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Abstract
Purpose of Review Pulmonary hypertension (PH) is a well-recognized complication of sickle cell disease (SCD) and is one of the
strongest predictors of increased morbidity and mortality in adult patients. There is evidence that PH can develop in children with
SCD and the clinical implications of this finding are an area of active research. We review the current literature examining the
association of SCD and PH in childhood.
Recent Findings The recent literature has focused on elucidating the multifactorial mechanisms for the development of PH in
SCD with the goal of developing targeted therapies. In addition, there has been a focus on understanding the significance of
echocardiographic evidence of PH in children with SCD, a finding that has recently been associated with adverse clinical factors.
While still based on limited evidence, the increased understanding of the important prognostic implications of echocardiographic
evidence of PH has led to the development of guidelines that recommend screening echocardiograms beginning in childhood in
children with SCD.
Summary PH can develop in children with SCD and, while the exact clinical implications of this finding are still being
elucidated, current guidelines and research are aimed at early identification and treatment to improve outcomes.
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Introduction

Sickle cell disease (SCD) is a genetic erythrocyte disorder
caused by an amino acid substitution on the β-globin chain
resulting in structurally abnormal hemoglobin that can poly-
merize causing erythrocytes to form a sickle shape [1]. This
makes them prone to vaso-occlusion and hemolysis leading to
multisystem disease and severe end-organ complications [1,
2]. Pulmonary hypertension (PH) is one of the well-
established comorbidities in SCD that has been shown to have
a significant impact on morbidity, and is associated with in-
creased mortality in adults [3–12].

While PH can only be definitively diagnosed by a hemo-
dynamic assessment obtained on right heart catheterization
(RHC), an elevated tricuspid regurgitant jet velocity (TRV)
on echocardiography is frequently used as a noninvasive
screening tool to estimate elevated pulmonary artery pressure
(PAP) [13, 14]. An elevated TRV has been associated with
increased morbidity and mortality in multiple adult studies
[7, 11, 15]. In children with SCD, the prevalence of an elevat-
ed TRV has been shown to be substantial [16–20]. Yet, the
clinical implications of this finding are not well defined. An
association with mortality has not been shown. However, it
has been associatedwithmarkers of increased hemolysis, hyp-
oxia, and decline in the 6 minute walk test (6MWT), indicat-
ing that the onset of PH in childhood could be a harbinger of
adverse outcomes in adulthood. These findings have led to the
development of recent guidelines and consensus recommen-
dations using the TRV to risk stratify and identify patients that
should be considered for invasive hemodynamic testing and
potential escalation in therapy [21••, 22•, 23–25].

In addition, enhanced understanding of the multifactorial
etiologies of PH in SCD has led to better delineation of the
complex molecular pathways contributing to its development.
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It is the hope that further research in this area will lead to better
therapies to treat and/or prevent PH in SCD, potentially
starting in childhood [3, 26, 27].

This review will summarize the current literature on PH in
children with SCD with a focus on the enhanced understand-
ing of the pathophysiology, new potential therapeutic targets,
the current understanding of the clinical implications of echo-
cardiographic indicators of PH, and the existing recommen-
dations for screening and management.

Defining Pulmonary Hypertension

Classification

The World Symposium of Pulmonary Hypertension (WSPH),
endorsed by theWorld Health Organization, is composed of an
international group of experts in PH who have developed a
clinical classification system with the goal of creating catego-
ries of PH that share similar pathophysiology and therapeutic
approaches [28, 29]. In 2008, at the 4th WSPH, PH in chronic
hemolytic anemia was classified in group 1, pulmonary arterial
hypertension (PAH) [28]. However, since then, it has become
clear that the cause of PH in chronic hemolytic anemia is mul-
tifactorial and not completely understood, leading to its recent
re-classification in 2013 at the 5th WSPH into group 5, PH
with unclear multifactorial mechanisms [30]. This classifica-
tion was maintained at the 6th WSPH in 2018 [31]. The re-
classification is based on evidence that PH in SCD can occur
due to both precapillary (PAH) and postcapillary (pulmonary
venous hypertension) mechanisms, and that PAH in SCD has
different pathology [32–34], hemodynamics [10, 35–37], and
therapeutic responses [38, 39] than other causes of PAH.

