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A B S T R A C T

Pulmonary hypertension (PH) is an insidious and potentially devastating complication in adults with hemolytic
disorders, with pathophysiologic changes starting in childhood. Hemolysis predisposes to PH through nitric
oxide depletion from extracellular release of hemoglobin and arginase, and through red blood cell membrane
alterations and formation of microparticles, all promoting oxidative damage, vasoconstriction, inflammation,
vascular remodeling, and thromboembolic state. PH is best diagnosed by right heart catheterization, though
screening often utilizes Doppler echocardiographic measurement of tricuspid regurgitant velocity, and func-
tional assessment by six minute walk test. Understanding the pathophysiology and clinical presentation of PH in
sickle cell disease, thalassemias, paroxysmal nocturnal hemoglobinuria, and other hemolytic disorders can im-
prove recognition, evaluation, and management of this condition.

1. Introduction

Pulmonary hypertension (PH) is a heterogeneous group of condi-
tions characterized by vasculopathic changes to the pulmonary vessels
resulting in elevated pressure. It is currently classified into five groups,
as shown in Table 1, with hemolytic disorders designated in Group 5.
For the pediatric age group, PH is defined as a mean pulmonary arterial
pressure (mPAP) ≥25mmHg in children>3months of age at sea level
[1], and is most commonly due to persistent pulmonary hypertension of
the newborn or underlying congenital heart defects [2]. However, pe-
diatric PH may manifest itself in a variety of settings, sometimes idio-
pathic but often secondary to underlying conditions, including intrinsic
pulmonary diseases, hypoxemia, left-sided heart disease, congenital
heart disease, congenital diaphragmatic hernia, connective tissue dis-
ease, infectious processes including HIV or schistosomiasis, medications
(appetite suppression drugs), genetic predispositions, liver disease, in-
filtrative diseases (sarcoidosis), myeloproliferative syndromes, throm-
boembolic disease, and hemolytic disorders [2,3].

The underlying pathophysiology of PH is equally as complex as its
clinical manifestations, including features of chronic vasoconstriction,
vascular remodeling (with intimal hyperplasia, abnormal arterial
muscle hypertrophy, and disordered angiogenesis), inflammation, im-
mune dysregulation, and/or chronic thromboembolic conditions [4].
Though PH typically manifests in the pre-capillary pulmonary arter-
ioles, it also can involve post-capillary pulmonary veins.

While more commonly evident in adults, insidious development of

PH beyond the neonatal period often begins in childhood and can even
become clinically apparent in pediatric patients. If left untreated, PH
leads to right ventricular dysfunction, right heart failure, hypoxemia,
and death. Despite expanding understanding of PH, its morbidity and
mortality rates unfortunately remain high. Thus, understanding the
pathophysiology, clinical presentation, evaluation, and management of
PH in those with hemolytic disorders is crucial to decrease the mor-
bidity and mortality of this potentially fatal complication, with parti-
cular attention to those at risk in childhood.

2. Pathophysiology

The varied disease states with PH as a complication illustrate the
many different underlying mechanisms that contribute to PH develop-
ment. The processes may run in parallel or in tandem, with nitric oxide
depletion, red blood cell membrane changes, and splenectomy as cen-
tral causes in hemolytic disorders. The interactions of several pathways
are seen in the illustration Fig. 1.

2.1. Consequences of hemolysis

Hemolysis of red blood cells (RBCs) occurs in numerous acute and/
or chronic clinical conditions, due to intrinsic congenital RBC ab-
normalities, or due to congenital or acquired extrinsic conditions.
Chronic anemia, common to most hemolytic disorders, contributes to
risk for PH, with high cardiac output from anemia causing left
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ventricular dysfunction, which predisposes to post-capillary PH [5].
Hemolysis, especially chronic and intravascular, is known to induce
both vasoconstriction, inflammation, and a thromboembolic milieu,
features known to promote development of PH.

During breakdown of RBCs, intracellular hemoglobin is released,
which readily oxidizes into methemoglobin. Release of hemoglobin also
results in its dissociation into dimers, yielding heme molecules nor-
mally integrated within the globin tetramer of hemoglobin. Under
normal conditions, extracellular hemoglobin and heme are efficiently
removed: hemoglobin binds to haptoglobin, then is taken up via CD163
into phagocytes for degradation, whereas heme binds to hemopexin for
conversion through heme‑oxygenase-1 eventually to bilirubin. In the
setting of on-going hemolysis, these normal mechanisms are over-
whelmed, leading to presence of abnormal amounts of plasma free
hemoglobin and labile heme [6].

Nitric oxide (NO) is well-known for its role in the pathophysiology
linking hemolysis and PH. Within the vasculature including the pul-
monary bed, presence of endothelial-derived NO via its activation of
cyclic guanosine monophosphate (cGMP) signaling pathways promotes
vasodilation via relaxation of vascular smooth muscle, inhibits adhe-
sion by decreased expression of adhesion molecules, inhibits in-
flammation, inactivates reactive oxygen species, and yield antith-
rombotic effect by decreasing platelet activation, tissue factor activity,
and thrombin generation [7]. NO is protected from association with
hemoglobin by diffusional barriers of the RBC membrane and its con-
centration closest to endothelium; however intravascular hemolysis
releases hemoglobin into plasma where it irreversibly scavenges NO,

converting it instead into nitrate and methemoglobin [8]. Profound
depletion of NO leads to inflammation, platelet adhesion, vasocon-
striction, cellular proliferation, and eventual fibrosis; much of these
effects occur when paucity of NO permits amplified activity of en-
dothelin-1, a potent vasoconstrictor [6,9,10]. This process of reduced
NO bioavailability due to hemolysis has perhaps been best illustrated in
the setting of sickle cell disease (SCD), where consumption of NO cor-
relates highly (R=0.92) with measured levels of plasma free he-
moglobin [11–15]. Pathophysiologic effects of NO depletion due to
hemolysis have also been observed in murine models of both SCD and
autoimmune hemolytic anemia [16].

NO is typically derived from arginine via endothelial NO synthase
(eNOS); however hemolysis further accelerates NO depletion by release
into plasma of the RBC enzyme arginase which catalyzes arginine in-
stead to ornithine, diverting it from NO synthesis [13]. Not only does
arginase reduce NO production, the byproduct ornithine subsequently
converts to proline, known to promote collagen formation, lung fi-
brosis, and proliferation of smooth muscle cells [17].

The arginine analog asymmetric dimethylarginine (ADMA) may
also play a role in NO availability and hemolysis. ADMA inhibits eNOS,
thereby reducing NO synthesis; however ADMA is typically taken up
into RBCs to prevent its own degradation [18]. During hemolysis,
however, release of ADMA back into plasma again diminishes NO
synthesis, which has been shown to contribute to endothelial cell dys-
function and vasculopathy [19].

In addition to enhanced platelet activation in the setting of hemo-
lysis, there is also evidence that NO-depletion creates a procoagulable
state, both through activation of tissue factor and generation of
thrombin [20]. Administration of plasma free hemoglobin simulating
hemolysis in a murine model demonstrated resultant activation of
platelets and of the coagulation pathway resulting in thrombosis, right
heart failure, and early death, a process reversed by sildenafil, a drug
that induces NO-mediated cGMP activity through inhibition of phos-
phodiesterase-5 [21].

In addition to scavenging NO, plasma free hemoglobin itself exerts
direct cytotoxic, oxidative, and inflammatory effects on vascular en-
dothelium, as has been observed in SCD [22]. Chronic hemoglobin
exposure has direct inflammatory effects, including association with
superoxide and hydrogen peroxide resulting in lipid peroxidation, for-
mation of reactive oxygen species, and other inflammatory responses.
In a rat model, prolonged exposure to hemoglobin under hypoxic
conditions induced an exaggerated expression of the proinflammatory
transmembrane receptor ICAM-1 and plasma levels of the proin-
flammatory cytokine IL6 [23].

Heme molecules have arisen as an additional factor in PH patho-
physiology. Heme has been observed to activate the protein Toll-like
receptor-4 (TLR4), which subsequently triggers endotoxin-mediated
effects on endothelial barrier permeability seen in such conditions as
pneumonia, acute lung injury, and sepsis [24]. There is also evidence
using a rat model that plasma labile heme itself directly causes peri-
vascular edema in the lung [25], which increases immune cell in-
filtration and thus may promote further damage via inflammation. In
addition to these effects on permeability and inflammation, plasma
labile heme crosses the endothelial barrier, where it promotes pro-
liferation of intimal smooth muscle cells [26].

Iron itself, which dissociates in ferric (Fe3+) state from labile heme,
is well known for its oxidative effects, offering another potential insult
toward PH. There is evidence from novel rat model studies that in-
duction of PH through infusion of free hemoglobin results in increased
pulmonary vessel iron deposition, a process reduced by administration
of haptoglobin [27] and reversed through use of iron chelation [28].
Inadequately-treated iron overload also results in iron deposition into
myocardial tissues and eventual cardiomyopathy, further exacerbating
any underlying cardiac dysfunction due to PH.

However, other animal models and several human studies have
demonstrated apparent correlation of PH and iron deficiency, both

Table 1
Classification of pulmonary hypertension.

Group Description

1 1. Pulmonary Arterial Hypertension (PAH)
1.1. Idiopathic PAH
1.2. Heritable PAH
1.3. Drug- & toxin-induced PAH
1.4. PAH associated with: Connective tissue disease, HIV infection,

Portal hypertension, Congenital heart disease, Schistosomiasis
1.5. PAH long-term responders to calcium channel blockers
1.6. PAH with overt features of venous/capillary involvement
1.7. Persistent PH of the newborn syndrome

2 2. Pulmonary Hypertension (PH) due to left heart disease
2.1. PH due to heart failure with preserved left ventricular ejection

fraction
2.2. PH due to heart failure with reduced left ventricular ejection

fraction
2.3. Valvular heart disease
2.4. Congenital/acquired cardiovascular conditions leading to post-

capillary PH
3 3. Pulmonary Hypertension due to lung diseases and/or hypoxia

3.1. Obstructive lung disease
3.2. Restrictive lung disease
3.3. Other lung disease with mixed restrictive/obstructive pattern
3.4. Hypoxia without lung disease
3.5. Developmental lung disorders

4 4. Pulmonary Hypertension due to pulmonary artery obstructions
4.1. Chronic thromboembolic PH
4.2. Other pulmonary artery obstructions

5 5. Pulmonary Hypertension with unclear and/or multifactorial
mechanisms
5.1. Hematological disorders

5.1.1. Chronic hemolytic disorders
5.1.2. Myeloproliferative disorders

5.2. Systemic and metabolic disorders
5.3. Others
5.4. Complex congenital heart disease

Adapted from proceedings of the 6th World Symposium on Pulmonary
Hypertension in Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis
MA, Krowka M, et al. Haemodynamic definitions and updated clinical classi-
fication of pulmonary hypertension. Eur Respir J. 2019;53 (1). Epub 2018/12/
14. doi: https://doi.org/10.1183/13993003.01913-2018
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clinically and as measured in the pulmonary vascular tissue itself,
though it is not clear if it is causative or consequential [29]. Given the
heterogeneity of PH, it is possible that deranged iron homeostasis with
either deficiency or overload contributes to PH risk. Perhaps those with
more significant hemolytic disorders are at greater risk of the con-
tributions of excessive iron and its toxicities.

