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Preface

This book aims to provide the reader a good insight into sickle cell disease. The chapters
were derived from the themes of the annual meeting which enters its 10th year on October
2016. There is an overview of sickle cell disease addressing the progress made from the first
formal description in medical literature in 1910, the molecular basis and early treatment. It
also includes description of new therapies and common complications of sickle cell disease.

This book is not intended to cover all the relevant topics as these may be coming in subse‐
quent editions. It attempts to address detailed research findings in pain and the role of ther‐
apeutic intervention. Pain as the prototype clinical feature in sickle cell disease is discussed
in detail bringing out very useful research themes. There is an overview of sickle cell disease
in childhood that addresses newborn screening and regular follow-up from birth through to
adulthood. It describes some common assessment tools and pragmatic tests that can be easi‐
ly undertaken in less developed clinical settings. The fact that over 80% of all patients with
sickle cell disease lack access to comprehensive care means that a minimum tool is required
to reduce mortality and improve the quality of life.

Every chapter addresses the mechanism of disease and seeks to address common manage‐
ment strategies, a useful guide to researchers and frontline management professionals.

Dr. Baba Psalm Duniya Inusa
Associate Professor of Paediatric Haematology and

Lead Consultant of sickle cell disease and thalassaemia at Evelina London Children’s Hospital
and Guy’s and St Thomas’ NHS Foundation Trust,

London, UK





Section 1

Introduction to Sickle Cell Disease - An
Overview





Chapter 1

Introductory Chapter: Introduction to the History,
Pathology and Clinical Management of Sickle Cell
Disease

Baba Inusa, Maddalena Casale and Nicholas Ward

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65648

Provisional chapter

Introduction to the History, Pathology and Clinical
Management of Sickle Cell Disease

Baba Inusa, Maddalena Casale and Nicholas Ward

Additional information is available at the end of the chapter

1. Introduction

Sickle cell disease (SCD) is due to a single point mutation (Glub6Val) that causes polymerisa-
tion of the mutant hemoglobin (Hb) S, resulting in sickling of erythrocytes [1]. Inflammation,
haemolysis, microvascular obstruction and organ damage characterise the clinical expression
of SCD, which is highly variable in individual patients. Environmental and multiple genetic
factors modify many aspects of SCD and therefore contribute to the clinical variability [2, 3].

This chronic, complex and monogenetic haematological condition that leads to haemolytic
anaemia, severe acute complications and chronic organ damage was formally reported in
1910 [4]. One hundred years after Herrick’s initial report, there have been significant advances
in the diagnosis and management [5].

Forty years ago only half of children with sickle cell anaemia were expected to reach adulthood
[6]. However, advances in the diagnosis and management of SCD have improved the survival
and quality of life significantly. Recent figures suggest survival of 53 years for men and 58.5
years for women [7, 8] and over 94% surviving to adulthood [8, 9].

SCD is now one of the most common genetic disorders in the world with high prevalence in
sub-Saharan Africa (SSA), the Middle East, the Mediterranean and the Indian subcontinent
[1, 10, 11]. In the United States, almost 1 in 10 African Americans has the sickle cell trait, with 1
in 600 being homozygous for the sickle hemoglobin allele [12, 13]. In the UK, it is diagnosed at
birth, through routine Newborn screening with incidence of about 1 in every 2000 births
[3, 14]. However despite the high prevalence in sub-Saharan Africa (SSA) essential public
health programmes have not been implemented due to limited medical resources and infra-
structures [10, 11, 15, 16]. As a consequence, infant and childhood mortality due to SCD
remains high. It is estimated that without intervention, up to 50-90% of affected infants may
die by 5 years of age from SCD [11, 15, 17, 18]. While high regional disease prevalence would
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be expected to facilitate epidemiologic, translational and clinical research, the majority of SSA
countries lack the capacity to provide the comprehensive care for SCD [11].

2. Early description

James Herrick is widely acknowledged as the first physician to describe a case of sickle cell.
However, the term ‘sickle cell anaemia’ was not coined until 1922 [19], when a review of the
first four cases of the disease was conducted, including that described by Herrick [20, 21].

However, it is argued that case reports, up to 60 years prior to that by Herrick, may have
described sickle cell disease [6, 17]. A post-mortem, performed in 1898, of a patient who died in
hospital after being admitted for pains, jaundice and previous leg ulcers shows that these
symptoms are suggestive of SCD [22]. It has also been proposed that the clinical illness had
been previously recognised in Africa as “cold-season rheumatism” and that the possibility of
genetic inheritance of the illness had even been noted [10].

3. Discovery of molecular and genetic basis

It was not until 40 years after the first description of sickle cell anaemia that a homozygous
pattern of inheritance was confirmed simultaneously by two separate studies, one a pedigree
study in Africa [11, 12]. These studies demonstrated that sickle cell anaemia was inherited in
an autosomal recessive pattern. In the late 1940s, Pauling discovered that blood from sickle cell
patients had differing mobility during electrophoresis [23, 24]. This indicated that there were
chemical differences between the hemoglobin of the different cells. Thus, Pauling and col-
leagues proposed that sickle cell anaemia was a molecular disease, the first disease of this
kind [23].

Vernon Ingram was to be the discoverer of the exact difference between sickle cell and normal
adult hemoglobin. Ingram identified that sickle hemoglobin (HbS) was more positively charge
hemoglobin A (HbA) [21, 25]. The amino acid sequence of hemoglobin was shown to differ by
only one substitution of glutamic acid with valine in the β chain of HbS [26]. As knowledge of
the pathophysiology of SCD is a complex phenomenon between vaso-occlusion and hemolysis
[27–29].

4. Prophylactic penicillin and pneumococcal vaccination

Studies have shown that infant mortality is particularly high in sickle cell disease. Scott’s
observations revealed that the number of children reaching adulthood was only approximately
50% [4] in the 1960s. The Cooperative Study of Sickle Cell Disease (CSSD) has shown that the
peak incidence of death was between the ages of 1 and 3 [30]. Furthermore, the CSSD showed
that the largest killer in SCD was infection, with this being the cause of death in 50% of subjects
being followed below the age of 20 [20]. Infection was also shown to be a predominant factor in
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other studies of mortality [21, 22] with pneumococcal disease being identified as a major killer
[19, 20]. It has even been calculated that the risk of developing meningitis from Streptococcus
pneumoniae is 30 times more likely in the sickle cell population than in the general population
[23].

The increased risk of infection may be attributed to many factors, including decreased immuno-
globulin function, poor cell-mediated immunity and reduced opsonisations [24–27]. Importantly,
there is a decrease in splenic function as a result of microvascular occlusions and infarctions [24].
The decrease in immune function leads to a vulnerability to encapsulated organisms particularly
Streptococcus pneumoniae, Haemophilus influenzae type B and Salmonella [28].

Following the recognition of infection playing a major role in the disease, a study commencing
in 1983 showed the benefit of prophylactic penicillin. Gaston and colleagues recruited sickle
cell patients under the age of 3 to a randomised control study to determine if daily prophylac-
tic penicillin would be effective at reducing childhood infections. Astonishingly it was found to
reduce septicaemia by 84% and the trial was terminated early. The Penicillin Prophylaxis in
SCD study (PROPS) therefore recommended that all children should be screened and started
on penicillin by the time they reached 4 months of age [31].

In addition to prophylactic antibiotics, pneumococcal vaccination has also become an impor-
tant part of sickle cell management. Those immunised had lower incidence of pneumococcal
septicaemia than the control group [32, 33]. The introduction of new conjugated vaccines
against other encapsulated bacteria (13 strains of Streptococcus pneumoniae; Meningococcus
A, C, W, Y and B and Haemophilus influenzae) has reduced the rate of pneumococcal
bacteraemia by 93.4% in children aged <5 years to 134 cases per 100,000 person-years,
P<0.001 [33–35]. Incidence of invasive pneumococcal disease among individuals with sickle
cell disease before and after the introduction of the pneumococcal conjugate vaccine [32, 35].

5. Prenatal and Neonatal SCD Screening

SCD is associated with high infant mortality rate; therefore, early preventive intervention is
essential in reducing these deaths [14, 36]. A maternal blood screen during or preceding
pregnancy seems the most cost-effective method of initiating a screening programme, as if the
mother does not carry the sickle allele, then there is no risk of the child having sickle cell
disease and additionally this initial screen does not need repetition for future pregnancies. If
maternal screening reveals a sickle cell trait or SCD, the father can be invited for investigation
[14, 36].

Since 1978 it has been possible to obtain foetal DNA to diagnose sickle cell disease prenatally
[18], via amniocentesis or chorionic villus sampling (CVS). CVS offers the advantage that the
family is given the choice early in pregnancy. Prior to this it was only possible to diagnose
sickle cell disease via direct viewing of foetal blood. In some countries it has been in use for
national screening programmes and rates of termination of pregnancy are as high as 74% in
Cuba [37–40].
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The importance of neonatal identification of SCD is emphasised [36, 41, 42].

By 1994 the majority of United States cities had implemented universal neonatal hemoglobin-
opathy screening [12, 43]; the UK has only fully implemented its universal sickle cell screening
programme in the last few years [14, 44]. In Africa, only Ghana and the Republic of Benin have
established selective and pilot Newborn screening programme, respectively [37, 41, 45, 46].

5.1. Pain management

The clinical severity of SCD is variable and usually defies genetic or phenotypic explanation.
The cooperative study of the natural history of sickle cell disease showed that about 5% of
patients accounted for one-third of hospital days devoted to pain control [19]. Acute VOC and
chronic pain syndrome could be disabling to the patient, and studies have demonstrated an
association of acute pain syndromes with other complications of SCD, including death [19, 47].

Pain management guidelines and the need to rule out life-threatening comorbidities suggest
the need for rapid physician evaluation of patients who present to the emergency department
(ED) with complaints related to SCD [47]. The American Pain Society guidelines recommend
initial assessment and analgesia within 30 min of arrival [5, 48].

5.2. Hydroxyurea (HU)

From the difficulty in identifying sickle-shaped erythrocytes in neonates, Janet Watson postu-
lated, in 1948, that high fetal hemoglobin leads to a decrease in cells that could sickle and
therefore a decrease in sickle hemoglobin in those red blood cells [49]. Several years later it was
suggested that by increasing or prolonging the concentration of foetal hemoglobin in erythro-
cytes, it would be possible to decrease the frequency and severity of the clinical manifestations
of SCD [50–52].

HU, an anti-leukaemia agent with the capacity to increase foetal Hb, was introduced to treat
sickle cell disease with significant clinical and symptomatic improvement. In 1992 a
randomised double-blind study, the Multicentre Study of HU in Sickle Cell Anaemia (MSH),
showed that this new drug could decrease episodes of painful crises, acute chest syndrome
and the need for transfusion [53, 54]. The study recruited 299 adults with more than three
painful crises in the year prior to the start of HU, and the clinical effect was great enough for
the trial to terminate 3 months early [54, 55].

The paediatric studies on the use of hydroxyurea reflected the results of the adult trials, with
reduced acute complications and with no toxicity or decreased growth, and suggested reduced
end organ damage if administered early [56–58].

6. Stroke and stroke prevention

Stroke is an important cause of morbidity and mortality of SCD with an estimated 11% having
had a stroke by the age of 20 [59]. Although the treatment of strokes in SCD had been

Sickle Cell Disease - Pain and Common Chronic Complications6



The importance of neonatal identification of SCD is emphasised [36, 41, 42].

By 1994 the majority of United States cities had implemented universal neonatal hemoglobin-
opathy screening [12, 43]; the UK has only fully implemented its universal sickle cell screening
programme in the last few years [14, 44]. In Africa, only Ghana and the Republic of Benin have
established selective and pilot Newborn screening programme, respectively [37, 41, 45, 46].

5.1. Pain management

The clinical severity of SCD is variable and usually defies genetic or phenotypic explanation.
The cooperative study of the natural history of sickle cell disease showed that about 5% of
patients accounted for one-third of hospital days devoted to pain control [19]. Acute VOC and
chronic pain syndrome could be disabling to the patient, and studies have demonstrated an
association of acute pain syndromes with other complications of SCD, including death [19, 47].

Pain management guidelines and the need to rule out life-threatening comorbidities suggest
the need for rapid physician evaluation of patients who present to the emergency department
(ED) with complaints related to SCD [47]. The American Pain Society guidelines recommend
initial assessment and analgesia within 30 min of arrival [5, 48].

5.2. Hydroxyurea (HU)

From the difficulty in identifying sickle-shaped erythrocytes in neonates, Janet Watson postu-
lated, in 1948, that high fetal hemoglobin leads to a decrease in cells that could sickle and
therefore a decrease in sickle hemoglobin in those red blood cells [49]. Several years later it was
suggested that by increasing or prolonging the concentration of foetal hemoglobin in erythro-
cytes, it would be possible to decrease the frequency and severity of the clinical manifestations
of SCD [50–52].

HU, an anti-leukaemia agent with the capacity to increase foetal Hb, was introduced to treat
sickle cell disease with significant clinical and symptomatic improvement. In 1992 a
randomised double-blind study, the Multicentre Study of HU in Sickle Cell Anaemia (MSH),
showed that this new drug could decrease episodes of painful crises, acute chest syndrome
and the need for transfusion [53, 54]. The study recruited 299 adults with more than three
painful crises in the year prior to the start of HU, and the clinical effect was great enough for
the trial to terminate 3 months early [54, 55].

The paediatric studies on the use of hydroxyurea reflected the results of the adult trials, with
reduced acute complications and with no toxicity or decreased growth, and suggested reduced
end organ damage if administered early [56–58].

6. Stroke and stroke prevention

Stroke is an important cause of morbidity and mortality of SCD with an estimated 11% having
had a stroke by the age of 20 [59]. Although the treatment of strokes in SCD had been

Sickle Cell Disease - Pain and Common Chronic Complications6

improving, it was a ground breaking trial in the final decade of the twentieth century that
changed the way SCD was monitored [60, 61] to prevent stoke in this group of patients.

Landmark’s work into the use of transcranial Doppler (TCD) ultrasounds showed that severe
sickle cell disease could lead to the narrowing of cerebral blood vessels. These would appear
on ultrasonography as increased flow in that region and patients with abnormal flow are at
increased risk of stroke [60, 62]. Silent cerebral infarcts are the most common neurologic injury
in children with sickle cell anaemia and are associated with the recurrence of an infarct (stroke
or silent cerebral infarct), and regular blood transfusion therapy significantly reduced the
incidence of the recurrence of cerebral infarct in children with sickle cell anaemia by 58%
[63, 64].

7. Pulmonary hypertension

Pulmonary hypertension (PAH) is recognised to be a common complication of SCD and other
haemolytic disorders and is associated with increased mortality and morbidity. Retrospective
studies suggest a prevalence of PAH ranging from 20 to 40% [65, 66] among adults, and a
prospective study showed that prevalence of PAH in paediatric population is 31%, and the
two-year mortality rates approach 50% [65, 66].

Chronic hemolysis represents a prominent mechanistic pathway in the pathogenesis of SCD-
associated PAH via a nitric oxide (NO) scavenging and abrogation of NO salutatory effects on
vascular function. These processes lead to acute and chronic pulmonary vasoconstriction [65].
Many known infectious risk factors for PAH, i.e. human immunodeficiency virus (HIV) infec-
tion, chronic hepatitis B and C viral infections and possibly malaria, are hyper endemic in
African countries where the prevalence of SCD is very high. Interactions between these infec-
tious complications and SCD-related hemolysis could yield an even higher incidence of PAH
among the African SCD patients.

Self-reported history of cardiovascular and renal complications, systolic hypertension, high
lactate dehydrogenase levels (index of haemolysis), high level of alkaline phosphatase, low
transferrin concentration (indicating iron overload) and priapism in men were found to be
independent correlates of PAH [20, 67].

Therapy for SCD-related PAH remains challenging. Treatment with HU at maximum toler-
ated dose and judicious use of blood transfusion support and iron-chelating agents where
indicated is recommended [66]. While HU is a potential NO donor effect, it has not been
shown to impact mortality of SCD-related PAH [51]. There is increasing interest in the use of
sildenafil in SCD-related PAH. Sildenafil was well tolerated by both male and female
patients and it reduced the estimated pulmonary artery systolic pressure and increased the
6-min walk distance [68, 69].

Gene therapy has the potential to correct the underlying defect leading to the clinical manifes-
tations of sickle cell disease. It would reduce the need for many of the preventative treatments
and invasive therapies. A few years ago, this may not have seemed possible; however, gene
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therapy has been proven to be effective in mouse models [1, 2], and there are currently several
teams working on phase II trials using viral vectors [70–72].

8. Global perspectives

The World Health Organization has estimated that there may be approximately 216,000 babies
born with HbSS disease in Africa each year and that the disease may account for 10–20% of
neonatal mortality inWest Africa, very little is known about the overall global burden of SCD [68].

Although there have been improvements in the management of SCD in developed countries,
much less progress has been made in the developing world in which the disease is common,
where it is still an important cause of childhood mortality. In low-income countries, basic
facilities for management are lacking, systemic screening is not a common practice, and
diagnosis is made late.

Research collaborations between sickle cell research groups in rich and poor countries would
be of considerable benefit to the health and well-being of patients with SCD in the developing
countries. In particular, interactions of this kind offer an opportunity to improve clinical and
diagnostic facilities and hence the management of patients in the developing world. We cannot
yet cure SCD, but we have learnt that simple interventions significantly improve morbidity
and mortality.

9. Conclusion

Although there has been dramatic improvement in the diagnosis, management and monitor-
ing of sickle cell disease over the last century, bone marrow transplantation (BMT) is currently
the only cure for SCD with a curative success rate of approximately 90–93% [68, 69]. Con-
versely, there are severe risks and complications including rejection, marrow aplasia, neuro-
logical disorders, graft-versus-host disease and death, and standard BMT is limited by a
requirement for human leukocyte antigen (HLA)-matched sibling donors [70]. Currently
transplantation is only considered for those children with HLA-identical siblings and in whom
the clinical manifestation of the disease does not respond to standard care.

The past 100 years have shown great accomplishments for SCD including newborn screening,
penicillin prophylaxis, primary stroke prevention using blood transfusion, stroke prevention
trial in sickle cell anaemia (STOP) and controlled trial of transfusions for silent cerebral infarct
in sickle cell anaemia. The role of hydroxyurea therapy in adults and children to reduce pain,
hospitalisations and most recently as an alternative for controlling cerebral blood velocity—
transcranial Doppler (TCD) with Transfusion Changing to Hydroxyurea (TWiTCH) therapy.
Although a risk-free cure has not been found in this last and current century, the following 100
years look to be extremely promising for sickle cell anaemia; stem cell transplantation is now
more commonly used in SCD.
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Abstract

Sickle cell disease (SCD) is one of the most common severe and monogenic disorders
worldwide. Acute and chronic complications deeply impact the health of children with
SCD. Milestones of treatment include newborn screening, comprehensive care and
prevention of cerebrovascular complications.
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stroke

1. Introduction

Sickle  cell  disease  (SCD)  is  one  of  the  most  common  severe  and  monogenic  disorders
worldwide with an average of 300,000 children born annually with sickle syndromes, the
majority in Africa [1, 2]. SCD was initially endemic in areas of malaria disease (Africa, Southern
India,  Mediterranean countries,  Southern Asia),  but  various waves of  migration brought
populations from areas of high prevalence of the HbS gene to the Americas and Europe
(Figure  1).  Moreover,  the  recent  migration  movements  of  the  past  decade  have  further
increased the frequency of SCD in areas where it was generally uncommon. In Europe, SCD
has become the paradigm of immigration hematology [3] and is now the most prevalent
genetic disease in France [4] and the United Kingdom [5]; its frequency is steadily rising in
many other countries of northern, central and southern Europe [6–10] posing a challenge to
health systems. In addition, awareness regarding SCD is increasing in India [11] and in many
African countries [12] where the prevalence of the disease is high. Although in low-resource
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and reproduction in any medium, provided the original work is properly cited.
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settings a great effort in terms of funding, care and research is still mainly destined to infectious
diseases, the burden SCD poses on mortality and health systems in Africa is finally starting to
be  recognized  [13–16].  Several  African  countries  have  developed  dedicated  services  for
children with SCD [17–20], including newborn screening [21–26]. Patients with SCD in many
centers are being evaluated in a standardized comprehensive manner both in prospective
observational cohorts [17,  19,  27]  and randomized clinical  trials  [28,  29].  Although some
experiences are still conceived as pilot programs and have yet to be scaled up at a national
level, their results are promising and demonstrate increased commitment to tackle SCD at a
global level.

Figure 1. Global distribution of the sickle cell gene. (a) Distribution of the data points. Red dots represent the presence
and blue dots the absence of the HbS gene. The regional subdivisions were informed by Weatherall and Clegg and are
as follows: the Americas (light gray), Africa, including the western part of Saudi Arabia, and Europe (medium gray)
and Asia (dark gray); (b) Raster map of HbS allele frequency (posterior median) generated by a Bayesian model-based
geostatistical framework. The Jenks optimized classification method was used to define the classes; (c) the historical
map of malaria endemicity was digitized from its source using the method outlined in Hay et al. The classes are de-
fined by parasite rates (PR2−10, the proportion of 2- up to 10-year-olds with the parasite in their peripheral blood): ma-
laria-free, PR2−10=0; epidemic, PR2−10=0; hypoendemic, PR2−10<0.10; mesoendemic, PR2−10≥0.10 and <0.50; hyperendemic,
PR2−10≥0.50 and <0.75; holoendemic, PR0−1≥0.75 (this class was measured in 0- up to 1-year-olds). From Piel et al. Global
distribution of the sickle cell gene and geographical confirmation of the malaria hypothesis. Nat Commun. 2010 Nov 2;
1: 104. Published online 2010 Nov 2. doi: 10.1038/ncomms1104. Copyright © 2010, Nature Publishing Group, a division
of Macmillan Publishers Limited. All Rights Reserved.

SCD can be defined as a globalized disease, and its presence in so ethnically diverse popula-
tions, living in extremely variable environments and in very different socio-cultural societies,
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is a factor that must be taken into consideration when addressing its management. In fact,
although SCD is a monogenic disorder, its phenotype can be highly variable, not only among
individuals, but also among ethnic groups and populations [30, 31].

In this chapter, we will review the management of children with SCD from a global perspective
focusing on the three milestones of care: newborn screening, comprehensive prix-en-charge and
cerebrovascular complications.

2. Neonatal screening programs

Newborn screening programs for SCD allow the early identification of patients, with the
advantage of starting prophylaxis with penicillin at two months of age, significantly reducing
mortality from infections. Moreover, newborn screening allows the early enrollment of
patients in specialized programs of care in reference centers, thereby reducing morbidity and
subsequent mortality from acute and chronic complications and improving quality of life.

The first screening program for SCD has been introduced in the USA since 1975 [32] and in the
UK in 1993 [33].

In 1987, an NIH Consensus Conference stated that every child should be subjected at birth to
screening for HbS to prevent the severe childhood complications of SCD, mainly infections
and splenic sequestration, both potentially fatal [34]. Subsequently, a randomized study
demonstrated the effectiveness of neonatal screening in dramatically reducing infant mortality
from infection, allowing early initiation of prophylaxis with penicillin [35].

International Guidelines on the treatment of SCD recommend universal newborn screening
on a national basis, best if integrated with existing neonatal screening programs and pro-
grams of prix-en-charge in specialized hematology reference centers [5, 36].

The recommendation is that newborn screening for identification of SCD is performed to all
newborns. All patients must be identified promptly and taken in charge by dedicated and
specialized services in order to begin penicillin prophylaxis within two months of age (Strength
of Recommendation A).

Since the late 1980s numerous are the experiences of newborn screening programs, many
organized by national health systems other confined to single-center experiences or supported
by private funding.

2.1. Neonatal screening for SCD: major international experiences

United States—In the United States, the first neonatal screening program for SCD dates back
to the 1970s (State of New York and Columbia), but after the publication of the NIH recom-
mendations, all the states have organized a universal neonatal screening program for the S
gene, associated with neonatal screening for other diseases. The analysis is performed at the
birth from capillary blood taken by pricking the heel and using Guthrie paper. The analysis is
done in most cases by Hygh performance liquid chromatography (HPLC).

A Global Perspective on Milestones of Care for Children with Sickle Cell Disease
http://dx.doi.org/10.5772/64656

19



The results of 20 years of the program (1989–2012) show an average incidence of the S gene in
the general population of 1:64 (1.5%) and an average incidence of SCD of 1: 2000 (0.05%) [37].
The program in the United States was effective in significantly reducing the mortality of
children with SCD [38].

Canada—In 1988 a targeted screening pilot program was started at the University of Montreal
on babies with at least one African parent. The test, performed by HPLC, identified a propor-
tion of 10% with trait and 0.8% of the affected. A significant number of non-enrolled patients
was reported by the program, as many as 11 patients born in the reporting period: 5 of 72 of
infants escaped enrollment in a care program, six infants were not identified as affected, and
three false negatives and three inadequate samples were identified, stressing the importance
of an absolute rigor in the organization of a screening program [39].

In 2006 a universal neonatal screening program for SCD, on a national basis, was initiated in
Ontario and subsequently implemented in eight other Canadian provinces, comprising 10
provinces and three territories. The survey is performed on the cord blood or capillary blood
on tissue paper by HPLC, using Iso-Electric-Focusing (IEF) or hemoglobin electrophoresis as
a confirmatory test. A debate is ongoing on whether to inform parents of the carriers subject
[36].

In Brazil, many states organized a neonatal screening program for the identification of patients
with SCD. Since 2001 in the State of Janeiro Rio a universal neonatal screening program is
active, funded by the National Health System, which includes the analysis by HPLC of the
sample from the Guthrie test, performed on the baby after discharge in association with the
first vaccine administration; the program provides for the subsequent taking charge of patients
with SCD at the Reference Center.

The results of the first 10 years of experience (2001–2011) showed a SCD incidence of 1:1335
births and incidence of the trait by about 5% of births [40, 41]. The mortality was 3.7%
significantly lower than the mortality of 25% of a cohort of Brazilian children not included in
a screening program [42] but also significantly lower than that of a population of children
undergoing neonatal screening, but not incorporated in a comprehensive program of follow-
up. In fact, mortality in this population was found to be 5.6% [43]. The importance of integrating
neonatal screening in an effective program of care of the patient at a specialized reference center
has been more recently confirmed by another recent Brazilian study, which indicated in Minias
Gerais State a mortality of 7.5% patients with SCD in the first 14 years of life, even though they
were undergoing newborn screening, because of a non-effective care program [44].

In Europe, although there is strong evidence that hemoglobinopathies are an increasingly
important public health problem [3], as a result of recent migration flows from the Mediter-
ranean countries, Africa and Asia, there is very little data regarding the overall prevalence of
SCD; the health policy of the governments, regarding the management of SCD, is uneven in
the various nations. The European Network for Rare and Congenital Anemias (ENERCA)
estimates that there are around 44,000 people in Europe suffering from hemoglobinopathises,
70% of which are SCD, and strongly recommends that the National Health Systems develop
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screening programs and specialized reference centers for the care of the patient and their
family [6].

The United Kingdom (UK) was the first European country to organize, in 1993, a universal
neonatal screening program for SCD. The initial pilot program, which began in England, was
updated and since 2010 is extended to the whole of Britain. The program, supported by the
National Health System (NHS), provides universal neonatal screening, performed with
analysis of Guthrie test concurrently with other screenings. Samples are analyzed at 13
reference hematological laboratories by HPLC, each laboratory screening between 25,000 and
100,000 newborns a year. The organization provides for centralized analysis in reference
laboratories, each with a minimum of 25,000 tests per year. The incidence of carriers in the UK
is an average of 15/1000 (1.5%) and 1:1900 (0.05%) with significant variations by region and
ethnicity [45].

A national program of universal newborn screening of Guthrie by HPLC [46] is active in the
Netherlands since 2007. A debate on whether to notify the carrier state to avoid stigmatization
is currently underway [10].

In Belgium, since 1994 in the city of Brussels and in 2004 in the city of Liege, all newborns are
subjected to universal screening for SCD. The analysis of umbilical cord blood is performed
by IEF and HPLC as a possible confirmatory test. The affected frequency is determined to be
1:1559 [47].

In Spain, since 2000 universal neonatal screening programs have been initiated in Extremadura,
Basque Country, Madrid, Valencia and Catalonia with plans of extending it from 2016 to the
whole country. The prevalence of the affected varies from 1:3900 in Catalonia to 1:5900 in the
region of Madrid [8, 48, 49].

In Germany, pilot programs of universal newborn screening were organized since 2011, first in
Berlin, then in Heidelberg and in the Southeast Region of Germany and then in Hamburg. The
tests were offered to all newborns although the original population was not at risk of hemo-
globinopathy. The goal was to provide information about the global prevalence in Germany
of a disease that has high prevalence in immigrant populations, coming mainly from areas at
risk. The test was carried out by PCR for S chain from Guthrie paper in Hamburg, and by HPLC
in the other experiences; the incidence of the affected ranged from 1:2385 to 1:8348 [9].

The results of the pilot studies were considered adequate to justify a universal neonatal
screening program on a national basis, extended to the entire Germany. The activation of the
project is planned for 2016. The carrier status is not communicated for fear of stigma.

Since 1985, France has organized a universal neonatal screening program for SCD in Guade-
loupe: in the following years, many pilots studies were initiated in France; since 2000 a national
screening program targeted at infants at risk of hemoglobinopathy was extended to the entire
country; the selection is based on ethnic belonging. Although the program is not universal, it
appears to be effective in intercepting almost all affected infants, ensuring their ultimate
takeover by the Reference Centres [50].

In Italy, some experiences of neonatal screening for SCD have been reported.
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From 2010 to 2012 in Ferrara, 1992 newborns have been tested and 24 carriers identified (1.2%).
Screening was universal, run on Guthrie by HPLC. The experience was suspended for lack of
funding [51].

In 2013 in Novara a project of newborn screening targeted to babies with a parent coming from
areas at risk of hemoglobinopathy was implemented. A total of 337 of 2447 were tested and 20
carriers identified (6%) [52].

In Modena, since 2011 an antenatal screening program targeted at at-risk women by ethnicity
was developed. The pilot study showed the presence of hemoglobinopathy in 27% of the 330
women tested (coverage of 70% of the program). Successively, the screening of infants of carrier
mothers, run on cordon and analyzed by HPLC, has identified 48 carriers and 9 HbSS [53]. The
universal antenatal screening program, extended to all pregnant women and including infants
at risk of maternal positivity, is currently ongoing and supported with funding from the
Province of Ferrara.

Since 2010, a centralized program of targeted neonatal screening (at least one parent from
outside the region) is active in Friuli Venezia Giulia, financed by the region. The figures, as yet
unpublished, report 6018 infants tested from 2010 to 2015, a percentage of carriers between
1.74 and 4.7% depending on the provinces (F Zanolli, personal communication).

A pilot program of universal newborn screening has been running since May 2, 2016, in Padua
and is currently being activated in Monza.

Africa bears the highest burden of SCD. In the past years, several pilot newborn screening
programs have been implemented in Central Africa [21], Ghana [20, 22], Congo [24], Benin [25],
Angola [26], Nigeria [23, 54, 55] and Uganda [56] and are underway in Tanzania [19]. Some of
the most significant experiences are described in detail below.

The first program started in Ghana in 1995 [22], and after 10 years, a total of 202,244 infants
were screened through public and private clinics in Kumasi, Tikrom and a nearby rural
community. 3745 (1.9%) infants were identified as having possible SCD with IEF: 2047 (1.04%)
SS, 1684 (0.83%) SC.

In Central Africa, between July 2004 and July 2006, 1825 newborn dried blood samples were
collected onto filter papers in four maternity units from Burundi, Rwanda and the East of the
Democratic Republic of Congo. The presence of hemoglobin C and S was tested in the eluted
blood by an enzyme-linked immunosorbent assay (ELISA) test using a monoclonal antibody.
All positive samples were confirmed by DNA analysis. Of the 1825 samples screened, 97
(5.32%) were positive. Of these, 60 (3.28%) samples were heterozygous for Hb S, and four
(0.22%) for Hb C; two (0.11%) newborns were Hb SS homozygotes.

In Uganda [56], punch samples were obtained from dried blood spots routinely collected from
HIV-exposed infants for the national Early Infant Diagnosis program. Between February 2014,
and March 2015, 99,243 dried blood spots were analyzed through IEF, and results were
available for 97,631. The overall number of children with sickle cell trait was 12,979 (13.3%)
and with disease was 716 (0.7%), with extreme variability across regions.
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Two pilot screenings from Nigeria are reported. Obaro et al. (54) screened HPLC children aged
less than 5 years. Overall, 272 (2.76%) new cases from 9963 children who had not been
previously tested were identified. The authors reported also the screening of 163 (1.6%)
children whose parents indicated that their offspring had been previously tested. 31.2% of
parents (51/163) did not know the result of their offspring’s test.

Inusa et al. [55] from January 2010 to December 2011 screened children aged 0–60 months in
29 randomly selected local communities of three adjoining northern Nigerian states in a
community-based study: Abuja, Kaduna and Katsina. For infants of 0–6 months, blood spots
were used, and for infants of 7–60 months, EDTA blood samples were analyzed using HPLC.
Thirty-one selected samples with high Hb A2 (3.5–7.4%) were further analyzed using molec-
ular diagnosis to ascertain the presence of the Beta Thalassemia gene. Of the 10,001 infants and
children screened, 269 (2.69%) had a SCD diagnosis, 90% of which were HbSS (n = 243), 5%
HbSC (n = 13), 3% with high A2>6% (possible S with existence β thalassaemia (n = 9) and 1%
HbSD (n = 2). A total of 74% of infants screened were HbAA (n = 7391). 2341 (23%) were carriers,
96% HbAS (n = 2236), 2% HbAC (n = 51), 1% HbAD (n = 25), and 1% HbABeta-thal (n = 22).
HbSβo was confirmed by molecular analysis from the 31 selected samples.

3. Management of sickle cell disease in childhood

SCD is a chronic and complex multisystem disorder requiring comprehensive care that
includes screening, prevention, health education, management of acute and chronic compli-
cations [5, 57]. Poor service organization and episodic health care cause higher rates of acute
events and chronic complications, with subsequent increased burden on hospital structures
and higher costs for health systems [58].

Neonatal screening program for SCD is not successful without a comprehensive care program
at a specialized reference center for the treatment of the disease.

The organization of the Comprehensive Sickle Cell Centers proved crucial integration of
screening programs, providing health education, preventive treatment (prophylaxis of
infections, up-to-date vaccinations, stroke prevention), appropriate diagnostic therapeutic
pathways for the treatment of acute and chronic complications, planning of blood transfusion
and administration of HU, accompanying the transition to adult care for adolescents and
young adults through structured transition programs. The care delivered by a specialized and
multidisciplinary team in referral centers is effective in reducing mortality and improving the
quality of life [38, 59]. Where these facilities were lacking, the effectiveness of neonatal
screening program was reduced [60].