Definition

Hemodynamic studies performed during cardiac catheteriza-
tion are considered the gold standard for diagnosis of PH. PH
in SCD can be divided into two broad categories, precapillary
and postcapillary. Precapillary PH, or pulmonary arterial hy-
pertension (PAH), has historically been defined by a mean
pulmonary artery pressure (mPAP) of 25 mmHg or greater
with a mean pulmonary artery wedge pressure (mPAWP) or
left ventricular end-diastolic pressure (LVEDP) of 15 mmHg
or less [24]. Recently, the 6th WSPH has proposed to modify
the definition in adults as a mPAP of ≥ 20 mmHg [31, 40]. In
order to stay consistent, the Pediatric Task Force chose to
follow the adult definition, but encouraged more study of
these patients [31]. An elevated pulmonary vascular resistance
(PVR) would also be expected in PAH in SCD [21••].
However, the baseline PVR in SCD is lower than in non-
anemic patients due to an increased cardiac output associated
with chronic anemia and a lower blood viscosity. Therefore,

many clinicians accept a lower PVR as elevated in SCD (> 2–
3 Wood units) [24, 41]. In children, PVR is indexed to body
surface area (PVRi), and a PVRi > 3 Wood units × m2 is gen-
erally considered elevated [21••]. Postcapillary PH, or pulmo-
nary venous hypertension, is defined as a mPAP ≥ 20–
25 mmHg and a mPAWP or LVEDP ≥ 15 mmHg, without
an elevated PVR [14, 24, 42]. However, due to the multifac-
torial nature of PH in SCD, many patients will have hemody-
namic features of both pre- and post-capillary PH.

Echocardiographic Estimation of Pulmonary Artery
Pressure

In children, invasive hemodynamic testing is infrequently per-
formed and many clinicians have come to define PH based on
the TRV derived from echocardiography. The TRV estimates
the pressure gradient between the right ventricle (RV) and
right atrium during systole by utilizing the modified
Bernoulli equation (pressure gradient = 4v2; v = TRV) [43].
Therefore, the TRV estimates the RV systolic pressure
(RVSP) and pulmonary artery systolic pressure (PASP), in
the absence of pulmonary stenosis (RVSP = PASP = TR max
pressure gradient + right atrial pressure; where the right atrial
pressure is often estimated to be 3–5 mmHg or ignored) [43].
A TRV ≥ 2.5 m/s (25 mmHg) has been most commonly used
to define elevated PAP [44]. This may be impacted by the
newly proposed definition of PH which lowers the diagnosis
of an elevated mPAP to 20 mmHg [31]. This requires evalu-
ation in SCD patients, both adults and children. Since the
current literature assessing PH in SCD, including the SCD-
specific guidelines for the diagnosis of PH, has used the his-
toric definition of 25 mmHg to define PH, this has been used
to guide the recommendations in this review. However, it is
important to realize that this may evolve as more evidence
becomes available.

Pathophysiology

Hemolysis

The most fundamental mechanism for the development of PH
in SCD is that chronic hemolysis leads to maladaptive chang-
es, including nitric oxide (NO) dysregulation, endothelial
damage, vasoconstriction, inflammation, hypercoagulability,
and free radical generation, culminating in the development
of PH [27, 45–51]. NO plays an important role in vasodilation
through activation of cGMP-dependent protein kinases in
smooth muscle cells. Dysregulated NO metabolism results in
chronically increased vasoconstriction, decreased inhibition
of vascular smooth muscle proliferation, and platelet aggrega-
tion [26]. Cell-free hemoglobin released during hemolysis
scavenges NO resulting in dysregulation of the NO signaling
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pathways [52, 53]. In addition, other products are released that
inhibit the synthesis of NO. For example, arginase-1 destroys
arginine, a necessary substrate of NO synthase [54], and
asymmetric dimethylarginine is an inhibitor of NO synthase
[55].