2.2. Role of splenectomy

Surgical removal of the spleen is commonly performed for various
reasons in some hemolytic disorders. In SCD, surgical splenectomy may
be necessary in those with recurrent or severe splenic sequestration to
prevent further occurrence, or those with painful splenic infarction; it is
important also to note that SCD patients who do not undergo surgical
splenectomy eventually develop fibrosis, auto-infarction, and func-
tional asplenia as a natural consequence of the disease, so almost all
SCD patients are considered asplenic. Thalassemia patients may de-
velop splenomegaly due to both clearance of deranged RBCs and splenic
extramedullary hematopoiesis; subsequent splenectomy may be con-
sidered in cases of symptomatic massive splenomegaly, or for those
with inadequate responses to transfusion therapy due to excessive se-
questration in the spleen of transfused RBCs. In hereditary spher-
ocytosis (HS), the hemolytic anemia is “cured” for most patients after
splenectomy; historically splenectomy has even been performed pro-
phylactically for HS patients before the anemia or splenomegaly be-
come problematic, though a more conservative current approach

reserves splenectomy only for patients with chronic clinically sig-
nificant anemia.

While splenectomy is often reasonable or necessary to consider in
some hemolytic disorders, it has consequences aside from the better-
known risk for encapsulated bacterial infections, including increased
risk for thromboembolic disease, vasculopathy, and PH. Mechanisms
for these sequelae are likely multifactorial, including effects of circu-
lating microparticles, alterations in RBC membrane, and increased
platelet count [30].

The spleen normally is responsible for cleaning and clearing old and
abnormal RBCs, as well as clearing the RBC microparticles abundant in
the setting of hemolysis. These circulating microparticles, comprised of
reformed vesicles from RBC membrane, have enhanced expression of
adhesion molecules, altered phospholipid profiles (in particular phos-
phatidylserine) that trigger coagulation, and mediate inflammatory
responses and cytokine secretion [31,32]. Following splenectomy, mi-
croparticles are no longer cleared effectively, and their increased cir-
culation drives inflammation, impairs endothelial vasorelaxation, and
promotes vascular remodeling, all processes that promote throm-
boembolic risk, vasculopathy, and PH [33]. Increased circulating mi-
croparticles demonstrate their deleterious effect for PH in the ob-
servation that they are also observed without prior splenectomy in
other forms of PH, as well [34].

Aside from clearance of RBC microparticles, splenectomy in hemo-
lytic disorders also affects the remaining circulating RBCs. Altered
phospholipid profile of the RBC membrane is well-known to facilitate

Fig. 1. Mechanisms of Hemolysis Causing Pulmonary Hypertension
During hemolysis, hemoglobin and arginase are released from red blood cells. Hemoglobin dissociated into dimerized globin, which rapidly degrades nitric oxide,
and heme, which also may release plasma labile iron. Arginase converts arginine preferentially to ornithine, diverting arginine away from synthesis into nitric oxide.
The red blood cell membrane undergoes changes to its phospholipid expression and fragments into microparticles. The result of these processes all promote
development of pulmonary hypertension.
AIHA=Autoimmune Hemolytic Anemia, Cong. TTP= congenital thrombotic thrombocytopenic purpura, eNOS= endothelial nitric oxide synthase,
Hb=hemoglobin, MetHb=methemoglobin, NO=nitric oxide, PNH=paroxysmal nocturnal hemoglobinuria
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adhesion and promote coagulation, as is demonstrated in sickle cell
disease and thalassemia [35,36]. For thalassemia patients who have
undergone splenectomy, pro-adhesion modified RBC phosphati-
dylserine expression increases 20 fold [37]. Following splenectomy for
any cause, including hemolytic disorders, a reactive thrombocytosis
invariably occurs. Though post-splenectomy thrombocytosis typically
subsides over time, there is some evidence that persistent elevated
platelet count may increase PH risk [38].

Several population-based studies since have shown increased PH
rates in splenectomized patients. One retrospective review in 1976
demonstrated 10.7% frequency of pulmonary thromboembolic disease
post-splenectomy [39]. Longitudinal review of necropsy results found
pulmonary thromboembolic disease in 35.6% of those splenectomized
compared to 9.7% of matched controls [40].

The association of PH post-splenectomy for hemolytic disorders was
first suggested in thalassemias and hereditary stomatocytosis [41,42].
Necropsy study in 1980 of patients with β-thalassemia found ob-
structive pulmonary arterial lesions in 44% of those post-splenectomy
[43]. In a report of cohort of 18 patients with hereditary stomatocy-
tosis, all nine who underwent splenectomy developed thromboembolic
disease, including four with chronic thromboembolic PH [44].

Prevalence of splenectomy in a cohort of patients with idiopathic
PH and chronic thromboembolic PH is 2.5% and 8.6% respectively
compared to splenectomy prevalence in controls with other pulmonary
disease [45]; others have reported prevalence of PH post-splenectomy
as high as 11.5% [46]. These smaller reports suggest that splenectomy
itself without underlying hemolytic disorder may be a risk factor.
However, a larger Danish study investigating incidence of PH, myo-
cardial infarction (MI), and stroke post-splenectomy for various rea-
sons, including hemolytic disorders, trauma, idiopathic thrombocyto-
penia, malignancy, demonstrated no increased incidence of PH or MI
post-splenectomy compared to disease-matched population controls
(there was increased stroke risk) [47].

3. Clinical presentation and evaluation

Classically, PH has an insidious onset, initially asymptomatic, then
with exertional dyspnea, progressing to dyspnea at rest, fatigue, syn-
cope and pre-syncope, hypoxemia, symptoms of right heart failure, and
even sudden death [2]. For patients with more significant hemolytic
disorders, the non-specific symptoms of PH may overlap or be mistaken
for their anemia or other disease manifestations. The mechanisms
leading to vasculopathy from hemolysis are not clinically limited to PH,
as systemic hypertension, cerebrovascular disease and stroke, esopha-
geal spasm and dysphagia, abdominal pain, portal hypertension, erec-
tile dysfunction, priapism, renal disease, and thromboembolic disease
have greater comorbidity with PH in many hemolytic disorders [6].
Physical examination may reveal hypoxemia, clubbing of digits, holo-
systolic murmur due to tricuspid regurgitation, and signs of right heart
failure such as facial or body edema, jugular venous distention, or he-
patomegaly, though many of these findings appear late in the disease
course [48,49].

Definitive gold-standard diagnosis of PH is direct measurement of
mPAP by right heart catheterization (RHC), with values of ≥25mmHg
indicating PH. Isolated pulmonary arterial hypertension (PAH) is de-
fined as pulmonary capillary wedge pressure of ≤15mmHg by RHC.
However, patients with chronic anemia, including hemolytic anemias,
often have increased cardiac output and resultant lower pulmonary
vascular resistance compared to persons without anemia. Thus, eva-
luation for PH in patients with hemolytic anemia must consider a lower
baseline and perhaps lower criteria for diagnosis.

Due to the invasive nature and potential risks of RHC limiting its
clinical practicality, other modalities for PH screening are often con-
sidered. Chest x-ray and computed tomography reveal changes of PH,
such as enlarged pulmonary artery and prominent lung vascularity, but
only in advanced disease. Electrocardiography may reflect right-sided

heart strain with tall p-waves, tall r-waves in V1 and V2, right axis
deviation, or even QTc prolongation, but these findings are not diag-
nostic or specific for PH, and would only be evident with more pro-
gressed disease [49].

Instead, the most common and accepted screening test for PH is by
non-invasive Doppler echocardiography. Elevated pulmonary pressures
induce retrograde regurgitation through the tricuspid valve, with
measurable increase in tricuspid regurgitant jet velocity (TRV). In the
general population TRV ≥3.0m/s is considered abnormal; however
TRV ≥2.5m/s in adults with SCD has been shown in several studies to
correlate with high morbidity and mortality [50–55]. The observed
difference may reflect the aforementioned higher cardiac output and
lower pulmonary vascular resistance in patients with chronic anemia.
Despite the strong correlation with TRV elevation and poor outcome,
Doppler echocardiography with TRV measurement remains a screening
test with limited sensitivity: in those with SCD, TRV ≥3.0m/s can
identify 66–77% of PH patients, whereas TRV of 2.5–3.0m/s identifies
only 25–39% of PH patients [54,56]. Screening echocardiography
should also be done at baseline while the patient is relatively well, not
during period of illness, pain, or hospitalization when TRV may be
elevated only transiently due to the acute illness.

While there are no known laboratory tests that diagnose PH, several
trends are seen in adult and pediatric patients with hemolytic disorders
and PH, including markers of more severe hemolysis such as lower
hemoglobin, higher absolute reticulocyte count, lower haptoglobin, and
elevation of lactate dehydrogenase, total bilirubin, and aspartate ami-
notransferase. Other correlates for comorbidities include increased
creatinine, ferritin, and proteinuria. However, plasma levels of brain-
natriuretic peptide (BNP) and N-terminal pro-brain natriuretic peptide
(NTproBNP) both tend to increase in response to right heart strain.
Several studies demonstrate that significant elevation of either BNP or
NTproBNP predict mortality risk for many forms of PH, including SCD
[57,58]. While NTproBNP up to 300 pg/mL is considered normal, le-
vels> 164.5 pg/mL strongly predict PH in SCD when coupled with TRV
≥2.5m/s [56].

Exertional fatigue and dyspnea are common early features of PH, for
which assessment by six-minute walk test (6MWT) has been standar-
dized and validated, including in children and adolescents. 6MWT is
used in myriad other pediatric disease conditions, including cystic fi-
brosis, congenital heart disease, systemic sclerotic conditions, spinal
muscular atrophy, renal diseases, and others with variable utility, but is
well established in PH [59]. It is performed by having the patient walk a
circular or linear loop of at least 25 m at their normal pace for 6min,
with endpoint being distance walked in 6min (6MWD), as well as pulse
oximetry, blood pressure, and objective reporting of dyspnea and fa-
tigue symptoms; norms are based on age and height [60]. 6MWT results
independently predict survival in various settings of PH, and reduced
6MWD (especially< 333m) correlates closely with PH outcomes in
SCD adults [54,61]. Similar correlation has been seen between shorter
6MWD and elevated TRV in children and young adults with SCD [62].

4. Hemolytic disorders and pulmonary hypertension

Disorders of hemolysis may be due to intrinsic congenital abnorm-
alities of RBC contents, namely hemoglobin mutations or enzyme de-
ficiencies, or abnormalities of RBC membrane itself. Extrinsic condi-
tions leading to hemolysis are more varied, but typically are
categorized as immune-mediated or non-immune mediated. Among
these, many hemolytic disorders have been observed to have PH as a
potential complication, as is summarized in Table 2.

4.1. Sickle cell disease

Sickle cell disease is a group of syndromes characterized by struc-
tural mutation of β-globin protein yielding hemoglobin S, which when
deoxygenated undergoes conformational change with reduced
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solubility, resulting in polymerization into long crystals deforming the
RBC into rigid, fragile, and ultimately classic sickle-shape. Sickled RBCs
have enhanced adhesive properties, which combined with its morpho-
logic change cause vaso-occlusion, endothelial damage, tissue in-
flammation and ischemia, and both intravascular and extravascular
hemolysis. Among the myriad complications of SCD, in recent years
there has been a vast expansion in understanding and research in PH in
SCD, with morbidity and mortality typically in adulthood, but also
evidence that the chronic process begins in childhood.

