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INTRODUCTION

Sickle cell disease (SCD) is a genetic hemoglobinopathy associated with extensive
morbidity and early mortality. While there have been recent improvements in available
disease-modifying therapies for SCD, cardiopulmonary complications remain a major risk
factor for death in this population. Unfortunately, existing guidelines regarding screening
for, diagnosis of, and management of cardiopulmonary complications are limited because of
a lack of high-quality prospective longitudinal data in SCD populations.l:2 For example,
we know that individuals with SCD have lower lung function compared with those
without SCD but we still do not understand patterns of lung function progression from
childhood to adulthood, the clinical significance of abnormal lung function, or if there

are potential benefits of universal lung function screening in this population. While it is
clear that pulmonary hypertension (PH) is a major risk factor for early death in SCD, the
benefit of universal screening echocardiography for PH and the approach to management
of abnormal screening echocardiography, especially in asymptomatic individuals, has not
yet been determined. Herein we provide an overview of current knowledge regarding

the presentation, clinical significance, and approach to management of acute and chronic
cardiopulmonary complications of SCD.
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ACUTE CHEST SYNDROME

The acute chest syndrome (ACS) in SCD is defined as a lung injury syndrome characterized
by a new pulmonary infiltrate which: (1) is consistent with alveolar consolidation, rather
than atelectasis; (2) involves at least one complete lung segment; and (3) is accompanied by
chest pain, fever, tachypnea, wheezing, or cough.2 ACS is the second most common cause
of hospitalization in patients with SCD, the leading cause of admission to an intensive care
unit, and, together with PH, a leading cause of premature death, accounting for 25% of
SCD-related mortality in earlier cohorts.°

ACS can occur in any of the sickle hemoglobinopathies, but it is more common in
individuals with homozygous sickle cell disease (HbSS). Clinical parameters that appear to
increase risk for, or are associated with, the development of ACS include: young age, active
smoking, environmental smoke exposure,® major surgical procedures, acute rib infarcts,
avascular necrosis of the hips, pregnancy, use of opioids, acute anemic events, nocturnal or
day-time hypoxemia, and previous pulmonary events.”8 In children, a number of studies
suggest that asthma is a risk factor for the development of ACS.%-11 An elevated white blood
cell count, a higher steady-state level of hemoglobin, and a lower steady-state level of fetal
hemoglobin are all laboratory parameters associated with an increased risk of developing
ACS.”8

The etiology of ACS is multifactorial. Although a specific cause is not identified in

a substantial proportion of patients, three major pathogenetic mechanisms are involved,
including infection, bone marrow fat embolization, and direct red cell intravascular
sequestration, which cause lung injury and infarction (Table 1). As much as 80% of patients
with ACS present with fever and 62% with cough; approximately 40% have chest pain,
tachypnea, dyspnea, and abdominal, arm, leg, rib, or sternal pain.2 Some of the clinical
features of ACS are age-dependent, which likely reflects the different disease etiologies in
different age groups. Children have a higher proportion of underlying infectious etiologies
in comparison with adults, who have fat embolization as a major cause. Most adult patients
present with severe extremity or chest pain and develop ACS 24-72 hours later. Reactive
airways disease is observed in 13% of cases and is much more common in children.3

Some patients manifest evidence of systemic fat embolization. In these cases, ACS is

part of the spectrum of the systemic fat emboli syndrome, evident as acute multiorgan
system failure (MOSF). Patients with MOSF experience acute hypoxic respiratory failure,
acute cor pulmonale, renal and hepatic dysfunction, alterations in mental status, seizures,
thrombocytopenia, and coagulopathy.12:13

Since the triggers and risk factors for ACS are well known, preventive strategies in the
outpatient setting, clinical surveillance, and aggressive and early therapy are likely to
improve prognosis. Patients with multiple episodes of vaso-occlusive crises or a previous
history of ACS should be treated with hydroxyurea in the outpatient setting because its
use has been shown to reduce the risk of developing ACS by approximately 50%.14.15

A chronic transfusion regimen is also effective in reducing the incidence of ACS,16 as is
preoperative blood transfusion in patients undergoing surgical procedures.1” In acutely ill
patients, specific strategies, such as aggressive pain management and incentive spirometry,
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can minimize chest wall splinting, mitigating the development of atelectasis and alveolar
hypoxia.1® We recommend use of empiric antimicrobial therapy in all patients with ACS,
given the high prevalence of infectious etiologies. Coverage should include agents effective
against atypical bacteria and encapsulated organisms. Although not tested in randomized
trials, blood transfusion remains the mainstay of ACS therapy and is considered standard of
care. Acute red cell transfusion increases PaO, and hemoglobin oxygen saturation and may
rapidly resolve the pulmonary event.3-19