Many other products released during hemolysis are being
discovered that also contribute to the pathophysiology of PH.
Placenta growth factor, an angiogenic growth factor, has been
shown to regulate the expression of genes involved in inflam-
mation [56]. Purine nucleoside phosphorylase and adenosine
deaminase result in accelerated metabolism of adenosine, ino-
sine, and guanine, abolishing their vasoprotective effects,
resulting in an angio-proliferative PH in rats [57]. Red cell
microparticles produced during hemolysis and cell-free heme
released from hemoglobin induce inflammatory pathways and
lead to reactive oxygen species formation [49, 58–60]. Red
cell microparticles have been shown to concentrate heme, and
these complexes have been shown to cause toxic damage to
endothelial cells [61], and to induce rapid vaso-occlusion in
mice [62]. Some groups have begun to refer to these products
as red cell damage-associated molecular patterns or DAMPs,
and it is hypothesized that they play a pivotal role in activating
and amplifying inflammation leading to endothelial damage
and vaso-occlusion [63–65]. The cascade of events that is
triggered by the multitude of products released during intra-
vascular hemolysis culminates in chronic vasoconstriction,
inflammation, endothelial damage, hypercoagulability, and
thrombosis contributing to the development of PH over time.
Research in this area is rapidly expanding and many of these
pathways represent new potential therapeutic targets.

Left Heart Dysfunction

Another major pathophysiologic mechanism for the develop-
ment of postcapillary PH involves left ventricular (LV) dia-
stolic dysfunction leading to secondary pulmonary venous
hypertension. In adults, this accounts for nearly half of the
PH cases in SCD [27]. Recently, Niss et al. described a unique
form of cardiomyopathy in children with SCD consisting of a
restrictive physiology superimposed on a hyperdynamic phys-
iology [66]. In a cohort of 134 SCD children, they found a
significant number demonstrated left atrial enlargement
(62%), as well as other echocardiographic findings of diastolic
dysfunction. All children had normal systolic function. This is
similar to other forms of restrictive cardiomyopathy, defined
by diastolic dysfunction and left atrial dilation with preserved
LV systolic function and size. However, unlike classic restric-
tive cardiomyopathy, in SCD, LV enlargement is almost uni-
versal secondary to the hyperdynamic circulation related to
chronic anemia, and this represents a unique form of cardio-
myopathy where there is restrictive and hyperdynamic phys-
iology. Importantly, the study by Niss et al. brings attention to
the fact that patients with restrictive cardiomyopathy can

experience sudden death despite normal or only mildly elevat-
ed PAP [66]. The etiology of the restrictive physiology is not
completely understood, but there is some evidence that it is
related to myocardial fibrosis which can be seen in SCD due
to dysregulated pro-fibrotic pathways and iron deposition
[67–69]. While still an area of active research, it is increasing-
ly recognized that despite preserved systolic function, patients
develop diastolic dysfunction, resulting in PH.

Genetic Predisposition

The recent literature has also drawn attention to a genetic
predisposition for the development of PH in SCD [70, 71].
There is remarkable clinical variability in SCD, even among
individuals with identical genotypes. There are likely signifi-
cant genetic variants contributing to this heterogeneity that
could be potential therapeutic targets [72]. The phenotypic
heterogeneity explained by the genetic variability of fetal he-
moglobin and alpha-thalassemia is well recognized [73, 74].
However, many new genetic modulators are being discovered,
such as polymorphisms in Endothelin-1 [75], TGF-beta, and
other genes linked to vascular function and NO signaling [71],
that may be associated with the development of PH. While
many of these genetic variants are unvalidated, it has been
shown that PH can cluster in families [76]. This is an area of
increasing investigation.

Prevalence

The true prevalence of PH in SCD as defined by invasive
cardiac hemodynamics is less than that defined by an elevated
TRV [35, 36]. Adult studies report a prevalence of 20–40% by
the TRV [7], whereas invasive testing reveals a prevalence of
10% or less [35, 36]. The prevalence of PH in children with
SCD as defined by an elevated TRV, given the paucity of
studies that have performed invasive assessment, ranges from
< 10% to a similar prevalence seen in adults [16–20, 77–85].