Several studies in SCD demonstrate PH prevalence of 6–10.5% in
patients definitely diagnosed by RHC; however, each of these studies
were limited to adult patients [54–56,61]. Use of TRV by Doppler
echocardiography as surrogate marker to estimate increased mPAP
reveals 20–30% prevalence of elevated TRV in adults with SCD; this
proportion reflects those with TRV ≥2.5m/s, 2 standard deviations
greater than normal population mean, with 8–10% of adults with SCD
having more severe PH suggested by TRV ≥3.0 m/s, 3 standard de-
viations greater than normal [50,52]. Though only a surrogate marker
for PH, SCD adults with elevated TRV have been observed to have
comparatively greater short-term mortality, with relative risk ratios of
4.4 for those with TRV 2.5–2.9 m/s and 10.6 for those with TRV
≥3.0m/s [52]. Other studies have shown relative risk of death of 7 and
9.24 in SCD adults with elevated TRV in 2 and 2.5 year longitudinal
follow-up studies [50,63]. Similar observations have been made re-
garding significantly increased mortality in SCD adults confirmed to
have PH by RHC, reported as high as 50% mortality within two years of
diagnosis [51,52].

Those with SCD and comorbid PH have markers of relatively greater
hemolysis, such as lower hemoglobin, reticulocytosis, and increased
lactate dehydrogenase, aspartate aminotransferase, and bilirubin; such
markers also reproducibly correlate with TRV elevation in both adults
and children with SCD [50,52,64–67]. PH in SCD is also often comorbid
with other complications associated with increased hemolysis, in-
cluding cerebrovascular disease and stroke, renal insufficiency and
other complications, systemic hypertension, cutaneous leg ulcerations,
and priapism for males [52,54,61]. These observations yield the theory
that PH and other vasculopathies develop in SCD patients with a more
hyperhemolytic phenotype, a trend common in most studies correlating
SCD and PH [68].

To study risk of PH post-splenectomy in SCD as seen in other he-
molytic disorders, adults with SCD with or without prior surgical
splenectomy underwent TRV measurement by screening echocardio-
graphy, with no TRV increase in the splenectomized group to suggest
PH; however it was theorized that lack of TRV difference may be be-
cause both groups are effectively asplenic due to earlier auto-infarction
causing functional asplenia in non-splenectomized patients [69].

Evidence of high prevalence and devastating morbidity and mor-
tality of PH in adults with SCD prompts the question of its occurrence in

childhood. Several early reports screening children with SCD for PH by
TRV measurement demonstrate similar prevalence to adult data, with
average of 30% (8–66%) incidence of TRV ≥2.5 m/s, and average of
8% (4–14%) with TRV ≥3.0 m/s [53,65,70]. However, many of these
reports represented selected patients instead of population-based
screening, and not all echocardiograms were done at steady-state
without acute illness, some being performed on hospitalized children.
Children with SCD also may have higher normal distribution of TRV
than adults, with one study recommending that TRV ≥2.7m/s, which
is 2 standard deviations above population mean, be considered as ab-
normal. Interestingly, use of this cut-off in conjunction with greater
hemolytic features to identify at risk SCD children yields an estimated
4.4-fold greater risk for decrease tolerance of exertion [71].

Recent larger retrospective analysis of 630 SCD children 5–18 years
of age showed TRV ≥2.5m/s in only 19% of patients, with 51% of
those with follow-up echocardiogram correcting to TRV<2.5m/s;
however, the prevalence of elevated TRV increased with age [72].
Subsequent multivariate comparison of those with elevated TRV to age-
matched SCD controls without TRV elevation showed no discernible
difference other than greater OSA prevalence in the elevated TRV group
(30% versus 14% in those without TRV elevation, OR 3.2, p < 0.01).
Following their protocol for evaluation of those with elevated TRV,
three children with persistent TRV ≥3m/s underwent RHC, demon-
strating PH in all three with mPAP of 28mmHg, 25mmHg, and
40mmHg respectively. The first patient had some functional improve-
ment with ambrisentan and lisinopril treatment, PH in the second pa-
tient was due to underlying left heart disease so lisinopril was started,
and the third patient had normalization of mPAP to 14mmHg and
clinical improvement while on treatment with bosentan [72].

4.2. Thalassemias

Thalassemias are a spectrum of highly variable genetic diseases
consisting of reduced production of either the β-globin or α-globin
components of hemoglobin; this also includes hemoglobin E, char-
acterized by reduced production of a structurally different βE-globin.
These deficiencies of either globin chain lead to reduced normal he-
moglobin production, unstable imbalance of globin chains with re-
sultant hemolysis of erythroid precursors and RBCs, and dysery-
thropoiesis – poorly functioning RBC prone to hemolysis, yet demand
for increased production due to poor oxygen delivery to tissues.
Clinically relevant hemolytic anemia and its consequences are most
notable in β-thalassemia syndromes, with β-thalassemia major (TM)
characterized with zero β-globin production and transfusion depen-
dence, and β-thalassemia intermedia (TI) as a variable spectrum of
dyserythropoiesis. By comparison, α-thalassemia major is typically fatal
in utero, but α-thalassemia intermedia (otherwise known as he-
moglobin H disease, HbH) tends to be a variably moderate TI-pheno-
type due to relatively greater stability of the unpaired β-globin (which
forms hemoglobin H). Thalassemia minor is heterozygous presence of
the trait (for either α-globin or β-globin), with mild microcytic anemia
but no dyserythropoiesis. In some patients with TM or TI, the disease
process (especially when undertreated) results in splenomegaly due to
increased filtration of abnormal RBCs and extramedullary hematopoi-
esis, and may necessitate splenectomy. More severe TI and most TM
patients require chronic transfusion therapy (CTTx), and thus are con-
sidered as transfusion dependent thalassemia (TDT), whereas some TI
patients may need limited or no transfusions (non-transfusion depen-
dent thalassemia, NTDT).

Multiple reports demonstrated some increased PH prevalence in
both TM and TI, though these studies are largely in adults, and have
highly discrepant methods, populations, and clinical settings, with
varied results, including prevalence of PH ranging from 10 to 100% [3].
One larger study of 110 TI patients shows elevated TRV in 60% of cases,
with six patients developing right-sided heart failure with confirmed PH
by RHC [73]. Similar to findings in SCD, TRV elevation suggesting PH

Table 2
Hemolytic disorders with evidence of pulmonary hypertension.

• Intrinsic Red Blood Cell Disorders
○ Hemoglobinopathies:

▪ Sickle Cell Disease syndromes
▪ Thalassemia syndromes
▪ Unstable Hemoglobin disorders

○ RBC Membrane Defects
▪ Cytoskeletal defects: Hereditary Spherocytosis
▪ Membrane channel defects: Hereditary Stomatocytosis

○ RBC Enzymopathies
▪ Glucose-6-Phosphate Dehydrogenase Deficiency
▪ Pyruvate Kinase Deficiency

• Extrinsic Red Blood Cell Disorders
○ Paroxysmal Nocturnal Hemoglobinuria
○ Autoimmune Hemolytic Anemia
○ Evans Syndrome
○ Congenital Thrombotic Thrombocytopenic Purpura
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correlates with indicators of hemolysis in TI patients [73]. Additionally,
presence of PH in thalassemia also correlates with markers of NO de-
pletion and arginine dysregulation [74].

By comparison, PH in HbH appears to be much less common, with
the largest study of echocardiographic estimates of PH in 198 HbH
patients only showing with 7% with TRV ≥2.5m/s, and 2% with TRV
≥3.0m/s [75].

Adequate CTTx management can result in better control of disease,
which can attenuate or potentially reverse PH; in fact, there is greater
prevalence of PH in NTDT vs. well-controlled TDT patients [76]. Strict
adherence to CTTx is well known to limit other complications in TM,
and a large study of 202 TM patients followed closely from infancy into
adulthood showed no significant evidence of PH by echocardiographic
estimate (though other left ventricular cardiac changes were observed)
[77]. As noted above, a common profound risk factor for PH in tha-
lassemia patients is splenectomy. Patients with hemoglobin E/β0tha-
lassemia, a more severe TI phenotype with greater hemolysis and
higher risk for splenectomy, are reported to have higher prevalence of
PH [78].

4.3. Hereditary spherocytosis

HS is an autosomal dominant hemolytic disorder of variable pene-
trance and severity, caused by defect of RBC membrane cytoskeletal
proteins, such as ankyrin, α-spectrin, β-spectrin, band-3, or protein 4.2.
Defects of these proteins causes reduced membrane structural stability,
with portions of membrane splitting off into microvesicles, resulting in
a sphere-shaped RBC prone to hemolysis within the spleen. Pre-sple-
nectomy hemolysis in HS being predominately extravascular may limit
development of PH and other peripheral vasculopathy usually mediated
by intravascular hemolysis. Once the spleen is removed, however,
previously described processes of abundant microparticles, altered
membrane in surviving RBCs, and shift to intravascular hemolysis
(though much reduced overall) all can promote vasculopathy. Widely
known is the increased risk for thromboembolic events post-sple-
nectomy for HS, most significant in the immediate post-splenectomy
time period, but persisting for years following [30,79]. PH has also been
reported in HS post-splenectomy, though only case reports and as es-
timated by TRV measurement, none having undergone RHC [79–81].

Limited data shows some minimal TRV elevation in HS in both
adults and children, but with an increased trend with age. One series of
35 adults with HS (28 post-splenectomy) showed TRV ≥2.5 m/s in
11.4% of patients, but none ≥2.8m/s and no difference comparing
those with or without prior splenectomy [82]. Recent analysis com-
paring TRV in SCD and HS showed TRV ≥2.5 m/s in 10.7% of children
and 27.8% of adults, but again none had TRV ≥2.7 m/s and no cor-
relation found for those post-splenectomy [67].

4.4. Hereditary stomatocytosis

Another autosomal dominant though rare RBC membrane disorder,
hereditary stomatocytosis is due to transmembrane cation transporter
defect causing either intracellular dehydration or overhydration, with
resultant deformation of the RBC into the classic shape with “stoma”-
like central pallor, decreased osmotic fragility, hemolysis, and tendency
toward iron overload. While patients may have sequelae typical of
hemolytic anemia, such as gallstones, increased turnover requiring folic
acid supplementation, and risk for aplastic crises, hereditary stomato-
cytosis is usually fairly benign. However, splenectomy is contra-
indicated in hereditary stomatocytosis because it significantly increases
the risk for both thromboembolism and PH [44]. One case report in-
volved a patient with PE after splenectomy who only later was de-
termined to have hereditary stomatocytosis [83]. Another case involved
a 35 year old hereditary stomatocytosis patient status-post splenectomy
in childhood who developed chronic thromboembolic PH requiring
thromboendarterectomy [84].

4.5. Paroxysmal nocturnal hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH) is a disorder both of
selective clonal marrow expansion which predisposes to bone marrow
failure, as well as of complement-mediated intravascular hemolysis. In
PNH, an acquired mutation in the PIG-A gene for glycosyl-phosphati-
dylinositol (GPI) membrane anchor protein occurs in erythroid pre-
cursors, resulting in lack of the GPI anchor for CD55 and CD59 on the
RBC membrane; without CD55 or CD59, RBCs are highly prone to
complement-mediated intravascular hemolysis [85,86]. In adults, PNH
often manifests classically with severe chronic episodes of hemolytic
anemia and hemoglobinuria, and can progresses to aplastic anemia or
myeloproliferative disease, though many die from thromboembolic
events [85]. Adults with PNH also suffer comorbid esophageal spasms,
dysphagia, erectile dysfunction, and high risk for thromboembolic
disease – all known to be mediated by NO depletion, endothelial dys-
function, inflammation, and procoagulable state [87].