ASTHMA AND AIRWAYS DISEASE IN INDIVIDUALS WITH SICKLE CELL

DISEASE

Asthma is the most common chronic disease in childhood and disproportionately affects
African Americans in terms of prevalence, morbidity, and mortality. Because SCD is the
most common inherited disorder among African Americans, a certain number of individuals
will be affected by both SCD and asthma. While a few small case-control studies have
suggested that asthma occurs at a higher frequency among those with SCD compared with
the general population,10 larger research cohort studies have not conclusively demonstrated
this to be the case.20-21

Questions remain regarding whether asthma occurs as an independent comorbidity or
whether the pathogenesis of SCD predisposes individuals to airway inflammation and
asthma. Experimental mouse studies have shown that compared with wild type and
heterozygous sickle mice, SCD mice develop exaggerated inflammatory responses in
response to allergen challenges with ovalbumin and house dust mite sensitization.22-24 In
addition to allergic inflammation, other mechanisms for airway disease have been proposed,
including anemia-associated increased cardiac output and dilation of the pulmonary
vasculature. Studies of adults and children with SCD have demonstrated associations
between increased pulmonary capillary blood volume and measures of lower airway
obstruction and airway resistance.2%:26

Determining which individuals with SCD actually have asthma is not always straight-
forward, as isolated features that are common in asthma are also common in SCD.
Wheezing is common during episodes of ACS,38 and may be present at other times when
there is acutely increased cardiac output, such as during febrile illnesses. Glassberg and
colleagues?” noted that of 262 patients who presented to an emergency department for an
SCD-related encounter, 49 (19%) had at least 1 documented episode of wheezing; fewer
than half of those patients had been diagnosed with asthma. One research cohort study of
114 adults found that 34 (30%) reported 2 or more episodes of severe wheeze, leading to
shortness of breath.28 Airway hyperresponsiveness is present in more than 50% of children
with SCD, even in the absence of other features associated with asthma, including baseline
airway obstruction, elevated blood eosinophil count, or aeroallergen sensitization.29

Physician-diagnosed asthma has been associated with an increased incidence of ACS in
children with sickle cell anemia (ie, with HbSS) and seems to be an even bigger risk factor
for ACS in children with HbSC.30 Prospective data from 291 children with HbSS in the
Cooperative Study of SCD found that children with asthma were younger at the time of their
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first episode of ACS and had twice as many episodes of ACS as children without asthma.®
Children in the Sleep and Asthma Cohort (SAC) study with physician-diagnosed asthma
also had higher rates of ACS episodes than children without asthma.3!

Individuals with SCD should have careful screening for recurrent respiratory symptoms32
including wheezing, dyspnea, or exercise limitation, as well as a personal history of
allergies/atopy and a family history of asthma.3! If positive, patients should be referred

for evaluation and management by a pulmonologist that includes pulmonary function tests.33
Treatment with anti-inflammatory controller therapy according to the National Heart, Lung,
and Blood Institute (NHLBI) and/or Global Initiative for Asthma (GINA) guidelines is
recommended in patients who seem to have persistent asthma.34:3% Several groups have
reported improved adherence to national evidence-based asthma guidelines and improved
SCD-specific outcomes when patients have SCD and asthma care that is delivered in an
integrative care model.33:36.37

LUNG FUNCTION IN SICKLE CELL DISEASE

Given the frequency of dyspnea and functional limitation among adults with SCD,38
gathering knowledge of the natural history of lung function in SCD should be a priority.
Unfortunately, longitudinal studies of lung function across the lifespan for individuals with
SCD are limited. While there are several cross-sectional studies of lung function among
individuals with SCD, there are no large prospective studies that follow children with SCD
into adulthood. Furthermore, interpretation of lung function across studies is not always
consistent; while international guidelines recommend use of lower-limit-of-normal (LLN)
criteria (which can vary by age, height, and gender) to define abnormal lung function
patterns, several studies in SCD use arbitrary cut-offs (such as an FEV{/FVC < 0.70 or 0.80
to distinguish normal vs obstruction). Despite these limitations, when taken together, there
are some general patterns that have emerged (Table 2).