Part of this variability may depend on the number and age
of the children in each study cohort. The number of children
with an elevated TRV increases with age [20, 79, 85]. Our
group recently performed a large longitudinal analysis of
echocardiographic abnormalities in children with SCD that
supports this finding [79]. Since participation in the
Cooperative Study of Sickle Cell Disease in the early 1990s,
our institutional policy has been to perform echocardiograms
beginning around 5 years of age as part of routine health
maintenance for pediatric SCD patients. A longitudinal anal-
ysis of these echocardiograms showed that not only did the
expected findings of LV dilation begin early in childhood and
increase with age, but that the prevalence of an elevated TRV
increased from 3% by 7 years of age to 15% by 13 years of
age. Other groups have supported this finding. Hebson et al.
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[85] showed that the prevalence in children younger than
10 years of age was < 10%, but increased to 30%, similar to
adults, by 19–20 years of age.

In order to try to more accurately characterize the prevalence
of an elevated TRV in children with SCD, two recent large meta-
analyses were published [19, 20]. Musa et al. included 29 studies
(5358 individuals) and found an elevated TRVin 21%of children
and 24% of adults [19]. Caughey et al. conducted a random
effects meta-analysis including 45 studies (6109 individuals) that
found an elevated TRV in 21% of children and 30% of adults
[20]. Based on these findings, the prevalence of an elevated TRV
is around 20% in children with SCD and increases throughout
childhood.

The prevalence of PH in children with SCD as defined
by invasive cardiac hemodynamics has not been ade-
quately assessed.

Clinical Associations

Hemolysis and Anemia

It has been well documented that an elevated TRV is associ-
ated with the severity of hemolysis and anemia [17, 78, 79, 82,
83, 86, 87]. In adults, a hemolysis score incorporating several
different markers of hemolysis has been shown to be strongly
associated with greater TRV values, and in a 2-year follow-up
analysis was associated with an increased risk of death [88]. In
children, elevated lactate dehydrogenase (LDH), bilirubin and
reticulocyte levels, and decreased hemoglobin and hematocrit
levels have been associated with an elevated TRV [17, 79, 82,
86].

Pulmonary Comorbidities

Sleep and waking oxygen saturation levels have been nega-
tively correlated with the TRV [83, 89, 90]. In addition, a high
prevalence of nocturnal hypoxia and sleep disordered breath-
ing has been documented in children with SCD, and these
findings have been associated with an elevated TRV [89,
91]. Asthma is also common in children with SCD and is
associated with the development of PH [92, 93]. Children with
SCD should be screened for asthma, obstructive sleep apnea,
and sleep disordered breathing, and it is important to monitor
routine pulmonary function tests.

Age

The prevalence of an elevated TRV in children with SCD in-
creases with age [79, 85]. Kato et al. proposed a hypothetical
model in which the duration and severity of the hemolysis-
associated sequelae on the pulmonary vasculature leads to chron-
ic vasoconstriction and vascular remodeling leading toworsening

PH over time (Fig. 1) [87]. It is proposed that these changes may
be reversible early on, but with time become fixed, providing
impetus for early identification and intervention in childhood.

Generalized Vasculopathy

In adults, there is evidence of a generalized vasculopathy with
vascular comorbidities inmultiple organ systems. Vascular com-
plications such as venous thromboembolism, proliferative reti-
nopathy, nephropathy, and leg ulcers have been associated with
elevated PAP [94–97]. While these complications are not usu-
ally seen in childhood, a recent study showed that proteinuria in
children with SCD is associated with a TRV ≥ 2.5 m/s [98].

While less documented in children, the associations of
an elevated TRV with the degree of anemia, the duration of
exposure to the adverse effects of chronic hemolysis, and
the association with other comorbidities and multi-organ
system effects, are increasingly being appreciated to devel-
op in childhood.