PH is among these comorbidities observed in adults with PNH.
Initial case report of PH in PNH demonstrated dyspnea on exertion,
right ventricular hypertrophy, elevated TRV with Doppler echocardio-
graphy estimating systolic pulmonary artery systolic pressure (PASP) of
60mmHg, progressing to heart failure, with autopsy revealing diffuse
pulmonary arteries thromboses of various ages with fibrosis with no
obvious embolic source [88]. A cohort study of adults with PNH
showed 41% with increased PASP estimated by Doppler echocardio-
graphy, and of those that underwent cardiac MRI, 80% had diminished
right ventricular function and 60% had suggestion of subclinical pul-
monary emboli [87]. Thankfully, the advent of eculizumab, a terminal
complement inhibitor monoclonal antibody to treat PNH, has drama-
tically improved disease outcomes; this has included some clinical im-
provements in PH in those PNH patients treated with eculizumab [89].

However, PNH is relatively rare in children and adolescents, and
more commonly presents as bone marrow failure versus the classic
hemolytic phenotype [90]. As such, there have been no reports of PH in
children with PNH. For children with PNH presenting with hemolysis,
evaluation for PH and other vasculopathic complications should be
considered.

4.6. Pulmonary hypertension and other hemolytic disorders

Observation of PH in other hemolytic disorders is mostly limited to
case reports, largely due to relative rarity of some of these conditions.
One such category is unstable hemoglobin disorders, a heterogeneous
group of variant hemoglobins where a structural mutation leads to
abnormal aggregation of hemoglobin proteins, precipitation of the ag-
gregates within RBCs (seen on supravital blood staining as Heinz
bodies), and resultant hemolysis often in the spleen. A 26 year old male
with hemolytic anemia due to hemoglobin Mainz, a more severe un-
stable β-globin mutation, was reported to have progressive symptoms of
PH, elevated TRV, and eventual confirmation by RHC of mPAP
50mmHg; he subsequently had improved symptoms with combination
of hydroxyurea, transfusion, diuretics, and sildenafil, and iron chelation
[91].

Hemolytic disorders also include RBC enzymopathies: deficiencies
of various enzymes for reductive potential, glycolysis, and nucleotide
metabolism, for which RBCs are uniquely susceptible due to their lack
of a nucleus or mitochondria, and subsequent dependence on anaerobic
glucose metabolism. Enzymes of the hexose monophosphate shunt
generate reduction potential to counter oxidation; thus deficiency
leaves the RBC prone to damage and lysis from oxidative stress. RBC
requires their own energy potential via anaerobic Embden-Meyerhof
pathway for glycolysis, with deficiency of glycolytic enzymes causing
early RBC death. Lastly, deficiencies of nucleotide metabolic enzymes
can occur, with abnormal accumulation of nucleotides in RBCs causing
marked basophilic stippling and hemolysis.

Among these, the most common is deficiency of Glucose-6-

S.J. Ambrusko Progress in Pediatric Cardiology 56 (2020) 101194

6



Phosphate Dehydrogenase (G6PD), one of the most prevalent mono-
genic diseases in the world. Lack of G6PD in RBCs makes them ex-
quisitely sensitive to oxidative stressors (certain foods, medications,
infection), which trigger hemolysis and anemia; however, phenotype
variants include largely asymptomatic, intermittent hemolysis only
with oxidative stress, or those with more severe chronic hemolysis.
Rates of PH in G6PD deficiency are unknown and limited to a few case
reports. One such case involved a 42 year old male presenting with
marked hemolysis and dyspnea, whose symptoms rapidly progressed
and subsequent echocardiography showed right heart strain initially
thought secondary to a pulmonary embolism; however, he died despite
fibrinolysis and resuscitation, and autopsy revealed severe throm-
boembolic pulmonary hypertension, disseminated intravascular coa-
gulation, and previously undiagnosed G6PD deficiency [92]. Additional
study of a cohort of 22 PH patients compared to healthy controls
showed several affected patients with altered G6PD activity, and four
patients with G6PD deficiency [93].

Pyruvate kinase deficiency (PK) instead involves the glycolytic
pathway, where hemolysis is more constant and less episodic. Again,
prevalence of PH in PK deficiency is unknown, but PH was reported in a
47 year old man with PK deficiency presenting with such severe he-
molysis resulting in paravertebral extramedullary hematopoiesis, also
with progressive symptoms of PH, leading to confirmatory RHC re-
vealing mPAP of 54mmHg [94]. After undergoing treatment with
oxygen, beta-agonists, anticoagulants, and bosentan, he had clinical
improvement also with RHC demonstrating mPAP down to 40mmHg.

Autoimmune hemolytic anemia occurs as either acute self-limited
condition or more chronic hemolytic disease, which may also manifest
as Evans Syndrome with autoimmune thrombocytopenia and some-
times neutropenia. PH has been described in a case report of two female
children with severe Evans Syndrome [95]. The first patient with Evans
syndrome since infancy required multiple chronic immunosuppressive
regimens, and at seven years old developed signs and symptoms of PH,
with echocardiography revealing elevated TRV; she was treated with
epoprostenol (a prostacyclin agonist), eventually receiving a bone
marrow transplant and then switch to sildenafil, with resolution of the
Evans Syndrome and improvements on echocardiographic assessment
of right heart function. The second patient diagnosed with Evans Syn-
drome at three years old also had refractory disease requiring multiple
immunosuppressive therapies; at age seven she presented with PH
symptoms concurrent with shingles, and was found to have estimated
severe PH, treated then with sildenafil and epoprostenol with some
improvement, but also with plan to undergo bone marrow transplan-
tation.

An additional case report also describes PH in a female newborn
with congenital thrombotic thrombocytopenic purpura (TTP), also
called Upshaw-Schulman Syndrome, a rare hereditary deficiency of the
ADAMTS13 enzyme for cleaving von Willebrand multimers, resulting in
ultra large multimers that entrap platelets and shear RBCs. She pre-
sented after birth with severe hemolysis, hematuria, ecchymosis, and
hypoxemia, with echocardiography suggesting severe PH and right
heart strain; identification of her congenital TTP and treatment with
exchange transfusion, plasma and platelet transfusions, haptoglobin
and immunoglobulin infusions resulted in clinical improvement and
apparent resolution of her PH [96].

Though not an intrinsic hemolytic disorder, schistosomiasis infec-
tion also predisposes to PH; while the pathophysiology is likely multi-
factorial, schistosomiasis patients are often anemic partly due to he-
molysis, which is theorized to contribute [97,98].

5. Management

Consideration for treatment of any children with PH should utilize
guidelines such as the European Pediatric Pulmonary Vascular Disease
Network, with basic approaches to therapy including oxygen, diuretics
if fluid overload present, anticoagulation when thromboembolic

processes are suspected or proven, and to consider RHC before any
targeted therapy such as sildenafil or prostacyclin analogues [99].

Given that PH in hemolytic disorders is primarily caused by he-
molysis itself and/or splenectomy, recommended prevention and
management should focus on avoidance of hemolytic triggers (such as
oxidative stressors in G6PD deficiency), treatment modalities to reduce
degree of hemolysis, delay or avoid splenectomy as much as possible
(especially for RBC membrane disorders), and if feasible to consider
curative treatment with stem cell transplantation or even potential gene
therapy trials (currently underway for SCD, TM, and TI). Management
of other comorbidities that amplify risk for PH should also be prior-
itized, including treatment of hypoxemia, obstructive sleep apnea,
chronic liver disease, HIV infection, thromboembolic conditions, and
iron overload.

Direct treatment of the underlying disorder has been demonstrated
to have potential benefit for treating PH in several disorders. For SCD,
one of the mainstays of disease modifying therapy is hydroxyurea (HU),
a drug that induces increased fetal hemoglobin in RBCs, thus diluting
hemoglobin S concentration impeding its polymerization, yielding re-
ductions in vaso-occlusive and hemolytic manifestations of the disease.
A small study of five adult SCD patients demonstrated comparative
improvements in mPAP after initiation of HU; unfortunately these po-
tential benefits of HU were not observed when the study was expanded
to larger cross-sectional analysis for 169 pediatric patients [100,101].
Those with more severe complications of SCD are often treated with
CTTx, reducing risk of complications by diluting proportion of native
sickle RBCs. CTTx can be considered for SCD patients with PH given its
demonstrated benefit for other vasculopathies such as cerebrovascular
disease (stroke, abnormal transcranial Doppler ultrasound). Contrary to
this theory, some studies show relatively higher prevalence of TRV
elevation in chronically transfused SCD patients, however this ob-
servation more likely represents selection bias for sicker patients
[65,71].

Those with hemolytic phenotype of PNH are often treated with
eculizumab, a monoclonal antibody against complement protein C5.
One study of PNH patients with hemolysis demonstrated that after in-
itiating treatment with eculizumab, there was reduction in markers of
coagulation activation (prothrombin fragments 1+2, D-dimer), reac-
tional fibrinolysis (plasmin-antiplasmin complexes, tissue-plasminogen
activator), endothelial activation (soluble VCAM, von Willebrand
factor), and endogenous anticoagulation (tissue factor pathway in-
hibitor), many of the same processes which when untreated are known
to influence PH pathophysiology [102]. Further study hopes to de-
monstrate improved outcomes for PH in these patients.

Sildenafil, a phosphodiesterase-5 inhibitor drug that enhances NO
stimulation of cGMP activity, causes vasodilation and is used for
treatment of PH and erectile dysfunction. Early reports of sildenafil
therapy for PH in SCD and thalassemia syndromes appeared promising.
One such study of sildenafil in 13 SCD adults with PH showed improved
6MWD and mPAP in the nine patients who underwent RHC [103].
Another series of eight SCD, TM, or TI patients with PE treated with
sildenafil noted improvements in TRV and 6MWD, and it was well
tolerated [104]. Based on this preliminary data, a large multicenter
randomized placebo-controlled trial of sildenafil for adults and children
with SCD and possible PH (by TRV≥2.7 m/s and 6MWD<500m) was
conducted; however, the trial was terminated early due to increase in
adverse events, predominately vaso-occlusive pain crises, and no ben-
efit to TRV or 6MWD was observed [105]. No large studies have yet
been performed for sildenafil for thalassemias. However the afore-
mentioned small cohort report included some TM and TI patients, and
another open label study of sildenafil for 10 TM adults with TRV
≥2.5m/s (without RHC) demonstrated improved TRV and left ven-
tricular end systolic/diastolic volume, though 6MWD remained un-
changed [106].

Endothelin-1 receptor antagonists such as bosentan and am-
brisentan are utilized for PH of many causes, and were first reported in
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2009 for adults with SCD and PH, who had improved 6MWD, decreased
mPAP, increased cardiac output, and trend toward reduction in TRV
and BNP levels [107]. Since then, case reports have continued to sug-
gest improvement for some SCD patients, however attempt at larger
multicenter randomized placebo-controlled trials (ASSET-1, ASSET-2
trials) terminated early due to slow accrual [108]. Limited case reports
also appear to show benefit in patients with TM and TI [3].