Children with SCD have, on average, reduced lung function compared with age, gender, and
race-matched healthy control children, but generally have lung function in the normal range.
This has been documented in two small studies of infants, both of which demonstrated
some airflow limitation compared with healthy control children.3940 While 70-80% of
school-age children have lung function above the LLN, approximately 15-20% have lower
airway obstruction and 7-9% have a restrictive defect.#1:42 In adults, restriction is the more
common abnormality (ranging from 27% to 74% across studies), but some adults do have
lower airway obstruction (19% in one research cohort28). Reductions in pulmonary function
parameters have been associated with abnormalities seen on high resolution computed
tomography of the chest, including lobar volume loss, irregular linear opacities, and central
vessel prominence.*3 More recently, single breath washout and multiple breath washout
techniques have been used to demonstrate ventilation heterogeneity in children and adults
with sickle cell anemia,**4> which may serve as an earlier marker of peripheral lung disease
before abnormalities on spirometry and plethysmography are detected.

The longitudinal trajectory of lung function among individuals with SCD has not been well
studied. A few studies have reported variable and inconsistent rates of progressive decline
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in FEV4, FVC, and TLC among children*6-48 (ranging from 0.5% to 2-3% per year); but
there are studies showing treatment with hydroxyurea may slow the rate of lung function
decline.49°0 Data in adults have shown declines in FEV41°1:52 as well as reductions in
diffusion capacity for carbon monoxide (D; CO) that correlate with age but are independent
of the degree of anemia.>3 Of note, one study suggests that FEV decline may be associated
with an increased risk of mortality.>*

Current NIH and American Society of Hematology guidelines recommend against routine
screening pulmonary function tests (PFTs) for asymptomatic individuals with SCD.
However, clinicians should have a low threshold for obtaining PFTs as part of a diagnostic
evaluation of respiratory signs and symptoms including cough, dyspnea, chest pain, reduced
exercise capacity, oxygen desaturation, etc.> Pulmonary function abnormalities should

be interpreted and addressed in the context of the clinical presentation; management

may involve treating asthma and/or sleep-disordered breathing (SDB), optimizing SCD-
modifying therapies (ie, hydroxyurea), and/or evaluation and management of PH. Although
the clinical benefit of universal screening PFTs has not yet been demonstrated, there is a
need for well-designed longitudinal prospective studies to evaluate (1) the natural history of
lung function across the lifespan; (2) risk factors for lung function decline in SCD; (3) the
relationship between lung function and morbidity and mortality in SCD patients; and (4) the
impact of pulmonary function screening on changes in SCD management and outcomes.!

SLEEP-DISORDERED BREATHING AND NOCTURNAL HYPOXEMIA

SDB and hypoxemia appear to be common in SCD and may impact SCD morbidity

and mortality. SDB includes obstructive sleep apnea (OSA), central sleep apnea, and
nonobstructive hypoventilation. In addition, individuals may have nonobstructive sustained
or intermittent nocturnal hypoxemia or a daytime oxygen requirement. Children with SCD
appear to have an increased frequency of nocturnal desaturation compared with children
without SCD. This can be partially explained by an increased risk of OSA in children with
SCD,20 although children may have nocturnal desaturation in the absence of OSA.%> Some
have attributed oxygen desaturation in individuals with SCD to a multifactorial rightward
shift of the oxyhemoglobin dissociation curve and decreased oxyhemoglobin affinity (Fig.
1), because of a combination of increased production of 2,3 diphosphoglycerate (2,3 DPG)
in the setting of severe anemia to prevent tissue hypoxia; and hypoventilation with resulting
CO,, retention from pain, opioid use, and SDB.%6