Association with Outcomes

In adults, elevated PAP detected on RHC and elevated TRV
have been shown to be strong predictors of mortality (rate
ratio, 10.1; 95% CI, 2.2 to 47.0; P < 0.001) [7] and to carry
important prognostic implications [7–12, 15, 95, 99–101]. In
children, an association with mortality has not been shown.
However, an elevated TRV in children has been associated
with indicators of adverse functional status [102–105].

Six-Minute Walk Test

As part of the Walk-PHaSST study (treatment of Pulmonary
Hypertension and Sickle cell disease with Sildenafil Therapy),
Sachdev et al. showed the 6MWT distance correlated inversely
with the TRV, a finding which remained significant in multivar-
iate analysis [100]. A similar association was demonstrated by
Gordeuk et al. in a prospective, longitudinal, multi-center study
in children with SCD [103]. In this study, an elevated TRV was
associated with an estimated 4.4-fold increase in the odds of
decline in age-standardized 6MWT distance (P = 0.015).

Other Markers of Adverse Functional Status

The literature is not as definitive in regards to the association
of an elevated TRV with other markers of functional status in
children with SCD. Dham et al. found that the TRV was as-
sociated with a history of acute chest syndrome (ACS), stroke,
and transfusions, in addition to the 6MWT distance [104]. In
the PUSH study (Pulmonary Hypertension and the Hypoxic
Response in SCD), a higher steady-state TRV was associated
with a history of acute pulmonary events [102]. However,
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more recently, it has been shown that SCD children with an
elevated TRV did not differ from age-matched SCD controls
in the incidence of ACS, hospitalization, or stroke [85]. More
studies are needed to elucidate these associations.

Clinical Presentation

Themost common symptoms of PH include fatigue, dyspnea on
exertion, dizziness, syncope, chest pain, and palpitations. These
symptoms can be seen in children with SCD secondary to ane-
mia, pain crises, ACS, and other SCD-associated comorbidities
making the presentation of PH difficult to discern. Physical ex-
am findings can include a prominent second heart sound due to
accentuated closure of the pulmonary valve in the setting of
elevated PAP, as well as a holosystolic murmur from tricuspid
regurgitation, and a right ventricular heave. Jugular venous dis-
tention, edema, and hepatomegaly may also be present. Chest

radiography may demonstrate cardiomegaly and prominence of
the proximal pulmonary vasculature with decreased vascularity
peripherally. Electrocardiogram may show right axis deviation,
prominent right-sided forces, and evidence of right ventricular
hypertrophy; however, SCD patients may also have evidence of
left heart dilation which may mask the right-sided changes to
some degree. In most cases, children may not have clinically
symptomatic PH and many of the presenting symptoms and
exam findings may be absent, and thus, many providers send
these children for screening echocardiography.

Screening Echocardiography

Tricuspid Regurgitant Jet Velocity

To help improve the diagnosis of PH, screening echocardiog-
raphy is recommended; most commonly using an elevated

Fig. 1 Reproduced with
permission from Kato et al. [87].
Proposed model for the
development of pulmonary
hypertension in sickle cell
disease. Pulmonary hypertension
results from the chronic exposure
of the pulmonary vasculature to
the adverse hemolysis associated
sequelae of vasoconstriction and
vascular remodeling. It is
proposed that changes in the
pulmonary vasculature may be
reversible early on, but as the
duration of exposure increases,
the changes become irreversible.
Definition of abbreviations:
NO= nitric oxide; PAH =
pulmonary arterial hypertension
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TRVas a surrogate marker for elevated PAP. However, in the
last several years, the appropriateness of using the TRV as a
screening tool in SCD patients has been debated and warrants
discussion here.

In adults, it has been shown that using a TRVof ≥ 2.5 m/s
has a poor positive predictive value for predicting PH by RHC
[35]. Parent et al. showed that the positive predictive value of a
TRV ≥ 2.5 m/s for detecting PH by RHC was only 25% [35].
Concerns regarding the use of an elevated TRV in children
stem from the lack of reproducibility and the lack of a strong
association with increased morbidity and mortality [85, 106].