A recommended examinations schedule for yearly follow-up of children with SCD is shown
in Table 1 [61], while the services that a reference center should offer are displayed in Table 2
[5].
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Table 1. Recommended examinations to be performed annually in children with SCD [60].

◦ Pediatrician or hematologist with hemoglobinopathies skills

◦ Dedicated outpatient clinic

◦ Network with the territory and the peripheral hospitals

◦ Diagnostic laboratory

◦ Newborn screening program

◦ Transcranial Doppler service

◦ Pediatric intensive care

◦ Transfusion service

◦ Pediatric specialist services (cardiology, urology, nephrology, pulmonology, endocrinology, orthopedics, surgery,
anesthesia, ophthalmology, dentistry)

◦ Psychology service with availability of psychometric assessments

◦ Radiology and neuroradiology

◦ Bone marrow transplant unit

◦ Adult-specialist team for the transition program

Table 2. Characteristics of a specialized reference center [5] and services that it should be able to offer directly or in
agreement with nearby centers.

A comprehensive approach to the care of children with SCD should include the following
goals: to improve quality of life, by preventing and treating infections, adequate pain man-
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agement and anemia control; to prevent organ damage, mainly stroke, renal and lung; to
prevent SCD related mortality [61].

3.1. Management of sickle cell disease in childhood: open issues at a global level

In spite of the strong evidence to perform newborn screening and comprehensive care, these
services are far from optimally delivered to patients with SCD not only in Europe and the USA,
but mainly in areas of Africa and India where the majority of the children with SCD live. Many
pilot programs were initiated in the last decade in many countries of Latin America, Middle
East, Asia, and Africa; some were integrated with other screening programs. These data are
encouraging but such programs need to be further enhanced.

Increased North-South, South-South and East-West collaboration could be an important way
to increase service delivery to all affected children.

4. Cerebrovascular complications of sickle cell disease: stroke and silent
infarcts

In the most severe forms of SCD, the homozygous SS and the double etherozygous Sβ°, the
brain is frequently affected (Figure 2). Overt ischemic stroke occurs in 11% of untreated
children as a result of stenosis or occlusion in the large arteries of the Circle of Willis [62, 63].
Cerebral silent infarcts (CSI), affecting 40% of children by the age of 14, are caused by small
vessel disease [64, 65] although recent evidence suggests that also a combination of chronic
hypoperfusion or hypoxic events, favored by an underlying artheropathy of the large vessels,
can lead to CSI [66]. In the past 15 years, improvements have been made in the management
of stroke and CSI [66, 67]. In fact, algorithms for screening, prevention and management of
stroke and CSI based on neuroimaging techniques such as transcranial Doppler (TCD) and

Figure 2. Stenosis on magnetic resonance angiography (left) and silent infarcts on magnetic resonance imaging (right).
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magnetic resonance imaging/angiography (MRI/MRA) are routinely used in clinical practice
[67–70].

TCD screening is recommended starting at age 2 years in children with HbSS and HbSβ°, and
those identified at risk of stroke are offered chronic transfusion as stroke prevention [67]. Stroke
can be virtually eliminated or dramatically reduced if a proper TCD screening program
followed by chronic transfusion for at risk patients is established [59, 68]. Recently, a random-
ized study demonstrated that after one year of chronic transfusion, hydroxycarbamide (HU)
can be safely offered to children with normal neuroimaging under strict surveillance [71].
While TCD allows identifying patients at risk of stroke and initiate appropriate treatment, it
is not useful to screen for the other cerebrovascular complications of SCD such us CSI.
Moreover, its usefulness in identifying risk of stroke in other genotypes of SCD such as HbSC
and HbSβ+, in which stroke is less common, has yet to be evaluated.

Screening with MRI/MRA, although unable to indentify children at risk of developing CSI, is
strongly recommended in many centers starting at age 5 years, when sedation is no longer
necessary [66, 68, 72], to ensure diagnosis at young age and promptly start therapeutic or
educational measures. In case of abnormal TCD, developmental delay or cognitive impairment
or any other clinical reason, MRI is indicated even before 5 years of age. Both chronic trans-
fusions and HU have been shown to stabilize CSI [66, 67, 73], but at present there is no general
agreement on prevention strategies.

4.1. Stroke and silent infarcts: open issues at a global level

In spite of extensive research performed in the United States and Europe on the management
of stroke and CSI in children with SCD in the past decades, the delivery of routine TCD
screening to children with SCD has been quite low. Primary stroke prevention through TCD
is recommended in all national and international guidelines, but less than 50% of children in
the USA [74] and the United Kingdom benefit from this technique [75]. Data regarding the
coverage of TCD screening are not available for other countries of Europe, South America or
the Middle East at a national level, but only for single-center experiences [59, 66, 69, 72, 76],
and this is a gap that should be filled.

TCD data are not yet available from many areas of the world like India, Northern and Sub-
Saharian Africa. Nevertheless, personnel training on the correct protocol of TCD screening for
SCD has been performed in Africa, and promising pilot studies are being conducted in
Nigeria [77–79]. These studies demonstrate the feasibility of primary and secondary preven-
tion programs in low-resource settings with huge numbers of patients. They also allow us to
explore the efficacy of alternative protocols compared to those in use in the USA and Europe
and to demonstrate the benefit of HU in reducing TCD velocities [80].

A challenge that a global approach to SCD can address is the reported variability of stroke and
cerebrovascular complications in populations of different ethnic backgrounds. Stroke and CSI
seem to occur with different frequencies across populations, although data are still poor and
warrant further investigation [81–85]. Moreover, biological factors such as G6PD deficiency
and alfa thalassemia co-inheritance as well as coagulation activation and single nucleotide
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polymorphisms (SNPSs) do not seem to have the same role on the genesis of cerebrovascular
complications in different populations [86–90].

In conclusion, more TCD and MRI/MRA data from SCD populations across the world could
aid in designing wide population studies to explore genetic and biological modifying factors
of cerebrovascular disease as currently performed in other pathologic conditions [91]. Coor-
dinating cerebrovascular studies across countries and continents can be challenging [79, 92–
95] but is now warranted to improve patients access to recommended screening tools and to
better target treatment interventions according to biological disease-modifying factors, which
may vary across ethnicities.

5. Future directions

The main objective would be to increase the access to the milestones of care:

- Expand universal newborn screening to all Countries with sufficient prevalence of disease

- Expand access to vaccinations, antibiotic prophylaxis and transcranial Doppler for stroke
prevention, by increasing the number of skilled personnel and service availability

- Increase the use of disease-modifying treatments for the pediatric age, such as hydroxiurea,
in formulations that are suitable for children (low dose tablets or syrups) in all countries

Strengthening collaboration at a global level and developing North-South, South-South and
East-West partnerships could aid in reaching the above mentioned aims.
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Abstract

Hemoglobin disorders such as thalassemias and sickle cell anemias can be avoided by
detecting  carriers,  ensuring  genetic  counseling  and  prenatal  diagnosis.  Nowadays
Chorionic villus sampling (CVS amniocentesis, and cordocentesis are still the most
widely used invasive sampling methods for prenatal  diagnosis of  the fetus.  These
traditional methods are associated with a risk of fetal loss. The revelation of cell-free
fetal  DNA  (cffDNA)  in  maternal  plasma  and  serum  provides  the  opportunity  of
noninvasive prenatal diagnosis (NIPD). Different encouraging clinical applications have
arose  such  as  noninvasive  identification  of  fetal  sexing,  fetal  Rhesus  D,  and  the
determination of the paternal alleles in maternal plasma. The determination of the
presence or absence of paternally inherited alleles in maternal plasma of sickle cell
disease (SCD) and β-thalassemia would allow the diagnosis of autosomal dominant
diseases or the exclusion of autosomal recessive diseases of the fetuses, respectively.
prenatal diagnosis of genetic diseases. Analysis of cffDNA in maternal plasma for NIPD
has the advantage of being safer versus the invasive methods. Different technologies
were used since the discovery of cffDNA for NIPD—especially high-resolution melting
(HRM) analysis is one of those methods. Genotyping can be done with HRM without
using  labeled  probes  and  more  complex  regions  can  be  analyzed  with  unlabeled
hybridization probes. High-resolution melting is a rapid and useful method to detect
paternal alleles for the NIPD of SCD and thalassemias when the fetus has a risk for
double heterozygote.

Keywords: noninvasive prenatal diagnosis, sickle cell disease, cell-free fetal DNA,
high-resolution melting, paternal mutation, maternal plasma
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1. Introduction

Hemoglobinopathies caused by mutations in the α- or β-like globin gene clusters are the most
common inherited disorders in humans, with around 7% of the world population being carriers
of a globin gene mutation [1].

Hemoglobinopathies are caused by variants that affect the direct synthesis of the globin chains
of hemoglobin, and may result in different synthesis (thalassemia syndromes, etc.) or structural
changes (sickling of the red blood cells, hemolytic anemia). Thalassemia variants and various
abnormal hemoglobins interact to produce a wide variety of disorders. Sickle cell disease was
first described in 1910, and in the following years, similar cases were described, supporting
the idea that this was a new disease and providing enough evidence for a preliminary clinical
and pathological description [2]. Linus Pauling was the first to hypothesize in 1945 that the
disease might originate from an abnormality in the hemoglobin molecule [3]. The sickle
mutation was characterized several years later by Ingram et al. as a glutamine to valine
substitution at the sixth residue of the β-globin polypeptide [4].

Sickle cell disease causes a very destructive condition and is an autosomal recessive-inherited
hemoglobinopathy. The disease affects millions of people which results in serious complica-
tions due to vaso-occlusive phenomenon and hemolysis [5].

Prevention of the disease through carrier identification, genetic counseling, and prenatal
diagnosis (PD) remains the only realistic approach to diminish the impact of the disease and
allows better use of available resources for the existing patient populations [6–8]. In addition,
for monogenic diseases the parental mutation(s) have to be characterized before analysis of
the fetal sample [9].

Polymerase chain reaction (PCR) is commonly in use as a traditional molecular method for
prenatal diagnosis of hemoglobinopathies. The PCR-based technologies differ in genotyping
hemoglobin variants. Amplification refractory mutation system (ARMS), denaturing gradient
gel electrophoresis (DGGE), restriction endonuclease PCR (RE-PCR), sequencing analysis
(Sanger), microarrays, pyrosequencing, real-time PCR, and high-resolution melting analysis
(HRM) can be counted among these PCR-based detecting methods [10].

2. Prenatal diagnosis in sickle cell disease

The prenatal diagnosis (PD) for the disease gives the opportunity for expectant couples to have
an accurate, rapid result about the genotype of their fetus. This process offers an option for the
parents to terminate the pregnancy at an early period in case of positive result and to prepare
them psychologically and medically for the arrival of the new child when abortion is not an
option. This practice is usually carried out using either chorionic villus sampling (CVS) or
amniocentesis. Both procedures are invasive with CVS being done between the 10th and 12th
week of pregnancy while amniocentesis is usually carried out later (between the 14th and 20th
week) [5, 11].
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2. Prenatal diagnosis in sickle cell disease

The prenatal diagnosis (PD) for the disease gives the opportunity for expectant couples to have
an accurate, rapid result about the genotype of their fetus. This process offers an option for the
parents to terminate the pregnancy at an early period in case of positive result and to prepare
them psychologically and medically for the arrival of the new child when abortion is not an
option. This practice is usually carried out using either chorionic villus sampling (CVS) or
amniocentesis. Both procedures are invasive with CVS being done between the 10th and 12th
week of pregnancy while amniocentesis is usually carried out later (between the 14th and 20th
week) [5, 11].
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Four main categories have been identified for severe disease states, for which genetic coun-
seling, and possibly prenatal diagnosis, is indicated. The category for some SCD is shown in
Table 1 [10, 12].

Genotype interaction Disorder expected Appropriate to offer PND

Homozygous

Hb S Sickle cell disease Yes

Compound heterozygous

Hb S/β°- or severe β+-thalassemia Sickle cell disease Yes

Hb S/mild β+-thalassemia Mild sickle cell disease Occasionally*

Hb S/Hb C Sickle cell disease (variable severity) Yes

Hb S/Hb D-Punjab Sickle cell disease Yes

Hb S/Hbs I-Toulouse, Shelby, Hope, North Shore Hemolytic anemia No

Hb S/Hb E Mild to severe sickle cell disease Occasionally*

Note: The decision to have prenatal diagnosis belongs to the couple, once they have had comprehensive counseling.
*Couples with genotypes that may lead to offspring with unpredictable phenotypes occasionally select to have prenatal
diagnosis or PGD.

Table 1. Sickle cell disorders—interactions and indications for prenatal diagnosis and preimplantation genetic
diagnosis (PND) [10].

These conventional methods for sampling fetal genetic material are invasive and associated
with a risk for fetal miscarriage [13] (Table 2).

Sample Fetal risk Analysis Current status

Fetal blood 1–2% Hb separation Disused

Amniotic cells >0.5% DNA Clinically available

Trophoblastic cells >0.5% DNA Clinically available

Fetal Cell/DNA in maternal circulation 0% DNA Investigational

Table 2. The sampling methods used in prenatal diagnosis for hemoglobinopathies at past and present [6].

2.1. Invasive methods

The main testing procedures include amniocentesis and CVS, together with ultrasonography,
ultrasound, serum markers, and genetic screening. Amniocentesis and CVS continue to be the
gold standards for prenatal diagnosis of genetic disorders. Though these procedures are
minimally invasive and cause some risk to the mother and fetus, they are routinely and safely
conducted. Each of these procedures must be applied during a specific time period to achieve
accurate results, and the test sensitivity of these tests is limited. Chorionic villus sampling is
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not applicable before 9 weeks of gestation. On the other hand, for amniocentesis the correct
time interval is proposed to 15 and 20 weeks of gestation. Both these procedures were associ-
ated with a risk of fetal miscarriage of <1.0%. Fetal sexing cannot be determined in the early
first trimester using ultrasonography. Thus, the noninvasive applications that clarify fetal
sexing, fetal Rhesus D, single gene disorders, and chromosome abnormalities at the early stage
of first trimester were a fascinating development [14].

2.2. Noninvasive methods

The well-known presence of fetal cells and free fetal nucleic acids (including DNA and RNA)
in the maternal circulation has accelerated the research area toward developing new methods
for noninvasive prenatal diagnosis (NIPD), applicable to the exclusion of both single gene and
chromosome disorders [15]. This is in contrast to cell-free fetal DNA (cffDNA) where only
paternally inherited alleles that differ from those carried by the mother can be distinguished
with most current methods [12, 15].

2.2.1. Circulating fetal cells in maternal plasma

Fetal cells represent the ideal source of fetal genetic material for NIPD, since they offer the
potential of achieving a “full” genetic analysis. Among fetal cell categories found in the
circulation are trophoblasts, fetal leukocytes, and fetal nucleated erythroblasts (nucleated red
blood cells (NRBCs)). Fetal nucleated cells that are present in the maternal circulation have
been explored as a source of fetal genetic materials for NIPD [16, 17]. Typically, fetal cells exist
at a concentration of several cells per milliliter of maternal blood. The rarity of circulating fetal
cells has prevented their robust detection, thus hampering the general use of this approach.
Due to their limitations, an alternative form of fetal genetic materials for diagnostic test
development would be needed [18].

2.2.2. Cell-free fetal DNA in maternal plasma

The discovery of cell-free fetal DNA (cffDNA) in the maternal blood circulation has offered
new possibilities for NIPD [19]. Many fascinating clinical experiments such as noninvasive
detection of fetal sexing and fetal Rhesus D status have been developed which is the bases for
the detection of paternal alleles in maternal plasma [20, 21]. Detecting the presence or absence
of paternally inherited alleles in maternal plasma in inherited diseases such as β-thalassemia
and SCD would allow the diagnosis or the exclusion of those diseases in the fetus, respectively
[22–24].

3. Genotyping applications with high-resolution melting

High-resolution melting (HRM) is a novel, closed-tube, post-PCR technique allowing genomic
researchers to easily analyze genetic variations in PCR amplicons. This method was introduced
in 2002 as a simplest approach for genotyping and mutation scanning. After PCR amplification,
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melting curves are generated by monitoring the fluorescence of a saturating dye that does not
inhibit PCR [25].

This technique enables researchers to rapidly and efficiently discover genetic variations (e.g.,
single nucleotide polymorphisms (SNPs), mutations, methylations). In HRM experiments, the
target sequence is amplified by PCR in the presence of a saturating fluorescent dye (e.g.,
LightCycler® 480 ResoLight Dye). Dyes that stain double-stranded DNA are commonly used
to identify products by their melting temperature (Tm). Alternatively, hybridization probes
allow genotyping by melting of product/probe duplexes [26].

High-resolution DNA melting analysis with saturation dyes for either mutation detection of
PCR products or genotyping with unlabeled probes, PCR product scanning, and probe
genotyping in the same reaction has been reported [27]. Modern HRM is facilitated by novel
saturation dyes and high-resolution instruments. Asymmetric cyanine dyes such as SYBR
Green I and LCGreen are dyes of choice in fluorescence melting analysis [26].

Figure 1. (A) The linear decrease of fluorescence at low temperature and a rapid decrease at melting temperature (Tm).
(B) The normalized data (between 0 and 100%) shown after the background subtraction and the curve is seen horizon-
tal outside of the transition period [26].

New Perspectives in Prenatal Diagnosis of Sickle Cell Anemia
http://dx.doi.org/10.5772/64646

43



High-resolution melting analysis requires only the usual unlabeled primers and a generic
double-stranded DNA dye added before PCR for amplicon genotyping, and is a promising
method for mutation screening.

The HRM analysis of the related sequence (amplicon) has a unique DNA melting temperature
in the presence of saturating DNA-binding dyes. The melting behavior depends on the base
content (primarily the GC bases) and the length of the sequence when the temperature of the
solution is increased. The graph of the fluorescence signal against the temperature plotted as
the intensity decreases and the double-stranded DNA becomes single stranded as the dye is
released (Figure 1). To estimate the Tm at which 50% of the DNA is in the double-stranded
state, the derivative of the curve can be considered. The difference or the derivative plot and
the melting curve may be used for analysis of the sequence (Figure 2) [28].

Figure 2. (A) Melting of a small amplicon (B) A large amplicon melting that melts in two-domains.

High-resolution method has been successfully applied in many studies for NIPD [29, 30].
Specific primers that are used in the assay can detect the mutations when compared to
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High-resolution method has been successfully applied in many studies for NIPD [29, 30].
Specific primers that are used in the assay can detect the mutations when compared to
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hybridization or restriction enzyme-based methods [31, 32]. Recently, it has also been used in
the detection of α- and β-thalassemia variants [32, 33].

4. Materials

4.1. Equipment

The method described in this chapter was performed with a LightCycler LC 480 instrument
and version 1.5 (Roche Diagnostics, Basel, Switzerland). The other important equipment
includes the following:

• LightCycler 480 Multiwell Plate 96 (Roche Diagnostics 4729692001), in which the real-time
PCR reactions are run in LightCycler instrument.

• LightCycler 480 Sealing Foil—50 foils (Roche Diagnostics 04729757001)—is used to cover
the multiwell plates.

• MagNa pure compact instrument (Roche Diagnostics, Basel, Switzerland), for the extraction
of couples genomic DNA, plasma cffDNA, and chorion villus DNA of fetus.

• A bench centrifuge, to separate the maternal plasma and to centrifuge the multiwell plates
before real-time PCR.

4.2. Reagents

The reagents used are as follows:

• MagNA Pure LC DNA Extraction Kit—Large Volume (Roche).

• Hemoglobin S/C ToolSet™ for LightCycler™ (Roche Diagnostics) (β-globin, sickle cells, Hb
S, Hb C) (see Table 2).

• LightCycler master hybridization probes (Roche).

• LightCycler HRM master mix ×2 (Roche).

• Primers for HRM analysis of beta-globin gene mutations (see Table 4).

4.3. Storage of the PCR reagents

Storage of the PCR reagents is as follows:

• The PCR primers to be used on the LightCycler are diluted from 100-μM stock solutions.
The diluted primers are divided into aliquots and stored at −20°C. The stock solutions are
diluted to 10 μM for preparing primer working solutions. These working solutions can be
stored at 4°C for up to 3 months.

• LightCycler master hybridization probes and HRM master mix are stored in aliquots of
small volume (e.g., 20 μL) at −20°C (when thawed, an aliquot does not refreeze; it can be
used up to 1 month at 4°C.
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5. Methods

5.1. Cell-free fetal DNA extraction

Maternal blood (10 mL) and peripheral blood (5 mL) samples from parents of each fetus were
collected in ethylenediaminetetraacetic acid (EDTA) tubes. Two steps were used during
centrifugation (1600 g for 10 min and 16,000 g for 10 min) for separating the plasma from
maternal blood within 1 h. The plasma samples were stored at −20°C for the next step [33]. The
plasma samples were taken before chorionic villus sampling. Magna Pure Large Volume
Isolation Kit (Roche Diagnostics, Basel, Switzerland) according to the total nucleic acid plasma
extraction protocol of the MagNa Pure Compact instrument is used for DNA extraction.
Extracted DNA was eluted in elution buffer (50 μL) and stored at −80°C. Whole blood (500
μL) of each parent’s DNA was extracted by the same method.

Figure 3. Melting curve analysis of Hb S/Hb C locus in β-globin gene.

5.2. Real-time PCR and melting curve analysis

5.2.1. Genotyping Hb S mutation using Hb S/C Toolset

Genotyping Hb S mutation using Hb S/C Toolset includes the following:

1. The Hb S/C genotyping in cffDNA was detected by real-time PCR and HRM analyses in
the same run in a LightCycler 480 (Roche Applied Science) instrument.

2. The hemoglobin S/C kit (Ratiogen) for the LightCycler™ (Neftenbach, Switzerland) was
used to examine the human β-globin gene for the presence of Hb S/C variant using
LightCycler PCR with melting curve analysis (Figures 3 and 4).

3. The primer pair and fluorescent detection/anchor probes were optimized to specifically
amplify a 214-bp segment of exon 1 of the human β-globin gene. In a final volume of 20
μL, the reaction mixture included 9.6μL of Hb S/C Solvent, 2.8μL of HbS/C Oligo Tool,
25mM 1.6 μL MgCl2, and 2 μL Master Hybridization probe (10×) (Table 3).
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Figure 4. Genotyping of Hb S. Melting curve analysis of Hb S genotypes of the Hb S locus in the beta-globin gene. (Tm

values: wild type 56°C; Hb S: 63°C; Hb C: 50°C (not shown). Note: The values for the respective melting temperatures
may vary for ±2.5°C).

Reagent Volume (μL)
OligoTool Hb S/C 2.8
Solvent Hb S/C 9.6
MgCl2, 25 mM 1.6 (final 3mM)
Master hybridization probes 10× 2
Total reaction mix 16
DNA or control Hb S heterozygous 4
Total 20

Table 3. Reaction mix preparation.

5.2.1.1. PCR protocol

• The PCR protocol consisted of an initial denaturation step at 95°C for 1 min, followed by 35
cycles of 1 s at 95°C, 30 s at 63°C, and 1 s at 72°C.

• After the amplification step, the LightCycler is programmed for the melting step; 95°C for
60 s, 35°C for 20 s, and melting at 80°C with continuous fluorescence reading at 25 acquisi-
tions per 1°C.

• Control samples (negative and positive) were suggested to use for each run.
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5.2.2. High-resolution melting design and gene scanning for Hb S/beta thalassemia

• Four overlapping DNA fragments were synthesized to cover the regions of interest in the
β-globin gene. The oligonucleotide primers are shown in Table 4.

• Perform PCR amplifications in a total volume of 20 μL, use high-resolution melting master
×2 (Roche Diagnostics) and 5 μL of DNA from the plasma samples.

• For the β-globin gene mutation assay, we use 300-nM primers and 2.5 mM MgCl2. Control
samples with known β-globin gene mutations and the wild type should be included in each
assay.

Location Amplicon

length (bp)

Primer sequences

Forward primer (5′–3′) Reverse primer (5′–3′)

P1 (promoter-exon 1) 351 F1-CAATTTGTACTGATGGTATGG R1-CTTCATCCACGTTCACCTTGC

P2 (5′ UTR-Exon 2) 425 F2-CACTAGCAACCTCAAACAGAC R2-CACTCAGTGTGGCAAAGGTG

P3 (Exon 2-IVS 2) 318 F3-TTTGAGTCCTTTGGGGATCTG R3-CCACACTGATGCAATCATTCG

P4 (IVS 2-3′ UTR) 354 F4-GTTAAGGCAATAGCAATATTTCT R4-TGGACAGCAAGAAAGCGAGC

Table 4. Primers for HRM analysis of beta-globin gene mutations.

5.2.2.1. PCR protocol

1. The PCR program requires SYBR Green I (533 nm) and it consists of an initial denaturation-
activation step at 95°C for 10 min followed by 45 cycles of 3 s at 95°C, 5 s at 58°C, and 20
s at 72°C.

2. The melting step at 95°C for 60 s, 35°C for 20 s, and the melting at 80°C with continuous
fluorescence reading at 25 acquisitions per 1°C.

3. Gene Scanning software was used to perform the melting curve analysis in three steps:
normalization, shifting of the temperature axis of the normalized melting curves, and
analysis of the difference plot of the difference between the melting curve shapes derived
by subtracting the wild type and mutant DNA curves.

4. The difference plots cluster the samples into groups. High-resolution melting results were
confirmed by sequencing in samples that had not been identified using conventional PCR.

5.2.3. High-resolution melting analysis

• The HRM technique was standardized by analyzing genomic DNA from Hb S and β-
thalassemia heterozygous parents with known mutations. A melting curve program is used
to detect the Hb S mutation in the samples. The melting temperature (Tm) was 63°C for the
S allele and 56°C for the A allele.
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• The related primer sets P1-P4 (Table 4) were used to analyze the β-thalassemia mutations
by HRM analysis. Heterozygous and homozygous samples were included in each PCR run
as a positive control to check the mutation.

• The contamination was monitored using a DNA-free blank. In all steps in the assay, for each
mutation, the wild-type samples were separated from the heterozygous or homozygous
samples by the melting curves, as expected (Figure 4).

• The majority of mutations seen in our Mediterranean population can be detected using P1,
P2, and P3 set primers. Paternal alleles have been detected in cffDNA using primer set P1
in exon 1 and promoter region (ex. -30 (T>A), -101 (C>T), CAP+1 (A>C)_ of beta-globin gene.
The mutations of 5′ UTR-exon 2 region (ex. HbS (A>T), IVSI-1 (G>A), IVSI-5 (G>A), IVSI-6
(T>C), IVSI-110 (G>A), Cd8 (-AA), Cd9/10 (+T), Cd15 (G>A), Cd39 (C>T)) were detected with
primer set P2. The most detected mutations in exon 2-IVS 2 region were IVSII-1 (G>A),
IVSII-745 (C>G), and IVSII-848 (C>A) using primer set P3 [33].

6. Conclusion

The invention of cffDNA in maternal plasma provided new opportunities for NIPD during
pregnancy [19]. Many fascinating clinical studies such as fetal sexing and fetal Rhesus D
genotyping have been developed according to the detection of the paternal alleles, which differ
from the mother in maternal plasma [34]. The parents with different carrier status have a chance
of 50% for having a sick (thalassemia or SCD) fetus, if the paternal allele is detected in maternal
plasma. If the mutation of the father is not detected in maternal plasma, there is no need to
perform invasive prenatal processes. High-resolution melting analysis can be applicable to
find paternal mutations in cffDNA that differs from the mother. The double-heterozygote-
affected fetuses can be diagnosed using HRM analysis. The results should be confirmed by
invasive methods. The maternal background could affect the results in cffDNA when the
gestational age is under <7 weeks. The low levels of cffDNA may be the reason at this point.

Determination of the paternal alleles in cffDNA avoids the risk for a double heterozygous fetus.
High-resolution melting method is easy to practice when compared to other complicated
methods. This method is useful for NIPD of hemoglobinopathies and does not require any
modification of PCR protocols. The couples that carry the same mutation, genotype determi-
nation of the cffDNA in maternal plasma is difficult but not impossible. Specific SNPs might
be used instead of mutations for the best accuracy of the HRM method. In conclusion to
compare with invasive methods, HRM has the lowest risk for PCR contamination because of
being a closed-tube method. Small amounts of fetal DNA in maternal plasma can be detected
and analyzed for mutations of single-gene disorders such as hemoglobinopathies in the early
stage of pregnancy. The HRM method is applicable for other genetic disorders to detect the
known mutations in cffDNA from maternal plasma.
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Abstract

Sickle cell disease is one of the most common inherited blood disorders. Universal
screening and central  laboratory diagnostics  have improved early  identification of
affected  individuals  and  helped  to  reduce  childhood  mortality  in  high‐resource
countries. Additional methods of centralized diagnostics have also been developed in
some low resource areas in partnership with private companies, local governments and
academic  US‐based  institutions.  However,  these  techniques  require  expansive
infrastructure and government partnership for success. Thus, many individuals living
in low‐resource settings are often not diagnosed until late childhood when they present
with clinical symptoms. In addition, confirmation of disease in affected individuals in
the urgent care setting remains limited in both high‐ and low‐resource areas due to the
use of batched testing methods. All of the current diagnostic methods rely on advanced
laboratory  systems and are  often  prohibitively  expensive  and time‐consuming.  To
address this need and improve the capacity for timely diagnosis, novel methods for
point‐of‐care testing for sickle cell disease are currently in process.

Keywords: point of care, sickle cell, diagnosis

1. Introduction

Approximately 5% of the world's population carries traits for hemoglobin disorder (majority
sickle cell disease, thalassemia). The global incidence of sickle cell disease (SCD) is 300,000
births/year of which 90% are estimated to occur in sub‐Saharan African and India, many of
whom reside in low‐resource areas. In many of these areas, 50–80% of children die before five
years of age [1]. In contrast, a small margin of affected individuals are born in the USA,
England, France and other high‐resource countries where 98% of children are living >18 years
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of age. In these high‐resource countries, early diagnosis remains a key reason for the improved
longevity [2, 3].

Newborn screening provides an early diagnosis of SCD which has demonstrated efficacy in
reducing infant mortality through initiation of penicillin prophylaxis and delivery of care/
education prior to the onset of clinical complications [4, 5]. However, current newborn
screening programs are dependent on central laboratories with capabilities to perform cost‐
efficient, high‐throughput screening [6]. In addition to high‐cost laboratory equipment, these
programs require complex work‐flow including skilled individuals, sample transport and
advanced systems of medical care. Additionally, most newborn screening samples are
collected at outlying hospitals and are shipped to centralized laboratories where tests are
batched and run on a scheduled basis and results are then sent to primary care providers or
public health officials to communicate with affected families. Screening is two‐tiered starting
with testing in the hospital and complementary, confirmatory testing performed at follow‐up
to confirm the diagnosis (and validate the sample was sent on the correct patient). Thus, all
individuals are tested while in the hospital during the newborn period, and the results are
often not available for communication until several weeks after discharge. While systems of
care exist in many developed countries for communicating these results, these options are not
available in other, less resourced areas. Even in some high‐resource areas, it can also be difficult
to find the newborn and bring them back to the provider for confirmatory testing.

While newborn screening is limited in low‐resource areas, many high‐resource countries are
unable to diagnose and confirm sickle cell disease at the point of care (POC). Similar to tests
used during newborn screening, diagnostic tests for SCD are expensive and time consum‐
ing. As a result, the testing is often batched and run on specific days with limited availability
for diagnosis at the point of care or when the patient presents. While this limitation does not
affect most patients who have been previously identified within a health system, the inabili‐
ty to confirm the diagnosis at the point of care can lead to delays in treatment in outside hos‐
pitals (where the individual is not usually treated) or inappropriate treatment for an affected
individual. Due to the painful nature of this disease, many patients face undue stigmatiza‐
tion for having sickle cell disease. Without “proof” of disease, patients may not be able to
receive the care they need in a timely manner. Conversely, there are also anecdotal reports of
individuals without SCD who falsely claim to be affected by the condition to receive opioid
therapy in the emergency room setting. For those patients not established within a hospital
system, a point‐of‐care test may enhance the ability of acute care physicians to provide ap‐
propriate therapy.

Research has clearly demonstrated that the health burden of hemoglobin disorders can be
reduced through screening and early diagnosis, prevention and management [5, 7, 8]. While
these cost‐effective lifesaving strategies/therapies are already known, many are not univer‐
sally available [9]. Thus, options for enhancing access to early diagnosis include the develop‐
ment of centralized laboratories in low‐resource areas and novel point‐of‐care testing
method which remain in development.
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2. Traditional diagnostic testing in SCD

The diagnosis of a hemoglobin disorder is usually performed by confirmatory testing in
hospital, private or academic laboratories. The majority of current labs in high‐resource areas
utilize methods of protein chemistry methods such as isoelectric focusing (IEF) or high‐
performance liquid chromatography (HPLC) and (Sebia) capillary electrophoresis (CE) [10].
Some additional laboratories utilize hemoglobin electrophoresis with either cellulose acetate
or citrate agar. Specifically, acid citrate agar is used for conformation of hemoglobin SC disease.
See Table 1 for a list of testing methods.

Isoelectric focusing utilizes agarose gels to separate hemoglobin (Hb) fractions and variants
based on their isoelectric points [11]. Hb A and Hb F are clearly resolved by this method. Hb
C can also be distinguished from Hb E and Hb O, and Hb S can be distinguished from Hb.

High‐performance liquid chromatography separates hemoglobin in sample by passing them
through a column filled with a solid adsorbent material. Specifically, HPLC uses the principles
of cation exchange for the separation and determination of the relative percentage of normal
and abnormal hemoglobin. Each component in the sample interacts slightly differently with
the adsorbent material, causing different flow rates for the different components and leading
to the separation of the components as they flow out the column. This is the method used to
identify and quantify relative fractions of Hb F, Hb A2, Hb S, Hb C, Hb Barts and other Hb
variants. HPLC is also used to quantify Hb A2 and Hb F for carrier screening [12, 13].

Hemoglobin electrophoresis at alkaline or acidic pH can be used as a primary or confirmatory
method of identification. Electrophoresis separates molecules based on size and charge. Dif‐
ferent hemoglobin has a different charge, and according to those charges and the amount,
hemoglobin moves at different speeds in the gel whether in alkaline gel or acid gel. This
method separates hemoglobin based on the relative mobility of the variant hemoglobin into
characteristic bands [10, 14].

Novel diagnostic testing in hemoglobinopathies. A variety of novel methods of hemoglobinopathy
testing are now available at select laboratories in high‐resource areas. These newer techniques
expand the analysis and complexity of hemoglobinopathy testing and identification. Techni‐
ques include molecular methods of identification, such as the linear array assay, a multiplexed
reverse dot blot genotyping method, used to simultaneously test for a panel of common beta‐
globin variants (Hb S, C, E, D and O), as well as majority (>95%) of common beta‐thalasse‐
mia mutations1. Another newer method uses multiplex gap PCR assays to detect common
alpha thalassemia deletion mutations, alpha globin gene duplications and other globin gene
deletions, such as Hb Lepore and HPFH. Finally, DNA sequence analysis of alpha, beta or
gamma globin genes can also be performed to definitively identify unknown point mutations
or sequence variation. At present, however, these more advanced techniques remain seques‐
tered in advanced laboratories and are not universally available.