In the largest observational research cohort study of 243 children with sickle cell anemia,

the prevalence of OSA [with an obstructive apnea hypopnea index (OAHI) of =1 event per
hour] was 41%; 10% of children met criteria for moderate OSA (OAHI =5).20 While snoring
was a significant risk factor for OSA in this cohort, 20% of children with moderate OSA

did not have habitual snoring and only 32% had caretaker-witnessed apneas, suggesting

that screening for common OSA symptoms in children with SCD may be insufficient in
determining which patients warrant polysomnography. Additional features associated with
OSA in that cohort included a daytime resting oxygen saturation of <96% on room air and
nocturnal enuresis.20:57
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Less is known about SDB and specifically OSA in adults with SCD. Of three small studies
that utilize polysomnography rather than pulse oximetry alone,58-60 only one study enrolled
young adults with SCD irrespective of symptoms.>® That said, the prevalence of OSA in all
three studies was high (23%-50%). Given the logistical challenges, high cost, and limited
insurance coverage of full-laboratory polysomnography for adults, Ayachi and colleagues
examined use of the 3% oxygen desaturation index (ODl3g,) to predict which adults with
SCD have OSA. Using high-resolution pulse oximetry data recorded as part of a sleep
study, they found that using an ODl3e, had good agreement with AHI, suggesting that home
nocturnal oximetry with a high-resolution pulse oximeter could be a useful tool to determine
which patients warrant full -laboratory polysomnography.6!

There are many outstanding questions about SDB and oxygen desaturation in SCD,62
including optimal approaches to evaluate SDB and oxygen saturation. Data are conflicting
with regard to the extent to which OSA and sustained versus intermittent oxygen
desaturation are associated with morbidity and mortality in this population. While some
studies have found links between pain, ACS, cerebrovascular disease, and cardiovascular
dysfunction,83-66 the results are inconsistent.67-70

While current SCD guidelines recommend against universal screening with formal
polysomnography, a comprehensive sleep history and review of systems (besides simply
asking about snoring) are essential for these patients.! Individuals with snoring, witnessed
apneas, and/or nonrestorative sleep; unexplained oxygen desaturation during sleep, while
awake, or with exertion; nocturnal enuresis in an older child; recurrent priapism; PH;
history of stroke; and cognitive and executive function issues, such as attention and
concentration difficulties, confusion, and memory issues should strongly consider a sleep
study. Several case series have shown that initiating treatment with hydroxyurea has the
potential to improve OSA and nocturnal hypoxemia in patients with SCD.”~74 One large
pediatric inpatient database study found that the increased risk of neurologic complications
among children with SCD and OSA was mitigated by treatment with nocturnal noninvasive
ventilation.”®

PULMONARY VASCULAR DISEASE

Sustained intravascular hemolysis and anemia worsened by episodic vascular occlusion,
inflammation, and organ ischemia, directly injure the vasculature.”6-80 This leads to

the development of PH, a major cause of death in patients with SCD.89:81 pH is

currently defined as a mean pulmonary arterial pressure (mPAP) measured by right heart
catheterization (RHC) of >20 mm Hg.82 Individuals with SCD may develop PH with
primary vascular involvement [World Health Organization (WHO) group 1, or pulmonary
arterial hypertension (PAH)] secondary to left heart disease (group 2 PH), secondary

to interstitial lung disease or pulmonary fibrosis (group 3 PH), or due to chronic
thromboembolic PH (CTEPH, or group 4 PH). Due to these myriad presentations, PH
related to SCD is currently listed in group 5 in the clinical classification of PH81 (Fig. 2).

Using the former definition of PH (mPAP =25 mm Hg) the prevalence of PH in SCD is
6%-11%83-85 and with the new definition, a significantly higher number of individuals with
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SCD could be classified as having SCD-related PH. From a hemodynamic perspective, half
of patients have precapillary PH (defined as mPAP =25 mm Hg and PAOP <15 mm Hg),
and half have post-capillary PH (defined as mPAP =25 mm Hg and PAOP >15 mm Hg).83-87
As such, most patients with SCD have hemodynamic profiles consistent with group 1 and
group 2 disease. High-output heart failure may occur because of longstanding elevated
cardiac output in the setting of anemia, although this is a rare etiology of PH. Advanced lung
disease and pulmonary fibrosis leading to PH (group 3) are exceedingly rare, even if patients
develop recurrent episodes of ACS over time. Given the increased risk of thromboembolism
in SCD patients,28-92 they are at a higher risk of developing CTEPH (group 4), which is
characterized by recurrent pulmonary thromboemboli followed by fibrotic remodeling of

the occluded pulmonary vasculature.93 Scintigraphic evidence suggestive of CTEPH occurs
in approximately 5% of patients with SCD and severe PH.?4 Identification of CTEPH is
important as these patients require lifelong anticoagulation, specific medications may be
approved for therapeutic use,% and surgical options may be available, including pulmonary
artery balloon angioplasty or pulmonary endarterectomy,96-100