The supporting argument for utilizing the TRV is nicely de-
scribed byKato et al. through an analogous comparison between
using the transcranial Doppler (TCD) velocity to estimate the
risk of stroke and using the TRV to estimate the risk of PH [26,
107•]. The argument draws attention to the fact that TCD has a
similar specificity for predicting stroke, but is a widely accepted
and recommended screening tool in SCD and therefore, recom-
mends using the TRVas a physiological biomarker [107•].

Even though there is a low specificity of using the TRV
to predict true PH by RHC, many experts believe that the
strong association of an elevated TRV with morbidity and
mortality in adults, and the increasing associations with
morbidity being found in children, make it an important
marker to follow in SCD [107•].

Other Echocardiographic Findings

If the TRV is inadequate to estimate the PAP, other echocar-
diographic markers can be used such as the pulmonary
regurgitant jet velocity (if present) or the geometry of the
interventricular septum; however, these have not been well
evaluated in SCD.

In addition, a diastolic function assessment is also impor-
tant given the increased understanding that a restrictive phys-
iology can develop in childhood and may portend the devel-
opment of pulmonary venous hypertension [66]. In adults, LV
diastolic dysfunction has been associated with PH, increased
mortality [108], and decreased functional status [100]. This is
an active area of research in children.

Guidelines

Given the important clinical implications of PH in SCD, adult
guidelines for screening echocardiography have been devel-
oped to help increase early identification of PH with the hope
of early treatment and risk modification [24]. Currently, even
though screening echocardiograms are recommended in chil-
dren, guidelines are not well established.

In 2014, the American Thoracic Society (ATS) proposed an
algorithm to evaluate PH in adults with SCD using screening
echocardiography and TRV elevation [24]. This algorithm pro-
vides mortality risk stratification based on the degree of TRV

elevation and provides recommendations for when to proceed
to invasive testing with RHC. A TRV ≤ 2.5 m/s is considered
low risk and continued routine screening is recommended. A
TRV between 2.5 and 2.9 m/s is considered intermediate risk
and consideration should be given to increased frequency of
screening and optimization of SCD-specific therapy. If there are
symptoms of PH, a decreased 6MWT distance, or elevated NT-
pro-BNP, RHC is recommended. ATRV ≥ 3.0 is considered high
risk and RHC is recommended. The addition of the 6MWTand
NT-pro-BNP to the algorithm was based on evidence that they
improve the positive predictive value for true PH on RHC [10,
35]. The committee makes a point to indicate that these recom-
mendations will require frequent reassessment and updating as
new evidence becomes available.

In 2015, the American Heart Association and ATS pub-
lished joint guidelines for pediatric pulmonary hypertension
which included some specific recommendations for PH in
children with SCD [21••, 22•, 23]. The guidelines recommend
that children should start having screening echocardiograms
by 8 years of age, or sooner in those with frequent cardiore-
spiratory symptoms. Children with evidence of PH by echo-
cardiography should undergo further cardiopulmonary evalu-
ation (polysomnography, pulmonary function testing, evalua-
tion for thromboembolic disease, assessment of oxygenation)
with the aim of identifying predisposing factors that could be
addressed. The indications of who should undergo invasive
RHC are not clear, but it is clear that prior to initiation of PH-
specific drug therapy RHC should be performed.

In order to accurately identify the TRV cutoff that should be
used to indicate the need for RHC in children, Lilje et al. recom-
mended a modified noninvasive screening protocol to better de-
fine this subgroup [109]. They divided a population of children
with SCD into risk categories based primarily on the TRV. Using
a cutoff of ≥ 2.5 m/s, 20.9% would qualify for elevated PH risk.
However, if the cutoff is adjusted to ≥ 2.9 m/s, only 4.4% would
qualify, and they recommend that invasive evaluation may be
reserved for this subgroup. This recommendation is in line with
ATS guidelines for adults; however, this has not been validated
by invasive testing in children.

It is important to remember that all screening echocardio-
grams should be performed at steady state (at least 4 weeks
after hospitalization from ACS and 2 weeks after a pain crisis
or blood transfusion).

