH) and left (pulmonary venous hypertension
[PVH]) heart failure, and to a lesser degree with very high
cardiac outputs. Parent and colleagues performed a screening
study of PH in 398 patients with SCD in France, using Doppler
echocardiography and confirmation by right heart catheteriza-
tion, described in more detail later (77). They found that only
25% of patients with a Doppler echocardiographic screening
TRV greater than or equal to 2.5 m/s had PH diagnosed by
right heart catheterization. If they used a TRV greater than

Figure 3. Radiographic findings of pulmonary hyperten-
sion in an 18-year-old patient with sickle cell disease. (A)

Note the central pulmonary artery (PA) is enlarged and

significantly larger than the adjacent ascending aorta

(AA), indicating a PA/AA ratio greater than 1. (B, C) Rela-
tive increase in segmental artery size relative to adjacent

bronchus (arrows) as well as loss of peripheral vascularity.

(C) Note right ventricle (RV) is hypertrophied and dilated

with evidence of right atrial (RA) dilation. All images illus-
trate the finding of mosaic perfusion pattern of parenchy-

mal attenuation.

TABLE 2. COMPARISON OF RIGHT HEART CATHETERIZATION REPORTS OF PULMONARY HYPERTENSION AMONG PATIENTSWITH SICKLE
CELL DISEASE

Castro et al., 2003 (71) Anthi et al., 2007 (57) Parent et al., 2011 (77) Fonseca et al., 2012 (81) Mehari et al., 2012 (80)

No. subjects screened 34 43 445 80 531

Exclusion criteria None None Renal insufficiency None None

Restrictive lung disease

Liver disease

Criteria for RHC Clinical suspicion* TRV > 2.5 m/s TRV > 2.5 m/s TRV > 2.5 m/s TRV > 2.5 m/s and/or

clinical suspicion

Number RHCs 39† 35 96 26 84

Number of subjects with PH‡ 20 26 24 8 55

% RHC with PH Not reported 74 25 31 65.5

% of population screened Not reported Not reported 6 10 10.5

Mean age of subjects with PH 37 43 45 46 41

mPAP, mm Hg 36 6 8 37 6 1.5 30 6 6 33 6 9 Not reported

PVR, dyn$s/cm5 271 6 90x 206 6 23 138 6 58 179 6 120k Not reported

CO, L/min 7 6 2x 9 6 0.5 9 6 2 5 6 2¶ Not reported

6MWD, m Not reported 320 6 20 404 6 94 460 6 152 358 6 113

Duration of follow-up, yr 1.9** Not reported 2.2 2.8†† 4.4**

Mortality in PH group 55% Not reported 23% 38% 37%

Definition of abbreviations: 6MWD ¼ 6-min walk distance; CO ¼ cardiac output; mPAP ¼ mean pulmonary artery pressure; PH ¼ pulmonary hypertension; PVR ¼
pulmonary vascular resistance; RHC ¼ right heart catheterization.

* Clinical suspicion reported as: increased intensity of second heart sound in pulmonic area, right side cardiac chamber enlargement by chest X-ray or electrocar-

diogram, or abnormal echocardiography.
y Five of 34 patients had one or more follow-up procedures.
z Pulmonary hypertension defined as mPAP > 25 mm Hg.
xData only reported for subgroup of eight patients.
kConverted mean value: PVR measured in Wood units as 2.24 6 1.5.
¶ Cardiac index (L/min/m2).

**Median.
yy Estimated from figure in Reference 81.
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or equal to 2.9 m/s, the positive predictive value increased from
25 to 64%, but the false-negative rate was 42%, unacceptable
considering the high risk related to PH. By using a TRV greater
than or equal to 2.5 m/s and a high NT-proBNP (.164.5 pg/ml)
and a low walk distance of less than 333 m, the positive predic-
tive value was 62%, with a false-negative rate of 7%. Based on
these data, a modified screening algorithm is proposed for adult
patients with SCD (Figure 4).