Regardless of the etiology, PH is a major threat to the well-being of individuals with

SCD. Multiple studies have demonstrated that a high mPAP and other hemodynamic

and laboratory parameters, such as elevated transpulmonary gradient, diastolic pulmonary
gradient (pulmonary artery diastolic pressure—PAOP), pulmonary vascular resistance, NT-
proBNP levels, 6-minute walk distance, and WHO functional class were all associated with
increased mortality.87:101-103

Typical symptoms of PH include dyspnea on exertion and signs of right heart failure, such
as elevated jugular venous pressure, a loud P, and peripheral edema.?3:104 These symptoms
may also be attributable to anemia, left ventricular dysfunction, pulmonary fibrosis, or
cirrhosis, all of which commonly develop in individuals with SCD. Diagnostic evaluation
should include assessment for conditions that may also contribute to the development

of PH [including iron overload, chronic liver disease, human immunodeficiency virus
(HIV) infection, nocturnal hypoxemia, and pulmonary thromboembolism] and should
follow established guidelines.82:92.103 |n particular, assessment of functional capacity with
a 6-minute walk test, measurement of brain natriuretic peptide (BNP) or N-terminal
probrain natriuretic peptide (NT-proBNP) levels (a hormone released by the myocardium
under pressure stress), as well as assessments of right ventricular systolic pressure via
echocardiogram, should be used to identify patients with SCD at higher risk of PH, lower
exercise capacity, and increased mortality risk.102:105.106

Mainstays of therapy include maximization of SCD-specific therapy (eg, hydroxyurea,
transfusion therapy, stem cell transplantation), treatment of hypoxia with supplemental
oxygen therapy, and treatment of associated cardiopulmonary conditions. Chronic red blood
cell transfusions have been shown to reduce pulmonary pressures and increase 6-minute
walk distance and functional classification in patients with SCD and PH.197 Bone marrow
and lung transplantation have been shown to normalize pulmonary pressures and improve
short-term outcome measures.108:109 |n patients with PAH, namely, patients with an mPAP
>25 mm Hg, PAOP <15 mm Hg and relatively high pulmonary vascular resistance (PVR)
(2160 dyn s/cm®), PAH-specific therapy may be considered. There is limited data on specific
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treatment of PH in SCD, and the choice of agent is empirical and based on the safety
profile of the medication and physician preference.86:95.101,110-113 |f these therapies should
be considered, patients should be referred to a center specialized in the management of PH.

SICKLE CELL DISEASE CARDIOMYOPATHY

Recognizing sickle cell cardiomyopathy (SCC): Since its origins, cardiac pathophysiology
in SCD has largely been attributed to anemia and the resulting high-output heart failure
(HOHF).114 Because of reduced oxygen carrying capacity from anemia, cardiac output and
stroke volume are increased with dilation of the peripheral vasculature, resulting in low
systemic vascular resistance. Subsequent activation of the renin—angiotensin-aldosterone
system results in volume overload and increased wall stress. Chronic volume overload
contributes to the development of cardiac chamber dilation, hypertrophy, elevated filling
pressures, and HOHF.

Growing evidence over the past two decades, however, has raised questions about the
validity of this reflexive association alone. In fact, through a series of published works,

the concept of SCC has emerged. Beyond HOHF, this entity further incorporates diastolic
dysfunction,’®:84 cardiac fibrosis,15 relatively prolonged repolarization (PR),116 and
autonomic nervous system abnormalities, including reduced heart rate variability (HRV).11
These traits can contribute to the development of heart failure with preserved ejection
fraction (HFpEF) in patients with SCD. Moreover, these factors with PH independently
contribute to a reduced life expectancy in the 5th decade,”6:84.91.92.118.119 3 profound health
disparity in African Americans.

SCC outcomes: With improvements in screening and management of acute complications,
cardiopulmonary etiologies have emerged as the top risk factors associated with mortality
and poor outcomes in SCD patients.’® Using a large publicly available database, prior work
has reported on cardiovascular causes as the largest source of deaths, accounting for over
32% of total death certificates evaluated, followed by 28% associated with respiratory causes
and 16% for renal etiologies.120 And yet, determining causes of death remains challenging
in patients with SCD as the reported causes on death certificates do not always reflect the
burden of disease. The paucity of autopsy studies provides additional, albeit limited, insight
into this inquiry, but they remain poorly powered due to sample sizes. Nonetheless, autopsy
studies have suggested that sudden death is a frequent outcome in patients with SCD, with
one report attributing over 40% of the cases analyzed.®? While animal datal?1122 and small
Holter monitoring studies!23 suggest a possible propensity for cardiac arrhythmias, the link
from sudden death to sudden cardiac death remains uncharacterized in SCD.