1 (http://www.rbclab.com/Pages/200/220/116%20LA/220%20116.html)
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Type of test Method Results PRO CON

Traditional testing methods

Isoelectric
focusing

Agarose gels to
separate
hemoglobin based
on isoelectric
points

Hb A, Hb F, Hb C,
Hb S, Hb E and
Hb OArab

Reliable, able to
distinguish most types
of sickle cell disease
including compound
heterozygotes

Expensive, requires
skilled technicians, often
batched and run every
few days

High‐performance
liquid
chromotography

Separates
hemoglobin by
principles of cation
exchange

Identify and quantify
Hb F, Hb A, Hb A2,
Hb S, Hb C, Hb Barts
and others

Reliable, able to
distinguish most types
of sickle cell disease,
including compound
heterozygotes

Expensive, requires
skilled technicians, often
batched and run

Hemoglobin
electrophoresis

Separates Hb
based on size and
charge

Identify and quantify
HbF, Hb A, Hb A2, Hb
S, Hb C, Hb Barts and
others

Reliable, able to
distinguish most types
of sickle cell disease
including compound
heterozygotes

Expensive, requires
skilled technicians, often
batched and run

Novel diagnostic testing methods

AMPS Density based test
to separate Hb in
different density
fluids

Identifies Hb S and Hb
A

Inexpensive, done at
the point of care

Interpretation is more
difficult, Less reliable
results, difficult to
distinguish HbSC
disease

Paper‐based
Sickle test

Microfluidic
assessment

Identifies Hb S and A
and C and company
has a separate test
that can identify Hb F

Inexpensive, done at
the point of care, reliable
diagnosis of HbSS
disease, easily
performed by
non‐skilled
personnel

Requires a scanner for
final results, can be
difficult to distinguish
HbAS (trait) from HbSC,
test could be altered in
different humidities

Sickle SCAN Lateral flow assay Distinguishes Hb A,
Hb S, Hb C

Reliably identifies HbA,
HbS, and HbC, easily
performed by non‐
skilled personnel, easily
interpreted, rapid test
at the point of care

More expensive than the
other point of care tests
above. Does not identify
hemoglobin F. Limit of
detection of Hb A is 2%

HemeChip Micro‐
elecrophoresis
assay

Distinguishes Hb F,
S, C, A, and D

Reliable, able to
distinguish most types
of sickle cell disease
including compound
heterozygotes

Requires a skilled
interpretation, web‐
based image processing
application for
automated results

Table 1. Hemoglobinopathy testing methods.
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3. Centralized laboratory efforts in low‐resource settings

In regions of the world where sickle cell trait and SCD are very prevalent, partnership be‐
tween private and public organizations and researchers and local hospitals has resulted in
impressive newborn screening/diagnostics for SCD. Examples of such efforts include Ango‐
la, Uganda and Jamaica.

3.1. Angola

Angola's newborn screening program for SCD was born out of the government mandated
public health initiative for perinatal HIV screening and a partnership with Chevron. Chevron
is one of the leading producers of petroleum in Angola. Thus, Chevron provides support for
many Angola‐based health initiatives. This initiative was undertaken in partnership with a US
academic hospital to assess whether a centralized newborn screening program for SCD was
feasible in a low‐resource setting. Additional emphasis in this initiative was placed on local
training and capacity building for the region. The laboratory was set up in the only pediatric
hospital in Angola, and the program was designed to send all collected samples to this location
for analysis [15].

For the pilot program in Angola, researchers selected two large maternity hospitals in Luanda
as initial sites of blood collection from newborn infants. To enhance local capacity building,
obstetrical nurses were trained in the techniques of blood collection and then retrained
monthly, and then retrained approximately once a month. All samples were drawn using a
heel stick procedure to fill bloodspots on a custom‐designed Whatman screening card.
Individual cards were distinguished by unique barcodes linked to a database containing
necessary demographic information. Additionally, a detachable portion of the card was
provided to the mother. Bloodspots were dried and placed in a plastic bag for storage until
specimen pickup, as all testing was performed at the central laboratory.

Isoelectric focusing (IEF, RESOLVE® neonatal hemoglobin system, PerkinElmer, Inc.) was used
to perform testing of the dried bloodspot samples within one to two days of arrival in the NBS
laboratory. Samples were batched for testing (as done in the USA). Once resulted, the samples
were scored first by the laboratory technician and the laboratory supervisor subsequently
scored each gel independently to ensure accuracy of results. All IEF results with an FAS, FS or
other abnormal hemoglobin patterns, or in the rare instance of an indeterminate result, were
selected for repeat analysis by capillary electrophoresis (CE).

Attempts were made to contact all families of all newborns with HbSC or HbSS results between
6 and 8 weeks of age. Attempted contact was made by telephone. If the family could be reached,
infants had repeat samples drawn for confirmatory testing and enrollment in the local sickle
cell clinic. However, due to the low‐resource area and limited telephone access, 46% of families
of infants (with +tests) could not be contacted highlighting the difficulties of centralized
laboratory testing in low‐resource areas [15, 16].
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3.2. Uganda

Similar to Angola, the Ugandan Ministry of Health already had an active program for
prevention of mother‐to‐child transmission of HIV based on identifying and treated infected
mother and exposed newborns. It identifies and treats infected mothers and their exposed
infants. For this program, dried blood spots are collected from exposed infants at health‐care
facilities across the country, carried by motorcycle to laboratory hubs at the subdistrict level,
and shipped by courier to the Central Public Health Laboratories in the capital. A sickle cell
laboratory was initiated within the same central public health laboratories to test for normal
and abnormal hemoglobin. Also like Angola, the initiation of the sickle cell NBS program was
initiated through a partnership between a US academic center and the local hospital and
ministry of health [17–19].

The laboratory methods for sickle cell disease in Uganda were the same as those discussed in
Angola. Again, local staff at the Central Public Health Laboratories received on‐site training
by a technical, US‐based team on the study protocol, isoelectric focusing procedures and
interpretation of results. Additional sessions and re‐teaching sessions were also provided as
well as ongoing laboratory support. The system for reporting positive results in Uganda was
more advanced than that of Angola. Here, the hemoglobin results were communicated to the
collection sites with the existing HIV notification system [20].

3.3. Jamaica

Jamaica initiated newborn screening in 1973 with the development of the well‐described
Jamaican Sickle Cell Cohort Study. In this initial effort, 100,000 consecutive live births were
screened at the main Government Maternity Hospital (Victoria Jubilee Hospital, Kingston).
Obstetric and labor nurses were trained to collect cord blood specimens, and self‐adhesive
labels were provided in every labor ward. These labels were duplicated and consecutively
numbered so that identical labels were applied to the blood tube and a data card for each
patient. The blood tubes were stored at room temperature, collected each morning. These were
utilized to form hemolysates which were then used for hemoglobin electrophoresis [21, 22].

Following this initial work, Jamaica initiated a second centralized screening program in 1995
including both the main Government Maternity Hospital in Kingston (Victoria Jubilee
Hospital) as well as both the University Hospital of the West Indies, Kingston (added in 1997)
and the Spanish Town Hospital (added in 1998) to include 43% of births in Jamaica. Cord blood
samples were collected at birth on a Guthrie card instead of in tubes as done in the initial study.
All hemoglobin electrophoresis testing was performed by the newborn screening program at
the Sickle Cell Unit (SCU), Tropical Medicine Research Institute, Jamaica. Patient demograph‐
ics were collected with the Guthrie card and recorded in the newborn screening database. After
testing was completed, infants with positive screening results suggestive of a hemoglobinop‐
athy or with an inappropriate specimen or unclear results were notified by letter to come in
for confirmatory testing. For those babies who fail to come in, a research nurse found them to
encourage parents to bring their infant to the SCU for further testing.
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From 1995 to 2006, 150,803 infants had undergone cord blood screening and approximately
889 infants had phenotype results suggestive of possible SCD in the initial testing [3].

While the efforts described above are successful, they rely on a significant amount of govern‐
ment or partnership support to establish the infrastructure needed for testing patients,
confirming the diagnosis and re‐identifying/contacting the affected families. Additionally, a
large enough patient population is needed within specific areas to justify the cost of this type
of infrastructure. Thus, it remains a priority to validate a POC testing device for the diagnosis
of SCD.

4. Point‐of‐care testing for SCD

4.1. Methodology

To be an effective diagnostic test at the point of care (POC), all testing methods/devices must
contain some similar properties. By definition, POC testing requires that testing must occur at
or near the site of patient care. The goal of POC is to improve medical and economic outcomes
by promoting rapid response and faster therapeutic turnaround time which requires rapid
testing in close proximity to the patient. POC tests should also be simple. “Simple” means that
the device/test uses unprocessed samples, is easy to read and interpret, does not require
medical personnel for testing and includes instructions for confirmatory testing when needed.
The test must demonstrate “insignificant risk of erroneous result” through risk analysis which
can be overcome for hemoglobinopathy testing through the obligation to perform confirma‐
tory testing. Finally, one of the advantages of diagnostic POC testing is the opportunity for
immediate feedback for the patient [23, 24]. A POC gives the tester (or clinician) the capability
to interact at the time of testing, taking advantage of the counseling and educational oppor‐
tunity.

These devices must have high specificity to detect HbS (including in the presence of hemo‐
globin F), the capacity to distinguish sickle cell trait (HbAS) from samples with SCD. These
point‐of‐care testing methods for SCD and sickle cell trait must be scalable, portable and easy
to use. Results must be available within the same visit/time period for the affected patient (no
follow‐up required to receive tests results). For low‐resource areas, devices need to be low cost,
compact, and light weight to enhance portability. Finally, testing must be easy to perform with
a simple design and rapid interpretation that does not require complex evaluation (i.e., does
not require a medical professional) [25, 26].

4.1.1. POC tests in development

There are several testing methods and devices currently in development to achieve the aims
above. These tests rely in different ways on the pathophysiologic properties of the sickle
hemoglobin that differentiate it from other hemoglobin. While this list likely not exhaustive,
it includes the current published tests in development. The testing methods are in various
stages of evaluation and validation, and many companies and individuals are seeking device
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agency approvals. Current testing methodologies are listed in Table 1 and include in the
following.

4.2. Density‐based test

One of the main properties of cells containing hemoglobin S is that these cells sickle upon
deoxygenation. The degree of sickling is relative to the quantitative amount of S hemoglobin
within the red cell. As cells sickle, this increases their density which allows red blood cells
(RBCs) containing hemoglobin to be separated by cell density. Red blood cells in SCD have a
specific distribution of cell densities which can be distinguished using Aqueous Multiphase
Systems (AMPS). This system includes a combination of polymers and/or surfactants in water
than form distinct, immiscible phases which allows the separation of cells based on density.
For this testing device, whole blood must be centrifuged and separated into components prior
to the red cells being placed in the AMPS solution. To allow for centrifugation in low‐resource
areas, investigators have identified battery operated mini‐centrifuges capable of successfully
separating the red cell fragment and allowing for testing. Devices are stable and densities can
be tuned to distinguish very small differences (Δρ ∼0.0005 g/cm3). However, potential
negatives include difficult in interpretation in the field and inability to successfully distinguish
hemoglobin SC disease (Figure 1) [27, 28].

Figure 1. AMPS‐based sickle cell disease POC test [27].

4.3. Microfluidic‐paper‐based test

Paper‐based testing utilizes similar methodology to conventional hemoglobin solubility assays
(e.g. SickleDex™, SA and ASI test), which have been used routinely by blood banks and clinical
laboratories to verify the presence of HbS in blood samples for many years [10]. When
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deoxygenated, sickle hemoglobin forms polymers, which are more soluble in solution. Specific
solubility buffers contain:

1. Saponin irreversibly lyses red blood cells (RBCs) by creating holes in the lipid bilayer that
releases hemoglobin into the buffer.

2. Sodium hydrosulfite converts the released hemoglobin into deoxy‐Hb that is either
soluble (HbA, HbE, HbF or HbC) or insoluble (HbS) in the phosphate buffer.

When these solutions of hemolyzed samples are placed on paper, the delay in transit time
caused by the sickle polymers results in a characteristic blood stain pattern which distinguishes
normal, sickle cell trait and SCD samples. In other words, paper‐based assay identifies the
presence of HbS by measuring the separation of HbS from non‐HbS by differential wicking/
transit of insoluble Hb S vs. soluble Hb in a paper matrix. Blood stain patterns are produced
on the chromatography paper based on solubility. However, instead of measuring turbidity
(as in Sickledex test), the paper blood stain reflects the amount of polymerized HbS trapped
within the paper fibers while the soluble (non‐polymerized) hemoglobin continues to spread
on the paper. Because hemoglobin is naturally colored, the assay read out uses the red color
count in the region of the polymerized hemoglobin and soluble hemoglobin [29].

Testing results (the blood stain) can then be scanned using portable scanners (on a cell phone)
to quantify the density of the blood stain and differentiate SCD vs SC trait vs. sickle SC disease.
However, this test remains dependent on a low percent of fetal hemoglobin which makes it
less ideal in newborn screening. A newer version of the test in development may resolve this
complication but results are pending at this time. This device successfully reduces the required
blood sample volume, lowering the per‐test cost and significantly simplifying the interpreta‐
tion of results. Sickle cell anemia can be distinguished easily but scanning is required for further
hemoglobin differentiating. Scanned results are easy to interpret which makes the test highly
adaptable in the non‐medical population (Figure 2) [30].

Figure 2. Characteristic blood stain patterns produced by paper‐based SCD assay.

4.4. Lateral flow assays

Lateral flow assays are simple devices intended to detect the presence (or absence) of a target
analyte. For this type of test, the analyte is hemoglobin. Antibodies are utilized to bind to the
human alpha globin chain and are conjugated to colored nanoparticles. These antibodies are
conjugated to yellow‐colored nanoparticles bind the antigen (Hb) as they migrate toward the
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test lines. Conjugated antibodies with bound Hb (antigen) bind to capture antibodies (poly‐
clonal antibodies for specific hemoglobin S, C, A) on each of three test lines (producing positive
result). Nanoparticles without antigens bind to the control line (proof of validity of the testing
device) (Figure 3) [32].

Figure 3. (a–d) Lateral testing method [31].

Current tests in development utilize polyclonal antibodies that can bind to hemoglobin S, C,
A and F. The result is a single test line for each specific hemoglobin (identifying the presence
of that particular hemoglobin). Importantly, this type of test is electricity/battery free, can be
performed with capillary whole blood that does not require centrifugation and produces rapid
results. Because lateral flow tests can demonstrate the result of more than one hemoglobin at
a time, these devices can also detect heterozygotes (patients carrying two or more distinctive
hemoglobin or patients who have been transfused with a differing hemoglobin).

4.5. HemeChip (micro‐electrophoresis assay)

The newest published device for point‐of‐care testing in SCD is a small version of a hemoglobin
electrophoresis. Minimal amount of blood (from a capillary stick) is required and placed on a
piece of cellulose paper in alkaline buffer. The paper is then inserted into a device (Figure 4)
that houses a micro‐engineered plastic chip for cellulose acetate electrophoresis and uses a
battery powered electric field to separate hemoglobin based on charge as described in standard
hemoglobin electrophoresis. The result requires image quantitation using an intensity‐based
application on a mobile phone image. Results validated against standard EP and HPLC with
correlation >0.96 for all hemoglobin tested including the ability to distinguish Hb F, S, C, A, D.
This test utilizes the principles of electrophoresis to detect and distinguish hemoglobin based
on the traveling distance from the sample application point and displays quantitative %
hemoglobin fractions. A web‐based image processing application for automated and objective
quantification of HemeChip results at the POC using cloud computing resources [33].
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Figure 4. (a–c) Hemechip [33].

5. Discussion

Multiple point‐of‐care tests are currently in development for the identification of sickle cell
disease at the point of care. It is important for confirmatory hematology testing, a multiplex
device should be available for clinicians to make proper clinical assessments. As discussed,
the device and method must distinguish target hemoglobin from interfering substances in
blood that cause false‐positive or negative results. It is clear that the pathophysiology of SCD,
specifically the point mutations in the genome leading to the hemoglobin expression and the
polymer formation that occurs upon cellular dehydration have been well utilized in the design
of these testing devices. The optimal testing method will be the device that can produce at the
lowest cost, easily utilized in a low‐resource setting, with easy‐to‐interpret results and low
false‐negative results.

Based on the testing method described above, the lateral flow test is currently the most easily
utilized in the field without requiring specialists for interpretation. This test has the capacity
to clearly distinguish the majority of hemoglobin within a rapid period of time. However, it is
unclear whether lateral flow tests will be cost prohibitive for widespread use. Alternatively,
the Hemechip provides an excellent method for sickle cell disease confirmation also easily
utilized in point‐of‐care settings although the interpretation requires additional skill as well
as the use of mobile phone and internet access.

6. Conclusions

There are significant therapeutic and diagnostic health disparities that exist between SCD and
other, inherited and acquired health conditions. Recent literature demonstrates that point‐of‐
care diagnostics for sickle cell disease are feasible and accurate. Thus, it is hopeful that novel
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point‐of‐care diagnostics will change the screening paradigm for some areas in which central
lab testing is not available.
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Abstract

Pain is one of the most common features of sickle cell disease (SCD) lacking effective
therapy. Pain in SCD is relatively more complicated than other conditions associated
with pain requiring understanding of the pathobiology of pain specific to SCD. The
characterization of  pain  to  define the  diverse  modalities  of  nociception in  SCD is
currently under progress via human studies accompanied by transgenic mouse models
of  SCD.  Sickle  pathobiology  characterized  by  oxidative  stress,  inflammation  and
vascular dysfunction contributes to both peripheral and central nociceptive sensitiza‐
tion via mast cell activation in the periphery, and reactive oxygen species and glial
activation and endoplasmic reticulum stress in the spinal cord among other effectors.
These effects are mediated via several  cellular receptors,  which can be targeted to
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translational potential of novel actionable targets to treat SCD pain.
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1. Introduction

Pain is a hallmark feature of sickle cell disease (SCD), which can start in infancy, leading to
hospitalization, reduced survival and poor quality of life. Pain in SCD is unique because of
unpredictable and recurrent episodes of acute pain due to vaso‐occlusive crises (VOC), in
addition to chronic pain experienced by a majority of adult patients on a daily basis [1].
Treatment choices remain limited to opioids, which impose liabilities of their own including
constipation, mast cell activation, fear of addiction and respiratory depression [2]. Moreover,
significantly larger doses of opioids are required to treat pain in SCD as compared to other
acute and chronic pain conditions [1]. Pain can be lifelong in SCD and may therefore influence
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cognitive  function  and  lead  to  depression  and  anxiety,  which  can  in  turn  promote  the
perception of pain [1].

Treatment of chronic pain remains unsatisfactory overall, perhaps due to the diverse patho‐
biology in different diseases. Therefore, it is critical to understand the mechanisms specific to
the genesis of sickle pain to develop targeted therapies. Vascular dysfunction, inflammation,
ischemia/reperfusion injury and oxidative stress in the wake of VOC can each evoke activation
of the nociceptive nerve fibers leading to acute pain. On the other hand, constant endothelial
activation, inflammation and reactive oxygen species (ROS) generation may underlie the nerve
injury leading to chronic inflammatory and/or neuropathic pain. Endothelial activation,
inflammation and oxidative stress have been extensively characterized in the periphery [1] but
not in the central nervous system in SCD. Both peripheral and central mechanisms may
underlie the nociceptor activation leading to pain. In this chapter, we describe the sickle
pathobiology that may contribute to pain and define possible treatable targets.

1.1. Presentation of pain in SCD

Current research in characterizing pain in SCD patients indicates that both acute and chronic
pain are prevalent among the adult patients, while infants and children mostly suffer from
acute pain [3–5]. The shift from acute to chronic pain may therefore occur during the transition
from childhood to adolescence. Young children with a median age of 3.8 years (range 0.3–7.6
years) exhibited less frequent pain, occurring on 1.6% of a total of 141,197 days [3]. Yet, only
14% of these episodes required hospitalization, and infants between the age of 0 and 12 months
had the most pain (80%) associated with dactylitis [3]. In another study on 100 young subjects,
about 40% of children and adolescents in the age range of 8–18 years reported chronic pain
with another 40% exhibiting episodic pain, and the remainder had no pain [4]. Though the
pain intensity and quality of life were comparable among the young patients with chronic and
episodic pain, the patients with chronic pain suffered from greater functional disability,
depression and hospital admissions compared to the episodic pain group [4]. The adult
patients recruited in the Pain in Sickle Cell Epidemiology Study (PiSCES) reported chronic
SCD pain on 54.5% of 31,017 days at home [5]. Opioids have remained the major strategy to
treat acute sickle pain, while chronic pain is managed with the combination of non‐steroidal
anti‐inflammatory drugs (NSAIDs), opioids, anti‐depressants and anticonvulsant medica‐
tions [6]. However, to date no satisfactory therapy exists.

2. Characteristics of pain in SCD

Based on transgenic mouse models of SCD and presentation of pain in patients, four major
characteristics of pain have been described (Table 1). These characteristics include increased
sensitivity to (i) mechanical, (ii) heat and (iii) cold stimuli and (iv) decreased grip force ([3, 7–
12, 14–17, 22–27], Lei et al., 2016, under review). Characterization of SCD pain in patients has
been quite challenging due to the episodic and sudden nature of the acute pain, often requiring
hospitalization. The characterization of chronic pain is challenging owing to the complex and
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intractable nature of SCD pain, which may have a combination of inflammatory, nociceptive
and/or neuropathic origin. Clinical studies have used the patient‐reported questionnaire‐
based assessment and quantitative sensory testing (QST) approaches to evaluating the nature
and characteristics of pain in patients [7, 15, 28–30]. In a recent QST of 48 children with SCD,
13 individuals exhibited increased mechanical allodynia and also decreased sensitivity to heat
or cold detection (hypoesthesia) [7]. A similar study of 27 SCD patients aged 10.3–18.3 years
with race‐matched control patients corroborated the heat‐cold sensation features but demon‐
strated an increased cold‐pain feature in SCD patients [15]. In contrast, Brandow et al. [8].

Characteristics

of pain

Pain phenotyping method

Subjects with SCD Transgenic mice expressing sickle hemoglobin

Mechanical hy‐

peralgesia

QST—tactile sensation using a cotton ball, hand‐

held soft brush and non‐penetrating pin‐pick on

the left/right forearm [7] and reported via visual

analog scale

QST—using von Frey filaments at the thenar emi‐

nence of non‐dominant hands and lateral dorsum

of randomly selected foot [8]

Paw withdrawal responses to von Frey monofila‐

ments in NY1DD & S+Santilles mice [9], in BERK mice

[9–13] and in Townes mice [Lei et al., communicat‐

ed]

Heat hyperalge‐

sia

QST—using Thermal Sensory Analyzer (Medoc:

Israel) which employs cold temperature to the

skin via a peltier‐based thermode [7, 8]

Paw withdrawal latency and frequency in response

to static heat stimuli in BERK mice [9, 11–13] and in

Townes mice [14], Lei et al., 2016, under review]

Cold hyperalge‐

sia

QST—using Thermal Sensory Analyzer (Medoc:

Israel) which employs cold temperature to the

skin via a peltier‐based thermode [7, 8, 15]

Case‐crossover study and retrospective statistical

analysis of occurrence of pain/VOCs in relation to

weather conditions [16–20]

Paw withdrawal latency and frequency in response

to static cold stimuli in S+Santilles mice [9], in BERK

mice [9, 10, 12, 13] and in Townes mice [[14], Lei et

al., 2016, under review]

Temperature preference assay for BERK mice [21]

Deep‐tissue/

musculoskeletal

hyperalgesia

Questionnaire‐based assessment using the Nordic

musculoskeletal symptoms questionnaire and the

SF‐36 Health Survey [22] 

Tensile force of peak forelimb exertion measured

using grip force meter—in NY1DD & S+Santilles mice

[9], in BERK mice [9–12] and in Townes mice [Lei et

al., 2016, under review]

Observer‐based

Quantification

Not documented Observer‐based quantification of facial expression

measured by action units and body parameters

from changes in the back curvature [23]

Table 1. Characteristics of pain in SCD.
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found a decreased threshold for cold and heat detection in a cohort of 55 SCD patients (≥7 years
old) compared to 57 race‐matched healthy controls [8]. In contrast, no significant differences
were observed in these patients in response to mechanical stimuli [8]. Cold hypersensitivity
under cold weather conditions has been found to be associated with pain and VOC in pedia‐
tric [18]. and adult patients [19, 20]. Musculoskeletal/deep‐tissue pain has been found to be
present at multiple sites including the arms, chest and lower back in a questionnaire‐based
study of 27 adult patients with mean age of 31.77 years [22].

In parallel, transgenic mouse models expressing human sickle hemoglobin, which mimic the
SCD pathobiology and pain, have been highly instructive in developing the understanding of
sickle pain [9]. Transgenic sickle mouse models have been able to recapitulate the features of
SCD with variable severity depending upon the extent of expression of human sickle hemo‐
globin (HbS) and the presence/or absence of mouse hemoglobin α and β [31]. NY1DD sickle
mice developed by Fabry et al. contain a single copy of the human α and βs transgene with
deletion of mouse major β genes, but express mouse α chains and express about 26% HbS
leading to a mild phenotype [32]. S+Santilles mice carry an additional mutation and express about
42% of human βs showing a stronger phenotype than NY1DD mice [33]. These mice with milder
pathology do not show significant characteristics of chronic or acute pain [9], which can be
induced by hypoxia/reoxygenation. On the other hand, homozygous Townes [34] and Berkeley
(BERK) [35] transgenic mice express exclusively human α and β hemoglobins without mouse
α or β chains and express >99% human HbS. Consequently, these mice demonstrate a severe
SCD phenotype including excessive hemolysis, inflammation, organ damage and shorter life
span [26, 31, 34–37]. BERK and Townes models show constitutive chronic hyperalgesia early
in life ([12], Lei et al., 2016, under review). Moreover, hypoxia/reoxygenation treatment evokes
a further increase in hyperalgesia simulating acute pain during VOC, compared to their
specific background strains expressing normal human hemoglobin A ([12], Lei et al., 2016,
under review). Therefore, BERK and Townes homozygous sickle mice exhibit human sickle
pathology as well as pain similar to patients with SCD. Hence, both of these models are well
suited to understand how sickle pathobiology leads to the genesis and progression of pain in
SCD recalcitrant to therapy.

3. Sickle pathobiology underlying pain

Sickling of RBCs under low oxygen due to a point mutation in the beta hemoglobin chain of
hemoglobin is the primary pathogenic condition in SCD [13]. Sickle RBCs have impaired
oxygen‐carrying ability and cause jamming of micro‐capillaries via adhesion to endothelial
walls in the event known as VOC [21]. Resultant SCD pathobiology is characterized by
inflammation, oxidative stress, ischemia reperfusion injury and organ damage [21], all of
which can independently and/or cumulatively lead to activation of the nociceptive system
(Figure 1). For example, the increased levels of inflammatory cytokines, such as TNFα and IL‐
6 [38] in the periphery and the central nervous system (CNS) can activate nociceptors and
spinal nociceptive neurons, which may in turn be an outcome of activated macrophages or
mast cells in the periphery and glial cells in the CNS driving a vicious cycle of inflammation
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and pain (Figure 1). Decreased oxygenation and reduced blood supply due to vascular
occlusion during VOC may impair oxygenation and nutrient supply to the nerve fibers, thus
causing nerve damage and activation of nociceptors. Hematologic, inflammatory and vascular
dysfunctions have been well characterized in the periphery, but not in the CNS in subjects with
SCD and in sickle mice [21, 39]. Our laboratory demonstrated oxidative stress, increased
inflammatory cytokines and neuropeptides in the spinal cord of sickle mice as compared to
control mice [12, 40]. Thus, sickling of RBCs affects the periphery and the CNS, which may
lead to a complex pathobiology of pain in SCD leading to inflammatory, nociceptive and
neuropathic pain. SCD is also characterized by phenotypic heterogeneity and unpredictable
episodes of VOC, which may vary in frequency, recurrence and intensity among patients [21].
Therefore, SCD pain displays a marked heterogeneity in the context of neurobiology.

Figure 1. Sickle pathobiology evoked peripheral and central mechanisms of pain: Sickle pathobiology comprising
vaso‐occlusive crises, hypoxia/reoxygenation injury, hemolysis, inflammation and organ damage can sensitize nerve
fibers in the periphery. Activated mast cells release neuropeptide substance P (SP) and other mediators in the skin fur‐
ther sensitizing peripheral nociceptors. Pain signals are transmitted from periphery through dorsal root ganglion
(DRG) and spinal cord to the brain. Increased reactive oxygen species (ROS) and endoplasmic reticulum (ER) stress,
inflammatory milieu, glial activation accompanied by increased toll‐like receptor 4 (TLR4) phosphorylation of
p38MAPK with correlative nociceptor sensitization in the spinal cord of sickle mice suggest persistent central sensitiza‐
tion. Sustained and enhanced central sensitization contributes to antidromic release of neuropeptides and nociceptive
mediators in the periphery, which in turn accentuates peripheral nociception without noxious stimuli. Thus, a vicious
feed‐forward cycle of peripheral and central sensitization continues and chronic pain persists in sickle pathobiology.
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4. Peripheral and central mechanisms of pain in SCD

Transgenic mouse models described above have been highly instructive in examining the
mechanisms specific to sickle pain. Pain can be both chronic as well as acute following VOC
and the underlying mechanisms may or may not vary between the two. BERK sickle mice show
significantly higher chronic hyperalgesia as compared to age‐ and gender‐matched Townes
sickle mice (Lei et al., 2016, under review). Most of the mechanisms have been examined in
BERK sickle mice for both chronic hyperalgesia constitutively existent in these mice and acute
pain following hypoxia/reoxygenation to simulate VOC [9]. Structural analysis of the skin of
homozygous BERK mice (expressing human sickle hemoglobin) compared to control mice
(expressing normal human hemoglobin) showed alterations in nerve fibers and blood vessels
[12]. Vascular and nerve plexi as well as normal branching is diminished in BERK sickle mice
skin, showing nerve sprouting indicative of inflammatory and neuropathic pain [12]. These
structural changes are accompanied by increased expression of neuropeptides substance P (SP)
and calcitonin‐gene‐related peptides (CGRP) in the skin [12]. Concomitantly, skin in BERK
sickle mice is significantly thinner with a comparatively thinner epidermis, similar to that
observed in other murine models of pain such as diabetes [41]. These structural and neuro‐
chemical alterations in association with well‐known inflammatory milieu may likely activate
nociceptors on the peripheral nerve terminals as demonstrated by activation of transient
receptor potential cation channel subfamily V member 1 (TRPV1) in the skin of BERK sickle
mice [11]. This peripheral nociceptor activation leads to the activation of glial cells and
neuronal activating transcription factor 3 (ATF3) in the dorsal root ganglion (DRG) [10], which
may lead to the transmission of increased action potentials to the second‐order neurons of the
spinal cord. Indeed, second‐order neurons in the dorsal horn of the spinal cord show constit‐
utive nociceptor sensitization in electrophysiological recordings in the BERK sickle mice [42].
Nociceptive neurons in the dorsal horn of sickle mice show increased excitability and an
increased rate of spontaneous activity [42]. These electrophysiological responses are accom‐
panied by higher response to mechanical stimuli and prolonged after‐discharges following the
mechanical stimulus, suggestive of central sensitization [42]. This sustained and continuous
activation of spinal neurons may lead to increased release of neuropeptides and nociceptive
mediators, which may be released into the periphery antidromically, in turn activating the
peripheral nerve terminals without noxious insult. This vicious feed‐forward cycle of periph‐
eral and central sensitization may underlie chronic pain recalcitrant to therapy. Also, increased
phosphorylation of mitogen‐activated protein kinases related to neuronal hyper‐excitability is
supportive of central sensitization in sickle mice [42]. Concurrently, Darbari et al. evaluated
brain connectivity in 25 adolescent and young patients using functional magnetic resonance
imaging (fMRI), and these patients were divided into low and high pain groups based on their
hospitalization frequency [25]. In the fMRI analysis, the high pain group exhibited excessive
pronociceptive connectivity while the low pain group displayed greater association with brain
regions implicated in anti‐nociception [25]. In this study, although all the patients were on
hydroxyurea, the expression of fetal hemoglobin (HbF) was higher in the low pain group and
was in positive correlation with anti‐nociceptive connectivity [25]. These results suggest
involvement of central mechanisms in sickle pain. Moreover, central sensitization in sickle
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patients was recently evaluated using QST, questionnaires and daily pain diaries [29]. Those
patients with higher scores for central sensitization exhibited worse manifestations of SCD.
Therefore, understanding the molecular mechanisms that drive peripheral nociceptor and
central nociceptive neuronal activation is cardinal to developing effective therapies.

We found that mast cells, a tissue‐resident granulocyte, are activated in the skin of sickle mice
and contribute to neurogenic inflammation, inflammation and pain [43]. Mast cells from sickle
mouse skin show significantly higher transcripts for toll‐like receptor 4 (TLR4) as compared
to mast cells from control mice [43]. Moreover, heme, the product of excessive hemolysis, a
significant feature of SCD, can activate mast cells in the periphery. Additionally, spinal TLR4
expression and cell‐free heme are significantly higher in sickle mice compared to control mice
(Lei et al., under preparation). It has been shown that excess heme can induce spinal microglial
activation via TLR4 in vitro [44], and thus, this may be a mechanism contributing to central
sensitization in sickle patients. In this regard, spinal microglial activation is suggested to be a
contributor to central sensitization leading to pain [45]. Spinal microglial and astroglial
activation is correlative to increased ROS production and SP in the spinal cord of sickle mice
[40]. Spinal microglial activation and ROS production via TLR4 can also be an accessory to the
central sensitization process [44]. Most of these studies were performed in male mice. Recently,
Sorge et al. have demonstrated that nerve injury‐induced pain in male mice (not in female
mice) are mediated via TLR4 (possibly via microglial activation) [46], but via T‐lymphocytes
instead of microglial cells in female mice [47]. Though the PiSCES report (from extensive multi‐
center human study on sickle pain) found no significant difference in pain sensation and
intensity according to gender differences [48], it is yet to be demonstrated/verified whether
sickle pain is mediated via gender‐specific pathways.