Evaluation of PH Hemodynamics, Prevalence, Risk Factors,

and Associated Mortality Using Definitive Measures by Right

Heart Catheterization

Most patients with PH associated with SCD have mild disease
when judged by cardiopulmonary hemodynamics, yet the asso-
ciated mortality is unexpectedly high (57, 74, 78, 79). Although
classified as a subgroup of Group I PAH, similar to sclero-
derma, patients with SCD often present with PVH secondary
to left ventricular diastolic dysfunction (approximately 40% of
PH cases have PVH). Right heart catheterization studies of
patients with SCD and PH reveal a hyperdynamic state similar
to the hemodynamics characteristic of portopulmonary hyper-
tension (57, 71). The mPAP in patients with SCD and PAH is
approximately 36.6 6 1.5 mm Hg and pulmonary vascular re-
sistance approximately 206.1 6 22.8 dyn$s/cm5 (57). The rela-
tively low pulmonary vascular resistance is caused by the high
cardiac output and low viscosity of anemia, both of which lower
the pulmonary vascular resistance. Approximately one-half of
catheterized patients with PH (mean PAP > 25 mm Hg) meet
the definition of PAH, indicating that vasculopathy primarily
involves the pulmonary arterial system but can also develop
as a consequence of left-sided disease. In the other half of sub-
jects, the left ventricular end-diastolic pressures are greater than
15 mm Hg, indicating a component of left ventricular diastolic
dysfunction (57). Patients with both pulmonary vascular disease
and echocardiographic evidence of diastolic dysfunction are at
a particularly high risk of death (relative risk ratio, 12.0; 95%
CI, 3.8–38.1; P , 0.001) (75).

Three new studies now provide additional insights based
on definitive right heart catheterization (Table 2). The NIH

screening study, first published with 195 patients in 2004, has
now been extended for 9 years of follow-up in 533 patients
(2001–2010, median follow-up of 4.4 yr) (80). A total of 86
subjects underwent right heart catheterization over this time
period, and of these, 56 patients were diagnosed with PH de-
fined by mean PAP greater than or equal to 25 mm Hg (10.5%
of the 533 patients evaluated). This 10.5% prevalence estimate
of PH defined by right heart catheterization may represent
a conservative number, as only half of the patients with
TRV greater than 2.5 underwent right heart catheterization
in this cohort. Consistent with prior studies, approximately
half of these patients had PAH and half PVH (57). During
a median follow-up of 4.4 years, mortality rate was signifi-
cantly higher in the PH group overall (20 deaths, 36%) than
either the group without PH by right heart catheterization
(3 deaths, 10%, P ¼ 0.043) or the general sickle cell group with
normal Doppler echocardiographic estimates of PH (50 deaths,
13%, P , 0.0001).

These observations have also been observed in a second screen-
ing study of patients with SCD in Brazil, which revealed a 10%
prevalence of PH defined by right heart catheterization in patients
with SCD screened in Brazil (81). Similar to the NIH screening
study, not all patients with a high TRV value underwent right
heart catheterization. This study also confirmed associations with
hemolytic anemia, renal insufficiency, exercise intolerance, and
high associated mortality risk (38% in PH group) (81).

A third large Doppler echocardiogram and hemodynamic
screening study of PH in 398 patients with SCD in France has
now been published (77). Parent and colleagues observed a similar
prevalence of echocardiographic estimates of elevated pulmonary
artery systolic pressure (31% prevalence of TRV > 2.5 m/s in the
U.S. cohort and 27% in the French cohort), as well as similar
values for TRV greater than 2.9 m/s (78). Using a right heart
catheterization definition of PH of mPAP greater than or equal
to 25 mm Hg, a value that defines PH but is three SDs above the
normal mean, they found that 6% had PH.

The French study confirmed risk factors associated with PH,
which had been previously identified by Doppler echocardiog-
raphy (11), using gold standard right heart catheter–based
definition, including renal insufficiency, markers of hemolysis

Figure 4. Screening and treat-
ment approach for adult

patients with sickle cell disease

(SCD). The role of screening

Doppler echocardiography,
plasma N-terminal pro-brain

natriuretic peptide (NT-proBNP),

and 6-minute walk, with con-

firmation by right heart cathe-
terization, is outlined. The

prevalence and hemodynamic

definitions of cardiopulmonary
abnormalities found on screen-

ing are summarized. mPAP ¼
mean pulmonary artery pres-

sure; PAH ¼ pulmonary arterial
hypertension; PCWP ¼ pulmo-

nary capillary wedge pressure;

PH ¼ pulmonary hypertension;

TRV ¼ tricuspid regurgitant jet
velocity.
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(lactate dehydrogenase and aspartate aminotransferase re-
leased by red cells, but not alanine aminotransferase, which
is specific for hepatocytes) and markers of liver dysfunction
(increased alkaline phosphatase and direct bilirubin). From a
clinical standpoint, the study confirmed the relationships be-
tween PH and cutaneous leg ulceration, low exercise capacity,
and increased risk of death (12.5% in PH group vs. 0.3% in
non-PH group; P ¼ 0.002), and lack of association with VOC
and ACS (3, 11).