Riociguat, which causes vasodilation by stimulation of soluble
guanylate cyclase to convert guanosine triphosphate to cGMP, is a po-
tential future therapeutic target; it has been used in other forms of PH,
but not yet for those with underlying hemolytic disorders [109]. Future
therapeutic targets may also include haptoglobin, known to bind free
hemoglobin. Therapeutic administration of haptoglobin been used in
the acute setting for massive hemolytic events such as trauma, burns, or
massive hemolytic transfusion reactions. In the rat model in which
chronic administration of hemoglobin induces PH, regular dosing of
haptoglobin was observed to reduce pulmonary vascular iron deposi-
tion and signs of inflammation [27].

Regarding guidelines for PH evaluation, there is little consensus for
children with SCD or other hemolytic disorders. Several consensus
guidelines for adults with SCD recommend screening Doppler echo-
cardiography every 1–3 years (though age to start is not well defined),
to consider monitoring NTproBNP and 6MWT for those with TRV
≥2.5m/s, and proceeding to RHC for those with TRV ≥3.0m/s, or
TRV ≥2.5 m/s with abnormal NTproBNP or 6MWT [110]. For children
with SCD, the American Thoracic Society currently recommends no
population-based screening measurement of TRV but to consider when
clinically indicated or for patients at higher risk [111], whereas Evi-
dence Based Management of Sickle Cell Disease from the National
Heart, Lung, and Blood Institute acknowledges the utility of testing for
PH in those with symptoms, but concludes that there is insufficient
evidence to recommend for or against PH screening in all patients with
SCD [112].

6. Conclusion

Of the numerous complications common to hemolytic disorders,
pulmonary hypertension is perhaps the most insidious yet deadly. A
wealth of understanding has emerged detailing the clinical picture of
pulmonary hypertension in adults with sickle cell disease and tha-
lassemia, though there are still many unanswered questions. Among
these is the natural history of pulmonary hypertension in various other
hemolytic disorders, especially as it starts in childhood. High morbidity
and mortality of pulmonary hypertension clearly indicates that much
work is needed in disease detection and development of more effective
therapies. However, instead of waiting until pulmonary hypertension
occurs, efforts at identifying patients at greater risk of disease and
prevention cannot be underestimated. For hemolytic disorders, the time
for early detection and prevention is in childhood, so pediatric provi-
ders are well poised to fill this need.

Collective analysis of pulmonary hypertension as has been done
here and in past endeavors shows the common features and various
differences among hemolytic disorders. On-going study of those simi-
larities and differences will continue to enrich understanding of pul-
monary hypertension pathophysiology and clinical manifestations.
However, it also affords us an opportunity to take the knowledge gained
about pulmonary hypertension in more prevalent diseases like sickle
cell disease and thalassemia, and apply it to more rare disorders of
hemolysis.

Lastly, care of pulmonary hypertension in hemolytic disorders is
clearly best done as a multidisciplinary effort. Hematologists providing
care for these patients, including in pediatrics, must know when to have
a higher index of suspicion, but also have a dedicated team including
pulmonologists, physical therapists, clinical pharmacists, and cardiol-
ogists.

Declaration of competing interest

None.

Acknowledgements

The author would like to thank Mr. Andres Velasquez for his graphic
design skills, gracious assistance, and patience. (FBLM).

Funding

This research did not receive and specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

References

[1] Abman SH, Hansmann G, Archer SL, Ivy DD, Adatia I, Chung WK, et al. Pediatric
pulmonary hypertension: guidelines from the American Heart Association and
American Thoracic Society. Circulation 2015;132(21):2037–99. Epub 2015/11/05
https://doi.org/10.1161/CIR.0000000000000329. [PubMed PMID: 26534956].

[2] Ivy D. Advances in pediatric pulmonary arterial hypertension. Curr Opin Cardiol
2012;27(2):70–81. Epub 2012/01/26 https://doi.org/10.1097/HCO.
0b013e32835018cd. [PubMed PMID: 22274573; PubMed Central PMCID:
PMCPMC3319159].

[3] Machado RF, Farber HW. Pulmonary hypertension associated with chronic he-
molytic anemia and other blood disorders. Clin Chest Med 2013;34(4):739–52.
Epub 2013/11/26 https://doi.org/10.1016/j.ccm.2013.08.006. [PubMed PMID:
24267302; PubMed Central PMCID: PMCPMC3916937].

[4] Rabinovitch M. Pathobiology of pulmonary hypertension. Annu Rev Pathol
2007;2:369–99. Epub 2007/11/28 https://doi.org/10.1146/annurev.pathol.2.
010506.092033. [PubMed PMID: 18039104].

[5] Castro O, Gladwin MT. Pulmonary hypertension in sickle cell disease: mechanisms,
diagnosis, and management. Hematol Oncol Clin North Am 2005;19(5):881–96.
vii. Epub 2005/10/11 https://doi.org/10.1016/j.hoc.2005.07.007. [PubMed
PMID: 16214649].

[6] Rother RP, Bell L, Hillmen P, Gladwin MT. The clinical sequelae of intravascular
hemolysis and extracellular plasma hemoglobin: a novel mechanism of human
disease. JAMA 2005;293(13):1653–62. Epub 2005/04/07 https://doi.org/10.
1001/jama.293.13.1653. [PubMed PMID: 15811985].

[7] Gladwin MT, Kato GJ. Cardiopulmonary complications of sickle cell disease: role of
nitric oxide and hemolytic anemia. Hematology Am Soc Hematol Educ Program
2005:51–7. Epub 2005/11/24 https://doi.org/10.1182/asheducation-2005.1.51.
[PubMed PMID: 16304359; PubMed Central PMCID: PMCPMC2222547].

[8] Olson JS, Foley EW, Rogge C, Tsai AL, Doyle MP, Lemon DD. NO scavenging and
the hypertensive effect of hemoglobin-based blood substitutes. Free Radic Biol Med
2004;36(6):685–97. Epub 2004/03/03 https://doi.org/10.1016/j.freeradbiomed.
2003.11.030. [PubMed PMID: 14990349].

[9] Doherty DH, Doyle MP, Curry SR, Vali RJ, Fattor TJ, Olson JS, et al. Rate of re-
action with nitric oxide determines the hypertensive effect of cell-free hemoglobin.
Nat Biotechnol 1998;16(7):672–6. Epub 1998/07/14 https://doi.org/10.1038/
nbt0798-672. [PubMed PMID: 9661203].

[10] Morris CR. Mechanisms of vasculopathy in sickle cell disease and thalassemia.
Hematology Am Soc Hematol Educ Program 2008:177–85. Epub 2008/12/17
https://doi.org/10.1182/asheducation-2008.1.177. [PubMed PMID: 19074078].

[11] Morris CR, Kato GJ, Poljakovic M, Wang X, Blackwelder WC, Sachdev V, et al.
Dysregulated arginine metabolism, hemolysis-associated pulmonary hypertension,
and mortality in sickle cell disease. JAMA 2005;294(1):81–90. Epub 2005/07/07
https://doi.org/10.1001/jama.294.1.81. [PubMed PMID: 15998894; PubMed
Central PMCID: PMCPMC2065861].

[12] Reiter CD, Gladwin MT. An emerging role for nitric oxide in sickle cell disease
vascular homeostasis and therapy. Curr Opin Hematol 2003;10(2):99–107. [Epub
2003/02/13. PubMed PMID: 12579034].

[13] Reiter CD, Wang X, Tanus-Santos JE, Hogg N, Cannon 3rd RO, Schechter AN, et al.
Cell-free hemoglobin limits nitric oxide bioavailability in sickle-cell disease. Nat
Med 2002;8(12):1383–9. Epub 2002/11/12 https://doi.org/10.1038/nm1202-
799. [PubMed PMID: 12426562].

[14] Villagra J, Shiva S, Hunter LA, Machado RF, Gladwin MT, Kato GJ. Platelet acti-
vation in patients with sickle disease, hemolysis-associated pulmonary hyperten-
sion, and nitric oxide scavenging by cell-free hemoglobin. Blood
2007;110(6):2166–72. Epub 2007/05/31 https://doi.org/10.1182/blood-2006-
12-061697. [PubMed PMID: 17536019; PubMed Central PMCID:
PMCPMC1976348].

[15] Jison ML, Munson PJ, Barb JJ, Suffredini AF, Talwar S, Logun C, et al. Blood
mononuclear cell gene expression profiles characterize the oxidant, hemolytic, and
inflammatory stress of sickle cell disease. Blood 2004;104(1):270–80. Epub 2004/
03/20 https://doi.org/10.1182/blood-2003-08-2760. [PubMed PMID: 15031206;
PubMed Central PMCID: PMCPMC5560446].

[16] Hsu LL, Champion HC, Campbell-Lee SA, Bivalacqua TJ, Manci EA, Diwan BA,
et al. Hemolysis in sickle cell mice causes pulmonary hypertension due to global
impairment in nitric oxide bioavailability. Blood 2007;109(7):3088–98. Epub
2006/12/13 https://doi.org/10.1182/blood-2006-08-039438. [PubMed PMID:

S.J. Ambrusko Progress in Pediatric Cardiology 56 (2020) 101194

8



17158223; PubMed Central PMCID: PMCPMC1852224].
[17] Bakshi N, Morris CR. The role of the arginine metabolome in pain: implications for

sickle cell disease. J Pain Res 2016;9:167–75. Epub 2016/04/22 https://doi.org/
10.2147/JPR.S55571. [PubMed PMID: 27099528; PubMed Central PMCID:
PMCPMC4821376].

[18] Lin KY, Ito A, Asagami T, Tsao PS, Adimoolam S, Kimoto M, et al. Impaired nitric
oxide synthase pathway in diabetes mellitus: role of asymmetric dimethylarginine
and dimethylarginine dimethylaminohydrolase. Circulation 2002;106(8):987–92.
Epub 2002/08/21 https://doi.org/10.1161/01.cir.0000027109.14149.67.
[PubMed PMID: 12186805].

[19] Davids M, van Hell AJ, Visser M, Nijveldt RJ, van Leeuwen PA, Teerlink T. Role of
the human erythrocyte in generation and storage of asymmetric dimethylarginine.
Am J Physiol Heart Circ Physiol 2012;302(8):H1762–70. Epub 2012/03/01
https://doi.org/10.1152/ajpheart.01205.2011. [PubMed PMID: 22367507].

[20] Hagger D, Wolff S, Owen J, Samson D. Changes in coagulation and fibrinolysis in
patients with sickle cell disease compared with healthy black controls. Blood
Coagul Fibrinolysis 1995;6(2):93–9. Epub 1995/04/01 https://doi.org/10.1097/
00001721-199504000-00001. [PubMed PMID: 7605884].

[21] Hu W, Jin R, Zhang J, You T, Peng Z, Ge X, et al. The critical roles of platelet
activation and reduced NO bioavailability in fatal pulmonary arterial hypertension
in a murine hemolysis model. Blood 2010;116(9):1613–22. Epub 2010/06/01
https://doi.org/10.1182/blood-2010-01-267112. [PubMed PMID: 20511540;
PubMed Central PMCID: PMCPMC2938847].

[22] Wagener FA, Abraham NG, van Kooyk Y, de Witte T, Figdor CG. Heme-induced cell
adhesion in the pathogenesis of sickle-cell disease and inflammation. Trends
Pharmacol Sci 2001;22(2):52–4. Epub 2001/02/13 https://doi.org/10.1016/
s0165-6147(00)01609-6. [PubMed PMID: 11166838].