Table 1 provides a summary of recommendations from the
current literature, and personal experience, regarding recom-
mendations to guide screening echocardiography in children
with SCD.

Serum Markers

In addition to screening echocardiography, several recent pub-
lications are investigating serum markers that may indicate an

38 Curr Pediatr Rep (2019) 7:33–44



increased risk of PH and improve the positive predictive value
of an elevated TRV. In adults, an elevated NT-proBNP (≥
160 pg/mL) has been consistently shown to be a strong indi-
cator of PH and predictor of mortality and is recommended as
part of the screening algorithm [38, 113–115]. This has not
been well assessed in children, but it is recommended when
Doppler echocardiography is unclear or unavailable [21••].
Newer markers include apelin, Fas and its ligand (Fas/FasL),
asymmetric dimethylarginine (ADMA), von Willebrand fac-
tor (vWF), and CD163, among others [110–112, 116, 117]. As
research in this area continues to expand, it is likely that serum
markers will be incorporated into screening algorithms to help
improve the positive predictive value of echocardiography.

Treatment

There are two broad categories for treatment of PH in SCD.
The first is treatment of the underlying sickle cell disease
process, specifically the chronic hemolysis and anemia. The
second is PH-targeted therapy.

Hemolysis Directed Therapy

The first line therapy for any patient with SCD that is identi-
fied to be at risk for PH involves more aggressive treatment of
SCD-directed therapy [21••, 24]. This may include hydroxy-
urea (HU), blood transfusion, or supplemental oxygen [25,
118]. HU is felt to be beneficial in SCD because it increases
levels of fetal hemoglobin and leads to reduced sickling, but it
also may have beneficial anti-inflammatory effects by
inhibiting hemolysis-induced inflammation [119]. The evi-
dence that HU improves or prevents PH is scarce. In adults,
it has been shown to reduce TRV in a small number of patients
[120]. Anecdotal evidence comes from studies which have
shown higher levels of fetal hemoglobin are associated with
less PH [101]. In children, there is no direct evidence that HU
prevents or improves PH [76, 85, 121]. There is some evi-
dence in adults that chronic transfusion therapy may be asso-
ciated with TRV. Detterich et al. found that the TRVwas lower
in chronically transfused patients with SCD [122]. Another
SCD-therapy is hematopoietic stem cell transplant which
may protect children with SCD from developing PH and
may reduce TRV elevation [18, 123, 124]. Novel therapies,

Table 1 Summary of
recommendations to guide
echocardiography screening for
pulmonary hypertension in
children with sickle cell disease

Recommendation

Timing of initial screening echocardiography • Initiate around 8 years of age (sooner in children with frequent
cardiopulmonary symptoms).

Frequency of screening echocardiography • Adult guidelines recommend every 1–3 years.

• The frequency can be adjusted based on severity of hemolysis,
age, pulmonary comorbidities, and frequency of
cardiopulmonary events.

Management of TRV < 2.5 m/s • Low risk for PH.

• Continue routine 1–3 yearly screening.

Management of TRV 2.5–2.8 m/s • Borderline risk for PH.

• Consider additional noninvasive testing (6MWT, NT-proBNP,
polysomnography, pulmonary function testing etc).

• Consider RHC is above additional testing is abnormal.

• Increase screening echocardiography frequency to yearly.

• Optimize SCD-directed therapy.

Management of TRV ≥ 2.9 m/s • Moderate risk for PH.

• Consider RHC (especially if persistent on serial evaluation).

• More frequent echocardiographic evaluations.

Initial therapy • Optimization of SCD-directed therapy
(HU, chronic transfusions).

•Minimize pulmonary comorbidities (supplemental oxygen for
nocturnal hypoxia, evaluation of OSA, asthmamanagement).

PH-directed therapy • Consider only after RHC.

• Only recommended for elevated PVR with a normal PCWP.