Prevalence of SCC and associated risk factors: The “true” prevalence of heart failure (HF)
and the possibility of ventricular arrhythmias remain unknown in SCD. Part of this absence
can be explained by the under-recognition of SCC. In addition, most studies are limited by
small sample sizes. Furthermore, the combination of health disparities and gaps in care, as
well as challenges in accessing advanced cardiac imaging (in particular, cardiac or CMRI),
all result in a paucity of reliable epidemiologic data.
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Despite these limitations, significant advances in the understanding of the scope of cardiac
pathologies have been made. While prospective large sickle cohort studies are sparse,
Parent and colleagues found at least ~2.5%-3% overall prevalence of elevated filling
pressures during right heart catheterization (RHC). Importantly, RHC was only performed
in those subjects with an elevated TRV, which would imply that this prevalence may

be underestimated.124 These data would suggest a potentially doubling of risk for the
development of HFpEF compared with its overall prevalence in the general population,
which is ~1.5%.125

Underlying diastolic dysfunction is a critical component of HFpEF. Most published sickle
studies reference criteria guided by the American Society of Echocardiography. Thresholds
and definitions of diastolic dysfunction, however, remain unclear in the setting of chronic
anemia, dilated myocardium, and high output. Nonetheless, Niss and colleagues'26 reported
that lateral and septal ratios of mitral velocity to early diastolic velocity of the mitral
annulus (£/€") were severely abnormal in 8% and 14% of SCD patients, respectively,
suggesting impaired diastolic function. In the same study, the prevalence of pulmonary
venous hypertension, a complication of HFpEF, was seen in ~61% of patients with an
elevated TRV, much higher than the estimates from the Parent and colleagues® study. In
contrast to HFpEF, HF with reduced EF (HFrEF) seems to be uncommon in patients with
SCD with preservation of left and right ventricular systolic function.11® In parallel with this
finding, obstructive atherosclerotic coronary artery disease is infrequent in SCD, likely a
reflection of the younger age of the population and relatively low cholesterol levels.127:128

Fibrosis was also reported in patients with SCD. Depending on the technique, CMRI-based
observations suggest a significant proportion of patients with cardiac fibrosis, ranging

from 25% to nearly 100% with diffuse patterns.115129 Mirroring these patterns, prolonged
repolarization has also been reported in a large subset of patients with SCD. For example,
Indik and colleagues!16 reported QTc prolongation was present in 39% of males and 27% of
females with SCD. While this study was not adjusted for confounders, such as methadone
use, future studies will also need to evaluate the potential simultaneous presence of cardiac
fibrosis, diastolic dysfunction, elevated filling pressures, and repolarization abnormalities to
determine the actual prevalence of SCC.

Understanding the basis of SCC: HOHF contributes to many of the findings associated with
SCC, including cardiac chamber dilation, hypertrophy, and, in late stages, impaired diastolic
function and filling pressures. Beyond HOHF, the etiologies of diastolic dysfunction,
cardiac fibrosis, and prolonged PR are likely multifactorial in origin. While hemolysis,
vaso-occlusion (VOC), ischemia-reperfusion (I/R), and systemic inflammation are hallmarks
of SCD, their links to SCC remain unclear. Similarly, while transfusion burden and iron
overload are common in SCD, several studies using CMRI have confirmed the absence of
significant myocardial iron deposition in the majority of patients.11®

Based on a series of articles, a diffuse pattern of cardiac fibrosis1® seems to be associated
with both the degree of hemolysis and diastolic dysfunction.129 Similarly, prolonged
repolarization also seems to be associated with hemolysis burden in patients.116 However,
mechanisms that contribute to prolonged QTc and cardiac fibrosis, changes to the action
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potential, and arrhythmogenic propensity are unknown. In animal models of and patients
with SCD, inflammatory cytokines seem to partly address this gap and stratify those with
and without diastolic dysfunction, prolonged QTc, and cardiac fibrosis. In fact, in animal
models, evidence suggests interleukin-18 may be causally associated with these traits.121

Microvascular occlusion contributes to organ damage in SCD. Measurement of
microvascular blood flow in patients using CMRI or contrast-enhanced echocardiography
has detected abnormal microvascular blood flow in the hearts of patients with SCD.11°

Additional studies have suggested genetic contributions to the development of SCC traits,
including diastolic dysfunction and QTc intervals.121:130 More investigative studies are
required to link these associations with causality in SCD.