In terms of differences in PH prevalence estimates between
the French study and both the U.S. and Brazilian studies, a ma-
jor difference in study design is that Parent and colleagues (78)
excluded approximately 10% of patients, those with “severe”
renal, liver, or lung disease. It is not clear why these are re-
ferred to as severe complications. Severity was defined as
a creatinine clearance of less than 30 ml/min, an abnormal
prothrombin time (international normalized ratio . 1.7), and
chronic restrictive lung disease defined by a TLC of less than
70% predicted. For reference, the threshold of TLC used is
classified by the ATS as a moderate reduction. It is also not
clear why these patients would be excluded from a prevalence
study of SCD-related PAH, especially considering the fact that
all of these complications develop as a direct consequence of
SCD and all three represent significant published risk factors
for developing PH in SCD (11, 57, 82). For example, in our
recent Walk-PHASST screening study, 24 of 375 (6.4%) adult
patients with HbSS had a creatinine clearance less than 30 ml/
min estimated by the Cockcroft-Gault formula (75). Of these,
22 (91.7%) had a TRV greater than or equal to 2.5 m/s and 13
(54.2%) had a TRV greater than or equal to 3.0 m/s, indicating
the likely high prevalence of PH in these excluded patients. It
is notable that if half of the patients excluded had PH, the
prevalence of PH in the Parent and colleagues study (77)
would be similar to that observed in the U.S. and Brazilian
screening studies. The exclusion of these subjects not only
has the potential to affect prevalence estimates but also can
affect calculations of the operating characteristics of screening
tests. For example, the positive predictive value of Doppler
echocardiography is reduced by a lower measured population
prevalence.

Caveat: An Increased Risk of Borderline PH in Patients

with SCD?

A major outstanding question is the risk of borderline eleva-
tions in mPAP in patients with SCD. Note that the current
PH definition of resting mPAP greater than or equal to 25 mm
Hg is approximately three SDs above normal and was estab-
lished based on populations with idiopathic PAH, typically pre-
senting with single-organ dysfunction (83). It is possible that
borderline increases in mPAP, between 20 and 25 mm Hg,
could influence clinical outcomes in patients with SCD or
other systemic diseases. This can be considered analogous to
the patient with PAH who becomes pregnant or develops
sepsis. More severe anemia and high cardiac output increase
the risk of right heart failure at any given severity of pulmo-
nary vascular disease. It has been shown that patients with
scleroderma have measurable changes in exercise function
at mPAP lower than 25 mm Hg. In these patients, even a mil-
dly elevated resting mPAP (even .17 mm Hg) is associated
with lower maximal work rate, _VO2, and 6-minute walk dis-
tance (6MWD), despite a mean pulmonary vascular resistance
of only 168 6 47 dyn$s/cm5 (84). Future studies evaluating
patients with borderline elevations in mPAP with longer
follow-up times will be required to address this important
question.

Pulmonary Embolism and Chronic Thromboembolic

Pulmonary Hypertension

Chronic thromboembolic PH can occur in patients with SCD.
Approximately 5% of patients identified with PH by right heart
catheterization at the NIH had a high probability _V/ _Q scan or
history of pulmonary embolism; however, a frank diagnosis of
chronic thromboembolic PH is rare (57, 85). This diagnosis
should be considered and evaluated in all patients with SCD
and significant PH, particularly in younger patients or those
without other typical risk factors (severe hemolytic anemia or
renal failure, for example). Successful thromboembolectomy in
patients with SCD has been described (86).

Management and Specific Therapy for SCD-associated

Pulmonary Hypertension

Owing to the lack of large clinical trial data for specific therapy
of PH in patients with SCD, current recommendations focus on
primary control of the hematological disease with hydroxyurea
therapy, transfusions, and control of other associated factors,
such as iron overload, hypoxemia, and other end-organ compli-
cations. There have been no prospective trials of hydroxyurea
or transfusions for patients with SCD and PH; these recommen-
dations are based on the known efficacy of hydroxyurea and
transfusions in reducing VOC and ACS event rates (44), which
would be expected to increase the risk of death in a patient
with significant PH (19). In patients with SCD with PAH he-
modynamics (Group I) confirmed by right heart catheteriza-
tion (mean PAP > 25 mm Hg and pulmonary artery occlusion
pressures , 15 mm Hg, with a relatively high pulmonary vas-
cular resistance . 160 dyn$s/cm5), PAH-specific therapy can
be considered. Therapy should be initiated and monitored by
a team composed of a PAH specialist and a hematologist spe-
cializing in SCD care.
Phosphodiesterase 5 inhibitors. NO exerts its vascular effects

principally by binding and activating soluble guanylyl cyclase,
boosting intracellular cyclic guanosine monophosphate (cGMP)
levels (87, 88). In pulmonary vasculature, this is counterbalanced
by the phosphodiesterase-5 (PDE-5) enzyme, which hydrolyzes
cGMP. PDE-5 inhibitors delay cGMP breakdown, thereby pro-
longing and amplifying NO-mediated signals (87). Additionally,
PDE-5 inhibitors have been shown to restore platelet activation
to more normal levels in patients with SCD-PH (89).