Adapted from Klings et al. [110] Abman et al. [111] Lilje et al. [112]

6MWT 6-min walk test,HU hydroxyurea, NT-proBNPN-terminal pro b-type natriuretic peptide, OSA obstructive
sleep apnea, PCWP pulmonary capillary wedge pressure, PH pulmonary hypertension, RHC right heart cathe-
terization, SCD sickle cell disease, TRV tricuspid regurgitant velocity
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such as infusions of haptoglobin, a hemoglobin binding pro-
tein that may preserve NO signaling by scavenging cell-free
heme, are also being investigated [125–127].

Pulmonary Hypertension Directed Therapy

Therapy for SCD-associated pediatric PH has not been well
evaluated. PH-targeted therapy is only recommended after PH
has been documented by RHC and the etiology has been de-
fined [21••]. Even when PH is confirmed by RHC, PH-
targeted therapy is reserved for children with an elevated
PVR in the setting of normal left-sided filling pressures
[21••]. In these patients, an endothelin-receptor antagonist
(ERA) or prostacyclin analog is recommended over a phos-
phodiesterase type 5 inhibitor (PDEi5) (sildenafil) (due to an
association of treatment with PDE5i and increased mortality
in some studies) [21••, 128].

A few studies have assessed PH-targeted therapies in adults
with SCD. A randomized placebo-controlled trial aimed at
determining if sildenafil could improve exercise capacity in
SCD adults with elevated TRV was stopped early due to in-
creased serious adverse events in the sildenafil arm [38].
ERAs have been shown to be well tolerated and there is some
preliminary evidence for functional improvement and im-
provement of PH [39, 129, 130]. More evidence is required
to make stronger recommendations in both children and adults
with SCD-associated PH.

Future Research

Future investigations should be aimed at improving noninva-
sive screening guidelines to help clinicians identify children at
risk for PH. Longitudinal studies are required to better define
the sequelae of an elevated TRV in childhood and the potential
for risk amelioration with early intervention. The impact of
both SCD-directed and PH-directed therapies on preventing
and treating PH in children needs to be understood to help
strengthen therapy-directed recommendations.

Conclusions

The development of PH in SCD is complex and multifactorial.
PH is associated with increased mortality in adults with SCD.
There is significant interest in identifying children at risk of
PH with the potential for early intervention and risk amelio-
ration. This is an area of active research and many questions
remain unanswered. However, some specific statements can
be made based on the current literature:

1. SCD-associated PH is multifactorial in etiology and it can
develop in childhood.

2. The TRV can be used to estimate the PAP, but a true
diagnosis of PH can only be made by RHC.

3. The significance of an elevated TRV in childhood is still
debated, but there is increasing evidence that it is associ-
ated with worse functional status (shorter 6MWT dis-
tance), and given the strong association with morbidity
and mortality in adults, assessment with screening
Doppler echocardiography in childhood is recommended.

4. Screening echocardiography beginning by 8 years of age
is reasonable. Earlier evaluation should be considered in
children with frequent cardiopulmonary symptoms.
Echocardiography should be performed at steady state.

5. A TRV< 2.5 m/s indicates a low risk of PH. A value be-
tween 2.5 and 2.8m/s is associatedwith an intermediate risk
and consideration should be given to additional testing (NT-
proBNP, 6MWT, polysomnography, oxygen assessment,
pulmonary function testing). Avalue ≥ 2.9 m/s is associated
with mild PH and RHC should be considered, especially if
the TRVremains elevated on serial evaluation or if there are
associated abnormalities (elevated NT-proBNP, abnormal
6MWT, frequent cardiopulmonary complications).

6. Escalation of SCD-directed therapies (HU and transfusion
therapy) and reduction in pulmonary comorbidities (asth-
ma, OSA, nocturnal hypoxia, etc.) should be considered
in any child deemed at risk for PH (TRV ≥ 2.5 m/s, NT-
proBNP ≥ 160 pg/mL, mPAP ≥ 25 mmHg on RHC).

7. RHC should be performed prior to initiation of targeted
PH-therapy.

8. These recommendations are subject to frequent re-
evaluation and modification as new evidence becomes
available.
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