Peripheral injury due to acute VOC evokes acute pain, but it is likely that the chronic inflam‐
matory state, oxidative stress, vascular dysfunction and nerve injury lead to sustained
sensitization of both peripheral and central nociceptive neurons. SCD pain can also be of
neuropathic origin, which has been demonstrated in patient‐reported [49, 50] and QST‐based
studies [30]. Circulating glial fibrillary acidic protein (GFAP) and SP expression are signifi‐
cantly higher in subjects with SCD as compared to normal healthy subjects [51, 52]. In a group
of 2–18‐year‐old SCD patients, serum SP levels were found to be elevated, which increased
further during VOC [52]. SP possibly acts on neurokinin 2 (NK2) receptors to sensitize TRPV1
leading to an enhancement of afferent excitability and an increase in peripheral nociception
[11]. SP can further contribute to plasma extravasation due to its vasodilatory effect leading to
neurogenic inflammation, in addition to activating mast cells [43, 53]. The painful dactylitis in
children with SCD [3] may be due to neurogenic inflammation in response to increased release
of SP from the peripheral nerve terminals. Increased GFAP has been associated with stroke in
children with SCD and supports increased glial cell activity observed in the DRG and dorsal
horn of the spinal cord of sickle mice [12, 40, 51]. Zappia et al. found that cold hyperalgesia in
sickle mice increases with age [54], and these data are in accord with the finding that sickle
patients experience increased thermal hypersensitivity as they age [8]. Additionally, the
expression of endothelin 1 and tachykinin receptor 1 were increased by 2.7‐ and 1.6‐fold,
respectively, in the DRG of sickle mice, compared to control mice [54]. Endothelin 1 may
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contribute to cold hyperalgesia via endothelin receptors [55], and SP can contribute to
hyperalgesia via tachykinin 1 [56] located in the peripheral nervous system. These findings
suggest that diverse SCD pathobiology underlies the genesis and progression of recalcitrant
pain in SCD. Therefore, multimodal targeting may be required in a case‐specific manner to
achieve satisfactory analgesic outcomes.

5. Treatable targets for ameliorating sickle pain

5.1. Opioid receptors (ORs)

The current mainstay of treatment for acute and chronic pain in SCD is opioids. To assess
opioid effects on chronic SCD pain in adult patients, 15,778 home pain days of 219 patients
were monitored [57]. On 78% of the pain days, the patients used opioids—38% of the total
patients used long‐acting opioids and 47% used short‐acting opioids. The striking outcome of
this study was that the opioid usage significantly correlates with the severity of pain intensity
and other manifestations of SCD—suggestive of negative impact of the opioids on the
pathophysiology of chronic SCD [57].

Although the analgesic action of morphine is vital for pain remission, the effects of morphine
can be multifactorial leading to opioid‐induced hyperalgesia [58] and possible exacerbation of
other complications of SCD [2]. Morphine exacerbates renal pathology in sickle mice [59], and
its interaction with TLR4 may promote neuroinflammation [60]. Morphine‐induced angio‐
genesis and co‐activation of receptor tyrosine kinases may influence organ pathology includ‐
ing retinopathy, nephropathy, stroke and pulmonary arterial hypertension [2].

Among four different opioid receptors, mu opioid receptor (MOR) facilitates analgesic action
of opioids [2]. Repeated activation of MORs can lead to tolerance to opioids. Morphine
transactivates platelet‐derived growth factor receptor—beta (PDGFR‐β) [61]—and inhibition
of PDGFR‐β by imatinib (a tyrosine kinase inhibitor) attenuates morphine tolerance [62].
Reversal of tolerance to morphine by Imatinib can also be a consequence of reduced activation
of mast cells as discussed below. Therefore, strategies to ameliorate the side effects and reduce
tolerance are required to optimize pain control with opioids.

Nociceptin opioid receptor (NOP/OR) is another member of opioid receptor family which
contributes to nociceptive signaling [63]. The endogenous ligand of NOP/OR is nociceptin/
orphanin FQ (N/OFQ), and it is known to attenuate secretion of neuropeptides (SP and CGRP)
from peripheral nerve endings [64] and from mast cells [65]. Our recent findings demonstrate
that a small molecule agonist of NOP/OR, AT200, is able to decrease hyperalgesia in sickle
mice by reducing inflammation and mast cell activation [66]. Continuous treatment of sickle
mice with AT200 did not produce any tolerance, suggestive of a feasible opioid drug devoid
of tolerance. This approach of targeting other ORs with potential to attenuate underlying sickle
pathobiology needs to be investigated further.
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5.2. Mast cells

Mast cells are tissue resident granulocytes, well known for their role in pruritis and anaphy‐
laxis [67]. We (Gupta et al.) found that mast cell activation contributes to pain in sickle mice
[43]. Constitutive mast cell activation leads to inflammation characterized by the release of
inflammatory cytokines in the skin and neurogenic inflammation in sickle mice. Cromolyn
sodium, a mast cell stabilizer, and imatinib, an inhibitor of mast cell c‐kit, attenuated these
mast cell associated effects in mice [43]. Neurogenic inflammation characterized by excessive
plasma leakage from the vasculature in response to SP released from the nerve terminals is
reminiscent of painful dactylitis in children with SCD. Activated mast cells release tryptase,
which activates protease‐activator receptor 2 (PAR2) on peripheral nerve endings stimulating
the release of SP [43]. In turn, SP then stimulates vascular leakage and vasodilation as well as
further activation of mast cells, leading to a vicious cycle of inflammation, neurogenic
inflammation and hyperalgesia [43]. Pharmacological and genetic inhibition of mast cells
contributes to reduction in sickle pain in mice [43].

Morphine is an activator of mast cell degranulation [67]. Sickle mice pre‐treated with cromolyn
or imatinib show increased analgesic response to a sub‐optimal dose of morphine [43]. It is
therefore likely that morphine acts on the CNS to induce analgesia but promotes hyperalgesia
by simultaneously activating mast cells, resulting in reduced analgesic efficacy. Therefore, co‐
treatment strategies with mast cell stabilizers or imatinib may improve analgesic outcomes
and reduce tolerance (as discussed above) and may even minimize the side effects of opioids.

Products released from activated mast cells include SP, cytokines and growth factors, such as
PDGF and VEGF, which can directly act on the vasculature in the vicinity [67]. We have recently
observed that mast cell‐derived mediators cause increased permeability in monolayers of
mouse brain microvascular endothelial cells by stimulating endoplasmic reticulum (ER) stress
[Luk et al., communicated]. Additionally, ER stress has been shown to mediate pain in diabetic
neuropathic rats [68]. Thus, inhibiting mast cells in combination with ER stress inhibitors may
have an impact on endothelial dysfunction and pain—two critical characteristic features of
SCD. Therefore, common targets influencing vascular, inflammatory and nociceptive mecha‐
nisms may provide comparatively more effective treatable targets that reduce pain, inflam‐
mation and vascular complications without inadvertent effects on SCD.

5.3. Cannabinoid receptors (CBRs)

Cannabinoid receptors (CBRs) CB1R and CB2R are 7‐transmembrane G‐protein coupled
receptors, expressed in the CNS, as well as on vascular and inflammatory cells [69]. Like
opioids, cannabinoids that bind to CBRs have been used for centuries for medical and
recreational purposes. Cannabinoids have remained controversial due to their misuse for
recreational and euphoric effects [69]. Moreover, the schedule 1 status and stringent regulatory
requirements have been a major deterrent in the development of these drugs for analgesia. The
presence of CB1R and CB2R in the neuro‐immune system makes them an attractive target for
treating sickle pain. Several specific CB2R agonists have been developed to prevent the adverse
effects of cannabinoids on CB1R, which is known to promote the euphoric and CNS‐related
effects. We found that CP55,940, a non‐selective CBR agonist, which binds to both CB1R and
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CB2R, ameliorates chronic and hypoxia/reoxygenation evoked hyperalgesia in sickle mice [9,
12]. However, subsequent studies targeting the contribution of individual CBRs in sickle mice
show that CB1R agonists reduce mechanical, thermal and deep tissue hyperalgesia, while
CB2R agonists reduce deep tissue hyperalgesia only in both chronic and acute hypoxia‐/
reoxygenation‐evoked hyperalgesia [24]. Importantly, CB1R agonists ameliorated neurogenic
inflammation, while CB2R agonists reduced mast cell activation in sickle mice, suggesting that
both CB1Rs and CB2Rs are potentially critical to treat sickle pain and its underlying pathobi‐
ology.

Recently, multiple sclerosis patients experiencing spasticity and neuropathic pain exhibited
significantly improved response to Sativex, a cannabis‐derived oromucosal spray [70, 71].
Efficacy of Sativex for treating cancer pain is currently being tested [72], and use of cannabi‐
noids also potentiates and improves the analgesic action of opioids in chronic pain conditions
[73]. Additionally, cannabinoids attenuate ischemia/reperfusion injury [74], which is a
hallmark feature of VOC in SCD.

Collectively, these results suggest that targeting CBRs may provide analgesia via not only anti‐
nociceptive mechanisms but also due to its potential to ameliorate the complex pathobiology
of SCD—consequently improving the overall efficacy of the treatment. A questionnaire‐based
study found that 52% of the sickle patients, who self‐administered marijuana, used it to relieve,
reduce or prevent acute or chronic pain [75]. Therefore, CBRs offer an effective target to
ameliorate pain in SCD.

5.4. Toll‐like receptor 4 (TLR4)

TLR4 is the first discovered cell surface receptor of this family, which is essential for pathogen
detection in innate immunity via lipopolysaccharide (LPS) recognition [76]. TLR4 has been
shown to be associated with several modalities of pain including inflammatory pain [46, 77],
neuropathic pain [46, 78–80], post‐operative cognitive dysfunction [81], cancer pain [82], etc.
Recent studies in the SCD field suggest that TLR4 activation may be a significant contributor
to the multifactorial effects in SCD ranging from vaso‐occlusion and inflammation to pain [83].
Heme is a product of excessive hemolysis in SCD, and heme acts as an activator for TLR4 [84].
In transgenic sickle mice, heme‐activated TLR4 signaling contributes to acute lung injury (a
major feature of SCD) [85] and heme‐induced endothelial TLR4 activation contributes to VOC
[86].

We (Gupta et al.) found that in transgenic sickle mice TLR4 expression is elevated in the spinal
cord compared to control mice [12]. Spinal microglial cells are known to be involved in
nociceptive signaling [46]. These cells isolated from sickle and control mice, when stimulated
with hemin, exhibited activation dependent on TLR4, and this activation was mediated via
ROS production and ER stress [44]. Additionally, we have observed increased expression of
TLR4 in cultures of skin mast cells from sickle mice vs control mice [43]. Subsequently, genetic
[87] and pharmacological [88] inhibition of TLR4 in sickle mice led to amelioration of hyper‐
algesia and neurogenic inflammation in transgenic sickle mice. Morphine tolerance exhibited
by the SCD patients may also be a result of morphine’s potential for TLR4 activation [2, 89,
90]. However, it is suggested that TLR4 may be involved in pain processing only in males [46],
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whereas knocking out TLR4 affected cisplatin‐induced mechanical allodynia in both male and
female mice [91]. No adverse off‐target effects of targeting of TLR4 in other disease conditions
have been observed so far [92, 93]. Therefore, the contribution of TLR4 in sickle pain needs to
be evaluated.

5.5. Other targets

A calcium‐modulating serine/threonine protein kinase present in the CNS, Ca2+/calmodulin
protein kinase IIα (CaMKIIα), has been of recent interest as a modulator of neuropathic pain
and is an important contributor to initiation and maintenance of opioid‐induced hyperalgesia
[94]. Recently, in a limited clinical trial, 18 SCD patients were treated with single dosage of
trifluoperazine (a CaMKIIα inhibitor) going up to 10 mg, and eight subjects reported almost
50% reduction in their chronic pain. This study established 10 mg as the toxicity limit, and the
improvement in patients’ health without any adverse effect warrants a randomized clinical
trial to evaluate efficacy of this treatment strategy in SCD patients [95].

Dexmedetomidine, a specific α2‐adrenoreceptor agonist, provides anti‐nociception independ‐
ent of opioid receptor action and via inhibition of sensory neurons [96]. This molecule also
provides protection from ischemia/reperfusion injury [96]. These properties of dexmedomi‐
dine led to a study of its efficacy in sickle mice, and Calhoun et al. found that transgenic sickle
mice receiving dexmedomidine had improved analgesia [97]. This may provide an adjuvant
to existing analgesic treatment strategies used for reducing pain in SCD patients.

5.6. Integrative approaches

We observed that curcumin, an active ingredient of turmeric and Coenzyme Q10 independ‐
ently ameliorated chronic hyperalgesia in sickle mice when used over a period of 4 weeks [40].
These treatments also reduced oxidative stress, microglial activation and SP in the spinal cords
of sickle mice. In a clinical study on sickle patients, treatment with Coenzyme Q10 reduced
the incidence of VOC [98]. In rheumatoid‐ and osteo‐arthritis, curcumin or Theracurcumin
with higher bioavailability was effective in reducing pain, inflammation and oxidative stress
and symptoms of osteoarthritis in separate studies, including a randomized, double‐blind,
placebo‐controlled trial [99, 100]. Curcumin lowered the oxidative stress and iron overload in
the spleen and liver of rats with chronic iron overload [101]. Importantly, in thalassemia
patients, curcumin reduced oxidative stress [102]. Thalassemia often co‐exists with SCD [103],
and increased iron in the tissues due to hemolysis is a characteristic feature of SCD [104].
Therefore, these dietary supplements may provide an advantage in treating sickle pathobiol‐
ogy and pain without the inadvertent side effects of pharmacologics discussed above.

Acupuncture has been evolving as a promising approach to relieve chronic pain. Along with
several case reports [105–107], a retrospective study of 47 adult SCD patients demonstrated
significant improvement in analgesia using acupuncture treatment [108]. Therefore, we
developed a novel electroacupuncture (EA) method to treat awake/conscious mice to elucidate
central and peripheral mechanisms contributing to acupuncture‐induced analgesia without
the influence of anesthesia. We found that EA in awake sickle BERK mice significantly reduces
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mechanical, deep tissue and cold hyperalgesia [Wang et al., in preparation]. Response to EA
was variable, but majority of sickle mice showed a high analgesic response, exhibiting reduced
systemic inflammation, in addition to reduced peripheral inflammation and neuroinflamma‐
tion. Integrative approaches such as acupuncture for pain control could be potentially
beneficial in treating pain in SCD.

5.7. Co‐treatment strategies

Mechanism‐driven understanding of SCD pain pathology from basic research provides us
with a variety of treatable targets as mentioned above. The promise of these different modu‐
lators of SCD pain is quite exciting; but to become viable treatment options for the SCD patients,
they require systematic and rigorous clinical trials for evaluating their efficacy and any side
effects that they may pose.

6. Translational potential of treatable targets‐based pharmacologics

From the discussion above, it is clear that targeting sickle pain may require multiple pharma‐
cologics due to the complex nature of SCD pathobiology and associated nociceptive mecha‐
nisms. In this regard, we can first evaluate FDA approved drugs for sickle pain based on
preclinical data. Imatinib is approved by the FDA for managing chronic myeloid leukemia
systemic mastocytosis [109]. Thus, mast cell inhibition via imatinib can reduce morphine‐
induced mast cell activation and may also enhance the efficacy of sub‐optimal doses of
morphine. A small study in a cohort of 17 patients using a nasal spray form of the mast cell
stabilizer, cromolyn, in combination with hydroxyurea indicated that these patients experi‐
enced reduced pain when compared to placebo or to the use of cromolyn or hydroxyurea
alone [110]. Thus, FDA‐approved mast cell stabilizers available for reducing airway inflam‐
mation can be potentially effective as adjuvants for sickle pain.

SP acts via NK‐1 receptors and NK‐1 receptor antagonists have been effective in different pain
pathologies in animal models, but have failed to show efficacy in clinical trials [111]. Aprepi‐
tant, an FDA‐approved NK‐1 receptor antagonist for chemotherapy‐induced nausea and
vomiting, has been assessed for the effects on electrical hyperalgesia models of human
volunteers, but did not show any efficacy [112]. However, in a separate study acute doses of
aprepitant were shown to significantly increase the magnitude of mu agonist signs and
symptoms in response to oxycodone [113]. Considering the role of SP in sickle pain and
neurogenic inflammation, NK‐1 receptor antagonists require further examination in pre‐
clinical models of SCD as co‐drugs.

Additionally, TLR4 inhibitors such as TAK‐242 and eritoran showed promising responses in
animal studies for severe sepsis, but failed to show any efficacy in reducing 28‐day mortality
in phase III clinical trials [114, 115]. Though these molecules are still being evaluated for other
pathologic conditions such as obesity in type 2 diabetic subjects [116], no clinical trials have
been undertaken using these compounds to ameliorate chronic pain conditions. Interestingly,
a nonspecific phosphodiesterase (PDE4) inhibitor, ibudilast, has been shown to inhibit TLR4
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and microglial activation in animal models [117] and is currently in separate clinical trials for
migraine pain, multiple sclerosis and opioid abuse [118–120].

Stemming from our animal research, we are currently conducting a trial to evaluate the effect
of vaporized cannabis on pain in human subjects with SCD [121]. Vaporized cannabis offers
an advantage over systemically administered cannabis, because it is not metabolized by the
liver and may therefore not influence organ pathology in SCD.

Apart from the targets discussed in this section, other targets such as calcium signaling and
oxidative stress can be managed using pharmacologics such as trifluoperazine and curcumin/
CoQ10, respectively. Curcumin and/or CoQ10 showed reduction in pain in sickle mice and
CoQ10 showed reduced “crises” in a small cohort of sickle patients [40, 98]. Other integrative
approaches including arginine therapy and acupuncture show reduced pain/crises in patients
with SCD [108, 122]. Thus, in addition to pharmacologics, integrative approaches offer the
potential to reduce sickle pain. Finally, gene therapy vectors are a new tool for the development
of molecularly selective pain therapies, which have been shown to provide reliable analgesia
in preclinical models [123]. The use of gene therapy may lead to a new class of analgesic
treatments based on the molecular selectivity of analgesic genes.

7. Future directions

Sickle cell disease comprises highly complex pathobiology and the associated pain involves a
complicated pathophysiology that we are only beginning to appreciate. Therefore, treatment
strategies solely targeting the nervous system do not promise pain remission in an effective
manner. Rather, as discussed in this chapter, as our understanding of the mechanistic biological
targets that potentiate pain and neurogenic inflammation in SCD increases, we must incorpo‐
rate multiple approaches towards alleviation of this morbid pain syndrome. The tortuous
nature of SCD pain involving both central and peripheral nervous systems requires co‐
treatment strategies, which will ameliorate simultaneously RBC pathology leading to vaso‐
occlusion, mast cell activation leading to neurogenic inflammation and pain, microglial
activation via increased oxidative stress, heme‐induced TLR4‐mediated neuronal and vascular
complications, hemolysis‐driven high iron/calcium‐mediated pathologies, etc. Translational
and clinical studies are required to evaluate the physiological relevance of these targets in order
to develop effective analgesics devoid of inadvertent adverse effects. The issue of transition
from acute to chronic pain is an unanswered question in SCD and other pathologies, which
remains to be understood.
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Abstract

Cardiac morbidity, early mortality, and sudden death are the major consequences of
sickle cell disease (SCD) in patients surviving into adulthood. Pulmonary hypertension
(PH), elevated tricuspid regurgitant jet velocity (TRV), and diastolic dysfunction have
all been identified to correlate with early mortality in adults with SCD. However, the
unifying pathophysiology behind these abnormalities and its connection with early
mortality and sudden death have not been recognized previously. We have found that
SCD patients have a unique cardiomyopathy characterized by restrictive physiology
(diastolic dysfunction, left atrial dilation and normal systolic function) superimposed
on features of hyperdynamic circulation (left ventricular [LV] enlargement and eccentric
LV hypertrophy. The restrictive cardiomyopathy of SCD causes pulmonary congestion
and post-capillary PH. This can be detected by a mild elevation in TRV, which is likely
a marker of the SCD-related cardiomyopathy rather than pulmonary arterial disease.
Similar to other restrictive cardiomyopathies, the SCD cardiomyopathy predisposes to
arrhythmias  and sudden death,  even when pulmonary pressures  are  not  severely
elevated. We have also found that diffuse myocardial fibrosis is common in SCD and
may underlie the diastolic dysfunction, but more studies are needed to understand the
mechanisms of SCD-related cardiomyopathy and to identify new therapies to decrease
cardiac morbidity and improve the life expectancy of SCD patients.

Keywords: sickle cell, cardiomyopathy, restrictive physiology, pulmonary hyperten-
sion

1. Introduction

Improvements in the medical care of sickle cell disease (SCD) in the last few decades have led
to a significant decrease in childhood mortality in developed countries [1]. As more patients live
into adulthood, the cumulative burden of acute and chronic organ damage has become an

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



important determinant of quality of life, morbidity, and life expectancy. Although definitive
data are lacking, the life expectancy of SCD patients does not appear to have improved in the
last 15 years, and adult SCD-related mortality may have increased [2, 3]. Cardiopulmonary
complications, including heart failure and arrhythmias, are the main causes of death in adults
with SCD [4]. Sudden unexplained death is reported in 25–30% of SCD patients, and these are
likely cardiopulmonary events [4, 5]. A number of studies conducted in the last two decades
have examined the cardiac pathology and cardiac mortality in SCD and have identified risk
factors for early mortality in SCD; however, a global understanding of the cardiac dysfunction
in SCD is still lacking. Of the known adverse cardiac risk factors, elevation of the tricuspid
regurgitant jet velocity (TRV) measured by echocardiography, pulmonary hypertension (PH),
and diastolic dysfunction are the most consistent predictors of early mortality in adults with
SCD [6–9]. The mechanisms and pathophysiology that link these risk factors to the cardiac
phenotype of SCD, and that underlie unexplained complications such as arrhythmias and
sudden death, are not clearly understood.

2. Pulmonary hypertension in SCD

PH has been recognized as a complication of SCD and a predictor of early mortality. Although
the causes of PH in SCD are not fully known, several factors have been suggested to play a
part in its pathogenesis, including endothelial dysfunction due to chronic hemolysis and
secondary nitric oxide depletion, hypoxia, and chronic thromboembolic disease [10–12].
Hemodynamically, PH can be pre-capillary or pulmonary arterial hypertension (PAH) or post-
capillary or pulmonary venous hypertension (PVH). PH is defined by a mean pulmonary
artery pressure (PAP) ≥ 25 mmHg as measured by right heart catheterization [13]. Patients with
PAH have a pulmonary capillary wedge pressure (PCWP) or left ventricular (LV) end-diastolic
pressure ≤ 15 mmHg, while patients with PVH have PCWP > 15 mmHg [13]. The echocardio-
graphic measurement of TRV, in combination with an estimated right atrial pressure, can be
used to estimate the systolic PAP.

Multiple studies have shown that the prevalence of elevated PAP as estimated by echocar-
diography using a TRV value ≥ 2.5 m/s is 20–30% in SCD [8, 14, 15]. In addition, elevated TRV
in SCD is associated with increased risk of early mortality in adults [8]. Although TRV
measurements correlate with PAP, the use of TRV as a sole criterion results in overdiagnosis
of PH [16]. Studies of right-sided heart catheterization, the gold standard to diagnose PH, have
shown that only about 30% of SCD patients with elevated TRV have PH [17, 18]. When PH is
present in SCD, PAP is usually only mildly elevated, and the pulmonary vascular resistance
is not increased compared to other patient populations with PH [7, 18, 19], and this does not
readily explain the associated risk of early mortality. Importantly, most SCD patients in these
studies with confirmed PH actually had PVH, which is caused by left-sided heart disease,
rather than PAH, which could be caused by endothelial dysfunction (Figure 1). In addition,
therapeutic trials of PAH-directed therapy in SCD were not successful and currently these
therapies are not recommended for treatment of PH in SCD [20, 21].
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Figure 1. The percentage of SCD patients with TRV ≥2.5 m/s who had confirmed PH (PAH or PVH) by right-sided
heart catheterization. Data are pooled from four different studies [7, 18, 22, 23].

These hemodynamic studies of SCD-related PH have improved our understanding of this
complication. PH is less prevalent in SCD than was suggested by echocardiographic screening
alone. It is also less severe and may be of a mixed origin, but most cases are caused by left-
sided heart disease as evidenced by the higher frequency of PVH rather than pulmonary
arterial disease. As a result, in 2013, The Fifth World Symposium on Pulmonary Hypertension
changed the classification of SCD-related PH from “Group 1,” which indicates pulmonary
arterial hypertension to “Group 5,” which refers to pulmonary hypertension with unclear or
multifactorial mechanisms [13, 24]. Despite the poor diagnostic accuracy of TRV for PH, TRV
is still a predictor of early mortality in adults with SCD; however, the exact cause of elevated
TRV in the absence of PH and the mechanisms by which it confers increased mortality risk are
poorly understood. However, elevated TRV is not associated with early mortality in children.

3. Diastolic dysfunction in SCD

Recently, diastolic dysfunction has also been recognized as an independent risk factor for
mortality in SCD [9]. Diastolic dysfunction is common in SCD and was found in nearly all
studies that evaluated diastolic function [17]. The prevalence and severity of diastolic dys-
function vary across studies, ranging from 11 to 77% depending on the criteria used to define
diastolic dysfunction in each study. This wide range also reflects the challenges of diagnosing
diastolic dysfunction and the lack of agreement on diagnostic criteria and classification of
diastolic dysfunction in SCD. Nonetheless, common echocardiographic estimates of diastolic
function are clearly abnormal in SCD. The ratio of early to late mitral flow velocities (E/A ratio),
tissue Doppler annular velocities (e.g.; E/e’ and e’/a’ ratios), and left atrial (LA) volumes are
significantly abnormal in SCD, and some of these measures correlate with early mortality in
SCD [9, 14, 25, 26]. Diastolic dysfunction can be detected early in life in SCD patients, and even
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children may have severe diastolic dysfunction [25, 27–29]. This suggests that diastolic
dysfunction likely precedes other non–anemia-related hemodynamic changes in SCD [17].
Diastolic dysfunction ranges in severity from an impaired relaxation of the ventricles to
irreversible restrictive ventricular filling [30]. Progressive worsening of diastolic function
eventually causes an increase in LV filling pressures and LA pressures. The elevated LA
pressure, which correlates with chronic LA enlargement and an elevation in the diastolic
estimate E/e’ ratio, leads to an increase in PCWP and some degree of PH [31]. Diastolic
dysfunction is the major cause of PVH in SCD [32]. Despite the significance of diastolic
dysfunction in SCD, there is still a need to define diastolic dysfunction and identify diastolic
function parameters that are least affected by the hyperdynamic state of SCD. There is also a
lack of understanding of the mechanisms that predispose to diastolic dysfunction in SCD.
Cardiac iron overload, which plays a major part in cardiac pathology and diastolic dysfunction
in thalassemia [33], is rare in SCD [34, 35] and unlikely to be a major cause of diastolic
dysfunction in most individuals. More studies are needed to identify the underlying cause of
diastolic dysfunction in SCD [36].

4. Anemia-related hyperdynamic features

The complex effects of chronic anemia on the heart are the result of various compensatory
cardiovascular mechanisms to anemia. Altered blood viscosity, tissue hypoxia, and increased
sympathetic tone are some of the factors that drive cardiovascular hemodynamic changes in
anemia [37]. Chronic anemia causes arteriolar dilation and decreased afterload, while the
decreased venous tone increases the preload. The increased preload, coupled with increased
sympathetic tone, leads to increased stroke volume and cardiac output. Together, these
changes lead to a state of volume overload [38–40]. Chronic volume overload and increased
cardiac load over time leads to cardiac enlargement and left ventricular hypertrophy (LVH)
[41]. LVH is an adaptive mechanism to prolonged volume or pressure overload. In states of
volume overload, LVH is eccentric and defined by increased LV internal dimension with a
normal ratio of wall thickness to cavity diameter (a proportionate increase in wall thickness
and LV internal diameter). In contrast, concentric hypertrophy, which results from pressure
overload (e.g., aortic stenosis), is characterized by increased wall thickness without a change
in the ventricular chamber radius [42]. Unlike the adaptive eccentric hypertrophy of volume
overload, concentric hypertrophy can become maladaptive and may lead to ventricular
stiffening and heart failure over time. Typical features of volume overload characterize the
hearts of SCD patients: increased stroke volume and cardiac output, increased LV end-diastolic
dimensions, and eccentric LVH [17]. It is also important to note that LV dilation in SCD is
associated with an increased ejection fraction and stroke volume and is different from LV
dilation of “failing” ventricles, typically seen in dilated cardiomyopathies, where LV dilation
is associated with LV systolic dysfunction. While anemia-related hyperdynamic features are
prominent in SCD, it is difficult to differentiate fully the effects of anemia from the effects of
other pathologic processes of SCD, such as vaso-occlusion and inflammation, in the heart. The
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contribution of anemic-hyperdynamic features to other pathologic cardiac features (i.e.,
diastolic dysfunction, elevated TRV, and PH) has yet to be established.

5. The cardiomyopathy of SCD

Until recently, there has not been a unifying cardiac pathophysiology identified to explain the
cardiac features of SCD: mild PH, elevated TRV, diastolic dysfunction, LA dilation, and LV
dilation with normal systolic function. We have reported that patients with SCD have a unique
cardiomyopathy with restrictive physiology that is superimposed on hyperdynamic features
[17]. This cardiomyopathy with restrictive physiology provides an explanation for most
cardiac features of SCD.

5.1. Restrictive cardiac physiology

Restrictive physiology is essentially defined by a stiff myocardium that causes the ventricular
pressure to rise precipitously with only small increases in volume [43]. It is primarily a disease
of the heart muscle that causes decreased myocardial compliance and, therefore, diastolic
dysfunction, resulting in elevation in ventricular filling pressures and LA pressures and
restricted filling. Restrictive cardiomyopathies (RCM) can be primary, which constitutes 5% of
primary cardiomyopathies [44], or secondary to infiltrative diseases (e.g., sarcoidosis or
amyloidosis), radiation, or chemotherapy [45]. Progressive fibrosis of the myocardium leading
to impaired ventricular relaxation and progressive diastolic dysfunction is the primary
mechanism underlying the different forms of RCM. RCM is defined by diastolic dysfunction,
atrial enlargement, normal systolic function, and ventricles of normal size [44]. Unlike systolic
cardiomyopathies, e.g., dilated cardiomyopathy, which is characterized by enlarged ventricles
with decreased systolic function, RCM is a primary diastolic cardiomyopathy and the ven-
tricular volumes are normal or small in primary RCM. The outcome of primary RCM is poor
without heart transplantation. Age and LA size are the strongest predictors of mortality in
RCM [46]. PH, venous and arterial, is a well-known consequence of RCM that is associated
with a worse outcome [47]. In addition, ischemia and arrhythmias, likely from fibrosis encasing
the conducting pathways, are the most common causes of death in RCM [48]. Indeed, sudden
unexpected death happens in about 30% of patients with RCM [44].

5.2. Cardiomyopathy with restrictive physiology in SCD

We reviewed the echocardiographic data on SCD patients at Cincinnati Children’s Hospital
Medical Center and conducted a meta-analysis of reported cardiac studies in SCD. Across all
the studies, we observed a pattern consistent with a cardiomyopathy with combined features
of restrictive physiology and hyperdynamic circulation. The primary features of the SCD-
related cardiomyopathy are (1) diastolic dysfunction, (2) LA dilation, and (3) LV enlargement
with normal systolic function [17]. One main difference between primary RCM and the
restrictive cardiomyopathy of SCD is LV enlargement, which is not seen in primary RCM.
Indeed, formal criteria for RCM exclude enlarged ventricles, but this distinction is made to
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differentiate RCM from dilated cardiomyopathy. While small- or normal-size ventricles define
primary RCM, which distinguishes it from the dilated cardiomyopathies with systolic
dysfunction, the LV enlargement in SCD is associated with normal or even increased systolic
function in SCD. Therefore, LV dilation is one of the hyperdynamic features that coexists with
the features of restrictive physiology in the hearts of SCD patients.

Figure 2. The percentage of SCD patients with low E/A ratio and septal e’ (z-score less than −1) in the following age
groups: 1–5 years, 6–9 years, 10–17 years, and older than 18 years.

In our echocardiographic study of 134 patients with SCD (age range from 3 to 22 years),
diastolic dysfunction and LA enlargement were common [17]. Impaired relaxation, as reflected
by abnormal tissue Doppler early velocity e’ and decreased E/A ratio, worsened with age
(Figure 2), while severe diastolic dysfunction, defined by severely abnormal E/e’ ratio, was
seen in up to 14% of this group of young patients. In addition, LA enlargement was observed
in 62% of patients and was the most enlarged heart chamber. While LV enlargement and
eccentric LVH were also observed, LA enlargement was more common and disproportionate
to LV enlargement, reflecting the different mechanisms underlying LV and LA enlargement.
Similar to other studies in SCD, the systolic function was normal in our study [49].

The same cardiac pattern was observed in a meta-analysis of the published cardiac studies in
SCD, combining data on more than 5000 patients from 68 different studies [17]. LV enlargement
was more pronounced in the meta-analysis as it included older patients with more severe
anemia. Consistent with previous studies, we confirmed that LA enlargement is an early
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cardiac feature that precedes the enlargement of other cardiac chambers in SCD [27, 50–52].
Over time, LV enlargement and LVH become more prominent because of chronic volume
overload [41, 49]. At that later stage, the SCD cardiomyopathy can be described by 4-chamber
enlargement, diastolic dysfunction, and normal systolic function [36]. However, the restrictive
physiology remains an important and an early hemodynamic feature of the SCD cardiomy-
opathy that can be masked by the 4-chamber enlargement in adults with SCD. Increased LV
filling and LA pressures characterize restrictive physiology, which subsequently leads to mild
PVH and TRV elevation. Indeed, TRV was significantly associated with the restrictive com-
ponent of the SCD cardiomyopathy (diastolic dysfunction and LA enlargement), suggesting
that TRV is likely a marker of the restrictive cardiomyopathy of SCD [17].

Figure 3. Schema of the proposed pathophysiologic construct of the cardiomyopathy of SCD.

In summary, the SCD-related cardiomyopathy is a restrictive cardiomyopathy, defined by
diastolic dysfunction and LA enlargement, superimposed on hyperdynamic features of LV
enlargement with normal systolic function. The SCD cardiomyopathy causes passive pulmo-
nary congestion and mild PVH, which is common in SCD, and causes mild elevation in TRV
that is detected by echocardiography (Figure 3). Interestingly, both PVH and PAH can result
from diastolic failure and restrictive physiology [32]. This unique cardiomyopathy seen in most
patients with SCD may coincide with PAH (confirmed by right heart catheterization with low
PCWP and elevated pulmonary vascular resistance), possibly caused by endothelial dysfunc-
tion, in a small group of patients. However, the majority of SCD patients with cardiac dys-
function lack hemodynamic evidence of PAH, and most of their cardiac pathology can be
explained by this unique SCD-related cardiomyopathy. The similarities in the patterns and
frequency of mortality between SCD patients and patients with primary RCM are notable. The
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high rate of arrhythmias and sudden death, especially at times of stress, are common conse-
quences of restrictive physiology in RCM and are complications of SCD that have not been
explained and can likely be attributed to the restrictive cardiomyopathy of SCD.