[23] Buehler PW, Baek JH, Lisk C, Connor I, Sullivan T, Kominsky D, et al. Free he-
moglobin induction of pulmonary vascular disease: evidence for an inflammatory
mechanism. Am J Physiol Lung Cell Mol Physiol 2012;303(4):L312–26. Epub
2012/06/26 https://doi.org/10.1152/ajplung.00074.2012. [PubMed PMID:
22728465; PubMed Central PMCID: PMCPMC3423829].

[24] Belcher JD, Chen C, Nguyen J, Milbauer L, Abdulla F, Alayash AI, et al. Heme
triggers TLR4 signaling leading to endothelial cell activation and vaso-occlusion in
murine sickle cell disease. Blood. 2014;123(3):377–90. Epub 2013/11/28 https://
doi.org/10.1182/blood-2013-04-495887. [PubMed PMID: 24277079; PubMed
Central PMCID: PMCPMC3894494].

[25] Rafikova O, Williams ER, McBride ML, Zemskova M, Srivastava A, Nair V, et al.
Hemolysis-induced lung vascular leakage contributes to the development of pul-
monary hypertension. Am J Respir Cell Mol Biol 2018;59(3):334–45. Epub 2018/
04/14 https://doi.org/10.1165/rcmb.2017-0308OC. [PubMed PMID: 29652520;
PubMed Central PMCID: PMCPMC6189645].

[26] Moraes JA, Barcellos-de-Souza P, Rodrigues G, Nascimento-Silva V, Silva SV,
Assreuy J, et al. Heme modulates smooth muscle cell proliferation and migration
via NADPH oxidase: a counter-regulatory role for heme oxygenase system.
Atherosclerosis 2012;224(2):394–400. Epub 2012/09/08 https://doi.org/10.
1016/j.atherosclerosis.2012.07.043. [PubMed PMID: 22954673].

[27] Irwin DC, Baek JH, Hassell K, Nuss R, Eigenberger P, Lisk C, et al. Hemoglobin-
induced lung vascular oxidation, inflammation, and remodeling contribute to the
progression of hypoxic pulmonary hypertension and is attenuated in rats with
repeated-dose haptoglobin administration. Free Radic Biol Med 2015;82:50–62.
Epub 2015/02/07 https://doi.org/10.1016/j.freeradbiomed.2015.01.012.
[PubMed PMID: 25656991; PubMed Central PMCID: PMCPMC4387123].

[28] Wong CM, Bansal G, Pavlickova L, Marcocci L, Suzuki YJ. Reactive oxygen species
and antioxidants in pulmonary hypertension. Antioxid Redox Signal
2013;18(14):1789–96. Epub 2012/06/05 https://doi.org/10.1089/ars.2012.
4568. [PubMed PMID: 22657091; PubMed Central PMCID: PMCPMC3619148].

[29] Soon E, Treacy CM, Toshner MR, MacKenzie-Ross R, Manglam V, Busbridge M,
et al. Unexplained iron deficiency in idiopathic and heritable pulmonary arterial
hypertension. Thorax 2011;66(4):326–32. Epub 2011/02/08 https://doi.org/10.
1136/thx.2010.147272. [PubMed PMID: 21297151].

[30] Das A, Bansal D, Ahluwalia J, Das R, Rohit MK, Attri SV, et al. Risk factors for
thromboembolism and pulmonary artery hypertension following splenectomy in
children with hereditary spherocytosis. Pediatr Blood Cancer 2014;61(1):29–33.
Epub 2013/09/17 https://doi.org/10.1002/pbc.24766. [PubMed PMID:
24038836].

[31] Amabile N, Guignabert C, Montani D, Yeghiazarians Y, Boulanger CM, Humbert M.
Cellular microparticles in the pathogenesis of pulmonary hypertension. Eur Respir
J 2013;42(1):272–9. Epub 2012/12/22 https://doi.org/10.1183/09031936.
00087212. [PubMed PMID: 23258792].

[32] Burnier L, Fontana P, Kwak BR, Angelillo-Scherrer A. Cell-derived microparticles
in haemostasis and vascular medicine. Thromb Haemost 2009;101(3):439–51.
[Epub 2009/03/12. PubMed PMID: 19277403].

[33] Kimmig LM, Palevsky HI. Review of the association between splenectomy and
chronic thromboembolic pulmonary hypertension. Ann Am Thorac Soc
2016;13(6):945–54. Epub 2016/04/09 https://doi.org/10.1513/AnnalsATS.
201512-826FR. [PubMed PMID: 27058013].

[34] Bakouboula B, Morel O, Faure A, Zobairi F, Jesel L, Trinh A, et al. Procoagulant
membrane microparticles correlate with the severity of pulmonary arterial hy-
pertension. Am J Respir Crit Care Med 2008;177(5):536–43. Epub 2007/11/17
https://doi.org/10.1164/rccm.200706-840OC. [PubMed PMID: 18006886].

[35] Setty BN, Stuart MJ. Vascular cell adhesion molecule-1 is involved in mediating
hypoxia-induced sickle red blood cell adherence to endothelium: potential role in
sickle cell disease. Blood 1996;88(6):2311–20. [Epub 1996/09/15. PubMed PMID:
8822953].

[36] Cappellini MD, Poggiali E, Taher AT, Musallam KM. Hypercoagulability in beta-

thalassemia: a status quo. Expert Rev Hematol 2012;5(5):505–11. quiz 12. Epub
2012/11/14 https://doi.org/10.1586/ehm.12.42. [PubMed PMID: 23146054].

[37] Kuypers FA, Yuan J, Lewis RA, Snyder LM, Kiefer CR, Bunyaratvej A, et al.
Membrane phospholipid asymmetry in human thalassemia. Blood
1998;91(8):3044–51. [Epub 1998/05/16. PubMed PMID: 9531618].

[38] Peacock AJ. Pulmonary hypertension after splenectomy: a consequence of loss of
the splenic filter or is there something more? Thorax 2005;60(12):983–4. Epub
2005/11/22 https://doi.org/10.1136/thx.2005.043216. [PubMed PMID:
16299113; PubMed Central PMCID: PMCPMC1747269].

[39] Coltheart G, Little JM. Splenectomy: a review of morbidity. Aust N Z J Surg
1976;46(1):32–6. Epub 1976/02/01 https://doi.org/10.1111/j.1445-2197.1976.
tb03189.x. [PubMed PMID: 1064399].

[40] Pimpl W, Dapunt O, Kaindl H, Thalhamer J. Incidence of septic and thromboem-
bolic-related deaths after splenectomy in adults. Br J Surg 1989;76(5):517–21.
Epub 1989/05/01 https://doi.org/10.1002/bjs.1800760528. [PubMed PMID:
2736368].

[41] Aessopos A, Stamatelos G, Skoumas V, Vassilopoulos G, Mantzourani M,
Loukopoulos D. Pulmonary hypertension and right heart failure in patients with
beta-thalassemia intermedia. Chest 1995;107(1):50–3. Epub 1995/01/01 https://
doi.org/10.1378/chest.107.1.50. [PubMed PMID: 7813310].

[42] Sumiyoshi A, Thakerngpol K, Sonakul D. Pulmonary microthromboemboli in
thalassemic cases. Southeast Asian J Trop Med Public Health 1992;23(Suppl.
2):29–31. [Epub 1992/01/01. PubMed PMID: 1298989].

[43] Sonakul D, Pacharee P, Laohapand T, Fucharoen S, Wasi P. Pulmonary artery
obstruction in thalassaemia. Southeast Asian J Trop Med Public Health
1980;11(4):516–23. [Epub 1980/12/01. PubMed PMID: 7221695].

[44] Stewart GW, Amess JA, Eber SW, Kingswood C, Lane PA, Smith BD, et al.
Thrombo-embolic disease after splenectomy for hereditary stomatocytosis. Br J
Haematol 1996;93(2):303–10. Epub 1996/05/01 https://doi.org/10.1046/j.1365-
2141.1996.4881033.x. [PubMed PMID: 8639421].

[45] Jais X, Ioos V, Jardim C, Sitbon O, Parent F, Hamid A, et al. Splenectomy and
chronic thromboembolic pulmonary hypertension. Thorax 2005;60(12):1031–4.
Epub 2005/08/09 https://doi.org/10.1136/thx.2004.038083. [PubMed PMID:
16085731; PubMed Central PMCID: PMCPMC1747270].

[46] Hoeper MM, Niedermeyer J, Hoffmeyer F, Flemming P, Fabel H. Pulmonary hy-
pertension after splenectomy? Ann Intern Med 1999;130(6):506–9. Epub 1999/
03/13 https://doi.org/10.7326/0003-4819-130-6-199903160-00014. [PubMed
PMID: 10075618].

[47] Rørholt M, Ghanima W, Farkas DK, Nørgaard M. Risk of cardiovascular events and
pulmonary hypertension following splenectomy - a Danish population-based co-
hort study from 1996–2012. Haematologica. 2017;102(8):1333–41. Epub 2017/
06/03 https://doi.org/10.3324/haematol.2016.157008. [PubMed PMID:
28572164; PubMed Central PMCID: PMCPMC5541868].

[48] Machado RF, Gladwin MT. Chronic sickle cell lung disease: new insights into the
diagnosis, pathogenesis and treatment of pulmonary hypertension. Br J Haematol
2005;129(4):449–64. Epub 2005/05/10 https://doi.org/10.1111/j.1365-2141.
2005.05432.x. [PubMed PMID: 15877728].

[49] Zuckerman WA, Rosenzweig EB. Pulmonary hypertension in children with sickle
cell disease. Expert Rev Respir Med 2011;5(2):233–43. Epub 2011/04/23 https://
doi.org/10.1586/ers.11.6. [PubMed PMID: 21510733].

[50] Ataga KI, Moore CG, Jones S, Olajide O, Strayhorn D, Hinderliter A, et al.
Pulmonary hypertension in patients with sickle cell disease: a longitudinal study.
Br J Haematol 2006;134(1):109–15. Epub 2006/06/29 https://doi.org/10.1111/j.
1365-2141.2006.06110.x. [PubMed PMID: 16803576].

[51] Castro O, Hoque M, Brown BD. Pulmonary hypertension in sickle cell disease:
cardiac catheterization results and survival. Blood 2003;101(4):1257–61. Epub
2002/10/24 https://doi.org/10.1182/blood-2002-03-0948. [PubMed PMID:
12393669].

[52] Gladwin MT, Sachdev V, Jison ML, Shizukuda Y, Plehn JF, Minter K, et al.
Pulmonary hypertension as a risk factor for death in patients with sickle cell dis-
ease. N Engl J Med 2004;350(9):886–95. Epub 2004/02/27 https://doi.org/10.
1056/NEJMoa035477. [PubMed PMID: 14985486].

[53] Kato GJ, Onyekwere OC, Gladwin MT. Pulmonary hypertension in sickle cell
disease: relevance to children. Pediatr Hematol Oncol 2007;24(3):159–70. Epub
2007/04/25 https://doi.org/10.1080/08880010601185892. [PubMed PMID:
17454785; PubMed Central PMCID: PMCPMC2065860].

[54] Mehari A, Alam S, Tian X, Cuttica MJ, Barnett CF, Miles G, et al. Hemodynamic
predictors of mortality in adults with sickle cell disease. Am J Respir Crit Care Med
2013;187(8):840–7. Epub 2013/01/26 https://doi.org/10.1164/rccm.201207-
1222OC. [PubMed PMID: 23348978; PubMed Central PMCID: PMCPMC3707372].