SCC and propensity for ventricular tachycardia: Notably, animal models of SCC

have identified a significant propensity for the development of ventricular tachycardia
(VT).121.122 Moreover, the origin of the VT was predominantly from the right ventricle (RV)
despite no discernible differences in fibrosis patterns between the RV and the left ventricle
(LV). While differences in the electrophysiological and molecular remodeling between the
RV and LV that may help explain this susceptibility have not been characterized, Gupta and
colleagues speculated whether PH and increased RV afterload may be contributing factors.
Previous reports show RV as the source of pacing-induced VT and spontaneous ventricular
fibrillation in animal models of PH and RV failure with attenuation of VT after treating PH.
PH is a well-established risk factor for mortality in patients with SCD,131 while SCD mice
develop spontaneous PH with aging.132 These findings suggest that PH may play a role in
SCC and VT susceptibility in SCD.

Management of SCC: In contrast to PH, there are no current guidelines for screening,
diagnosis, or management of SCC based on the paucity of epidemiologic and treatment
data. While the defining traits, including diastolic dysfunction, cardiac fibrosis, relatively
prolonged repolarization (PR), and autonomic nervous system abnormalities, have all been
reported by several studies to represent potential bio-markers for poor outcomes, whether
they reflect modifiable risk factors remains unknown. Nonetheless, decompensated heart
failure protocols have been well defined for the broader population, including those patients
with SCD.

Noninvasive imaging studies including echocardiography with doppler, CMRI with
gadolinium, and T1* mapping have started to be recognized and proliferate in the evaluation
and management protocols of SCC. Consideration for additional cardiac workup, including
the potential roles for right and left heart catheterization, is critical when working with a
cardiologist.

Volume management via the use of diuretics has to be carefully tailored as patients typically
need to remain in a relatively tight euvolemic range; intravascular volume depletion can
represent a risk factor for VOC, while volume overload can result in decompensated

HF. Treatment of any underlying risk factor, including hypertension, is also prioritized.
While no approved therapies exist for HFpEF, angiotensin converting enzyme inhibitors or
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mineralocorticoid receptor antagonists is generally considered for relative hypertension and
SCC.
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KEY POINTS

Cardiopulmonary complications are a major cause of morbidity and early
mortality in sickle cell disease.

Acute chest syndrome is multifactorial, and treatment strategies need to
address these multiple potential etiologies.

Respiratory symptoms and lung function abnormalities are common among
children and adults with sickle cell disease.

Pulmonary hypertension is multifactorial in etiology and a major cause of
morbidity and early mortality in sickle cell disease.

Sickle cell cardiomyopathy refers to a range of abnormalities, including
diastolic dysfunction, cardiac fibrosis, prolonged repolarization, and
autonomic system abnormalities that contribute to the development of heart
damage and dysfunction.
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CLINICS CARE POINTS

. Individuals with sickle cell disease (SCD) should be asked about presence
of daytime and nighttime respiratory symptoms; clinicians should have a low
threshold to refer symptomatic patients for evaluation by a pulmonologist —
ideally with expertise in the cardiopulmonary manifestations of sickle cell
disease.

. Acute chest syndrome (ACS) has multiple causes. Clinicians should be aware
of these multiple etiologies and address them accordingly.

. Transfusion therapy should be considered for the treatment of patients with
moderate to severe ACS.

. Current NIH and American Society of Hematology guidelines recommend
against routine screening pulmonary function tests (PFTs) for asymptomatic
individuals with SCD; however, clinicians should have a low threshold to
obtain PFT’s as part of a diagnostic evaluation of respiratory signs and
symptoms including cough, dyspnea, chest pain, reduced exercise capacity,
oxygen desaturation, etc.

. Sleep disordered breathing is common among individuals with SCD;
polysomnography should be considered for patients with snoring, unexplained
oxygen desaturation at rest and/or with physical activity, nonrestorative sleep,
excessive daytime sleepiness, cognitive and attentional difficulties, nocturnal
enuresis that persists past middle childhood, recurrent nocturnal sickle cell
pain, stroke, and pulmonary hypertension.