5.3. Myocardial tissue characterization in SCD: cardiac MRI and autopsy studies

The cause of diastolic dysfunction and restrictive physiology in SCD is unclear. Cardiac MRI
(CMR) studies have shown that cardiac iron overload is rare in SCD patients, even when
systemic iron overload is present [36, 53, 54], and is unlikely to be a primary mechanism
underlying cardiac dysfunction in SCD. The small number of autopsy studies in SCD provided
the earliest insight into cardiac histopathology in SCD. Some of the findings in autopsy
specimens include chamber enlargement and increased heart weight, pulmonary vascular
changes [55, 56], and myocardial fibrosis [36, 56, 57]. Different myocardial fibrosis patterns
were noted: transmural fibrosis/scarring without evidence of atherosclerosis, patchy fibrosis,
diffuse myocardial fibrosis, and fibrotic foci involving the conduction system predisposing to
arrhythmias [36, 58].

Recent CMR studies have provided further information about the tissue characteristics of the
sickle hearts using non-invasive techniques. One technique, late gadolinium enhancement
(LGE), is useful in detecting scar tissue or focal macroscopic fibrosis based on differences in
the volumes of distribution of the extracellular contrast agent, gadolinium [59]. In SCD, LGE
detection has been variable. Most CMR studies detected LGE in a subset of patients, reaching
up to 25% of evaluated patients in one study [36, 54, 60–63]. However, because this technique
is based on detecting differences in enhancement between the affected area and surrounding
myocardial tissue, it will not detect diffuse myocardial fibrosis, which was also seen in the
autopsies of SCD patients [36]. These autopsy and CMR studies suggest that fibrosis is
probably an overlooked pathology that contributes to cardiac dysfunction in SCD. Studies are
ongoing using novel CMR techniques to better characterize myocardial tissue and assess
myocardial fibrosis non-invasively in SCD. Indeed, early findings from our ongoing CMR
study indicate that diffuse myocardial fibrosis is common in SCD [64]. This and future studies
may shed some light on the pathogenic mechanisms that underlie the cardiomyopathy of SCD.

6. Screening, diagnosis, and treatment of cardiac dysfunction in SCD

Based on the high prevalence of abnormal TRV and its correlation with PH, echocardiographic
screening for PH in SCD was adopted by some groups [8]. However, because of the low
predictive value of TRV in diagnosing PH in SCD and the lack of interventions that have been
shown to change the outcome, if PH is detected early, echocardiographic screening for PH in
SCD has become controversial. The 2014 National Heart, Lung and Blood Institute (NHLBI)
Expert Panel’s report on evidence-based management of SCD patients did not find sufficient
evidence to make a recommendation for echocardiographic screening of asymptomatic SCD
patients [65]. On the other hand, The American Thoracic Society Clinical Practice Guidelines
suggested performing echocardiography every 1–3 year and increasing the frequency of
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screening depending on the presence of adverse risk factors (high TRV and elevated serum
NT-pro-BNP or confirmed PH) [21]. However, these are experts’ opinions that are not sup-
ported by strong evidence at this point. Despite incomplete information about its different
causes, an elevated TRV is an adverse prognostic marker in adults with SCD, irrespective of
PH, and this finding should prompt increased clinical vigilance. Although it is not clear when
to begin screening and how often to continue it, at our pediatric institution, we perform a
screening echocardiogram and electrocardiogram on asymptomatic individuals with SCD
starting between the ages of 15 and 18 years. We screen for chamber enlargement, especially
of the LA, systolic function, and diastolic abnormalities using mitral inflow and tissue Doppler
annular velocities, and elevated TRV. If cardiac abnormalities are identified, the need for
follow-up imaging and referral to a cardiologist is determined individually.

Similar to the difficulties in diagnosis and screening strategies, there is no proven treatment
for cardiac dysfunction or PH in SCD. Few, small observational studies showed a potential
effect of PAH-directed therapy in SCD-related PH [66–68], but randomized controlled trials
did not demonstrate any benefit for these therapies in SCD. Small randomized controlled trials
using the endothelin receptor antagonist bosentan in SCD patients with PH were terminated
early due to slow enrollment [20], and a trial comparing sildenafil to placebo in SCD patients
with elevated TRV was also terminated early because of adverse events [69]. Experts’ guide-
lines recommend against the use of PAH-directed therapy in SCD [21, 65]. The role of disease-
modifying therapies (i.e., hydroxyurea and transfusions) in the treatment of PH or SCD-related
cardiomyopathy is also undetermined. Limited available data suggest that hydroxyurea may
be beneficial in improving TRV elevation in young patients with SCD [70, 71]. However,
transfusion therapy has not been studied in PH or cardiomyopathy. The American Thoracic
Society expert’s panel recommends using hydroxyurea for patients with increased mortality
risk or chronic transfusions for patients who cannot take or were unresponsive to hydroxyurea.
However, these recommendations are based on the overall beneficial effects of these disease-
modifying therapies in ameliorating other aspects of SCD and not based on a demonstrated
cardiopulmonary benefit [21]. Understanding the mechanisms underlying the SCD-related
cardiomyopathy and different forms of PH in SCD will be important to identify directed
therapies to slow or reverse cardiac dysfunction in SCD. Until then, optimizing general SCD
care (e.g., beginning or optimizing hydroxyurea or chronic transfusion therapy) is the only
therapeutic option with established benefits for SCD patients.

7. Conclusions

The SCD-related cardiomyopathy is a unique restrictive cardiomyopathy superimposed on LV
enlargement and LVH due to hyperdynamic circulation. SCD-related cardiomyopathy is
characterized by diastolic dysfunction, LA enlargement, and normal systolic function with LV
enlargement. This restrictive cardiomyopathy leads to mild PH and mild elevation in TRV.
Similar to other restrictive cardiomyopathies, the SCD-related cardiomyopathy may predis-
pose to arrhythmias and sudden death. Diffuse myocardial fibrosis may be an underlying
mechanism of the restrictive cardiac physiology of SCD. Definitively establishing the mecha-
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nisms underlying diastolic dysfunction and the SCD-related cardiomyopathy may lead to
specific, targeted therapy to slow or reverse the cardiomyopathy and decrease the morbidity
and early mortality of SCD.
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Abstract

The pulmonary complications of sickle cell disease (SCD) have a high morbidity and
mortality. Fatal pulmonary complications occur in 20% of adults;  those with sickle
chronic  lung  disease  (SCLD)  and  pulmonary  hypertension  have  a  significantly
increased  mortality.  Treatment  of  SCLD is  only  supportive.  Recurrent  acute  chest
syndrome (ACS) episodes are the major risk factor for SCLD, and ACS is the leading
cause of death. Adults with SCD tend to have restrictive lung function abnormalities,
whereas,  in  children,  obstructive  abnormalities  are  more  frequent.  Lung  function
abnormalities are common even in young children and may reflect their chronic anaemia
and increased pulmonary capillary blood volume, which increases airway obstruction
and  may  be  responsible  for  their  increased  wheezing.  Whether  more  aggressive
treatment of anaemia would improve lung function and long-term outcomes merits
testing. Children with SCD experience a decline in lung function, which is most rapid
in  younger  children  in  whom  ACS  episodes  are  most  common  highlighting  the
importance of identifying effective strategies to prevent and optimally treat ACS.

Keywords: Sickle cell disease, Acute chest syndrome, Obstructive lung function ab-
normalities, Restrictive lung function abnormalities

1. Introduction

The pulmonary complications of sickle cell disease (SCD) have a high morbidity and mortality
with fatal pulmonary complications occurring in 20% of adults. Despite significant improve-
ments in life expectancy in individuals with SCD, the median age of death for women is 48
years and for men 42 years. Young adults can develop sickle chronic lung disease (SCLD),
which consists of restrictive lung disease, abnormal diffusing capacity and hypoxaemia. Those
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with SCLD and pulmonary hypertension have a significantly increased mortality. Treatment
of SCLD is only supportive. Recurrent acute chest syndrome (ACS) episodes are the major risk
factor for SCLD and ACS is the leading cause of death. Prevention and optimum management
of ACS episodes then should reduce SCLD occurrence. ACS episodes occur most frequently
in young children with SCD and lung function abnormalities are common in childhood. In
this  chapter,  the  aetiology,  pathogenesis  and  management  of  acute  chest  syndrome  are
discussed.  The presentation of  SCLD is  briefly summarised as this  occurs in adults,  but
included here as it is an important adverse outcome of ACS episodes. Pulmonary hypertension
is discussed elsewhere (see Chapter x), but the impact on those with lung function abnormal-
ities is emphasised in this chapter. Lung function abnormalities in children associated with
SCD are described as the factors influencing the deterioration in lung function suffered by
children with SCD. Recommendations are made with regard to routine respiratory monitor-
ing.

2. Acute chest syndrome (ACS)

2.1. Presentation

The overall incidence of ACS as indicated by the Cooperative Study of Sickle Cell Disease
(CSSCD) is 10.5 per 100 patient years [1]. ACS episodes occur more commonly in children than
adults. Fifty percent of SCD children will have an ACS episode prior to the age of 10 years and
the highest incidence of ACS occurs in children aged between 2 and 4 years of age [2]. ACS
episodes are characterised by fever, chest pain and respiratory symptoms and essential to
making the diagnosis with a new pulmonary infiltrate on chest radiograph. Fever and cough
are more common in young children who, compared to adults, are more likely to have isolated
upper lobe disease. Adults tend to suffer chest pain, haemoptysis and shortness of breath; their
middle and lower lobes are more frequently affected than the upper lobes. Severe respiratory
failure, necessitating mechanical ventilation, occurs in approximately 10–15% of affected
patients. Recurrence is common, occurring in 80% of those who have had a prior episode.
Follow-up of 293 patients aged between 3 and 20 years for 21 months demonstrated that a
history of acute pulmonary events and younger age were independently associated with
developing a new ACS episode [3]. In children less than 4 years of age who had had an ACS
episode, one study demonstrated that the majority were hospitalised for ACS or severe pain
within 1 year, emphasising the need for an effective therapeutic intervention in that high risk
group [4].

2.2. Risk factors

The incidence of ACS varies according to the haemoglobin genotype being commonest in
those with HbSS and much less common in those with HbSC [2]. In a retrospective review,
ACS episodes also appeared less severe in children with HbSC compared to those with
HbSS as indicated by a significantly shorter hospital stay [5]. The sickle cell mutation has
arisen on at least five separate occasions, on four occasions in Africa and one occasion in
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Saudi Arabia or India [2]. The prevalence and recurrence of ACS episodes in Saudi Arabia
are relatively low as compared to patients in Africa; this may be due to the interaction be-
tween SCD and the ‘Asian’ haplotype [6], which is known to be associated with a higher
fetal haemoglobin (HbF) level. ACS hospitalisation has been shown to be associated with a
single nucleotide polymorphism (SNP)-defined beta globin cluster [7]. The risk for ACS is
increased by certain endothelin NO synthase gene polymorphisms [8]. A heme oxygenase-1
gene promoter was associated with a reduced incidence of ACS hospitalisation [9]. A gene-
centric association study found an association between ACS and rs6141803, the SNP located
8.2 kb upstream of COMMD7, a gene highly expressed in the lung that interacts with nucle-
ar factor-kB signalling [10].

High haemoglobin levels predispose to vascular obstruction and increase the risk of compli-
cations, such as ACS. High HbF levels inhibit the polymerisation of HbS and hence the higher
the HbF level the lower the occurrence of ACS episodes [2]. Leucocytes release free radicals,
elastase, pro-inflammatory mediators and cytokines, hence the occurrence of ACS episodes
are directly proportional to the steady-state white blood cell count [11].

In approximately 10% of patients, an ACS is precipitated by a pulmonary fat embolism;
affected patients tend to be older, have a lower mean oxygen saturation at presentation and
have a more severe clinical course. Typically, the pulmonary signs and symptoms are preceded
by bone pain. Affected individuals may have systemic signs of a fat embolism, including
changes in their mental state, thrombocytopaenia and petechiae. Infarction of the bone marrow
may result in fat embolisation. This can activate pulmonary secretory phospholipase A2
liberating free fatty acids. Arachidonic acid causes vasoconstriction and oleic acid upregulation
of the vascular cell adhesion molecule (VCAM-1). Splinting resulting from bony thorax
infarction leads to hypoventilation and atelectasis with accompanying hypoxia and hence
sickling. The hypoventilation can be compounded by suppression of respiration by opoid
administration. Infection causes approximately 30% of ACS episodes. The seasonal variation
in ACS episodes in young children likely reflects the increase in viral infections in young
children during the winter months. Children presenting with fever have an increased risk of
developing an ACS episode if they have had a previous ACS episode, upper respiratory tract
infection symptoms, non-compliance to penicillin, an absolute neutrophil count greater than
9 × 10(9)/l and haemoglobin less than 8.6 g/dl [12]. In a multicentre study, 27 different pathogens
were identified, but Chlamyidia pneumoniae was the most frequent pathogen, followed by
Mycoplasma pneumoniae and respiratory syncytial virus. Parvovirus B10 has been associated
with marrow necrosis and a particularly severe form of ACS.

In the Cooperative Study for Sickle Cell Disease before 6 months of age in which patients were
followed beyond 5 years of age, a clinical diagnosis of asthma was made in 17% of the cohort.
Asthma was associated with more frequent ACS episodes [13]. In a retrospective review of
inpatient episodes for ACS, a previous history of asthma or wheezing was more common in
children with HbSC than in those with HBSS causing the authors to speculate that asthma and
wheezing may be more significant risk factors for ACS episodes [5].
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2.3. Risk factors for recurrent ACS episodes

In a cohort of 159 children followed from birth to a median of 14.7 years, an ACS episode prior
to 4 years, female gender, wheezing with shortness of breath and two or more positive skin
prick tests were associated with future ACS episodes, but airway obstruction and a broncho-
dilator response were not [14]. Asthma has been reported to be a risk factor for recurrent ACS
episodes in SCD children in Jamaica [15].

2.4. Pathogenesis

The levels of inflammatory cytokines are increased in ACS. Nitric oxide (NO) levels, however,
are reduced; this is due to a number of reasons. ‘Free’ haemoglobin in the plasma scavenges
NO. Hypoxia reduces NO production by inhibition of NO synthase and activated macrophages
and leuocytes release free radical species that inactivate NO. Adhesion is increased when there
are low NO levels as NO inhibits the upregulation of VCAM-1. NO also inhibits endothelin-1
production. In addition, there is a lack of inhibition of platelet activation and further poten-
tiation of microvascular occlusion and the release of vasoconstrictor metabolites such as
thromboxane A2. Sickle red blood cells, due to the greater auto-oxidation of HbS compared to
HbA, produce greater levels of oxygen-related radicals including superoxide, hydrogen
peroxide and peroxynitrite. There are also lower levels of antioxidant enzyme systems, e.g.
superoxide dismutase, catalyse and glutathione peroxidate. The sickle cells occlude vessels
causing vascular injury, especially to organs with sluggish circulation such as atelectatic areas
of the lung. Neutrophils are more adherent to endothelin cells in SCD patients and this has
been associated with ACS episodes.

2.5. Management

Broad spectrum antibiotics should be given, including macrolides or quinolones to treat
atypical organisms. The choice of antibiotics should be guided by the patient’s clinical
condition and the ‘local’ pathogens. Oxygen therapy should be used to treat any hypoxaemia.
There may, however, be a poor correlation of pulse oximetry readings with arterial oxygen
tensions (see below) and hence blood gas analysis should be undertaken if there is suspicion
of hypoxia. Indications for escalation of respiratory support, which is most likely in those with
extensive, pulmonary involvement, are increasing hypoxia and dyspnoea and the pH follow-
ing below 7.35. In such patients, non-invasive ventilation has been demonstrated to improve
oxygenation and reduce heart rate [16], but may be poorly tolerated. Patients should be
carefully rehydrated as SCD patients are susceptible to fluid overload; hydration should be
limited to 1.5 times the maintenance fluid volume to avoid further impairment of lung function
by aggravating vascular leak in the lungs. In ACS patients with hypoxia, simple or exchange
transfusion can rapidly increase oxygenation [17]. An alveolar-arterial oxygen gradient >30
mmHg has been associated with a worse severity score and higher need for transfusion [17].
To improve the oxygen-carrying capacity of the blood and reduce the proportion of sickle
haemoglobin a transfusion is given. In those patients with a relatively high haematocrit an
exchange transfusion is administered, as a simple transfusion under such circumstances would
increase the viscosity of the blood. Non-randomised trials have not shown any benefit of
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increase the viscosity of the blood. Non-randomised trials have not shown any benefit of
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exchange transfusion over simple transfusion [18, 19]; nevertheless in more severe cases
requiring mechanical ventilation, particularly if a simple transfusion has not improved the
patient, exchange transfusion is recommended [2]. Indications to proceed to an exchange
transfusion include increasing hypoxia, increasing respiratory rate, reducing platelet count
and multilobar disease. The aim being to keep the haemoglobin level at 10–11 g/dl. Analgesia
should be given to control pain, but the amount limited to avoid respiratory depression. Patient
controlled analgesia devices may reduce the risk of narcotic-induced hypoventilation [20].
Intercostal nerve block with a long acting local anaesthetic can alleviate chest wall pain and
has the advantage of reducing the amount of systemic analgesia needed to control pain [2].
Inhaled NO (20–80 ppm) in patients with ACS and pulmonary hypertension has been reported
to result in rapid and significant pulmonary vasodilation and improvement in oxygenation
[21, 22]. Inhaled NO increases the oxygen affinity of HbS. A large prospective randomised trial,
however, failed to show any significant differences in the time to resolution of crisis, length of
hospitalisation, pain scores, cumulative opioid usage and rate of ACS between the nitric oxide
and the placebo groups [23]. Approximately 25% of patients wheeze during an ACS episode
and may benefit from bronchodilator administration [18], but the effect of bronchodilators on
long-term outcome has not been investigated in randomised controlled trials. In a small
Randomised controlled trial, dexamethasone administered to children with mild to moder-
ately severe ACS was associated with a 40% reduction in the length of hospitalisation, a shorter
duration of supplementary oxygen requirement and less need for analgesia [24]. Such
outcomes are biologically plausible, as corticosteroids modulate endothelin cell adhesion
molecule expression including VCAM-1 and have an inhibitory effect on phospholipase A2.
Readmission after an ACS episode, however, has been demonstrated to be more common in
those who reported use of an inhaler or a nebuliser at home or had received corticosteroids
for the ACS episode [25].

2.6. Prevention

Fetal haemoglobin (HbF) inhibits polymerisation of deoxyhaemoglobin S and the level of HbF
predicts the severity of the condition being inversely related to the mortality. There are a
number of agents that raise HbF levels. One such is hydroxyurea that is a ribonuclease
reductase inhibitor blocking DNA synthesis. The HbF level is raised due to the resultant bone
marrow suppression. Additionally, hydroxyurea as an NO donor reduces VCAM-1 production
and hence decreases sickle cell adhesion to the vascular endothelin. In an RCT involving adults,
hydroxyurea reduced the incidence of ACS [26]. The systematic review of studies to date
concluded that hydroxyurea is effective and safe in adults severely affected by sickle cell
anaemia. The Pediatric Hydroxyurea Phase 3 Clinical Trial (BABY HUG) was an RCT of daily
oral hydroxurea in children with sickle cell anaemia aged 9–18 months. The trial failed to
achieve its primary aim which was to determine whether daily hydroyurea would reduce
spleen and renal damage by at least 50%. There were, however, significantly fewer sickle cell
disease related events in the hydroxurea group, including ACS episodes [27]. Hydoxyurea,
however, may cause cytopaenias and patients must be carefully monitored, especially early in
the administration of therapy, which may explain why some physicians are reluctant to
prescribe it [28]. The summary of the 2014 evidence-based report by expert panel members
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gave a recommendation of moderate strength regarding offering treatment with hydroxyurea
without regard to the presence of symptoms for infants, children and adolescents [29]. Chronic
transfusion in patients with a history of recurrent or severe episodes has been demonstrated
by both retrospective review [30] and randomised trial [31] to reduce the frequency of ACS
episodes. Routine use of incentive spirometry is recommended in SCD patients admitted to
hospital with chest or bone pain. Such management in a randomised trial was associated with
a lower rate of pulmonary complications (atelectasis or infiltrates) as seen on a subsequent
chest radiograph [32]. A retrospective review demonstrated that introduction of an evidence-
based guideline initiating mandatory incentive spirometry in children with SCD admitted for
non-respiratory complaints resulted in a reduced number of transfusions and ACS episodes
[33]. Stem cell transplantation in adults and children has been associated with no recurrence
of painful crisis in those with stable engraftment [34]. The best results were obtained in young
children who have HLA-identical sibling donors and transplanted early in the course of their
disease [35]. In certain paediatric populations the success rate is 85–90% [36].

2.7. Outcome

The overall mortality for ACS is 3%, but 9% in adults [18]. The primary cause of death is
respiratory failure from pulmonary emboli and bronchopneumonia. In one study [37], 60% of
severe ACS episodes were associated with pulmonary hypertension which is associated with
a higher risk of death. The incidence of acute kidney injury is higher in patients with ACS and
pulmonary hypertension and correlates with the severity of the ACS [38]. Young children with
a greater number of ACS episodes have a greater decline in lung function (see below) [39]. In
young adults, the greater the number of ACS episodes the greater the reduction in lung
function [40].

3. Pulmonary hypertension

In a screening study, 32% of patients had a tricuspid regurgitant jet velocity (TRV) by Doppler
echocardiography of greater or equal to 2.5 m/s which corresponds to a Pulmonary artery
systolic pressure of 25–35 mmHg (approximately two standard deviations above the mean).
Despite mildly elevated TRV values, the prospective mortality was high with a tenfold increase
in the odds ratio for death [41]. Echocardiography, however, may overestimate the prevalence
of pulmonary hypertension [42]. Pulmonary hypertension in SCD is characterised by progres-
sive obliteration of the pulmonary vasculature. Possible causes include chronic hypoxic stress
causing irreversible remodelling of the pulmonary vasculature, recurrent pulmonary throm-
boembolism, sickle cell related vasculopathy and pulmonary scarring from recurrent ACS
episodes. An elevated TRV has been reported in 11–31% of children and adolescents with SCD
[43, 44]. The clinical significance is not known although an elevated TRV in children has been
associated with a decline in exercise capacity [45].
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4. Sickle chronic lung disease (SCLD)

SCLD is a progressive disease with an insidious onset progressing to end-stage respiratory
failure, characterised by hypoxemia, restrictive lung disease, cor pulmonale and chest
radiograph evidence of diffuse interstitial fibrosis. Recurrent ACS episodes result in damage
to the lung parenchyma resulting in restrictive lung disease. In a study of 319 adults with SCD,
74% had restrictive lung function abnormalities [46]. The mean survival of SCD patients with
chronic lung disease and elevated pulmonary artery pressures can be as short as 2 years.
Sudden death in SCLD patients with pulmonary hypertension is common due to pulmonary
thromboembolism, systemic hypotension and cardiac arrhythmia. Adult SCD patients,
therefore, should be screened for pulmonary hypertension with echocardiography as,
although initially the patients may be asymptomatic, their condition progresses and they suffer
worsening hypoxia and chest pain with impaired exercise tolerance.

5. Asthma and outcomes of SCD

Asthma has been associated with adverse outcomes in SCD patients. Asthma has been reported
to be more common in those with ACS [13] and in particular with recurrent ACS episodes [15].
In one series, after controlling for established risk factors, individuals with sickle cell anaemia
and asthma had more than a two fold increased risk of mortality [47]. In another series [48],
after adjusting for baseline lung function, current asthma and smoking were significantly
associated with mortality during a 10-year period in young adults [48]. Patients with SCD
frequently wheeze and asthma may have been over diagnosed in previous studies that used
a physician’s diagnosis of asthma rather than more objective tests such as determination of
bronchial responsiveness. In a retrospective study, asthma and wheezing were independent
risk factors for increased painful episodes and only wheezing was associated with more ACS
episodes [49]. In an observational study in SCD adults, the ACS rate, lung function or risk of
death was not significantly related to a diagnosis of asthma. Whereas those who had recurrent
severe episodes of wheezing compared to those without wheeze had twice the number of ACS
episodes, poorer lung function and an increased risk of death [50].

6. Lung function abnormalities

Obstructive lung abnormalities are reported in young children [51, 52] with restrictive
abnormalities becoming more prominent with advancing age [53]. Airway hyper-responsive-
ness (AHR) to methacholine has been reported to be more common in SCD children, but not
related to signs or symptoms of allergy [54]. There is great variation reported in the response
to bronchial challenges from 0% in one study [55] to 78% [56] in another. Similarly, the response
to bronchodilator varies from no difference compared to controls [53], but others [15, 57]
reporting a much higher response. Nocturnal desaturation episodes, possibly due to obstruc-
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tive sleep apnoea, may occur in up to 40% of children and adolescents. Oxygen saturation
monitoring, however, may be inaccurate as oximeters do not differentiate between oxyHb and
carboxyhaemoglobin which is raised in some patients.

6.1. Exercise capacity

There have been few studies investigating the cardio-respiratory responses of patients with
sickle cell anaemia to exercise. Children with SCD have been reported to have more adipose
tissue with reduced fitness and exercise performance [58]. Exercise capacity has been reported
to be related to the baseline degree of anaemia and be significantly lower in subjects with a
history of recurrent ACS [59]. The metabolic changes imposed by exercise may initiate sickling
and vaso-occlusive episodes. Patients, therefore, are advised to start exercise slowly and
progressively, to maintain hydration and avoid sudden changes in temperature [60].

6.2. Longitudinal changes in lung function

A cross-sectional study suggested that restrictive abnormalities may increase with increasing
age in childhood [53]. A longitudinal study of children aged 5–18 years demonstrated at
baseline the children mainly had obstructive lung function abnormalities [61]. At follow up 4
years later, the number of children with obstructive or restrictive lung function abnormalities
had increased, but obstructive abnormalities were more common [61]. Retrospective analysis
of results from 413 SCD children aged between 8 and 18 years, however, demonstrated an
increased prevalence of restrictive abnormalities with increasing age [62]. In two cohorts of
SCD children, one of which was followed for 2 years and the other for 10 years, lung function
deteriorated in the SCD children compared to contemporaneously studied ethnic and age
matched controls. This was the first longitudinal study to include contemporaneously studied
ethnic and age-matched controls [39]. In the cohort followed for 10 years restrictive abnor-
malities became more common. The rate of deterioration in lung function was greater in the
younger children in whom ACS episodes were more common [39].

6.3. Aetiology of the lung function abnormalities

The obstructive lung function abnormalities seen in SCD children could be due to asthma. An
increased prevalence of asthma was reported in one study [15], but other studies have indicated
a similar incidence to that of non-SCD populations [63, 64]. Exhaled nitric oxide is elevated in
asthma due to the enhanced expression of inducible nitric oxide synthase inflamed airways.
Yet in prospective study of 50 SCD children and 50 controls the exhaled NO levels between
the two groups were similar and airway obstruction in the SCD children was not associated
with increased methacholine sensitivity or eosinophilic inflammation [55]. An alternative
explanation for the airway obstruction in SCD is the hyperdynamic pulmonary circulation due
to a raised cardiac output resulting from chronic anaemia [65]. Furthermore, in a study of 18
SCD children compared to 18 ethnic and age-matched controls, the SCD children had a
significantly higher respiratory system resistance, alveolar NO production and pulmonary
blood flow, but not airway NO flux. There was a significant correlation between alveolar NO
production and pulmonary blood flow, but not between airway NO flux and respiratory
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system resistance [66]. SCD patients have an increased pulmonary capillary blood volume
resulting from their chronic anaemia. In a study of 25 SCD children and 25 ethnic origin
matched controls, the SCD children had significantly both higher airway obstruction and
pulmonary capillary blood volume before and after bronchodilator. In the SCD children there
was a significant correlation between the pulmonary capillary blood volume and the increased
airways airway obstruction [67]. Furthermore, transfusion in SCD children has been shown to
acutely increase airway obstruction and this was significantly related to an increase in
pulmonary capillary blood volume [68]. Those results suggest that the airway obstruction seen
in SCD children, at least in some, relates to their increased pulmonary capillary blood flow
rather than bronchial hyper-reactivity. The clinical implication of those results is that SCD
children with airway obstruction may have only limited benefit from bronchodilators and this
should be formally tested (see below). Strategies to reduce anaemia and the increased pulmo-
nary capillary blood volume, such as hydroxyurea, may be beneficial in those who remain
symptomatic despite optimisation of bronchodilator therapy.

7. Recommendations regarding routine respiratory monitoring

The most rapid deterioration in lung function occurs in very young children [39], thus routine
respiratory monitoring should begin early, that is, as soon as the child can undertake the
measurements (usually from 4 years of age) on an annual basis. Such monitoring is to enable
early detection of a child whose respiratory function is deteriorating and needs escalation of
treatment. Equally paired lung function assessments can determine the efficacy of treatment
for an individual (see below). Young children, however, have limited ability to perform lung
function tests and detailed lung function testing is not available in all centres. As a conse-
quence, in those less than 5 years of age, impulse oscillometry is recommended as this does
not require volitional input by the child; in older children spirometry gives additional
information. Both techniques are applicable to developed or low resource settings (if in the
latter a hand-held spirometer is used). Assessment of lung volume is also additive in older
children as this will identify those starting to develop restrictive abnormalities, but the relevant
techniques are expensive, particularly plethysmography. Assessment of lung volume by
measurement of functional residual capacity by helium gas dilution is more generalisable in
developed settings. It is important that children with wheeze are not assumed to have asthma
as wheeze in SCD may have other causes. It is therefore important that they undergo assess-
ment for bronchial hyper-reactivity according to their lung function, those with airway
function less than 70% of predicted should receive a bronchodilator and those with better
airway function, better than 70% predicted, should receive either a cold air or exercise
challenge. A methacholine challenge should not be used as this can precipitate an ACS. To
ensure all children are appropriately diagnosed as having AHR undertaking both a cold air
and exercise challenge should be considered, as some children respond only to one type of
challenge and not the other [69]. Theoretically, any bronchial challenge could precipitate a crisis
although this has only been reported with a metacholine challenge. An alternative approach
in a child with recurrent wheeze, particularly if they have an atopic family history, is to give
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them a trial of inhaled steroids, but importantly assess whether there has been any positive
effect using respiratory diary cards and preferably lung function assessments. Clinical trials
are required to evaluate the effectiveness of therapy for asthma in patients with SCD and
coincident asthma and whether this influences their respiratory outcomes.
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Abstract

Cerebrovascular diseases (cerebral infarction, intracranial haemorrhage and vasculop‐
athy) are common manifestations of sickle cell disease (SCD) associated with significant
morbidity and mortality. These neurological complications and potential corresponding
neuropsychological compromise may have devastating consequences for a child with
SCD. This chapter aims to review the neurological complications in SCD using magnetic
resonance imaging (MRI) as both a qualitative and a quantitative tool for detecting
abnormality. Advanced MRI pulse sequences, such as high‐resolution 3D T1‐weighted
imaging for brain volumetrics, diffusion tensor imaging for white matter integrity and
non‐invasive perfusion MRI for cerebral blood flow (CBF) measurement, can provide
additional information about the structure and function of brain tissue beyond the scope
of  conventional  clinical  imaging.  These  studies  have  set  to  establish  quantitative
biomarkers that relate to disease severity and neuropsychological sequelae.

Keywords: sickle cell anaemia, MRI, cerebrovascular disease, stroke, neuropsycholo‐
gy

1. Introduction

Sickle cell disease (SCD) is the commonest cause of stroke in childhood [1, 2]. Focal cerebral
ischaemia due to arterial or venous compromise is rarely fatal but accounts for 70–80% of all
strokes [3–5] and nearly all episodes in children younger than 15 and adults older than 30
years. Subarachnoid and intracerebral haemorrhage typically occurs between 20 and 30 years
of age and has a high mortality [4, 6, 7]. Without preventative strategies, approximately 11%
of patients with genotype HbSS will experience a clinically apparent stroke by age 20 and up
to  24% by  age  45  [6].  Silent  cerebral  infarction  (SCI)  is  diagnosed only  using  magnetic
resonance imaging (MRI) in patients with no focal neurological deficit, but is associated with
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cognitive difficulties [8] that families often report. SCI can develop very early in life, with rates
between 11 and 15% in children less than 2 years [9–11] and progressive accrual throughout
childhood and adolescence [11, 12] and into adulthood.

2. Pathophysiology of cerebrovascular ischaemic events

Clinical stroke is defined as a focal neurological event lasting more than 24 hours and is usually
permanent, whereas transient ischaemic events are focal neurological events lasting less than
24 hours (i.e. there is a full clinical recovery) [13]. Reversible ischaemic neurological deficits
last more than 24 hours, but recover fully. None of these clinical definitions require neuroi‐
maging confirmation, although episodes lasting less than 24 hours but accompanied by an
acute infarct in the corresponding territory should be considered as strokes. People with HbSS
and HbSβ0‐thalassaemia genotypes are at highest risk, although stroke has been documented
in children with HbSS and HbSβ+‐thalassaemia genotypes [6]. Stroke can occur as early as 6–
12 months [14] when HbF decreases and HbS begins to be synthesised; the first decade of life,
when the onset of strokes typically occurs, appears to constitute a ‘critical period’ for neuro‐
logic complications and subsequent neurocognitive morbidity [6, 15].

Overt stroke is usually associated with large vessel arterial disease, with evidence of stenosis
in the internal carotid artery distribution [16], and pathologies are frequently seen in brain
tissue within the anterior cerebral and middle cerebral artery territories [17–19]. Transcranial
Doppler (TCD) may be used to screen for high cerebral blood flow (CBF) velocities consistent
with stenosis or hyperaemia; although conventional angiography is rarely justified, magnetic
resonance angiography may confirm focal stenosis but is not essential for management.

Risk factors for cerebral infarction include classical risk factors as in the general population:
hypertension [6, 20], presence of a prior cerebral infarct [3, 21], acute low oxygen delivery
associated with lower oxygen saturation [22, 23], acute drop in haemoglobin [24] and presence
of cerebral vasculopathy [18, 25] compromising cerebral blood flow (CBF). Increased CBF
velocity, in response to anaemia, results in adaptive vasodilation of vessels to match metabolic
demand, reducing cerebrovascular reserve [26] and causing injury to the endothelial cells
lining the vascular wall [5, 27]. Any further demand when metabolic rate is high (e.g. secondary
to fever or seizures) or when there is an acute drop in oxygen delivery could cause large and
small vessel injury/ischaemia [28], especially in ‘borderzones’, where blood flow may be
lower [29] in the context of large vessel disease and relative hypotension [30].

More common than overt stroke, up to 35% of children will show evidence of SCI [31],
diagnosed using MRI as a lesion seen in two planes of a scan with no history of stroke [9, 30,
32, 33]. In children with evidence of SCI on MRI, there is a 14‐fold increase in the risk of clinical
stroke [34] and further SCI [16]. Known risk factors for SCI are lower rate for pain crises, history
of seizures, increased leukocyte count and Senegal beta‐globin haplotype [35], but also low
baseline haemoglobin [36], male sex and higher baseline systolic blood pressure [37]. The
presence of acute silent cerebral infarction events (ASCIE), seen as lesions on imaging which
may or may not progress to SCI, has been shown to be temporally associated with clinical
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events [38]. SCI by definition are clinically silent, so timing is unknown; however, it has been
postulated that these lesions are the result of recurrent micro‐infarctions and recurrent acute
hypoxic damage [24, 39, 40] secondary to severe anaemia, diminished pulmonary function,
splenic sequestration, aplastic crisis and acute chest syndrome [41, 42].