[55] Mehari A, Gladwin MT, Tian X, Machado RF, Kato GJ. Mortality in adults with
sickle cell disease and pulmonary hypertension. JAMA 2012;307(12):1254–6.
Epub 2012/03/29 https://doi.org/10.1001/jama.2012.358. [PubMed PMID:
22453563; PubMed Central PMCID: PMCPMC3511048].

[56] Parent F, Bachir D, Inamo J, Lionnet F, Driss F, Loko G, et al. A hemodynamic
study of pulmonary hypertension in sickle cell disease. N Engl J Med
2011;365(1):44–53. Epub 2011/07/08 https://doi.org/10.1056/
NEJMoa1005565. [PubMed PMID: 21732836].

[57] Nagaya N, Nishikimi T, Uematsu M, Satoh T, Kyotani S, Sakamaki F, et al. Plasma
brain natriuretic peptide as a prognostic indicator in patients with primary pul-
monary hypertension. Circulation 2000;102(8):865–70. Epub 2000/08/23
https://doi.org/10.1161/01.cir.102.8.865. [PubMed PMID: 10952954].

[58] Machado RF, Anthi A, Steinberg MH, Bonds D, Sachdev V, Kato GJ, et al. N-
terminal pro-brain natriuretic peptide levels and risk of death in sickle cell disease.
JAMA 2006;296(3):310–8. Epub 2006/07/20 https://doi.org/10.1001/jama.296.
3.310. [PubMed PMID: 16849664].

S.J. Ambrusko Progress in Pediatric Cardiology 56 (2020) 101194

9



[59] Bartels B, de Groot JF, Terwee CB. The six-minute walk test in chronic pediatric
conditions: a systematic review of measurement properties. Phys Ther
2013;93(4):529–41. Epub 2012/11/20 https://doi.org/10.2522/ptj.20120210.
[PubMed PMID: 23162042].

[60] Laboratories ATSCoPSfCPF. ATS statement: guidelines for the six-minute walk test.
Am J Respir Crit Care Med 2002;166(1):111–7. Epub 2002/07/02 https://doi.org/
10.1164/ajrccm.166.1.at1102. [PubMed PMID: 12091180].

[61] Fonseca GH, Souza R, Salemi VM, Jardim CV, Gualandro SF. Pulmonary hy-
pertension diagnosed by right heart catheterisation in sickle cell disease. Eur
Respir J 2012;39(1):112–8. Epub 2011/07/23 https://doi.org/10.1183/
09031936.00134410. [PubMed PMID: 21778170].

[62] Agha H, El Tagui M, El Ghamrawy M, Abdel Hady M. The 6-min walk test: an
independent correlate of elevated tricuspid regurgitant jet velocity in children and
young adult sickle cell patients. Ann Hematol 2014;93(7):1131–8. Epub 2014/02/
25 https://doi.org/10.1007/s00277-014-2030-3. [PubMed PMID: 24562420].

[63] De Castro LM, Jonassaint JC, Graham FL, Ashley-Koch A, Telen MJ. Pulmonary
hypertension associated with sickle cell disease: clinical and laboratory endpoints
and disease outcomes. Am J Hematol 2008;83(1):19–25. Epub 2007/08/29
https://doi.org/10.1002/ajh.21058. [PubMed PMID: 17724699].

[64] Liem RI, Young LT, Thompson AA. Tricuspid regurgitant jet velocity is associated
with hemolysis in children and young adults with sickle cell disease evaluated for
pulmonary hypertension. Haematologica 2007;92(11):1549–52. Epub 2007/11/
21 https://doi.org/10.3324/haematol.11576. [PubMed PMID: 18024403].

[65] Ambrusko SJ, Gunawardena S, Sakara A, Windsor B, Lanford L, Michelson P, et al.
Elevation of tricuspid regurgitant jet velocity, a marker for pulmonary hyperten-
sion in children with sickle cell disease. Pediatr Blood Cancer 2006;47(7):907–13.
Epub 2006/02/24 https://doi.org/10.1002/pbc.20791. [PubMed PMID:
16496290].

[66] Kato GJ, McGowan V, Machado RF, Little JA, Taylor JT, Morris CR, et al. Lactate
dehydrogenase as a biomarker of hemolysis-associated nitric oxide resistance,
priapism, leg ulceration, pulmonary hypertension, and death in patients with
sickle cell disease. Blood 2006;107(6):2279–85. Epub 2005/11/18 https://doi.
org/10.1182/blood-2005-06-2373. [PubMed PMID: 16291595; PubMed Central
PMCID: PMCPMC1895723].

[67] Yates AM, Joshi VM, Aygun B, Moen J, Smeltzer MP, Govindaswamy D, et al.
Elevated tricuspid regurgitation velocity in congenital hemolytic anemias: pre-
valence and laboratory correlates. Pediatr Blood Cancer 2019;66(7):e27717. Epub
2019/03/26 https://doi.org/10.1002/pbc.27717. [PubMed PMID: 30907497].

[68] Bunn HF, Nathan DG, Dover GJ, Hebbel RP, Platt OS, Rosse WF, et al. Pulmonary
hypertension and nitric oxide depletion in sickle cell disease. Blood
2010;116(5):687–92. Epub 2010/04/17 https://doi.org/10.1182/blood-2010-02-
268193. [PubMed PMID: 20395414].

[69] Sinha AA, Adusumilli T, Cohen HW, Nouraie M, Little J, Manwani D. Splenectomy
is not associated with a higher tricuspid regurgitant jet velocity in people with
sickle cell anemia. Pediatr Blood Cancer 2019;66(10):e27928. Epub 2019/07/20
https://doi.org/10.1002/pbc.27928. [PubMed PMID: 31322833].

[70] Suell MN, Bezold LI, Okcu MF, Mahoney Jr. DH, Shardonofsky F, Mueller BU.
Increased pulmonary artery pressures among adolescents with sickle cell disease. J
Pediatr Hematol Oncol 2005;27(12):654–8. Epub 2005/12/14 https://doi.org/10.
1097/01.mph.0000194022.17968.bf. [PubMed PMID: 16344670].

[71] Gordeuk VR, Minniti CP, Nouraie M, Campbell AD, Rana SR, Luchtman-Jones L,
et al. Elevated tricuspid regurgitation velocity and decline in exercise capacity
over 22 months of follow up in children and adolescents with sickle cell anemia.
Haematologica 2011;96(1):33–40. Epub 2010/10/05 https://doi.org/10.3324/
haematol.2010.030767. [PubMed PMID: 20884713; PubMed Central PMCID:
PMCPMC3012762].

[72] Hebson C, New T, Record E, Oster M, Ehrlich A, Border W, et al. Elevated tricuspid
regurgitant velocity as a marker for pulmonary hypertension in children with
sickle cell disease: less prevalent and predictive than previously thought? J Pediatr
Hematol Oncol 2015;37(2):134–9. Epub 2014/06/20 https://doi.org/10.1097/
MPH.0000000000000184. [PubMed PMID: 24942020].

[73] Aessopos A, Farmakis D, Karagiorga M, Voskaridou E, Loutradi A, Hatziliami A,
et al. Cardiac involvement in thalassemia intermedia: a multicenter study. Blood
2001;97(11):3411–6. Epub 2001/05/23 https://doi.org/10.1182/blood.v97.11.
3411. [PubMed PMID: 11369631].

[74] Morris CR, Kuypers FA, Kato GJ, Lavrisha L, Larkin S, Singer T, et al. Hemolysis-
associated pulmonary hypertension in thalassemia. Ann N Y Acad Sci
2005;1054:481–5. Epub 2005/12/13 https://doi.org/10.1196/annals.1345.058.
[PubMed PMID: 16339702; PubMed Central PMCID: PMCPMC3217300].

[75] Yin XL, Zhang XH, Wu ZK, Zhao DH, Zhou YL, Yu YH, et al. Pulmonary hy-
pertension risk in patients with hemoglobin h disease: low incidence and absence
of correlation with splenectomy. Acta Haematol 2013;130(3):153–9. Epub 2013/
05/29 https://doi.org/10.1159/000347177. [PubMed PMID: 23711936].

[76] Fraidenburg DR, Machado RF. Pulmonary hypertension associated with tha-
lassemia syndromes. Ann N Y Acad Sci 2016;1368(1):127–39. Epub 2016/03/24
https://doi.org/10.1111/nyas.13037. [PubMed PMID: 27008311; PubMed Central
PMCID: PMCPMC4870173].

[77] Aessopos A, Farmakis D, Hatziliami A, Fragodimitri C, Karabatsos F, Joussef J,
et al. Cardiac status in well-treated patients with thalassemia major. Eur J
Haematol 2004;73(5):359–66. Epub 2004/10/02 https://doi.org/10.1111/j.1600-
0609.2004.00304.x. [PubMed PMID: 15458515].

[78] Atichartakarn V, Chuncharunee S, Archararit N, Udomsubpayakul U, Lee R,
Tunhasiriwet A, et al. Prevalence and risk factors for pulmonary hypertension in
patients with hemoglobin E/beta-thalassemia disease. Eur J Haematol
2014;92(4):346–53. Epub 2013/12/18 https://doi.org/10.1111/ejh.12242.
[PubMed PMID: 24330103].

[79] Schilling RF, Gangnon RE, Traver MI. Delayed adverse vascular events after
splenectomy in hereditary spherocytosis. J Thromb Haemost 2008;6(8):1289–95.
Epub 2008/05/20 https://doi.org/10.1111/j.1538-7836.2008.03024.x. [PubMed
PMID: 18485083].

[80] Jardine DL, Laing AD. Delayed pulmonary hypertension following splenectomy for
congenital spherocytosis. Intern Med J 2004;34(4):214–6. Epub 2004/04/17
https://doi.org/10.1111/j.1444-0903.2004.00580.x. [PubMed PMID: 15086707].

[81] Smedema JP, Louw VJ. Pulmonary arterial hypertension after splenectomy for
hereditary spherocytosis. Cardiovasc J Afr 2007;18(2):84–9. [Epub 2007/05/15.
PubMed PMID: 17497044].

[82] Crary SE, Ramaciotti C, Buchanan GR. Prevalence of pulmonary hypertension in
hereditary spherocytosis. Am J Hematol 2011;86(12):E73–6. Epub 2011/09/29
https://doi.org/10.1002/ajh.22182. [PubMed PMID: 21953840].

[83] Yoshimoto A, Fujimura M, Nakao S. Pulmonary hypertension after splenectomy in
hereditary stomatocytosis. Am J Med Sci 2005;330(4):195–7. Epub 2005/10/20
https://doi.org/10.1097/00000441-200510000-00008. [PubMed PMID:
16234613].

[84] Murali B, Drain A, Seller D, Dunning J, Vuylsteke A. Pulmonary thromboendar-
terectomy in a case of hereditary stomatocytosis. Br J Anaesth 2003;91(5):739–41.
Epub 2003/10/23 https://doi.org/10.1093/bja/aeg237. [PubMed PMID:
14570800].

[85] Risitano AM, Rotoli B. Paroxysmal nocturnal hemoglobinuria: pathophysiology,
natural history and treatment options in the era of biological agents. Biologics
2008;2(2):205–22. [Epub 2008/06/01. PubMed PMID: 19707355; PubMed
Central PMCID: PMCPMC2721357].