Of note, the PDE-5 inhibitor sildenafil is approved by the
Food and Drug Administration to treat PAH in the general pop-
ulation. Early data suggest sildenafil may improve SCD-PH (88).
In a pilot study, sildenafil therapy used in patients with SCD for
approximately 6 months decreased the mean estimated PASP
from 50 (4) mm Hg to 41 (3) mm Hg (difference, 9 mm Hg; 95%
CI, 0.3–17 mm Hg; P ¼ 0.04) and improved the mean 6MWD
from 384 m (30) to 462 m (28) (difference, 78 m; 95% CI, 40–
117; P ¼ 0.001) (88). Confirmatory data have been reported in
SCD and thalassemia (90). However, these data were not sup-
ported by a recent NIH-sponsored multicenter clinical trial of
sildenafil in SCD-PH (82). This 16-week, double-blind placebo-
controlled trial of 74 patients with SCD-PH assessing exercise
capacity in patients with increased TRV and a low exercise ca-
pacity was stopped early, before enrollment of the planned 132
patients, due to a higher percentage of subjects experiencing
serious adverse events in the sildenafil arm (45% of sildenafil,
22% placebo, P ¼ 0.022). Subject hospitalization for pain was the
predominant cause for this difference: 35% sildenafil versus 14%
placebo (P ¼ 0.029) (82). Based on known effects of PDE-5
inhibitors causing back pain and myalgias, it has been hypothe-
sized that this medication lowered pain thresholds in patients
with SCD (82). Although underpowered at the time the study
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was stopped, there was no evidence of a treatment effect on
6MWD (placebo-corrected effect, 29 m; 95% CI, 256 to 38;
P ¼ 0.703), TRV (P ¼ 0.503), or NT-proBNP (P ¼ 0.410) (82).

Based on these data, the PDE5 inhibitors should not be used
as first-line agents in patients with SCD and PAH. If used, it
should only be in patients on chronic transfusion therapy or very
well controlled with hydroxyurea, to limit the apparent effects of
the PDE-5 inhibitors on increasing pain in patients with SCD.
Further investigation regarding the safety and therapeutic effi-
cacy of these treatment regimens for SCD-PH is warranted.
Endothelin receptor blockade. Endothelin (ET) is a potent en-

dogenous vasoconstrictor that plays an important role in the path-
ogenesis of PAH. Its three isoforms (ET-1, -2, and -3) are
produced primarily by vascular endothelial cells (91). ET-1 medi-
ates its effects through two receptor subtypes, ETA and ETB. NO
normally represses ET-1 secretion and high levels are commonly
found in low NO states (87). ET-1 is present at pathologically
high levels in PAH and ET receptor antagonists (ERA) are ap-
proved for PAH treatment (bosentan and ambrisentan) (87).

In an open-label, nonblinded cohort of 17 patients with SCD-
PAH undergoing ERA treatment with either bosentan or ambri-
sentan, ERA treatment resulted in lower NT-proBNP levels and
TRV measurements, suggesting improvement in fluid retention
and PH. Among the three patients with post-therapy repeat right
heart catheterization, there was a trend toward lowermPAP.Ad-
ditionally, the 6MWD increased significantly over 6 months, sug-
gesting improved cardiopulmonary functional performance (92).
There was also a trend toward improved Borg Dyspnea Score and
New York Heart Association classification (92). Adverse events
while on therapy occurred in 7 of 14 patients, including: increased
serum alanine aminotransferase (two), increased peripheral edema
(four), rash (one), headache (three), and decreased hemoglobin
(two). Only two patients required treatment discontinuation, and
few patients experienced multiple side effects (92).

The ASSET-1 and -2 trials set out to assess the effects of ERA
therapy with Bosentan on patients with PAH and PVH, respec-
tively.Althoughwell tolerated and apparently safe, the studies were
terminated due to slow site initiation and patient enrolment (n ¼
26), and efficacy end point analysis was limited by low power (93).