3. Primary and secondary stroke prevention

In children, transcranial Doppler (TCD) ultrasound screening to measure blood flow velocity
in the intracranial vessels has become an established and effective method of primary stroke
prevention. Three groups have been identified with increasing risk of stroke: normal TCD
velocities (<170cm/s), conditional TCD velocities (170–200cm/s) and abnormal velocities
(>200cm/s) [43]. The Stroke Prevention (STOP) trial randomised children with abnormal TCD
velocities (>200 cm/s) to regular transfusion and was discontinued early as an interim analysis
showed that there was a 92% reduction in the risk stroke in the transfused arm [44, 45]. The
US National Heart, Lung, and Blood Institute and UK National Health Service recommend all
children should have TCD screening and be transfused if their velocities are greater than
200cm/s [46]. Current guidelines state that those children should be transfused indefinitely
[47], but the TCD with transfusions changing to hydroxyurea (TWiTCH) trial suggests that,
for those with no MRA abnormality may be able to switch to hydroxyurea prophylaxis after
a year of transfusion [48]. Hydroxyurea does appear to reduce TCD velocities even without
prior blood transfusion [1]; so, in settings where TCD is available but blood transfusion is not
possible or is considered hazardous, it is probably reasonable to start hydroxyurea while the
results of controlled trials are awaited [49]. In adults with SCD, there are no validated methods
to screen for the increased stroke risk, as TCD studies in adults with HbSS find lower velocities
than in children and cannot accurately stratify the risk of stroke [50].

For secondary stroke prevention, it is important to know the nature of the primary event and
any associated arterial or venous abnormality as well as the setting (e.g. ‘out‐of‐the‐blue’ or in
the context of acute chest or painful crisis), as estimating recurrence risk depends on these
variables [21, 51]. While chronic transfusion for secondary stroke prevention is common
practice, it may not fully prevent recurrent stroke [21, 51, 52] and is associated with antibody
development, iron overload and significant cost. Other treatments such as hydroxyurea for
primary [53] and secondary stroke prevention [54, 55] have been showing promise.

4. Sickle cell neuroradiology

In clinical settings after an acute event (e.g. hemiplegia, seizures or acute coma), MRI and MRA
protocols usually consist of T2‐weighted or fluid‐attenuated inversion recovery (FLAIR)
sequences in the axial and coronal planes, a coronal T1‐weighted image, diffusion‐weighted
images and time‐of‐flight MR angiography protocols to show intravascular appearances.
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4.1. MRA findings

MRA studies confirm pattern of occlusion/stenosis from vessels of the internal carotid
distribution with relative sparing of the posterior circulation [56]; stroke and SCI from
vertebrobasilar artery circulation occlusion are less common, but have been reported [56, 57].
Approximately 10% of children have cerebral vasculopathy [58, 59] and/or moyamoya
syndrome [25], which may be asymptomatic with SCI seen on MRI [59] but renders the child
at significant risk of stroke [25].

4.2. MRI findings

4.2.1. Definition of SCI

Although stroke is identified by abrupt onset of neurological deficit and does not require
neuroimaging evidence, the term ‘covert stroke’ [60], or SCI, was first described in the
Cooperative Study in Sickle Cell Disease (CSSCD) [32] and requires both a neuroimaging
definition. SCI is described for the silent infarct transfusion (SIT) trial [37, 61] as an MRI lesion
measuring at least 3 mm in greatest linear dimension, visible in two planes of T2‐weighted
images (axial and coronal), and a neurology definition of a normal neurologic exam or an
abnormal exam that could not be explained by the location of the brain lesion [62]. Many
studies describe a localisation of SCI to deep white matter (Figure 1), particularly in the arterial
borderzones [11, 42, 57, 63, 64]. Infarcts in the subcortical grey matter structures (i.e. head of
caudate, cerebellum) are less common [57, 63].

Figure 1. An example of SCI in a 12‐year‐old boy with HbSS.

4.2.2. Progression of SCI

Several longitudinal studies have shown the presence of SCI as a risk factor for clinical stroke
and further SCI. In the CSSCD study, approximately 25% of the children with SCI, but only
2.5% of the children without SCI, had new and/or enlarging lesions on follow‐up MRI scan
[30], predicting a 14‐fold higher risk for clinical stroke and further SCI [65].

SCI have been reported in very young children; 4/39 children (10%) with SCA and no history
of stroke between 7 and 48 months of age had SCI [9]; 3/23 children (13%) at an average age of
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13.7 months had SCI [10]; and 18/65 children (27.7%) with SCA who were asymptomatic had
SCI [31]. A French study showed incidence of SCI as 28.2% by 8 years and 37.4% by 14 years
[66]. Although it was thought that rates plateau in childhood, there is now evidence of new
SCI in older adolescence and adulthood [1, 67]. In the London cohort followed from the
mid‐1990s [68], 30% (3/10 patients) were found to have new SCI after the age of 14, 17 and 21
years, respectively (Figures 2 and 3).

Figure 2. Serial imaging of a male with HbSS. Patient was 17 years old on T2‐weighted image from 2001 (left)—show‐
ing a small right frontal SCI. Patient was 28 years old on T2‐weighted image from 2013 (right)—showing no progres‐
sion in size of original right frontal SCI but evidence of new SCI in the right peritrigonal region.

Figure 3. Serial imaging of a male with HbSS. Patient was 14 years old on T2‐weighted image from 2002 (top panel)—
showing a small left peritrigonal SCI. Patient was 26 years old on T2‐weighted image from 2013 (bottom panel)—show‐
ing no progression in size of original SCI, but evidence of new SCI in both cerebellar hemispheres.
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The SIT trial showed that in children aged 5–14 years with SCI, regular blood transfusion
reduced the risk of reinfarction, both overt (clinical stroke) and silent [62]. Preliminary
observational data from the Hydroxyurea Study of Long‐Term Effects (HUSTLE‐
NCT00305175) study suggest that progressive SCI are less likely to accumulate in children
taking hydroxyurea to maximum tolerated dose [69], but no randomised controlled trials are
available yet.

4.2.3. Acute silent cerebral ischemic events (ASCIE)

It has been argued that categorically dividing ischaemic events between clinical stroke
and SCI may be an oversimplification of the spectrum of brain injury in SCD [38]. ASCIE
[38, 40], following acute severe anaemia [24, 35, 70, 71], can be detectable in the first few
days after the clinical event using diffusion‐weighted imaging (DWI), in which the ‘appa‐
rent’ diffusion coefficient (ADC) is measured within each voxel and representing an index
of the mobility of water molecules inside biological tissues. In acute ischaemia, an area of
oedema in the brain has a rapid decline in proton density and appears hyperintense on
DWI and decreased on an ADC map, persisting for 10–14 days post‐event [72], which can
differentiate acute stroke from more remote events [24]. Not all children with evidence of
ASCIE progress to SCI on MRI [1, 62], which strongly suggests acute ischaemia may be
reversible.

4.2.4. Other acute pathologies on MRI

Imaging abnormality in the occipito‐parietal or thalamic region suggests cerebral venous
sinus thrombosis but there may be no parenchymal change and this diagnosis should al‐
ways be excluded with a venogram in patients with SCD presenting in coma or with seiz‐
ures or acute psychiatric symptoms as well as focal neurology [73]. Subarachnoid and
intracerebral haemorrhage also occur [74], as a result of sinovenous thrombosis, rupture of
aneurysms (usually located at the bifurcations of major vessels, particularly in the vertebro‐
basilar circulation) [75], or of fragile moyamoya vessels. Risk factors include recent trauma,
transfusion in the past fortnight, corticosteroid or non‐steroidal anti‐inflammatory use and
intermittent hypertension [76]. Posterior reversible encephalopathy syndrome (Figure 4,
left) has also been reported in the context of hypertension and cyclosporine use for neph‐
rotic syndrome [77], as well as after acute chest syndrome [78, 79]. Acute bilateral border‐
zone ischaemia may also occur secondary to inadequate global CBF to supply the tissue’s
demand for oxygen (e.g. during acute chest crisis or seizures; Figure 4, middle, right).
Management along the lines of the current guidelines for the diagnosed condition in the
general paediatric population should be considered, e.g. acute anticoagulation with hepa‐
rin for cerebral venous sinus thrombosis, neurosurgery for drainage of haematoma and
surgery or interventional neuroradiology for removal of aneurysm after intracranial hae‐
morrhage, and steady slow reduction of any associated high blood pressure associated
with PRES [80, 81].
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Figure 4. Left: Signal change in the grey and white matter (arrows; posterior reversible encephalopathy syndrome) in a
9‐year‐old boy with HbSS and nephrotic syndrome who had seizures after cyclosporin therapy. Middle: Bilateral bor‐
derzone ischaemia in a 25‐year‐old woman with HbSS who collapsed with seizures soon after discharge after acute
chest crisis. Right: Infarction in both anterior and posterior borderzones in an 8‐year‐old boy with previously uncom‐
plicated sickle cell anaemia who developed seizures and coma after surgery to drain a painful swelling of his left cheek
associated with fever.

5. Quantitative MRI findings: cross-sectional and longitudinal case control
studies

Since the 1990s when MRI was used routinely in clinical practice, vast improvements in MRI
hardware, software, sequence design and processing techniques have allowed for quantitative
measurement of neurological abnormality in SCD. Beyond conventional MRI protocols for
acute CNS event detection, only in the last 10–15 years advanced MRI sequences for quanti‐
tative analyses have been published, providing further insight into the pathophysiology and
progression of neurological complications.

5.1. Morphometric studies using T1-weighted MRI

High‐resolution T1‐weighted data, with good contrast between grey and white matter, can
give valuable insight into volumetrics of the brain. An earlier report showed significant
reduction in total subcortical grey matter volume (i.e. basal ganglia volume) as compared to
cortical grey matter volume [82]. Decrease in volume of specific subcortical structures (e.g.
hippocampus, amygdala, globus pallidus, caudate and putamen) follows parallel to increasing
burden of SCI: those with evidence of SCI in white matter have decreased volumes of deep
grey matter structures compared to those without SCI and controls [83].

Morphometric studies give a quantitative approach to brain tissue volumes. In a surface‐based
morphometric study, older children without SCI showed significant thinning of cortex
compared to younger patients in the posterior medial surfaces of both hemispheres [84]. A
whole‐brain voxel‐based morphometry (VBM) study found in children without evidence of
SCI, decreased grey matter volume in bilateral frontal, temporal and parietal lobes was found
to correlate with low IQ [85]. Also using VBM, Baldeweg et al. [86] found that in a group with
existing SCI, there were significant decreases in white matter density extending bilaterally from
the anterior frontal lobes along the ventricles to parieto‐occipital lobes, as well as along the
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corpus callosum. In those without evidence of SCI, smaller but similar significant decreases in
white matter density were found, suggesting patients may have compromised white matter
even with normal conventional imaging (Figure 5). The only longitudinal morphometric study
to date has found different trajectories for brain tissue growth during childhood, with a
significant decline in total grey matter volume distributed broadly across the brain compared
to healthy controls (HC) [87].

Figure 5. Voxel‐based morphometry study showing decreased white matter density extending bilaterally from the an‐
terior frontal lobes along the ventricles to parieto‐occipital lobes (image taken with permission from Baldeweg et al.
[86]).

5.2. Diffusion tensor imaging

Diffusion tensor imaging (DTI) relies on the properties of the diffusion of water molecules to
show directionality (anisotropy) of the underlying tissue. Anisotropy can be quantified by
measuring at least six directions [88], unlike ADC maps from DWI data that only require three
directions, by a diffusion tensor, a mathematical model usually visualised as an ellipsoid
(Figure 6). From the diffusion tensor model, several quantitative metrics can be calculated:
fractional anisotropy (FA), or the degree of anisotropy ranging from 0 to 1 representing the
coherence, organisation and/or density of the underlying tissue, and mean diffusivity (MD),
or the average water molecular displacement which is equivalent to ADC. MD can also be
divided into axial diffusivity (AD), the magnitude of diffusion along the principal direction of
diffusion, and radial diffusivity (RD), or the average magnitude of diffusion along the two
perpendicular directions of diffusion. These metrics may provide additional information
related to demyelination [89] and axonal damage [90]. There are two main approaches to
analyse diffusion data: a voxel‐based approach using regions‐of‐interest (ROIs) or whole‐brain
data, or tractography (Figure 6), where reconstruction of major white matter tracts can be
performed by following the continuity and direction of maximum diffusion from contigu‐
ous voxels [91].
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Figure 6. Diffusion tensor imaging. (1) The diffusion tensor model showing ellipsoids representing voxel with isotropic
diffusion (top) and anisotropic diffusion (bottom). (2) Diffusivity maps showing (a) mean diffusivity (b) axial diffusivi-
ty and (c) radial diffusivity. (3) (a) Fractional anisotropy maps with (b) directions of principal diffusion overlaid (c)
tractography of anterior corpus callosum overlaid.

A DWI study showed significant increases in mean regional ADC of patients relative to
controls in six large ROIs (left and right frontal lobe, left and right cerebellum, pons and
vermis), and in patients with no evidence of infarct, there was increased ADC in four regions
(excluding pons and vermis) [92]. These widespread differences in diffusion have been
confirmed by DTI studies. In a combined ROI and tractography study of 16 patients with SCD
aged 16–45, reduced FA was found in the corpus callosum, centrum semiovale, periventricular
areas and ROIs in the subcortical white matter. Tractography of the corpus callosum showed
reduced fibre count (i.e. streamlines) and reduced FA in the anterior body [93]. Two studies
have used a whole-brain analysis technique known as tract-based spatial statistics (TBSS) [94],
in which a ‘skeleton’ of white matter is investigated to reduce partial volume effects. In a study
of two groups of children with SCA, some of whom had mild gliosis although none had SCI,
patients with mild gliosis had increased diffusivity and reduced FA in the body of the corpus
callosum, whereas the no-SCI group had reduced FA in the centrum semiovale compared to
controls [95]. Another TBSS study in 25 patients with no evidence of SCI showed FA signifi-
cantly lower in cerebral peduncles and cerebellar white matter, whereas there were widespread
increases in MD and RD across frontal and parietal lobes, corpus callosum and subcortical
white matter. Furthermore, significant negative correlations were found between daytime
peripheral oxygen saturation (SpO2) and haemoglobin and RD in the anterior corpus callosum
[96] (Figure 7).
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Figure 7. Results from a recent DTI‐TBSS study [96], showing the white matter ‘skeleton’ (green) and significant corre‐
lations between RD and daytime peripheral oxygen saturation (blue) and haemoglobin (red).

5.3. Perfusion MRI

Perfusion MRI, either through traditional imaging after injection of a paramagnetic contrast
agent (e.g. Gadolinium) or non‐invasive arterial‐spin labelling (ASL) techniques, has the
longest history in quantitative MRI in SCD. In patients with chronic cerebrovascular pathology
and stroke, dynamic susceptibility contrast MRI (DSC‐MRI) has shown focal areas of reduced
CBF and prolonged mean transit time in the affected corresponding to stroke‐like lesions [29,
97]. Studies have consistently shown elevated global cerebral blood flow (CBF) [98–104], in
association with the elevated cerebral blood flow velocity [28], which may be both a response
to and a risk factor for cerebral hypoxia [98, 99] and related to low haematocrit [98] and
haemoglobin and haemoglobin F [103]. Strouse et al. [99] found a strong inverse correlation
with CBF and both full‐scale IQ and performance IQ, which may be more sensitive than CBF
velocity measured by TCD [105].

ASL protocols have become more popular as they do not require intravenous injection;
however, they have widely differed in acquisition, CBF quantification and arterial territory
segmentation techniques [103], leading to discrepancies in interpretation. CBF quantification
depends on the T1 value of blood, which is assumed in some studies [99, 101] but might be
more accurate if it were corrected for haematocrit [100]. An ASL acquisition with multiple
inflow times [106] does not require prior assumptions about the necessary delay for the fully
labelled bolus of blood to arrive and may characterise the full haemodynamic behaviour within
a voxel. Unpublished data from a London cohort (n=39 patients) with multiple inflow time
data confirms global elevated CBF compared to a previously published reference range for
healthy children [1]. This study also shows significant correlations with oxygen saturation and
haematocrit with CBF in the anterior, middle and posterior cerebral arteries.

5.3.1. Combined diffusion and perfusion studies

Kirkham et al. [29] found perfusion/diffusion mismatch in areas seen as normal on T2‐
weighted images, suggesting CBF was reduced but not enough for cytotoxic oedema and tissue
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death. Similarly, a combined perfusion/diffusion study [102] found abnormal appearing white
matter, described as leukoencephalopathy as well as SCI, had decreased CBF and also
decreased FA.

6. Cognitive outcome and relationship to brain imaging findings

Chronic disease (e.g. conditions secondary to anaemia such as diminished pulmonary function
and chronic hypoxic damage resulting in brain damage), potentially accumulating over time
[107], could explain compromised cognitive functioning in children with SCD [41]. Recurrent
micro‐infarctions of the central nervous system, possibly undetected by screening measures,
may affect general neuropsychological function [108].

6.1. General intelligence

Full‐scale intelligence quotient (IQ) is the most commonly reported and widely studied
standardised measure of general cognitive ability in SCD. Chodorkoff and Whitten [2] (1963)
published the first study investigating IQ between patients with SCD and controls—finding
no differences; however from the 1980s/early 1990s there were many studies suggesting that
patients have lowered global intelligence scores than matched controls, even when excluding
those with history of stroke or abnormal neurological examination [109–114]. Results from
studies at that time were mixed; some reported no differences in full‐scale IQ (FSIQ) between
patients and controls [115–117], whereas others found patients had lowered intelligence scores
than matched controls [109–112].

Figure 8. Forest plots of mean differences between SCD patients categorised by MRI status: stroke, silent cerebral in‐
farct (SCI+), no evidence of SCI (SCI−) and healthy controls. Mean differences (estimates) were significant between pa‐
tients with history of stroke vs. SCI+ (left panel), SCI+ vs. SCI− (middle panel) and SCI− vs. HC (right panel). CI:
confidence interval [3].

With the routine use of MRI added in the mid‐1990s, patients were classed into groups based
on history of stroke and presence or absence of SCI [42]; since then, several studies have
confirmed that children with SCI generally have lower IQ scores than those without evi‐
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dence of SCI [86, 92, 118–121]. Recent meta‐analyses have found children with history of stroke
perform significantly worse than those with SCI by 10 IQ points, children with SCI perform
significantly worse than children with normal MRI by 5–6 IQ points [122] and children with
normal MRI perform significantly worse than healthy controls by approximately 7 IQ points
[8] (Figure 8).

6.1.1. SCI and IQ

Although children with normal MRI have lowered IQ than healthy controls, these findings
may link presence of SCI and size of SCI with IQ. Differences in T2‐weighted/FLAIR protocols
and lesion quantification methods have varied, and are difficult to interpret. Results are mixed;
where one study did not provide any correlation result with IQ [86], two studies found volume
of SCI to be a significant predictor of IQ [123, 124] and one study found only patients with
larger lesions had lower IQ [125].

6.2. Executive functioning

Due to the localisation of SCI primarily in the frontal lobe white matter, much work has focused
on deficits in executive functioning, an umbrella term for frontal lobe functions such as
inhibition, planning, organisation, processing, decision‐making, mental flexibility and
working memory. A comprehensive systematic review published in 2007 [126] found that 11
out of 13 studies showed executive function and attention were impaired in children with SCD,
in domains such as sustained attention [127–129], cognitive flexibility [68, 130] and working
memory [64, 68, 123, 127, 131–133]. Some executive function deficits have been linked
specifically to the presence of frontal lobe lesions [127, 129, 134], including one cognitive
screening study finding the Test of Variables of Attention task was sensitive and specific in
identifying 86% of children with SCI [135]. Patients with no evidence of SCI were found to
have deficits in visuomotor functions compared to siblings [127, 129], whereas other studies
found no differences in sustained visual attention [92], working memory [123] or set‐shifting
[68]. A study of neurologically intact adults with SCD showed deficits in processing speed,
working memory and other executive functions compared to controls [136].

6.3. Non-imaging biomarkers of function

Anaemia is a major mediator of cognitive function in neurologically intact children (i.e. without
cerebrovascular abnormalities). Anaemia severity has shown moderate to large correlations
with IQ [41, 119, 137, 138]. Severely anaemic patients (i.e. haematocrit <20%) have shown
poorer performance on both verbal and performance aspects of IQ [119], and have accounted
for a significant proportion of variance in FSIQ [64, 138] and executive functions [64].Low
nocturnal peripheral oxygen saturation was associated with reduced performance on the
Tower of London test, which measures strategic planning and rule learning [139]. In the
baseline data from the Silent Infarct Trial, a 1% reduction in daytime oxygen saturation was
associated with a reduction in 0.75 full scale IQ points [122].
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Anaemia and hypoxia may also interact with social/environmental factors such as socioeco‐
nomic status [140]. Large cohort studies have found socioeconomic status and parent education
as major predictors of cognitive function, rather than SCI [122, 141].

7. Impact of therapeutic interventions

Although primary stroke prevention with prophylactic blood transfusions is effective [45],
with post‐RCT epidemiological evidence for reduction in the number of strokes in children
with sickle cell disease [142, 143], treatment is expensive [144], the number needed to treat to
prevent one stroke is 7 and lifelong regular blood transfusion [145] is a heavy burden for the
child and the family, with risk of allo‐immunisation and infection. Regular blood transfusion
also prevents reinfarction in those with SCI, but the number needed to treat to prevent one
reinfarction was even higher; the outcomes for the SIT trial included overt strokes and it is not
clear whether this treatment can halt or reverse the progression of SCI while there was no
benefit in terms of IQ [61, 62]. Longer term clinical and imaging follow‐up is required as blood
transfusion does not prevent all recurrent infarcts, worsening vasculopathy [51] or progressive
atrophy [146].

Hydroxyurea does appear to reduce TCD velocities and the TWiTCH trial supports its use for
primary prevention in those with abnormal TCD velocities who have normal MRA and have
been transfused for a year. There is now a little observational evidence suggesting prevention
of progression of SCI [69] and intellectual decline [147] but RCTs are needed.

Daytime and nocturnal desaturation is associated with higher TCD velocities [39] as well as
predicting increased stroke risk [22, 23]. Hydroxyurea may reduce stroke risk by improving
oxygen saturation [148] and other strategies, e.g. to prevent the development of or to treat
obstructive sleep apnoea, are under investigation. The SIT trial was the first to use MRI as an
imaging endpoint; the new techniques such as volumetric analysis and DTI may be useful
intermediate endpoints in RCTs of complex interventions, such as the Prevention of morbidity
in Sickle Cell Disease (POMS) randomised trials of auto‐adjusting continuous positive airways
pressure [149, 150].

8. Conclusion

In SCD, neurological complications secondary to chronic anaemia and hypoxia are prevalent
from an early age. The research is mounting that stroke and SCI, as well as other pathologies,
can have marked impact on neuropsychological outcome of the child. In clinical settings, MRI
and MRA have been considered valuable tools for diagnosis and management of acute CNS
events, but only relatively recently the role of quantitative neuroimaging has emerged for
establishing potential biomarkers of SCD severity. Cross‐sectional studies using high‐resolu‐
tion 3D T1‐weighted images, diffusion tensor imaging and perfusion imaging have found
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pertinent tissue characteristics beyond the detection of conventional, clinical MRI/MRA. These
studies open the way for use of quantitative MRI as endpoints in clinical trials.
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pertinent tissue characteristics beyond the detection of conventional, clinical MRI/MRA. These
studies open the way for use of quantitative MRI as endpoints in clinical trials.
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Abstract

As  a  comorbid  condition  of  sickle  cell  disease  (SCD),  asthma  leads  to  increased
complications and mortality. However, poor understanding of asthma phenotypes in
SCD and the complex interaction with SCD-related airway inflammation, manifested
by  bronchial  hyperresponsiveness  or  obstructive  airway,  pose  a  unique  clinical
challenge.  The objective of this chapter is  to provide a comprehensive review and
discussion of epidemiology, pathophysiology, interactions, and clinical implications of
airway hyperresponsiveness (AHR), obstructive airway, and asthma in SCD. Discussion
will cover new understanding and limitations of asthma diagnosis and management in
SCD. AHR, lower obstructive airway, and asthma are highly prevalent in SCD. Despite
overlapping features, these entities are nonetheless distinct as demonstrated by basic
science  and  clinical  data.  Diagnosis  of  asthma  should  be  based  on  a  physician
assessment. We provide new unpublished data of a prospective study on diagnosing
asthma in a  small  preschool  population.  Administered validated asthma-screening
questionnaire to SCD children reveals good sensitivity and specificity as an asthma
detection tool. It is unclear at this time if detection of bronchial lability or asthma early
in  life  would result  in  better  outcome of  patients,  or  if  improved control  of  SCD
attenuates lower airway pathology. Being able to distinguish asthma from bronchial
lability in the preschool age children would allow for appropriate intervention early in
life.

Keywords: sickle cell disease, children, pediatrics, asthma, obstructive airway, lower
airway obstruction, wheezing, hyperresponsive airway, hyperreactive airway, reactive
airway disease
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1. Introduction

Asthma is a heterogeneous chronic airway disease seen in 10% of children, characterized by
airway hyperresponsiveness (AHR) and recurrent episodes of airway obstruction due to airway
inflammation.  In  the  general  population,  a  physician diagnosis  of  asthma supported by
pulmonary function testing or laboratory evidence is often sufficient to make such a diagnosis,
but continues to remain an elusive topic in sickle cell disease (SCD).

As a comorbid condition of SCD, asthma may lead to increased complications and mortality.
Children with SCD experience frequent concurrent wheezing, respiratory complications such
as pneumonia or acute chest syndrome (ACS), airway hyper-responsiveness, and airway
obstruction, attributed to SCD-related airway inflammation but not necessarily from asthma.
As a result, wheezing (clinical surrogate for bronchial hyperresponsiveness), obstructive
airway, and asthma are present in higher prevalence within the SCD population, with
significant overlap (Figure 1), rendering common office procedures such as spirometry
(measure of airway obstruction), methacholine challenge testing (measure of hyperrespon-
siveness), and exhaled nitric oxide (measure of asthma-related airway inflammation) inade-
quate to distinguish them apart.

Figure 1. The relationship of asthma, wheezing, and lower airway obstruction in SCD.

2. Pathophysiology (interrelationship between wheezing, asthma,
and obstruction)

The mechanism by which wheezing, obstruction, and asthma develop in SCD is poorly
understood. Transgenic SCD mice demonstrate higher airway resistance via an altered
immunologic pulmonary response, priming the lungs to increased inflammation, and airway
hyperresponsiveness after sensitization to allergens [1]. Therefore, as an inflammatory
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comorbid condition, asthma likely contributes to sickle hemoglobin-induced vasculopathy
and in reverse, SCD attributes to airway inflammation leading to development of asthma,
obstruction, or bronchial hyperresponsiveness (Figure 2). How SCD subtypes variably
influence the lower airways is not adequately described.

Figure 2. Interrelationship of SCD inflammation with lower airway inflammation.

Severe airway narrowing may lead to local hypoxia, promote sickling and systemic inflam-
mation which in turn may increase airway inflammation.

2.1. Lower airway obstruction in SCD

SCD mice compared with hemoglobin A mice possess greater resistance in the airways at
baseline and after allergen challenge [1]. Reversal of SCD-related inflammation through bone
marrow transplant and hydroxyurea lead to improved pulmonary function, implying SCD
adversely affects the lower airways. The effect of SCD on the lower airways starts early in life.
Predominant lower airway obstruction (LAO) abnormality is already present in early infancy,
even prior to a diagnosis of asthma [2]. Majority of older children and adolescents with SCD
have either normal pattern of lung function or lower airway obstruction (LAO). Cross-sectional
prevalence of lower airway obstruction estimates it being high in SCD children [3], ranging
from 20 to 50%. Longitudinal studies further elaborate a tendency of lower airway obstruction
development in childhood [4]. SCD LAO is not associated with increased methacholine
sensitivity or eosinophilic inflammation, eluding to airway hyperresponsiveness and asthma,
respectively, being distinct entities from lower airway obstruction. Increasing age, female
gender, history of asthma or wheezing, tobacco smoke exposure, and high lactate dehydro-
genase (LDH) are independent predictors of obstruction [5]. Clinical significance of LAO in
children remains uncertain; however, some reports describe association with increased vaso-
occlusive crisis [6], but not with ACS or mortality. Ongoing SCD-related airway inflammation
eventually leads to LAO, which in turn increases eosinophil and collagen deposition in the
lungs of SCD mice to a greater extent than control mice [1]. Whether an ongoing LAO even-
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tually progresses into asthma remains uncertain, but SCD airway inflammation could have
deleterious effect on asthma control. Clinically differentiating asthma from LAO poses a
challenge, but respiratory symptoms or complications are primarily associated with the
former. As asthma is poorly characterized in SCD, it isn’t clear if a mild asthma evolves to a
more severe form over time and how best to differentiate mild form of asthma from LAO.
Management guidelines currently do not recommend monitoring pulmonary function
routinely in all SCD children unless symptomatic [7].

2.2. Airway hyperresponsiveness in SCD

AHR is a cardinal feature of asthma in children without SCD; however, a high prevalence of
up to 55–75% in the absence of asthma or reactive airway disease symptoms exists in SCD
children, reaffirming that these entities are distinct [8–10]. Younger age, higher serum immu-
noglobulin E (IgE) concentration, eosinophilia, and a higher LDH level were independently
associated with AHR [11]. The pro-inflammatory state of the SCD lung and its contribution to
AHR is not completely understood but Nitric oxide (NO) metabolism dysregulation may
possibly contribute to its etiology, independent of asthma. A lack of relationship between
methacholine-induced AHR and either traditional symptoms or a physician diagnosis of
asthma suggest a potential novel mechanism for AHR in SCD [12]. Clinical significance of AHR
includes increased complications such as ACS and more frequent vaso-occlusive events [13].
The presence of elevated eicosanoids in SCD asthma is not associated with AHR. Hydroxyurea
use may attenuate AHR, though more confirmatory studies are needed. Not enough data are
available on the beneficial effects of bronchodilators or whether asthma anti-inflammatory
controller medication is beneficial in preventing complications.

2.3. Asthma in sickle cell disease

Asthma is a multifactorial disease that manifests in illness as a final combination of heredita-
bility (genetics), triggers (environment), and immunologic alterations that promote hyperres-
ponsiveness of the airway. This entity is diagnosed based on a physician assessment through
the combination of medical history and physical examination.

A familial pattern of inheritance of asthma exists among first-degree relatives of probands with
diagnosis of both SCD and asthma, suggesting that asthma is a distinct comorbid condition
with SCD rather than a lung disease phenotype mimicking asthma [14]. Autopsy lung
histological findings of a deceased SCD patient with asthma during an acute respiratory event
are consistent with characteristic features of bronchial asthma. Pain crisis and ACS rates were
increased in SCD children without a diagnosis of asthma but with a positive family history of
asthma, compared with children without asthma and a negative family history. When adjusted
to a diagnosis of asthma, individuals with family history of asthma had increased complica-
tions compared to those with asthma but without a family atopic risk [15]. Inflammatory genes
and their corresponding mediators of asthma pathogenesis may therefore contribute to
vascular inflammation.
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Inflammatory mediators implicated in the pathogenesis of asthma and pain provide additional
evidence suggesting that there is a common mechanism between asthma and SCD. Phospho-
lipase A2 activity on cell membrane component arachidonic acid leads to production of
leukotriene products (LTB4, LTC4, LT D4, and CysLT) which in the lungs have effects on
asthma pathogenesis and neutrophil activation (Figure 3). Baseline levels of leukotrienes were
significantly elevated in those with SCD compared to healthy population. Among children
with SCD, levels were higher in those with asthma than those without asthma [16]. Leukotriene
significantly increases during pain crisis or acute chest syndrome in children with sickle cell
disease [17, 18]. Although LTB4 levels have a lesser role in the process of asthma, their actions
on the activation, migration, and adhesion of neutrophils to the endothelium suggest that LTB4
could contribute to the process of vaso-occlusion. In one study, the T-lymphocyte helper cell
cytokine, interleukin (IL)-4, elevation was associated with SCD rather than asthma status [19].
Consistent with SCD-triggered inflammation leading to airway changes, we previously
reported preliminary data of neutrophilia and eosinophilia systemic inflammation, inversely
associated with pulmonary function in asymptomatic asthmatic SCD children [20].

Figure 3. Eicosanoid metabolism and leukotriene biosynthesis.

Histologic findings in sickle cell mice indicate SCD independently induces a baseline lung
pathology that increases large and small airway resistance and primes the lungs to increased
inflammation and airway hyperresponsiveness post- sensitization. Individuals with SCD may
therefore have a unique, divergent phenotype, perhaps amenable to a different therapeutic
approach. Among children in the general population, an elevated IgE level and aeroallergen
sensitization are among the strongest risk factors for asthma. Earlier reports of elevated IgE
[21] and allergen-specific IgE [22] in physician-diagnosed asthma in SCD children were not
replicated subsequently. Aeroallergen sensitization in physician-diagnosed asthma SCD
children was significantly higher than the non-asthma group but was of limited clinical value
in detection of asthma [23].
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Asthma disproportionately affects African-American children in the United States with a
prevalence of about 20%. The prevalence of comorbid asthma in patients with SCD has not
been well defined, as such studies require simultaneous surveillance in the general population.
In children with SCD, estimates of asthma prevalence are similar to that in children of African
descent as in the general population. It is not certain if SCD imparts a modest tendency to
develop asthma. Without a clear definition of asthma or understanding of asthma phenotype
in SCD, the epidemiological data may vary widely. It is well described that a physician’s
diagnosis of asthma is not synonymous with LAO or AHR, and the prevalence of asthma in
multiple SCD cohorts is much lower than LAO and AHR.

Available additional tests include spirometry, methacholine challenge, and exhaled nitric
oxide, for school-aged children provide additional objective measurements to support the
physician’s assessment to make a diagnosis of asthma in children. Potentially, signs and
symptoms suggestive of asthma, such as wheezing or an obstructive pattern on pulmonary
function testing, may be related to pulmonary manifestations of SCD and thus represent a
different pathophysiology than asthma. A high incidence of abnormal pulmonary function
findings, including LAO or a restrictive pattern in the SCD population limit its use in the
diagnosis of asthma. Bronchodilatory effect of beta agonists was appreciated in many non-
asthma SCD patients [3]. Similarly for AHR in SCD, methacholine challenge is unable to
differentiate those who have asthma from those without [12]. Due to dysregulation of the
arginine-NO metabolic pathway in SCD, fractional exhaled nitric oxide (FeNO) levels used to
assess airway eosinophilia activity could be compromised. Recently, it was shown that FeNO
measures were not significantly different in SCD children with a physician diagnosis of asthma
from those without asthma [23].