[86] Rosse WF. Paroxysmal nocturnal hemoglobinuria. In: Hoffman R, Benz EJJ, Shattil
SJ, Furie B, Cohen HJ, Silberstein LE, editors. Hematology: basic principles and
practice. 3rd ed.New York, NY: Churchill Livingstone; 2000. p. 331–42.

[87] Hill A, Sapsford RJ, Scally A, Kelly R, Richards SJ, Khurisgara G, et al. Under-
recognized complications in patients with paroxysmal nocturnal haemoglobinuria:
raised pulmonary pressure and reduced right ventricular function. Br J Haematol
2012;158(3):409–14. Epub 2012/05/30 https://doi.org/10.1111/j.1365-2141.
2012.09166.x. [PubMed PMID: 22639982].

[88] Heller PG, Grinberg AR, Lencioni M, Molina MM, Roncoroni AJ. Pulmonary hy-
pertension in paroxysmal nocturnal hemoglobinuria. Chest 1992;102(2):642–3.
Epub 1992/08/01 https://doi.org/10.1378/chest.102.2.642. [PubMed PMID:
1643968].

[89] Hill A, Rother RP, Wang X, Morris Jr. SM, Quinn-Senger K, Kelly R, et al. Effect of
eculizumab on haemolysis-associated nitric oxide depletion, dyspnoea, and mea-
sures of pulmonary hypertension in patients with paroxysmal nocturnal hae-
moglobinuria. Br J Haematol 2010;149(3):414–25. Epub 2010/03/17 https://doi.
org/10.1111/j.1365-2141.2010.08096.x. [PubMed PMID: 20230403].

[90] Mercuri A, Farruggia P, Timeus F, Lombardi L, Onofrillo D, Putti MC, et al. A
retrospective study of paroxysmal nocturnal hemoglobinuria in pediatric and
adolescent patients. Blood Cells Mol Dis 2017;64:45–50. Epub 2017/04/06
https://doi.org/10.1016/j.bcmd.2017.03.006. [PubMed PMID: 28380398].

[91] Lode HN, Krings G, Schulze-Neick I, Dahmlow S, Schroeder U, Bonnet R, et al.
Pulmonary hypertension in a case of Hb-Mainz hemolytic anemia. J Pediatr
Hematol Oncol 2007;29(3):173–7. Epub 2007/03/16 https://doi.org/10.1097/
MPH.0b013e318032568c. [PubMed PMID: 17356397].

[92] Albertsen J, Ommen HB, Wandler A, Munk K. Fatal haemolytic crisis with mi-
crovascular pulmonary obstruction mimicking a pulmonary embolism in a young
African man with glucose-6-phosphate dehydrogenase deficiency. BMJ Case Rep
2014;2014. https://doi.org/10.1136/bcr-2013-201432. Epub 2014/04/10.
[PubMed PMID: 24713708; PubMed Central PMCID: PMCPMC3987291].

[93] Kurdyukov S, Eccles CA, Desai AA, Gonzalez-Garay M, Yuan JX, Garcia JGN, et al.
New cases of glucose-6-phosphate dehydrogenase deficiency in pulmonary arterial
hypertension. PLoS One 2018;13(8):e0203493. Epub 2018/08/31 https://doi.org/
10.1371/journal.pone.0203493. [PubMed PMID: 30161219; PubMed Central
PMCID: PMCPMC6117081].

[94] Bachmeyer C, Khalil A, Kerrou K, Girot R, Gounant V. Idiopathic pulmonary ar-
terial hypertension in a patient with pyruvate kinase deficiency and paravertebral
extramedullary hematopoiesis. Ann Hematol 2009;88(6):603–5. Epub 2008/11/
29 https://doi.org/10.1007/s00277-008-0644-z. [PubMed PMID: 19039535].

[95] Connor P, Veys P, Amrolia P, Haworth S, Ashworth M, Moledina S. Pulmonary
hypertension in children with Evans syndrome. Pediatr Hematol Oncol
2008;25(2):93–8. Epub 2008/03/26 https://doi.org/10.1080/
08880010801888253. [PubMed PMID: 18363174].

[96] Tsujii N, Shiraishi I, Kokame K, Shima M, Fujimura Y, Takahashi Y, et al. Severe
hemolysis and pulmonary hypertension in a neonate with Upshaw-Schulman
syndrome. Pediatrics 2016;138(6). https://doi.org/10.1542/peds.2016-1565.
Epub 2016/12/13. [PubMed PMID: 27940692].

[97] Friedman JF, Kanzaria HK, McGarvey ST. Human schistosomiasis and anemia: the
relationship and potential mechanisms. Trends Parasitol 2005;21(8):386–92. Epub
2005/06/22 https://doi.org/10.1016/j.pt.2005.06.006. [PubMed PMID:
15967725].

[98] Gavilanes F, Fernandes CJ, Souza R. Pulmonary arterial hypertension in schisto-
somiasis. Curr Opin Pulm Med 2016;22(5):408–14. Epub 2016/07/19 https://doi.
org/10.1097/MCP.0000000000000300. [PubMed PMID: 27428795].

[99] Hansmann G, Koestenberger M, Alastalo TP, Apitz C, Austin ED, Bonnet D, et al.
2019 updated consensus statement on the diagnosis and treatment of pediatric
pulmonary hypertension: the European Pediatric Pulmonary Vascular Disease
Network (EPPVDN), endorsed by AEPC, ESPR and ISHLT. J Heart Lung Transplant
2019;38(9):879–901. Epub 2019/09/10 https://doi.org/10.1016/j.healun.2019.
06.022. [PubMed PMID: 31495407].

[100] Olnes M, Chi A, Haney C, May R, Minniti C, Jt Taylor, et al. Improvement in

S.J. Ambrusko Progress in Pediatric Cardiology 56 (2020) 101194

10



hemolysis and pulmonary arterial systolic pressure in adult patients with sickle
cell disease during treatment with hydroxyurea. Am J Hematol 2009;84(8):530–2.
Epub 2009/06/19 https://doi.org/10.1002/ajh.21446. [PubMed PMID:
19536844; PubMed Central PMCID: PMCPMC2766189].

[101] Gordeuk VR, Campbell A, Rana S, Nouraie M, Niu X, Minniti CP, et al. Relationship
of erythropoietin, fetal hemoglobin, and hydroxyurea treatment to tricuspid re-
gurgitation velocity in children with sickle cell disease. Blood
2009;114(21):4639–44. Epub 2009/09/03 https://doi.org/10.1182/blood-2009-
04-218040. [PubMed PMID: 19724057; PubMed Central PMCID:
PMCPMC2780300].

[102] Helley D, de Latour RP, Porcher R, Rodrigues CA, Galy-Fauroux I, Matheron J,
et al. Evaluation of hemostasis and endothelial function in patients with parox-
ysmal nocturnal hemoglobinuria receiving eculizumab. Haematologica
2010;95(4):574–81. Epub 2010/01/19 https://doi.org/10.3324/haematol.2009.
016121. [PubMed PMID: 20081060; PubMed Central PMCID: PMCPMC2857186].

[103] Machado RF, Martyr S, Kato GJ, Barst RJ, Anthi A, Robinson MR, et al. Sildenafil
therapy in patients with sickle cell disease and pulmonary hypertension. Br J
Haematol 2005;130(3):445–53. Epub 2005/07/27 https://doi.org/10.1111/j.
1365-2141.2005.05625.x. [PubMed PMID: 16042696; PubMed Central PMCID:
PMCPMC2063570].

[104] Derchi G, Forni GL, Formisano F, Cappellini MD, Galanello R, D'Ascola G, et al.
Efficacy and safety of sildenafil in the treatment of severe pulmonary hypertension
in patients with hemoglobinopathies. Haematologica 2005;90(4):452–8. [Epub
2005/04/12. PubMed PMID: 15820939].

[105] Machado RF, Barst RJ, Yovetich NA, Hassell KL, Kato GJ, Gordeuk VR, et al.
Hospitalization for pain in patients with sickle cell disease treated with sildenafil
for elevated TRV and low exercise capacity. Blood 2011;118(4):855–64. Epub
2011/04/30 https://doi.org/10.1182/blood-2010-09-306167. [PubMed PMID:
21527519; PubMed Central PMCID: PMCPMC3148167].

[106] Morris CR, Kim HY, Wood J, Porter JB, Klings ES, Trachtenberg FL, et al. Sildenafil
therapy in thalassemia patients with Doppler-defined risk of pulmonary hy-
pertension. Haematologica 2013;98(9):1359–67. Epub 2013/04/16 https://doi.
org/10.3324/haematol.2012.082065. [PubMed PMID: 23585527; PubMed
Central PMCID: PMCPMC3762091].

[107] Minniti CP, Machado RF, Coles WA, Sachdev V, Gladwin MT, Kato GJ. Endothelin
receptor antagonists for pulmonary hypertension in adult patients with sickle cell
disease. Br J Haematol 2009;147(5):737–43. Epub 2009/09/25 https://doi.org/
10.1111/j.1365-2141.2009.07906.x. [PubMed PMID: 19775299; PubMed Central
PMCID: PMCPMC3225273].

[108] Barst RJ, Mubarak KK, Machado RF, Ataga KI, Benza RL, Castro O, et al. Exercise
capacity and haemodynamics in patients with sickle cell disease with pulmonary
hypertension treated with bosentan: results of the ASSET studies. Br J Haematol
2010;149(3):426–35. Epub 2010/02/24 https://doi.org/10.1111/j.1365-2141.
2010.08097.x. [PubMed PMID: 20175775; PubMed Central PMCID:
PMCPMC2914575].

[109] Lian TY, Jiang X, Jing ZC. Riociguat: a soluble guanylate cyclase stimulator for the
treatment of pulmonary hypertension. Drug Des Devel Ther 2017;11:1195–207.
Epub 2017/05/02 https://doi.org/10.2147/DDDT.S117277. [PubMed PMID:
28458514; PubMed Central PMCID: PMCPMC5402909].

[110] Willen SM, Gladwin MT. What is the role of screening for pulmonary hypertension
in adults and children with sickle cell disease? Hematology Am Soc Hematol Educ
Program 2017;2017(1):431–4. Epub 2017/12/10 https://doi.org/10.1182/
asheducation-2017.1.431. [PubMed PMID: 29222289; PubMed Central PMCID:
PMCPMC6142565 M.T.G. is on the Board of Directors or an advisory committee
for Bayer; has received research funding from Bayer; holds patents with or receives
royalties from the University of Pittsburgh, the National Institutes of Health, and
Globin Solutions, Inc.; and has equity ownership in Globin Solutions, Inc].

[111] Klings ES, Machado RF, Barst RJ, Morris CR, Mubarak KK, Gordeuk VR, et al. An
official American Thoracic Society clinical practice guideline: diagnosis, risk
stratification, and management of pulmonary hypertension of sickle cell disease.
Am J Respir Crit Care Med 2014;189(6):727–40. Epub 2014/03/19 https://doi.
org/10.1164/rccm.201401-0065ST. [PubMed PMID: 24628312; PubMed Central
PMCID: PMCPMC3983842].

[112] Yawn BP, Buchanan GR, Afenyi-Annan AN, Ballas SK, Hassell KL, James AH, et al.
Management of sickle cell disease: summary of the 2014 evidence-based report by
expert panel members. JAMA 2014;312(10):1033–48. Epub 2014/09/10 https://
doi.org/10.1001/jama.2014.10517. [PubMed PMID: 25203083].

S.J. Ambrusko Progress in Pediatric Cardiology 56 (2020) 101194

11