. Pulmonary hypertension (PH) is a syndrome of multiple etiologies and the
etiology of PH is patients with SCD is multifactorial. As such, a structured
and thorough diagnostic approach to these patients is critical.

. Mainstays of PH therapy include maximization of SCD-specific therapy,
treatment of hypoxia with supplemental oxygen therapy and treatment of
associated cardiopulmonary conditions. In patients with pulmonary arterial
hypertension (PAH), PAH-specific therapy may be considered.

. High-output heart failure combined with diastolic dysfunction, cardiac
fibrosis, prolonged repolarization and autonomic nervous system
abnormalities all can contribute to sickle cell cardiomyopathy (SCC).

. Transthoracic echocardiography, cardiac MRI, and right heart catheterization
are useful tests for the diagnosis of SCC.

. Iron overload in the heart is rare in SCC.Volume management via the use of
diuretics has to be carefully tailored as patients typically need to remain in a
relatively tight euvolemic range.
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Oxyhemoglobin dissociation curve. The rightward shift, as seen in SCD, indicates that
oxyhemoglobin saturation at a given arterial oxygen pressure is lower in patients with SCD
because of decreased oxygen affinity of HbS, increased 2,3 diphosphoglycerate (2,3 DPG)
in sickled erythrocytes, hypoventilation due to pain or opioid use, and as an adaptation to
severe anemia to prevent tissue hypoxia. (From Caboot JB, Allen JL. Hypoxemia in sickle
cell disease: significance and management. Paediatr Respir Rev. 2014 Mar;15(1):17-23.
https://doi.org/10.1016/j.prrv.2013.12.004. Epub 2013 Dec 21. PMID: 24461342.)%6
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Overview of causes of PH in SCD. PH in SCD patients may be due to multiple

different etiologies and often with multiple underlying causes. An overview of the different
etiologies, their hemodynamics, and therapeutic options are listed. BPA, balloon pulmonary
angioplasty; CTEPH, chronic thromboembolic PH; mPAP, mean pulmonary artery pressure;
OSA, obstructive sleep apnea; PAOP, pulmonary artery occlusion pressure; PVR, pulmonary
vascular resistance. (From Prohaska CC, Machado RF. The different facets of sickle cell
disease-related pulmonary hypertension. Curr Opin Pulm Med. Sep 1 2021;27(5):319-328.)
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Table 1

Causes of the acute chest syndrome?

All Episodes (n = 670)

Age at Episode of Acute Chest Syndrome

Causes

No. of Episodes (%)

0-9y(n=329) 10-19y (n=188)

220y (n=153)

Fat embolism, with or without infection? 59 (8-8) 24 16 19
Chlamydia® 48 (7.2) 19 15 14
Mycoplasmad 44 (6.6) 29 7 8
Virus 43 (6.4) 36 5 2
Bacteria 30 (4.5) 13 15 12
Mixed infections 25(3.7) 16 6 3
Legionella 4 (0.6) 3 0 1
Miscellaneous infections® 3(04) 0 3 0
Infarction” 108 (16.1) 50 43 15
Unknownd 306 (45.7) 139 88 79

a . . .
Data on one episode were excluded because the patient’s birth date was not known.

Nineteen of the episodes of pulmonary fat embolism were associated with infectious pathogens.

Page 22

cThis category included episodes in which Chlamydia alone was identified but not episodes involving mixed infections or pulmonary fat embolism.

This category included only episodes in which only Mycoplasma pneumoniae or M hominis was identified, but not episodes involving mixed

infections, Mycobacterium tuberculosis or pulmonary fat embolism.

e . . . . . .
This category included two cases of tuberculosis and one case of M avium complex infection.

A pulmonary infarction was presumed to have occurred when the results of the analysis for pulmonary fat embolism, bacterial studies, viral
isolation studies, and serologic tests were complete and were all negative.

gThe cause of episodes for which some or all of the diagnostic data were incomplete and no etiologic agent was identified was considered to be

unknown.

(From Vichinsky EP, Neumayr LD, Earles AN, Williams R, Lennette ET, Dean D. Causes and outcomes of the acute chest syndrome in sickle cell
disease. National Acute Chest Syndrome Study Group. N Engl J Med. 2000;342.)
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