SCD mice with experimentally induced asthma are more susceptible to death and pulmonary
inflammation compared with control mice, suggesting that asthma contributes significantly to
morbidity and mortality in SCD. In children with both SCD and asthma, respiratory symptoms
are a risk factor for painful episodes. Several clinical studies have since confirmed that
concomitant asthma increases SCD complications of vaso-occlusive events, ACS, pneumonia,
and even mortality [24–27]. Children were diagnosed as asthmatic prior to onset of their first
ACS episode, suggesting that asthma exacerbations may predispose to ACS episodes. Mech-
anisms by which asthma predisposes to increased morbidity and mortality remain unclear.

3. Physician assessment in asthma diagnosis

To date, all studies defining asthma are based on a physician’s subjective assessment. The
objective criteria used to make a physician diagnosis of asthma are not well defined and may
vary from one physician to another. Whether a physician diagnosis of asthma in children with
SCD has the same constellation of clinical features that are recognized among children without
SCD is not known.
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3.1. Asthma-screening questionnaire in school-aged children with SCD

In 2015, we published data that demonstrated the utility of an asthma-screening questionnaire
to identify physician-diagnosed asthma in SCD children. In this study, we prospectively
administered a previously validated asthma-screening questionnaire to 41 SCD children on a
routine clinic visit. Prevalence of obstructive airway was high at 51.2% and physician diagnosis
of asthma was lower, 33.3%. The sensitivity and specificity were high in detecting physician
diagnosis of asthma in this SCD population [28].

An asthma-screening questionnaire showed to be a useful tool in identifying at-risk SCD
children who may benefit from further asthma management as an effective, easy-to-administer
screening tool. More importantly, as the screening questionnaire had been developed and
validated in the general population, it provided new evidence that a physician diagnosis of
asthma in children with and without SCD was consistent. In another study, after extensive
evaluation of SCD children for respiratory symptomology, atopic risk, pulmonary function
measures, and inflammatory markers; parental history of asthma, wheezing causing shortness
of breath, and wheezing after exercise were predictive of development of asthma [23],
indicating the importance of a proper history and physical in determining an asthma diagnosis.
We did not observe a difference between parental history of asthma in SCD with the asthma
and non-asthma groups, but allergic rhinitis was significantly seen in the asthma group.

3.2. Wheezing and SCD

Children with SCD are more likely to wheeze than non-SCD children in the same geographical
setting [29]. Wheezing likely is a clinical surrogate of SCD inflammation-related AHR,
bronchial asthma airway inflammation, or both. No age association between wheezing and
asthma diagnosis exists; therefore, children with wheezing were no more likely to carry an
asthma diagnosis than adults [30]. Some SCD patients have recurrent wheezing without a
personal or familial history of asthma. Risk factors including upper respiratory tract infection,
environmental tobacco smoke exposure, maternal history of asthma, lower socioeconomic
status, excessive production of inflammatory mediators such as leukotrienes, low vitamin D
level, and exposure to acetaminophen in early life were found to be associated with wheezing
independent of asthma [30]. Many of these risk factors are similar to early life wheezing in the
general population and asthma. The International Study of Asthma and Allergies in Childhood
(ISAAC) to assess current respiratory symptoms of asthma showed that recent use of acet-
aminophen was associated with an exposure-dependent increased risk of asthma [31];
therefore, further work is needed in SCD due to high exposure of pain medications. Recurrent,
severe wheezing regardless of asthma status was associated with increased pain crisis, ACS,
and mortality. Wheezing and asthma are likely independent risk factors of SCD complications
[32].

The Asthma Predictive Index (API) was developed for children less than 3 years old with
recurrent wheezing. This index was created as a guide for the primary physician to determine
which children would likely have asthma later in life. The API takes into consideration a
combination of major and minor criteria (Table 1) to evaluate the patient asthma risk.
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Major criteria Minor criteria

Parental asthma Food allergies

Physician diagnosis of atopic dermatitis Eosinophilia >4%

Sensitization to aeroallergens Wheezing apart from colds

Table 1. Asthma predictive index: a positive API requires ≥3 episodes of wheezing a year during the first 3 years of age
and one of the two major criteria or two of the three minor criteria.

In preschool children aged 3–5 years, or younger, the diagnosis of asthma sometimes is a
challenge. Many times, viral respiratory illnesses may mimic early asthma symptoms. Cardinal
symptoms that suggest asthma include dry cough, trouble in breathing, chest tightness or pain,
and wheezing, most of them are also present in SCD. Asthma could be exacerbated by weather
changes, colds, emotions, or exercise. In SCD patients, diagnosis of asthma may be even harder
taking into consideration the vaso-occlusive pathophysiology involved in this disease as an
additional confounding factor for asthma symptoms. It is uncertain if the API can be reliably
applied to the SCD population.

3.3. Asthma in the preschool SCD population

For a primary physician, diagnosis of asthma in the preschool population may be a potential
challenge notwithstanding other several comorbidities that can mask asthma symptoms like
in those patients with SCD.

In our unpublished 3-years prospective study, a validated asthma-screening questionnaire was
administrated to 12 preschool SCD children (aged 2–5 years) on a routine clinic visit. Preva-
lence of physician diagnosis of asthma at initial visit was 33.3% (n = 4). We found that the
abbreviated three-question version had 100% sensitivity and 62.5% specificity in detecting
asthma early in life in this subject population when followed over time. The Breathmobile Case
Identification Survey (BCIS) in preschool-age children in the general population had a high
sensitivity (70%) and specificity (84%) [33]. Further work is required to assess early asthma-
screening approaches in SCD.

These data demonstrate that a validated asthma-screening tool intended for the general
population might be relevant in preschool SCD and might be used as a screening tool for a
valid asthma diagnostic approach. A validated screening tool implemented in early asthma
diagnosis will help the primary physician to assess objectively and uniformly the diagnosis of
asthma in preschool SCD children in order to identify individuals at risk of major complica-
tions or those with poorly controlled asthma.

It is unclear if detection of bronchial lability or asthma diagnosis earlier would result in better
outcomes or if improved asthma control in SCD attenuates lower airway pathology. Identifying
mild asthma would continue to remain a challenge. Previously, due to poor understanding of
an asthma diagnosis in this high-risk population, clinical trials were difficult to conduct,
resulting in a gap of knowledge. Future research to evaluate the impact of early asthma
detection in the development of further comorbidities in SCD children should be explored.
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4. Asthma management in SCD

Sickle cell disease is marked by high utilization of medical services. A history of asthma was
associated with an increased risk of SCD emergency department (ED) utilization for both pain
and ACS [34]. Recently, the patient-centered medical home (PCMH) emerged as a viable
method to improve delivery of medical care. The American Academy of Pediatrics (AAP)
currently defines a PCMH as care that is accessible, continuous, comprehensive, family-
centered, coordinated, compassionate, and culturally effective. Children with SCD reported
to experience comprehensive care had lower rates of ED encounters and hospitalizations after
controlling for demographics and health status. SCD patients with asthma are anticipated to
benefit the most in this setting.

Achievement of asthma control to reduce pulmonary complications and mortality are the goals
of the National Asthma Education and Prevention Program (NAEPP) expert panel report 3 on
2007 guidelines. These guidelines focus on impairment and risk as key factors to assess asthma
severity and control. Treatment recommendations are summarized in a stepwise approach for
long-term asthma treatment taking into consideration the patient age and epidemiologic risk
factors. Currently, physicians follow the NAEPP 2007 asthma guidelines in order to minimize
future comorbidities and reduce asthma-related mortality in the pediatric population.

It is known that the pathophysiology of asthma involves several overlapping areas that affect
the asthma phenotype in each patient. Also many comorbid factors can play a direct role in
the development of asthma, SCD being one of them. Concerns regarding asthma management
in SCD using the standard NAEPP 2007 approach have arisen, taking in consideration the
hemolytic and chronic inflammatory state of this disease. Current consensus in the manage-
ment of asthma in SCD agrees with the use of NAEPP 2007 guidelines to treat SCD asthma
until new studies demonstrate a different approach.

Acute asthma exacerbations

• Rescue medications may include inhaled bronchodilators (albuterol and ipratropium) and
systemic corticosteroids.

• Several cases have been described associating oral corticosteroid use with rebound pain and
ACS. However, their use should not be withheld in the setting of an acute asthma exacer-
bation. A slow taper of systemic corticosteroids may decrease the risk for rebound pain.

• Admit all patients with acute asthma exacerbations requiring corticosteroids and consider
a lower threshold to admit SCD patients with mild asthma exacerbations in view of the
potential complications, such as ACS or pain crisis.

Long-term asthma control

• Physicians are encouraged to prescribe inhaled corticosteroids (ICS) as the first line for
asthma-controlled medication and to consider additional controlled medications such as
leukotriene inhibitors.
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• Consult pulmonary specialist and hematologist when starting ICS in an SCD patient.

• Interval pulmonary function test in the outpatient setting is recommended.

• Asthma assessment on all SCD patients at least annually.

• A Doppler echocardiogram annually in SCD patient with asthma to screen for pulmonary
hypertension.

• A baseline EKG should be completed before starting therapy with beta2 agonists due to
increased risk of prolonged QTc complications in SCD.

In the following sections, we expand the available literature on asthma management in the
SCD population and explore future areas of interest about this topic [35].

4.1. Oxygen therapy

As part of the management of acute asthma exacerbations in the general population, oxygen
therapy plays an important role in the correction of asthma-induced hypoxemia, secondary to
V/Q mismatch. In SCD, oxygen is also part of the initial management for acute chest syndrome.
It is known that in SCD, the onset of erythrocyte sickling can be triggered by hypoxemia and,
for instance, the development of acute chest syndrome. More studies are needed to evaluate
the benefit of oxygen in SCD in the acute setting of asthma. Short-term oxygen in an acute
asthma exacerbation should be initiated with SCD during a moderate to severe asthma
exacerbation.

4.2. Bronchodilators

Acute hyper-responsiveness can be treated successfully with short-term inhaled bronchodi-
lators that selectively stimulate the Beta-2 receptors in the airway and relax the smooth muscle.
In SCD, the approach may be different if acute chest syndrome overlaps with an acute asthma
exacerbation. On red blood cells, beta2-receptor stimulation was associated with cellular
adhesion in vivo. This may theoretically promote vaso-occlusive episodes in SCD but clinically
this phenomenon has not been described. Studies to evaluate the effectiveness in the treatment
of asthma and acute chest syndrome in SCD have not been performed. Several Cochrane
Reviews have shown consistently the lack of well-designed randomized controlled trials in
this area. As a clinician, this information will be helpful to evaluate the risks of the use of
inhaled bronchodilators in the therapy for acute chest syndrome and asthma in the SCD
population [36].

Inhaled beta2 agonist has been related with life-threatening cardiac events in adults with long
QT syndrome [37]. Prolonged QTc is a frequent finding in the SCD pediatric and young adult
population. Considering this, evaluation for possible life-threatening events in SCD related to
QTc prolongation after beta2 agonist use may be warranted [38]. An EKG prior to starting a
beta2 agonist will provide useful information at initial evaluation in SCD asthma management
to prevent additional comorbidities. A randomized control trial evaluating the risk of the use
of beta2 agonists in SCD secondary to QTc prolongation needs to be explored.
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Long-term bronchodilators (long-acting beta-agonists [LABAs]) are recommended for asthma
control in those with moderate to severe persistent asthma as per NAEPP 2007 guidelines. In
SCD, some concerns arise about the use considering the epidemiology of the disease. In the
Salmeterol Multicenter Research Trial (SMART), African-American subgroup showed an
increased risk for respiratory-related deaths [39], prompting the US Food and Drug Admin-
istration (USFDA) to issue a black box warning. The safety profile of LABA is currently being
investigated in the pediatric population with the VRESTRI clinical trial and is expected to
complete in 2017.

An alternative approach to address the risk of short-acting beta-agonists (SABA or LABA) use
in the African-American SCD population for asthma management is the use of short-acting
and long-acting anticholinergics. Ipratropium and tiotropium work as acetylcholine receptor
antagonists, causing bronchodilation. A randomized clinical trial in 2015 has compared the
effectiveness and safety of tiotropium versus LABAs. In this study, African-American adults
with moderate to severe asthma were enrolled over 18 months. The combination of LABAs or
tiotropium with ICS showed no significant differences in asthma exacerbations, forced
expiratory volume in 1 s (FEV1), asthma control questionnaire (ACQ) scores, or patient
reported outcomes [40].

An observational study evaluated the increased pulmonary capillary volume as a possible
explanation for airway obstruction in SCD patients. They found that an increased pulmonary
capillary volume contributes to increased airway obstruction and, for instance, may limit the
effect of ipratropium in reducing airway obstruction in SCD [41].

4.3. Leukotriene’s inhibitors

During acute asthma episodes, prolific release of inflammatory metabolites contributes to
airway bronchoconstriction and acute exacerbations. Leukotrienes are arachidonic acid
metabolites that contribute to airway inflammation in asthma and may have additional
pathophysiologic roles in SCD. Lung leukotriene cascade activates and releases additional
metabolites including LTA4, LTB4, LTC4, LTD4, and LTE4 after activation of the 5-lipoxygenase,
a key enzyme in the biosynthesis of leukotrienes (Figure 3).

Montelukast is an adjuvant therapy that works as a leukotriene receptor antagonist (LTRA) in
the airway mast cells, eosinophils, and also in lung epithelial cells. Of all LTRAs, LTD4 is the
most potent bronchoconstrictive leukotriene. Additional chemo-attractive properties have
been attributed to Cyst-LTs with a direct effect on lung vascular permeability, mucous
secretion, and airway narrowing. Currently, under recruitment process, a phase-2 clinical trial
tries to evaluate the effect of montelukast as an adjuvant medication to hydroxyurea for SCD
vaso-occlusion treatment. This trial will provide valuable information about the role of
leukotrienes in the SCD inflammatory state. Additional studies are needed to evaluate efficacy
of LTRA inhibitors in SCD and asthma.

Zileuton is a specific 5-lipoxygenase inhibitor with a direct activity by decreasing leukotriene
production. It is suggested that zileuton could have benefits in SCD considering the structural
analog of hydroxyurea, and the advantage of inducing fetal hemoglobin to improve oxygen
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affinity and delivery. In vitro trials have documented a potential effect in downregulating SCD
inflammatory state through nitric oxide pathways in a dose-dependent effect [42]. Upregula-
tion of IL-13 with hydroxyurea and downregulation of IL-13 with zileuton has been docu-
mented in vitro. This observation promotes the idea that zileuton is a potential drug for
management of the SCD inflammatory state [43]. A phase-I trial evaluated the role and tested
the safety of zileuton to reduce inflammation associated with SCD in a dose-dependent manner
in children and adults [44]. Phase-II and -III clinical trials are pending to be done to explore
the interactions between zileuton and hydroxyurea in SCD.

4.4. Corticosteroid

As per NAEPP 2007 guidelines, moderate to severe persistent asthma involves the introduction
of an inhaled corticosteroid in order to achieve asthma control in the pediatric population.
However, unclear data about the use and safety of corticosteroid in SCD children introduce
challenges in the management.

Specific data regarding the use of corticosteroid in the management of asthma are needed.
Some trials have evaluated systemic corticosteroids in the setting of acute chest syndrome in
SCD. In a randomized trial evaluating the efficacy of dexamethasone in SCD with acute chest
syndrome a beneficial effect was found [45]. Significant statistical data showed lower rates of
hospitalizations, blood transfusions, duration of oxygen and analgesic medications; however,
the subjects were never evaluated for pre-existing asthma diagnosis. Noteworthy here is that
the rebound readmission rate in the dexamethasone group has raised some concern.

Rebound pain crisis after systemic corticosteroid use had been a concern in SCD. The potent
anti-inflammatory effects of systemic corticosteroid may have a role in the management of
ACS and asthma. Nevertheless, rebound pain and subsequent readmission may limit their use
to an SCD sub-population [46]. It is suggested to use a longer course of systemic steroid with
slow taper, but controlled clinical trials would be needed to evaluate this approach.

It is currently recommended to follow NAEPP 2007 guidelines as part of the treatment of
asthma in SCD. Systemic steroid may be used in moderate to severe asthma exacerbations
with a close monitoring for rebound pain. An individual approach may be considered to
start inhaled corticosteroids in persistent asthma in SCD to avoid asthma-related morbidity,
while upcoming clinical trials provide the clinician evidence-based guidelines about the
best strategies for asthma management in SCD. However, poor understanding of asthma
phenotype in SCD and additive bronchial asthma airway inflammation to underlying SCD
inflammation, and its impact on asthma control has not been explored. Current clinical tri-
als for inhaled mometasone and budesonide are being conducted to address the gap in the
knowledge.

4.5. New therapy in asthma

New modes of asthma management may have beneficial effects on SCD asthma airway
inflammation and asthma. However, no data are currently available on these modes of therapy.
These include immunotherapy, monoclonal antibody against specific immune protein, and
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bronchial thermoplasty. The role of hydroxyurea and other anti‐inflammatory interventions
of SCD in improving asthma control requires investigation.
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Abstract

Introduction:  Leg ulcers are a frequent and debilitating complication of sickle cell
disease (SCD), particularly of the SS genotype. The prevalence of leg ulcers in patients
with sickle cell disease (SCD) varies geographically ranging widely from 75% in Jamaica
to as low as 1% in Saudi Arabia. The prevalence of leg ulcers in the Cooperative Study
of Sickle Cell Disease (CSSCD) in the United States was 5% in SS genotype with the
incidence  increasing  with  age.  As  patients  with  SCD have  increasingly  improved
survival, the prevalence of leg ulcers is likely to be higher. These ulcers are slow to heal,
have a high rate of recurrence, and are associated with severe unremitting pain and
depression,  thus leading to high healthcare costs.  Despite being a well‐recognized
complication of SCD, there are no specifically designed evidence‐based guidelines to
help clinicians manage these patients.

Methods: To prepare this manuscript, we searched PubMed using the search terms
“sickle cell,” “ulcer,” “sickle cell,” and “wound.” We also appraised the references
mentioned in the identified articles. Inclusion criteria included case reports, case series,
retrospective reviews, clinical trials, randomized controlled trials, systematic reviews,
and meta‐analyses from 1945 to 2016. We present our extensive personal observations
and expert opinion, whenever there is a lack of reliable data.

Conclusion: Our understanding of the pathophysiology of leg ulceration in sickle cell
disease is improved, though still limited since the first described case in the English
literature over 100 years ago. Moreover, there remains a paucity of good quality
randomized clinical trials to test new and effective therapies. No evidence‐based
guidelines for the management of these patients are available. Currently, a holistic
multidisciplinary approach is recommended with adequate systemic control of SCD as
well as aggressive local therapy, with a focus on targeting pathways involved in
potentiating healing of these ulcers including novel approaches like topical nitric oxide
donors. SCD patients with leg ulcers represent a cohort of patients who are at an
increased risk of developing other vasculopathic complications that have a potentially
common mechanism including pulmonary hypertension, renal and retinal disease, and
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priapism. Prospective trials are needed to better evaluate the natural history of these
patients in the modern era and develop preventative and therapeutic strategies for the
management of this serious complication.

Keywords: leg ulcers, wounds, sickle cell disease

1. History

The first patient with SCD described in the English medical literature more than 100 years ago
suffered from leg ulceration [1, 2, 4–7, 9]; however, it was not until 1939 that the causal role of
SCD in leg ulceration was established [3].

2. Epidemiology

2.1. Prevalence and geographic variation

Leg ulcers are a frequent and debilitating complication of sickle cell disease, particularly of
the SS genotype. The prevalence of leg ulcers in patients with sickle cell disease (SCD) var‐
ies geographically widely ranging from 75% in Jamaica to 1% in Saudi Arabia [4–5]. In the
Cooperative Study of Sickle Cell Disease (CSSCD) in the United States, the overall preva‐
lence was 2.5%, in persons 10 years of age and older and was higher in patients with SS
disease (4.97%) and SS‐alpha thalassemia (3.92%) compared to patients with SC disease
and SS‐beta thalassemia [6]. However, over 70% of the study population was under the age
of 30 years, and along with improved survival of SCD patients, the prevalence of leg ulcers
is likely to be much higher. In a sickle cell clinic in West Indies, 58% had a history of leg
ulcers out of 102 patients who survived beyond 60 years of age [8]. About 20% of the 505
patients screened at the National Institutes of Health (NIH) recalled having had an ulcer
[9]. The incidence of leg ulcers in sickle cell patients is hard to elucidate given the lack of
any recent large prospective trials. The incidence of leg ulcers in patients with SS genotype
was 9.97/100 persons in the Cooperative Study of Sickle Cell Disease [6]. In comparison, the
prevalence of venous ulcers in the general population in the United States is approximately
600,000 annually [10] with 1% of the population is affected at any given time. Thus, the
incidence of leg ulcers in patients with SCD exceeds that of the general population by more
than tenfold and also occurs at a younger age.

The striking geographic differences in leg ulcer prevalence may be attributed in part to the
differing age structure of the studied populations; however, there does seem to be a differ‐
ence even after adjusting for age. Different SCD haplotypes differ in their clinical severity.
The Bantu haplotype usually has more severe clinical manifestations compared to others;
however, there exists a considerable variation within haplotypes as well [11]. Leg ulcers
have been reported to be more common in carriers of the CAR beta‐globin gene cluster hap‐
lotype [12]. Among patients who have the Asian haplotype, leg ulceration is rare among
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adults in both the eastern province of Saudi Arabia [5, 13] and central India [4, 14]. Though
not yet defined, environmental, socioeconomic, and genetic factors are most likely responsi‐
ble for the variations in incidence.

2.2. Age

Studies from Jamaica and personal observations indicate that leg ulcers’ first occurrence is rare
before 10 years of age, is most frequently seen between 10 and 25 years of age, and continues
to increase in frequency after 30 years [2, 4]. In the CSSCD, incidence increased sharply after
second decade of life, ranging from 14.59 to 19.17 in hemoglobin SS patients and from 7.57 to
11.13 in patients with hemoglobin SS‐alpha thalassemia [6].

3. Risk factors

3.1. Gender

Some studies found a male preponderance with the rates being 15 and 5/100 person‐years in
men and women, respectively, in the CSSCD cohort [6]. Similar patterns were observed in
Ghana [15]. However, no difference was seen in studies from Nigeria and Jamaica [4] nor in
more recent reports [12].

3.2. Hematology

3.2.1. Type of SCD

The prevalence of leg ulcers is higher in patients with SS and SS‐alpha thalassemia than among
those with SC, SB+, or SB0 genotypes. Alpha thalassemia with two alpha gene deletions seems
to be protective against development of leg ulcers in patients with sickle cell disease [6]. In
CSSCD, incidence of leg ulcers was significantly lower in SS patients with two alpha gene
deletions compared to patients with SS disease and SS patients with three alpha gene deletions.
More recent data have shown that alpha thalassemia (one gene deletion) is not protective [12].

3.2.2. Hemoglobin and hemoglobin F level

Data from CSSCD suggest that higher hemoglobin level as well as higher fetal hemoglobin
percentage is protective against development of leg ulcers in SS patients, whereas only fetal
hemoglobin is protective in SS‐ alpha thalassemia patients [6].

Incidence of leg ulcers was 43.2 events per 100 person‐years in patients with hemoglobin levels
<6 g and 2.4 events per 100 person‐years in patients with hemoglobin >12 g.

In both genotypes, the incidence of leg ulcers decreased with an increase in fetal hemoglobin.
Incidence was 0.7/100 person‐years in patients with HbF levels of >10% compared to 13/100
person‐years in patients with HbF levels of <5%. Most recent series [12, 16] did not show a
relationship between HbF and leg ulcers. Of note is that the latter study included individuals
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that received hydroxyurea (HU) therapy and whose elevated HbF levels were not constitu‐
tional, but induced by the use of this drug. Patients did not enjoy its protecting effects since
birth, as in the case of the older studies. Furthermore, hydroxyurea's other (negative) effects
on angiogenesis could have blunted the benefits of high hemoglobin F.

4. Pathogenesis

4.1. Mechanical obstruction of microcirculation

Sickle cell disease is characterized by vasoocclusion. The rigid deformed sickle cells get
entrapped in the microcirculation leading to hyperviscosity, decreased blood flow through
venules and capillaries, and chronic hemolysis resulting in anemia, ischemia‐reperfusion
injury, and inflammation causing end‐organ damage [4]. Studies have shown that the hema‐
tocrit to viscosity ratio as well as red blood cell (RBC) deformability was reduced in sickle cell
patients with leg ulcers [17, 18]. The marginal circulation of the malleoli is particularly
susceptible to this obstruction of microcirculation, making them the most common site for
sickle cell leg ulcers.

4.2. Hemolysis‐vascular dysfunction syndrome

Nitrogen oxide (NO) is a natural occurring free radical found in plasma. Receptors for NO
present on the endothelium initiate relaxation of vascular smooth muscle causing vasodilation
and increased blood flow along with reduced neutrophil adhesion. Chronic hemolysis is a
hallmark of SCD and results in red blood cell (RBC) membrane damage, cell breakdown, and
extrusion of free hemoglobin into plasma. This free hemoglobin scavenges NO, reducing its
bioavailability and thus linked to hemolysis‐vascular dysfunction syndrome which is charac‐
terized by chronic vasoconstriction contributing to leg ulcers, priapism, and pulmonary
hypertension [19, 20].

4.3. Venous incompetence

An early study of 16 SCD patients with leg ulcers using manometry and the Doppler studies
failed to demonstrate venous insufficiency as a primary factor in development of leg ulcers in
SCD [21]. However, edema and pain often precede ulceration in these patients, and numerous
studies since then have linked venous stasis with sickle cell leg ulcers [7]. Venous stasis in the
calf muscles was suggested by the delayed clearance of 99mTc [22] and by magnetic resonance
spectroscopy studies [23] in SS patients with leg ulcers as compared with those without.

Mohan et al. described reduced venous refilling time and cutaneous red blood cell flux
recovery time after exercise in patients with SS disease with leg ulcers compared to SS and AA
patients without ulcers. They proposed incompetence in venous valves around the ankle
resulting in venous hypertension and development as well as delayed healing of leg ulcers [24].
The Jamaican cohort study of 183 SS and 137 age‐ and sex‐matched AA controls showed
significant association of venous incompetence and leg ulcers in SCD. Contributing factors
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were hypothesized to include sluggish circulation with dependency, turbidity and impaired
linear flow at venous valves, hypoxia‐induced sickling, rheological effects of high white cell
counts, and activation of coagulation cascade [25]. Cummings et al. obtained similar results in
2007 with venous incompetence significantly linked to development of leg ulcers in SCD [26].
Minniti et al. used laser speckle contrast imaging (LSCI) and infrared (IR) thermography to
study regional blood flow of ulcer beds. The presence of venostasis was confirmed by their
finding of increased number of blood vessels with fibrin thrombi and vascular occlusion [16].
Cutaneous hemosiderosis, dermatosclerosis, and prominent superficial veins are frequently
found in SCD patients and further support the role of venostasis in the pathogenesis of leg
ulcers. Further clinical evidence comes from the fact that ulcers tend to worsen on prolonged
standing and improve with bed rest and compression therapy [7, 16, 25, 26].

4.4. Hypercoagulability, thrombosis, and inflammation

Ischemic injury caused by microvascular occlusion by sickle cells initiates a pro‐inflammatory
and procoagulant cascade that is initiated by the upregulation of RBC integrins. This is

Figure 1. Microscopic analysis of skin biopsies. Evidence of increase in vascularity, chronic inflammation, vasculop‐
athy with blood vessels occlusion, fibrin deposition in the intima, and microthrombi. Panel A: Scanning magnifica‐
tion view of the skin punch biopsy showing edge of an ulcer from the right ankle of patient MD. The epidermal
changes adjacent to the ulcer are characterized by acanthosis, hyperkeratosis, and attenuated rete ridges. There are in‐
creased vascularity and inflammation in the dermis (H&E, 100× original magnification). Panel B: The histological
changes subjacent to the ulcer bed are characterized by chronically inflamed granulation tissue with vasculopathic
changes involving some of the small blood vessels (H&E, 200× original magnification). Panel C: High magnification
view of the superficial dermal vessels peripheral to the ulcer shows proliferation of thick‐walled capillaries and ven‐
ules, consistent with chronic stasis. There is a lymphoplasmacytic inflammatory infiltrate in the dermis (H&E, 400×
original magnification). Panels D–F: Very high magnification view of involved vessels subjacent to the ulcer bed reveals
eosinophilic fibrin deposits within the vessel wall and partial occlusion of the vascular lumen (H&E, 600× original
magnification). Panel G: Scanning magnification view of the skin punch biopsy obtained from the right dorsal foot of
patient DD shows vasculopathic changes involving a cluster of small blood vessel in the deep dermis (H&E, 40× origi‐
nal magnification). Panel H: High magnification view of the involved vessels reveals eosinophilic fibrin deposits within
the vessel wall associated with intimal hyperplasia and narrowing of the vascular lumen (H&E, 400× original magnifi‐
cation). Reproduced with permission from Minniti et al. [16].
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followed by RBC adhesion to the endothelium, platelet aggregation, and granulocyte recruit‐
ment with the release of pro‐inflammatory cytokines [27]. The cycle of vessel obstruction and
ischemic injury is hence perpetuated, culminating in further end‐organ damage. Minniti et al.
provided histopathologic evidence of vasculopathy characterized by mural fibrin thrombi
causing luminal narrowing and progressive vascular occlusion in small vessels in ulcer beds
of SCD patients with leg ulcers [16] (Figure 1). Earlier studies also alluded to the procoagulant
state in SCD patients including elevated levels of factor VIII and low levels of antithrombin III
and prothrombin complexes [28, 29]. SCD ulcer patients have higher levels of soluble ICAM‐
1 and the key inflammatory cytokine IL‐1 beta [30]. Oxidative stress has been shown to play a
role in leg ulcer pathogenesis in sickle cell patients, and patients with glutathione S‐transferase
polymorphism (GSTM1 and GSTT1 null phenotypes) have been shown to have a high risk of
developing ulcers [31].

4.5. Autonomic dysfunction

Cardiac output is increased in patients with SS disease, and this may affect the distribution
of peripheral blood flow and reflex vascular responses [4]. Normal microcirculation of the
lower extremity (LE) is characterized by the venoarteriolar vasoconstriction reflex and the
disappearance of vasomotion in the dependent position. It was noted that the venoarteriolar
reflex was abolished and vasomotion preserved in the dependent position of the leg in SCD
patients [32]. In addition to a high resting perfusion in patients with SCD to maintain nor‐
mal integrity of cutaneous tissue, there occurs a pronounced vasoconstriction on dependen‐
cy that exacerbates ischemia and pain, delays healing, and promotes recurrence of leg ulcers
[7, 33].

4.6. Bacterial colonization

The role of bacteria in the pathogenesis of leg ulcers is uncertain. Secondary bacterial coloni‐
zation is inevitable and usually not considered to be clinically significant. Commonly isolated
bacteria in African reports include Staphylococcus aureus, beta‐hemolytic Streptococci, Pseudo‐
monas aeruginosa, and Salmonella. Anaerobes comprised >50% of isolated bacteria in an African
series, whereas bacterial flora is predominantly aerobic and polymicrobial in Jamaican reports.
Bacterial colonization although unlikely to initiate ulceration may contribute to persistent
inflammation of surrounding tissue that results in delayed healing [7]. Baum et al. reported
improved healing with topical antibiotics; however, this carries the risks of bacterial resistance,
contact sensitization, and disruption of wound moisture balance [7]. Researchers no longer
rely solely on culture for identification of bacteria and are utilizing sophisticated sequencing
techniques to elucidate the full diversity of microbial communities on the human body [34].
The ulcer skin microbiome, which has been thought only as a commensal on healthy skin, can
contribute to delayed healing of ulcers in patients with sickle cell disease by causing excessive
activation of both the innate and adaptive immune systems [35]. Emerging data from the study
of diabetic wounds shows that the diversity of the skin microbiome correlates with ulcer
characteristics [36], and it is likely that similar mechanisms are at play in sickle cell leg ulcers
that may explain the variability in their occurrence.
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4.7. Genetic factors

Studies suggest that the expression of certain genes may contribute to the development of leg
ulcers in SCD; however, the data on genetic associations with leg ulcers remains limited [12].

4.7.1. Candidate gene studies

Ofusu et al. published a study of 9 cases and 29 controls in 1987 suggesting a possible
association of HLA‐B35 and CW14 alleles, with carriers of both alleles having a 17‐fold
increased risk of developing leg ulcers. This study was limited due to its small size as well as
the identified region being hard to study due to long‐range disequilibrium [12, 37].

Another candidate gene study of 243 cases and 516 controls from the CSSCD by Nolan et al.
identified associations with single nucleotide polymorphisms (SNPs) in Klotho (promotes
endothelial NO production), TEK (involved in angiogenesis), and numerous genes in the
transforming growth factor‐β (TGF‐β)/BMP pathway (modulates angiogenesis and wound
healing) [38].

Some of the same SNPs have been reported to be associated with risk of stroke, pulmonary
hypertension, and priapism, further supporting the observation that leg ulcers are often
associated with other sickle cell sub‐phenotypes [12].

4.7.2. Genome‐wide association studies

Preliminary results from genome‐wide association studies of 219 cases and 1180 controls from
the CSSCD identified 30 SNPs associated with leg ulcer. It also showed that a cluster of genes
in the MHC III region of chromosome 6 to be highly associated with leg ulcers [12]. A cross‐
sectional study identified that an SNP in IL‐6, a pro‐inflammatory cytokine, was associated
with higher likelihood of leg ulcer and retinopathy [39].

Figure 2. Proposed simplified mechanism of sickle cell ulcer pathogenesis. Reproduced and modified with permission
from Minniti et al. [2].
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4.7.3. Summary

Minniti and Kato proposed a stepwise, multifactorial model for SCD ulcer pathogenesis (see
Figure 2) that depicts an interplay between poor nutrition, low BMI, skin injury, inflammation,
thrombosis, hemolysis, vasculopathy, neuropathy, and poor socioeconomic status [2, 9, 16, 29,
33, 40].

5. Characteristics of ulceration

5.1. Mode and age of onset

Ulcer onset can be traumatic or spontaneous. Trauma accounts for approximately half the
cases, which are incited by relatively insignificant physical damage such as scratches, abra‐
sions, and animal or insect bites. In spontaneous ulcers, there is no history of trauma, but a
lesion develops within the dermis often with surrounding induration and hyperpigmentation
[7]. Initially, lesions may be covered by an intact epidermis, which then breaks down forming
small, deep, and painful ulcers. Spontaneous ulcers are thought to originate from skin
infarction. Ulcers occur initially in the second decade of life, around 18–20 years of age. The
occurrence of a de novo ulcer in older patients is not common, unless the patient had an ulcer
before.