Unfortunately, the clinical data assessing the usefulness of
ERA therapy for SCD-PH is still insufficient. There remain con-
cerns about using agents approved for PAH to treat patients with
SCD-PH without larger safety and efficacy studies. Prostanoid
use is associated with the risk of line sepsis or thrombosis and
may potentially exacerbate a hyperdynamic state. ERAs are asso-
ciated with a risk of hepatotoxicity, which is important in patients
with SCD as they are predisposed to develop cirrhosis secondary
to hepatitis C and iron overload from repeated transfusions (94).
Decrease in hemoglobin may also be of concern for bosentan.

Taken together, our approach is to maximize SCD-specific
therapy in patients with PAH using hydroxyurea, iron chelation,
blood transfusions, and oxygen as indicated, and in patients
with Group I hemodynamic PAH defined by right heart cath-
eterization, we will start with an ERA (ambrisentan has less risk
of hepatotoxicity) coupled to diuresis to control right heart fail-
ure. PDE-5 inhibitors and prostanoids are reserved for patients
withmore severe disease, with evidence of right heart failure well
managed on a chronic simple or exchange transfusion program to
maintain HbS levels less than 20%.
Other therapies. A multitude of other therapies have been

tested for efficacy in the SCD-PH population, including inhaled
NO and arginine supplementation. In general, these endeavors
have met with modest or insignificant results.

Based on the premise that an increase in endogenous NO syn-
thase inhibitors may result in a relative NO deficiency in the pul-
monary vasculature, NO supplementation was investigated for

therapeutic efficacy. It was hypothesized that inhaled NO gas
would preferentially react with the circulating plasma hemoglo-
bin in the pulmonary vasculature to oxidize it to methemoglobin,
thereby preventing NO scavenging and limiting the systemic va-
sopressor effects of plasma hemoglobin. Despite conflicting ev-
idence for the use of inhaled NO for the treatment of VOC (18,
53), evidence for its usefulness in the prevention or manage-
ment of SCD-associated PH is lacking.

Arginine supplementation has also been studied. Ordinarily,
L-arginine is converted by NO synthase to citrulline plus NO
(95). Arginine dysregulation has been associated with reduced
NO bioavailability and some SCD complications. In SCD, it is
believed that increased arginase activity results in a relative
deficiency and decreased NO production. Oral arginine supple-
mentation has been reported to increase exhaled NO levels in
both patients with SCD and healthy control subjects (96). Ad-
ministration of large arginine doses appeared to reduce pulmo-
nary pressures in patients with SCD-PH. A study of 10 patients
with SCD reported that oral arginine (0.1 g/kg) produced a
15.2% mean reduction in estimated PASP from 63.9 (13) mm
Hg to 54.2 (12) mm Hg (P ¼ 0.002) after 5 days of therapy (97).
In another study of adults on hydroxyurea, addition of high-
dose arginine for 3 months doubled the plasma arginine levels
(47 6 16 to 96 6 58 mM, n ¼ 8, P , 0.005) but did not change
the TRV (2.57 6 0.32 to 2.72 6 0.40 m/s, n ¼ 9, P ¼ not
significant) (95). It is not clear whether in this trial hydroxyurea
may have obscured beneficial effects of arginine supplementa-
tion on TRV or hematologic parameters. The true efficacy and
potential adverse effects of long-term very high dose arginine
have not been examined adequately, and right heart catheteri-
zation end points have not been evaluated. Although it is avail-
able as a dietary supplement without a prescription, providers
and patients should be cautious about adopting it until more
research is completed (95).

In patients with evident diastolic dysfunction and elevated left
ventricular diastolic pressures and/or central venous pressures,
diuresis and systemic blood pressure control should be consid-
ered. In our experience, diuresis for evident right heart failure
is well tolerated and can improve patient symptoms.

CONCLUSIONS

SCD is a commonmonogenetic disorder with high associatedmor-
bidity and mortality. The complications of SCD are myriad; how-
ever, pulmonary complications are common. In addition to ACD
and asthma, concomitant PH significantly increases morbidity
and/or mortality. Doppler echocardiographic screening of adults
with SCD can identify a high-risk population that may benefit
from intensification of sickle cell–specific therapy, such as hy-
droxyurea or exchange transfusions. The diagnosis of PH should
be confirmed by definitive right heart catheterization, and refer-
ral for management by skilled specialists in SCD and PH is rec-
ommended. Patients with PH may have treatable comorbidities,
such as iron overload, sleep-disordered breathing, nocturnal or
exercise desaturation, pulmonary thromboembolic diseases, severe
hemolytic anemia, or frequent VOC and ACS. For patients diag-
nosed with PAH by right heart catheterization, referral for clinical
trials is recommended; PH-specific therapy can be considered ju-
diciously in the absence of definitive clinical trials outcome data.

Author disclosures are available with the text of this article at www.atsjournals.org.
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