5.2. Site

Leg ulcers most frequently affect the skin around the medial or lateral malleoli but can also
occur on the anterior shin or dorsum of the foot [4] and occasionally in the digits [Minniti,
personal observation]. The predilection for the malleoli is likely multifactorial due to marginal
blood flow at the site, high venous pressure, less subcutaneous fat, thin skin, and lymphedema
[12, 27]. This is similar to other hematologic conditions including hereditary spherocytosis,
β‐thalassemia intermedia, and Felty's syndrome. While medial involvement was more
common in two studies [41, 42], there was no such difference found for the medial, lateral, left,
or right legs in the CSSCD [6].

5.3. Size

In the CSSCD, ulcers ranged between 0.5, 5–10, 10–15, and >15 cm with equal frequency. Most
Jamaican studies had ulcers <10 cm in size. However, large circumferential ulcers portend a
poor prognosis due to inevitable damage to vessels and lymphatics [4]. Pain is not related to
wound size, and often initial, small ulcers are extremely painful (see Figure 3). Purulence, poor
granulation tissue, and nonhealing are frequently reported in ulcers >10 cm.

5.4. Appearance

Ulcers in individuals with sickle cell disease usually have a punched appearance with well‐
defined margins and slightly raised edges. The base comprises granulation tissue, often
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covered by yellow slough. More than half of patients will have more than two ulcers that
are present at the same time, and multiple small ulcers may then coalesce to form a large
ulcer.

Histology of an early leg ulcer shows neovascularization, chronic inflammation, vasculopathy
with blood vessel occlusion, fibrin deposition in the intima, and microthrombi [16] (see
Figure 1). The epidermis adjacent to the ulcer reveals acanthosis, hyperkeratosis, and attenu‐
ated rete ridges. There is increased vascularity and inflammation in the dermis with a lym‐
phoplasmacytic inflammatory infiltrate. Chronically inflamed granulation tissue with
vasculopathic changes in small blood vessels is found subjacent to the ulcer bed [2, 4].

5.5. Staging and severity of leg ulcers

Ulcers may be staged according to their depth as follows [12]:

Stage 1: Nonblanchable erythema of intact skin, which may present as skin discoloration,
warmth, edema, or induration in darker skinned patients.

Stage 2: Partial‐thickness skin loss involving epidermis, dermis, or both, presenting as an
abrasion, blister, or shallow crater.

Stage 3: Full‐thickness skin loss involving damage to or necrosis of subcutaneous tissue that
may extend down to, but not through, underlying fascia. The ulcer presents clinically as a deep
crater with or without undermining of adjacent tissue.

Stage 4: Full‐thickness skin loss with extensive tissue destruction or damage to muscle, bone,
or supporting structures (tendon, joint capsule).

Figure 3. Large sickle cell leg ulcers associated with foot deformities (from author's personal collection).
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5.6. Healing and recurrence

Leg ulcers can be classified as acute or chronic although there is no consensus as to a specific
length of time to define chronicity. An acute ulcer usually heals in less than a month. Chronic
ulcers usually persist for at least 6 months and may last for several years. As described above,
ulcer healing is typically slow as the ulcer fills in with granulation tissue, and a bluish
epithelium may be seen growing in from the ulcer margin. Healing rates of 3.3–8.1 mm2/d
have been reported in SS disease [43, 44] compared with rates of 400 mm2/d in other types of
leg ulcer [45]. Even after satisfactory healing, 25–52% recurred in the CSSCD [6]. It is generally
accepted, and it is the author's experience that if an ulcer does not heal within 6 months, its
chances of ever healing are slim.

Minniti et al. have proposed three patterns of leg ulcers in SCD [2]:

• One‐time ulcer

One half of patients with SCDs will develop only one ulcer in their lifetime. It usually occurs
in the second decade of life, heals within several months, and may recur during periods of
stress. These patients often have infrequent pain crisis and have renal and pulmonary com‐
plications.

• Stuttering ulcer

Twenty‐five percent of SCD patients develop small ulcers that recur every 6–12 months for
several years.

• Chronic, recurrent ulcer

Approximately 1% SCD patients in the United States develop an ulcer that persists for years
or even decades and/or ulcers that recur in the same or nearby sites. These patients experience
the most disabling chronic pain, unemployment, and depression. Amputation may need to be
considered in rare cases to improve quality of life [2, 46]. These patients are often tall, under‐
nourished, and severely anemic with high hemolytic rate. They may have nephropathy, have
rare vasoocclusive crisis, and often have trouble with employment, social interaction, and
depression.

6. Diagnosis

6.1. History

Leg ulcer pain may be severe, excruciating, penetrating, sharp, and stinging. Patients often
report a crescendo of localized pain just before new ulcers develop [2]. About 40–50% of
patients recall prior trauma [15, 16], often trivial or pruritus that incites scratching and skin
breakdown. The pain is often exacerbated by exposure to cold and to air. The size of the ulcer
does not necessarily correlate with intensity of the pain, and very small ulcerations can be
extremely painful as well. Most patients require opioids for pain control.
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Patients should be specifically asked about history of ulcers, since many patients will report
having leg ulcers at some point in their lifetime and may not volunteer the information
themselves. History should also document prior ulcer therapies and other complications
associated with leg ulcers in SCD including pulmonary hypertension, stroke, priapism, acute
chest syndrome [38, 45], lower extremity venous thrombosis, and retinopathy [2].

6.2. Physical examination

Physical exam should assess the wound size with ruler measurement as well as digital
photography for greater accuracy [47]. Surrounding skin hypo‐ or hyperpigmentation, edema,
and muscle atrophy should be noted. Although serous discharge and fibrinous material are
common, periwound erythema, purulent discharge, and worsening pain may be signs of acute
infection. Inguinal lymph nodes are often enlarged, especially during ulcer exacerbations and
do not necessarily signify infection. Pulse oximetry as well as blood pressure may be low.
Attention should be paid to the nutritional status of patients as many are malnourished [2].

6.3. Lab testing and imaging

Sickle cell individuals with ulcers often have infrequent pain crises and may not have sought
regular medical care prior to their presentation. Occasionally, this will be the first time a
physician has evaluated them for end‐organ diseases. Complete blood count and chemistry
panel often reveal markers of severe chronic hemolysis. A significant increase in LDH may be
seen [48]. Urinalysis may show microalbuminuria. Serum C‐reactive protein (CRP) and
erythrocyte sedimentation rate (ESR) are often elevated. Patients may have low levels of
antithrombin III, protein C or S, high level of factor VIII, or positive lupus anticoagulant.
Wound cultures usually reveal only superficial colonizing bacteria and are rarely helpful.
Nutritional status and exercise tolerance with 6‐minute walk test (6MWT) should be recorded.
When interpreting 6MWT, be aware that shorter distances secondary to physical impairment
and pain can be caused by the ulcer. Echocardiography should be obtained to evaluate
tricuspid regurgitant velocity to screen for pulmonary hypertension. Imaging studies of bones
commonly show demineralization and bone infarcts. MRI should be obtained when osteo‐
myelitis is suspected, but the gold standard for diagnosis remains bone biopsy. Osteomyelitis
in the underlying bone is a rare occurrence, but if not diagnosed and treated appropriately will
prevent healing [2]. A Doppler ultrasound of the lower extremities should be obtained to rule
out the presence of a DVT.

7. Treatment

The management of leg ulcers in SCD involves a multipronged and multidisciplinary approach
(see Table 1) with involvement of the primary hematologist, wound care specialist, nutritionist,
surgeon, and social worker [2]. There remains a paucity of data from randomized controlled
trials to guide treatment [49]. Current practice relies mostly on data from small case reports
and case series along with expert opinion.
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Local therapies Systemic therapies

Topical antibiotics Zinc sulfate

Skin grafts (autologous or bioengineered) Pentoxifylline

RGD peptide matrix l‐Carnitine

Moist wound dressing Arginine butyrate

Growth factors Endothelin antagonists: bosentan

Medical honey Hydroxyurea

Allogeneic keratinocytes Red blood cell transfusions

Collagen matrix Systemic antibiotics

Autologous or allogeneic platelet gel Hyperbaric oxygen therapy

Synthetic heparan sulfate

Topical sodium nitrite

Energy‐based modalities

Negative‐pressure wound therapy

Leg compression and leg elevation

Topical analgesics

MIST™

Transdermal oxygen

Maggots

Surgical debridement

Table 1. Treatment modalities that have been used in patients with sickle cell disease and leg ulcers.

7.1. Topial treatment

7.1.1. Role of topical antibiotics

A randomized controlled trial of a topical antibiotic preparation (neomycin, bacitracin, and
polymyxin B) in 30 patients with SS disease and chronic leg ulceration showed a significant
reduction in ulcer size over a period of 8 weeks in the treatment group compared to the control
group [50]. However, this trial had a high risk of bias, and the majority of the literature since
1987 questions the role of bacterial infections in wound pathogenesis [7, 51].

Sickle Cell Disease - Pain and Common Chronic Complications182



Local therapies Systemic therapies

Topical antibiotics Zinc sulfate

Skin grafts (autologous or bioengineered) Pentoxifylline

RGD peptide matrix l‐Carnitine

Moist wound dressing Arginine butyrate

Growth factors Endothelin antagonists: bosentan

Medical honey Hydroxyurea

Allogeneic keratinocytes Red blood cell transfusions

Collagen matrix Systemic antibiotics

Autologous or allogeneic platelet gel Hyperbaric oxygen therapy

Synthetic heparan sulfate

Topical sodium nitrite

Energy‐based modalities

Negative‐pressure wound therapy

Leg compression and leg elevation

Topical analgesics

MIST™

Transdermal oxygen

Maggots

Surgical debridement

Table 1. Treatment modalities that have been used in patients with sickle cell disease and leg ulcers.

7.1. Topial treatment

7.1.1. Role of topical antibiotics

A randomized controlled trial of a topical antibiotic preparation (neomycin, bacitracin, and
polymyxin B) in 30 patients with SS disease and chronic leg ulceration showed a significant
reduction in ulcer size over a period of 8 weeks in the treatment group compared to the control
group [50]. However, this trial had a high risk of bias, and the majority of the literature since
1987 questions the role of bacterial infections in wound pathogenesis [7, 51].

Sickle Cell Disease - Pain and Common Chronic Complications182

7.1.2. Type of dressing

La Grenade et al. conducted a randomized controlled trial, in 32 patients with SS disease, of
Solcoseryl®, DuoDerm®, and conventional therapy, cleaning with Eusol® (a mild antisep‐
tic) followed by wet dressing. Patients were randomized to one of three therapies and moni‐
tored for 12 weeks. DuoDerm® (ConvaTec, Greensboro, NC) hydrocolloid dressing was
generally unacceptable, and two‐thirds of the patients defaulted from this treatment. Solco‐
seryl®, a deproteinized extract from calf's blood that is meant to improve the tissue utiliza‐
tion of oxygen, increased ulcer healing compared to the controls, but the difference was not
significant [52].

7.1.3. RGD peptide matrix

A 2014 Cochrane review described single trial that used an arginine‐glycine‐aspartic acid
matrix (RGD peptide matrix) that achieved noticeable benefit in the treatment of leg ulcers in
SCD. The RGD peptide matrix is believed to act as a synthetic extracellular matrix to promote
cell migration, keratinocyte layer formation, and wound strengthening. Chronic ulcers treated
with RGD peptide matrix had a statistically significant decrease in surface area; however,
further studies are needed to corroborate these findings [51, 53].

7.1.4. Moist wound‐healing approach

A small retrospective cohort study underscored the efficacy of simple moist wound‐healing
approach in patients with chronic leg ulcers in SCD who had failed to heal despite treatments
such as debridement, split‐thickness skin grafts, muscle flaps, wet‐to‐dry dressings, Unna
boots, hydroxyurea, recombinant human erythropoietin, and arginine butyrate. Ultimately, all
patients were treated with topical hydrocolloid dressing (DuoDerm CGF by ConvaTec). The
eight patients who had not received surgical treatment healed completely within 2–16 months,
with only one recurrence at 4 months. Of the ten patients who had previous surgical treatment,
six healed without recurrence at 30 months, two experienced recurrence with resolution upon
the reapplication of DuoDerm, and two did not heal though did not experience worsening of
their ulcers [2, 54].

7.1.5. Growth factors

Several case reports have used topical growth factors as an approach to treating leg ul‐
cers.

Granulocyte‐macrophage colony‐stimulating factor (GM‐CSF) has been used topically and via
intracutaneous injection [55, 56]. The cytokine activates macrophages and induces the prolif‐
eration of keratinocytes and differentiation of myofibroblasts. While it was shown to be
beneficial in wound healing [55–58], high cost, severe vasoocclusive, and even fatal events have
discouraged its use [58].
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7.1.6. Use of skin substitutes

There are several skin substitutes that are available commercially. One of them, Apligraf®
(Organogenesis, Canton, MA), is a bi‐layered bioengineered skin substitute that has been
approved by the Food and Drug Administration (FDA) since 2000 for the treatment of diabetic
foot ulcers and venous leg ulcers (VLUs) that have not responded within 4 weeks to standard
of care (SOC) therapy [7]. Apligraf provides both cells and matrix for the nonhealing wound
possibly via production of cytokines and growth factors similar to healthy human skin [59].
Several studies confirm the efficacy of Apligraf in treatment of VLUs, and the Society of
Vascular Surgery approves the use of Apligraf for the treatment of VLUs [57, 60–62]. The
optimal frequency of use is not known, and current clinical practice is for consideration of
reapplication after at least 1–3 weeks of observation after initial application [7].

Gordon and Bui examined the efficacy of Apligraf in their study of sickle cell patients with
chronic ulcers. Prior to application, they used a 4‐week regimen of hydrogel, followed by 1
week of wet‐to‐dry dressings and 1 week of wet‐to‐dry dressings plus application of papain‐
urea debriding ointment (Accuzyme). After 6 weeks, the ulcer was sufficiently optimized for
closure. The use of Apligraf resulted in complete healing, and the ulcer remained healed at the
last follow‐up (33 months) [63].

7.1.7. Allogeneic keratinocytes

Allogeneic keratinocytes have been used to promote the migration of autologous kerati‐
nocytes from the peripheral wound bed. Sheets of cells applied twice per month success‐
fully healed a chronic ulcer within 3 months, without recurrence at follow‐up at 8 months
[64].

7.1.8. Collagen matrix

Two patients with chronic ulcers were treated with Collistat (collagen matrix) every 4 weeks
and experienced complete healing by 10 and 12 weeks [65].

7.1.9. Autologous platelet gel

A case series reported the use of an autologous platelet gel to treat leg ulcers in five SCD
patients. Autologous platelet‐enriched plasma was applied to the wound margins and fibrin
matrix clot to the wound bed, before covering with moist saline gauze. A significant local
release of platelet‐derived growth factors (PDGFs), transforming growth factor‐β (TGF‐β), and
vascular endothelial growth factor (VEGF) was noted. Three of the patients showed a reduction
of the leg ulcer area by 85.7–100% within 6–10 weeks. Two patients with ulcers threefold to
tenfold larger experienced 20.5% and 35.2% decreases in the leg ulcer area. The authors
concluded that the use of autologous platelet gel offers a promising and cost‐effective adjuvant
treatment for leg ulcers particularly in small ones [66].
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7.1.10. Synthetic heparan sulfate

A synthetic, bioengineered heparan sulfate solution, Cacipliq20, was used to treat a nonhealing
leg ulcer. The solution is designed to function as a glycosaminoglycan mimetic, potentially
restoring the extracellular matrix scaffold and enhancing growth factor recruitment to aid in
collagen production and angiogenesis and to restore tissue homeostasis and protect the wound
from further damage. The patient in this case report had failed to respond to several treatments,
including moist wound therapy, grafting, and energy‐based modalities. The patient experi‐
enced complete healing after 8 weeks of twice‐weekly applications [67].

7.1.11. Topical nitrite therapy

A phase 1 trial of escalating doses of topical sodium nitrite demonstrated a dose‐dependent
improvement in ulcer healing and decreasing pain at the ulcer site [68]. Application of topical
sodium nitrite twice weekly for 4 weeks was associated with a significant increase in peri‐
wound cutaneous blood flow measured by laser speckle contrast imaging. It appeared to be
well tolerated with no grade 3–4 adverse events. The authors concluded that topical sodium
nitrite 2% cream is suitable for additional clinical trials in adults with sickle cell anemia to
promote healing of leg ulcers.

7.1.12. Topical honey

Topical honey has been utilized mostly in burns and postoperative wounds as a dressing
providing a moist healing environment in addition to its natural anti‐inflammatory, healing,
and antibacterial properties [69]. Its use has also been described in the sickle cell literature for
treatment of leg ulcers [15].

7.1.13. Energy‐based modalities

Low‐frequency, noncontact ultrasound (e.g., MIST®) has been employed to accelerate healing
of sickle cell ulcers. It is believed to act via effective removal of bacteria and biofilm along with
reduction of chronic inflammation. It also appears to promote the release of NO and growth
factors at the cellular level, thereby stimulating vasodilation, angiogenesis, and collagen
deposition. This modality can also be used to optimally prepare the wound for grafting [70].

Low‐level laser therapy has been reported to result in 80% reduction in the area of a leg ulcer
after just five 10–15‐minute sessions, leading to a marked improvement in the patient's quality
of life [71]. Low‐level laser therapy has previously been reported to modulate wound healing
by increasing mitotic activity, fibroblast production, collagen synthesis, and angiogenesis and
may have a role in the apoptotic processes of wound healing [72].

7.1.14. Negative‐pressure wound therapy

Paggiaro et al. examined the use of negative‐pressure wound therapy (NPWT) in leg ulcers.
Following surgical debridement and before grafting, three wounds were treated by different
methods: a rayon and normal saline solution dressing, calcium alginate and gauze, and
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negative‐pressure therapy. Researchers found that the NPWT‐treated wounds had a more
homogenous surface with better vascularization in comparison with the other two groups. All
three wounds received a split‐thickness skin graft. While the other wounds experienced
subsequent graft failure, the NPWT‐treated wound did not, and the ulcers had not recurred
by the time of follow‐up (11 months) [73]. However, the painful nature of leg ulcers in SCD
may be a limiting factor in the use of NPWT.

7.1.15. Role of leg compression

Bed rest has been shown to promote ulcer healing. Patients who underwent 2–3 weeks of strict
bed rest experienced complete closure of their wounds within 2–3 months. In addition to
reducing venous back pressure and edema around the ankle, patients developed improvement
in RBC deformability, possibly secondary to decreased plasma volume, which also aided
healing [74]. However, this approach is not very practical.

The use of compression devices has been shown to be effective in reducing edema and
improves healing in other types of ulcers. Although there are no prospective studies evaluating
their role in sickle cell‐related ulcers specifically, these were universally recommended in a
survey of care providers treating these patients [75, 76]. The use of Unna boots is highly
recommended by practitioners, as the zinc oxide‐impregnated boots are useful in treating
lower extremity lesions exacerbated by venous insufficiency. Multicomponent compression
systems have been shown to be the most effective in reducing edema and improving venous
reflux [20].

As venous insufficiency is often seen in SCD patients, the clinical practice guidelines of the
Society for Vascular Surgery and the American Venous Forum are also applicable for treat‐
ment of leg ulcers in sickle cell with venous disease. The guidelines recommend compres‐
sion therapy to increase VLU healing and to decrease the risk of ulcer recurrence. The use
of multicomponent compression bandages is encouraged over single‐component bandages
[62].

7.1.16. Topical analgesics

Topical opioids have been employed by dissolving oxycodone and meperidine tablets in water
and applying them locally to provide topical analgesia. Total pain relief was reported likely
because of modification of peripheral opioid receptors [77]. While this treatment is not
commercially available, these findings warrant further research. Data in mice with SCD show
that topical opioids such as morphine and fentanyl not only treat pain but also hasten healing
[78]. Inhibition of neurogenic inflammation by topical opioids is advocated as the mechanism
of action. A study of nitroglycerin applied above the ulcer demonstrated a significant reduction
in ulcer‐associated pain, with increased ability to be able to manipulate the ulcer. Pain in fact
is often so intense that bedside debridement is not possible, thus ultimately delaying ulcer
healing.
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ment of leg ulcers in sickle cell with venous disease. The guidelines recommend compres‐
sion therapy to increase VLU healing and to decrease the risk of ulcer recurrence. The use
of multicomponent compression bandages is encouraged over single‐component bandages
[62].

7.1.16. Topical analgesics

Topical opioids have been employed by dissolving oxycodone and meperidine tablets in water
and applying them locally to provide topical analgesia. Total pain relief was reported likely
because of modification of peripheral opioid receptors [77]. While this treatment is not
commercially available, these findings warrant further research. Data in mice with SCD show
that topical opioids such as morphine and fentanyl not only treat pain but also hasten healing
[78]. Inhibition of neurogenic inflammation by topical opioids is advocated as the mechanism
of action. A study of nitroglycerin applied above the ulcer demonstrated a significant reduction
in ulcer‐associated pain, with increased ability to be able to manipulate the ulcer. Pain in fact
is often so intense that bedside debridement is not possible, thus ultimately delaying ulcer
healing.
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7.1.17. Hyperbaric oxygen therapy

Hyperbaric oxygen therapy and its potential benefit in treatment of vasoocclusive crises and
leg ulcers have been described in several case reports [76, 79, 80]. However, paucity of research,
potential adverse side effects, lack of treatment protocols, limited availability, and economic
factors restrict its use [7].

7.1.18. Transdermal continuous oxygen therapy

A case report described the use of transdermal continuous oxygen therapy using a portable
device that delivers oxygen directly to the wound site. Two LE wounds received treatment for
15 weeks, and the authors noted that both healed without recurrence in the 42‐month follow‐
up. The authors urge further studies utilizing this form of therapy [81].

7.1.19. Maggot therapy

Maggot therapy has had mixed results when studied in other types of ulcers. One study
showed reduced time to debridement, but increased ulcer pain and no improvement in rate
of healing [82]. In diabetic ulcers, maggot debridement provided outcomes equal to conven‐
tional surgical treatment [83]. At the NIH Clinical Center, Medical Maggots™ (disinfected
Phaenicia sericata larvae; http://www.monarchlabs.com) has been utilized. Four patients with
sickle cell disease received this therapy with mixed results. There was temporary improvement
in ulcer appearance, quickly followed by relapse and unclear long‐term benefit [7, 16]. Pain
has also been a limiting factor for the use of medicinal maggots in this population, and an
opioid PCA may be required. This modality is currently reserved only for patients who are
poor candidates for surgical debridement [76].

7.2. Systemic treatment

7.2.1. Zinc supplementation

Zinc supplementation has long been believed to promote healing in chronic wounds accom‐
panied by serum zinc deficiency [84]. A placebo‐controlled trial reported that 220 mg of zinc
sulfate administered orally three times a day significantly improved the healing of leg ulcers
in sickle cell patients [43]. However, no further studies have been undertaken to confirm these
results, and the results are hard to interpret as neither the length of supplementation with oral
zinc or statistical analysis was provided [7].

7.2.2. Pentoxifylline

Pentoxifylline improves RBC and leukocyte deformability potentially decreasing blood
viscosity, platelet aggregation, thrombus formation, and plasma fibrinogen levels [7]. This
increases microcirculatory flow and tissue oxygenation making it a good modality for
treatment of leg ulcers in sickle cell patients. One case report presented that 400 mg of oral
pentoxifylline three times a day helped completely heal a leg ulcer in a sickle cell patient within
3 months [85]. In nine RCTs involving 572 patients, pentoxifylline combined with compression
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bandages improved ulcer healing [86, 87]. The 2014 clinical practice guidelines of the Society
for Vascular Surgery and the American Venous Forum recommend the use of pentoxifylline
for treatment of long‐standing or large VLUs [62]. As venous insufficiency is often present in
SCD patients, pentoxifylline may be a good treatment option for them.

7.2.3. l‐Carnitine

Systemic therapy of leg ulcers in SCD with l‐carnitine has been reported in only one random‐
ized controlled trial and one case study. Data suggests that oral carnitine alters cellular
chemistry to favor more efficient oxidative metabolism despite reduced levels of available
tissue oxygen. The studies were limited by the fact that transfusion therapy was given
concomitantly making it difficult to draw conclusions on the effect of l‐carnitine alone [88, 89].

7.2.4. Arginine butyrate

Arginine stimulates collagen production, improves immune function, and prevents vascular
restenosis. Butyrate can stimulate PDGF production and downregulate inflammatory cyto‐
kines and enzymes that slow wound healing like TGF‐β, tumor necrosis factor‐alpha (TNF‐
α), and matrix metalloproteinases [90]. A phase II controlled trial showed significant
improvement in ulcer healing in the treatment arm after 3 months (78% vs. 24% in controls, P
< 0.001). A limitation to this approach is the requirement of an IV catheter. Larger studies are
needed to validate this potentially effective treatment modality.

7.2.5. Bosentan

A case report described complete healing of a leg ulcer in a patient with concomitant pulmo‐
nary hypertension. The ulcer had previously failed multiple therapies. The researchers
attributed the healing to the blockade of the endothelin‐1 receptor and vasodilation in the
patient with likely decreased NO availability [91]. However, concomitant transfusion therapy
might have confounded the observations.

7.2.6. Hydroxyurea

The role of hydroxyurea (HU) in the development or in the treatment of leg ulcers in sickle cell
patients is not clear with conflicting data to date [92–97]. HU increases fetal hemoglobin levels,
decreasing the intracellular polymerization of HbS, the incidence of painful crises, and the
need for transfusions in SCD patients [98]. Moreover, HU is a known NO donor and decreases
WBC counts [99]. These effects should theoretically decrease the incidence of leg ulcers.
However, leg ulcers observed in patients with chronic myeloproliferative disorders on HU
often resolved several months after the discontinuation of this medication [100–103]. A case
report suggested that HU causes an acquired blood dyscrasia that increases the risk of
ulceration [104]. Other multicenter studies have seen no evidence of an association between
hydroxyurea and leg ulceration [76]. There are no prospective trials that specifically address
the effects of HU use on leg ulcer healing in the sickle cell population, and therefore, we
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discourage reflexively stopping HU in patients with leg ulcers who may be benefiting from it
for other SCD complications like frequent pain crisis and acute chest syndrome.

7.2.7. Blood transfusions

There are no prospective RCTs addressing the role of blood transfusions for treatment of
leg ulcers in sickle cell patients. Transfusions increase the oxygen delivery to tissues by
increasing total hemoglobin and decreasing the HbS concentration [76]. Some authors sug‐
gest target hemoglobin of 10 g/dl for successful surgical treatment, although a level be‐
tween 8 and 9 g/dl may be more realistic and adequate for wound healing [20]. However,
transfusions come with their own risks including iron overload, alloimmunization, and
risk of transfusion reactions and infections. In recent clinical trials and in our clinical
practice, we note that there are patients with chronic wounds who are treated with chron‐
ic transfusions, either for other indications or because of the ulcer, with no apparent bene‐
fit in decreasing the length of ulceration. The author recommends supporting skin grafts
with transfusions for a limited time period, 4–6 months, in order to maximize graft suc‐
cess and decrease SCD‐related complications.

7.2.8. Antibiotics

As discussed above, bacterial colonization of leg ulcers appears to be common but of uncertain
clinical significance. However, colonization may lead to infection or a chronic inflammation,
and systemic antimicrobials with anti‐inflammatory properties like doxycycline, clindamycin,
and metronidazole may improve ulcer healing along with adequate debridement [20].

7.3. Surgical treatment

Surgical treatments for leg ulcers often have high rates of failure and recurrence [7]. Scar tissue
becomes denser and less vascular with each subsequent graft, shortening the ulcer‐free interval
between recurrences [7, 105]. Microsurgical free flap transfers are popular since they include
their own blood supply, which is a favorable attribute in these poorly vascular regions [106].
However, they are often limited by complications like thrombi, microemboli, and infection
ultimately requiring debridement and split‐thickness skin grafts [7].

Aiming to reduce the incidence of graft failure, some experts recommend perioperative and
even chronic lifelong transfusions to decrease HbS levels to <30% [106, 107]. Some surgeons
support the use of anticoagulation with heparin and/or aspirin, antibiotics, and the rinsing of
flaps with heparinized solution prior to attachment [106]. Larger RCTs are required to address
these important issues.

8. Nutrition

Nutrition is known to be important in the management of ulcers, and patients should be
assessed for nutritional deficiencies and treated appropriately. Zinc deficiency has been shown
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to be prevalent in SCD patients. The current recommendation is 220 mg of zinc sulfate thrice
a day. Serum zinc levels should be remeasured 2 and 4 weeks after initiation of supplementa‐
tion and therapy discontinued if levels normalize [7, 108]. Others and we have noted that the
BMI of SCD patients with recurrent ulcers is lower than patients without leg ulcers [12, Ballas,
unpublished data]. We have also noted that several of the most affected patients seem to be
almost anorexic, and we speculate that the high state of inflammation that their ulcer causes
could be responsible for the presence of TNF‐alpha, similar to cancer patients.

9. Thrombosis

Assessment and treatment of occult deep venous thrombosis are essential. Anticoagulation
may be necessary to treat known hypercoagulable disorder.

10. Pain control

The pain from leg ulcers in patients with sickle cell disease can be very severe and debilitating
leading many patients to require therapy with chronic opioids. Moreover, severe pain may
interfere with local therapies and further hinder healing. Nonsteroidal anti‐inflammatory
agents are often inadequate for optimal pain control. Currently, there are no guidelines
recommending topical analgesics in this patient population, but provocative data in sickle cell
mice suggest that the application of topical opioids can treat both the pain and increase healing
rates [78] although they should be explored in future studies. Some experts recommend
regional nerve blocks with good results in pain control and also for secondary vasodilation via
reduction of stress‐related catecholamine release. This approach is limited by the need for an
indwelling catheter, the need for frequent clinic visit for pump refills, and the antecedent risks
of infection [7].

11. Wound care

Leg ulcers in SCD are often resistant to treatment and have a high rate of recurrence, making
optimizing the wound bed a cornerstone of therapy. The ulcer must be adequately debrided
to remove biofilm and necrotic, nonviable tissue from the base and edge of the wound in order
to begin the healing process [109]. Various types of debridement techniques may be used
including autolytic, enzymatic, biological, mechanical, and sharp, depending on its suitability
to the patient, the type of wound, its location, and the extent of debridement required [110].
Regular weekly chronic debridements may be needed for improved healing although the
optimal frequency is not established [111]. Sharp debridement can be very painful and may
only be possible with some form of analgesia, topical, injectable, or general anesthesia.

Although a multitude of dressings exist, the most important principle of wound care remains
maintenance of a moist healing environment. Energy‐based modalities like low‐frequency,
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noncontact ultrasound, electrical stimulation, and ultraviolet‐C light are good adjuvant
treatment options for wounds that fail to respond positively to standard of care methods [7].

The use of RGD peptide matrix, allogeneic keratinocytes, and autologous platelet gel are
promising treatments for resistant ulcers, although more research is needed. These are not
widely available as yet.

12. Venous insufficiency

Compression therapy is encouraged for the management and prevention of edema, especially
if venous insufficiency is present. Compression stockings are useful for prevention, while
multilayer compression bandaging is recommended for treatment. An alternative is using a
self‐applicable and adjustable short‐stretch Velcro band [62].

The Society for Vascular Surgery and the American Venous Forum strongly advocate pentox‐
ifylline for treatment of long‐standing or large VLUs since venous insufficiency is frequently
found in these patients. Apligraf is recommended for ulcers not responding to standard of care
therapies within 4–6 weeks.

Minimally, invasive ablation of superficial axial and perforator vein reflux in patients with
active venous insufficiency and patent deep venous system is a relatively safe procedure and
leads to faster healing and decreased ulcer recurrence when combined with compression
therapy [112]. This also underscores prompt referral to a vascular specialist for evaluation and
management of leg ulcers in SCD.

13. Antibiotic therapy

The IDSA guidelines do not recommend treating an uninfected wound with antimicrobials
since there is no evidence that this prevents infection or improves ulcer healing [113]. When
there are clinical signs of infection, post‐debridement deep soft tissue or bone biopsy should
be sent for culture. Superficial wound cultures are less reliable than tissue biopsies and should
be avoided [114]. Hospitalized patients with more severe infections and signs of cellulitis and/
or osteomyelitis typically receive intravenous antibiotic therapy at least initially. Finally, topical
antibiotics do not significantly affect leg ulcers healing [7]. Further studies are needed to
explore the immunomodulatory and anti‐inflammatory actions of tetracyclines on ulcer
healing.

14. Prevention

A previous history of leg ulcer is the greatest predictor of developing another leg ulcer in
patients with sickle cell disease, increasing the risk up to 23‐fold in one study [84]. While
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spontaneous ulcers are unpredictable, traumatic ulcers may be preventable. Encouraging
patients to regularly check their skin for signs of early ulcers and preventing local trauma by
wearing properly fitting shoes and protecting themselves from insect bites may decrease the
risk of developing leg ulcers. Wearing appropriately sized above‐the‐knee compression
stockings can reduce edema and prevent new and recurrent ulcers [16].

15. Complications

15.1. Association of leg ulcers to pulmonary hypertension in adults with SCD

Evidence suggests that SCD patients with hyper‐hemolysis phenotype (characterized by
severe anemia and markers of hemolysis like high LDH) are at risk for leg ulcers as well as
pulmonary hypertension, priapism, and renal disease [115]. Studies have shown that leg ulcers
are more common in SCD patients with pulmonary hypertension [12, 116, 117]. Experts
recommend that patients with HbS with leg ulcers should be screened for pulmonary hyper‐
tension.

This epidemiological relationship between leg ulcers and pulmonary hypertension supports
a common pathophysiologic mechanism. Sickle cell patients with leg ulcers have been shown
to have higher rates of mortality that those without leg ulcers and are regarded as a marker of
disease severity in sickle cell patients [9].

15.2. Local effects

Subcutaneous fibrosis impairing venous and lymphatic drainage may occur and can be severe
enough to cause an equinus deformity [4] (Figure 4). Osteomyelitis is exceedingly rare but has

Figure 4. Leg ulcers of varying sizes (from author's personal collection).
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been observed on occasion. Acute ankle arthritis complicates some cases of spontaneous leg
ulceration, possibly as a result of associated ischemic synovial damage [118]. It resolves
spontaneously with improvement of the leg ulcer.

15.3. Social and psychological effects

Leg ulcers can have a profound impact on patients’ psychological well‐being. Patients of‐
ten have social withdrawal at school and work places. They often suffer from depression,
which may impair their ability to take care of their ulcers adequately and seek medical
attention [4].

16. Summary

In summary, sickle cell leg ulcers are a disabling complication of sickle cell disease, and despite
being widely described in the medical literature, there remains a paucity of large randomized
controlled data pertaining to their treatment. Current recommendations include a multifaceted
approach utilizing a combination of topical, systemic, and surgical techniques. We describe a
simplified algorithm to aid management of these complex patients (Figure 5). While a
multidisciplinary team is essential, it is important to retain primary responsibility of the patient
as hematologists, optimizing the health of the patient and facilitating plans of care made by
various specialties. As we begin to understand more about the complex pathophysiology of
these chronic wounds, more research is needed targeting these identified pathways to improve
ulcer healing and prevent recurrence.

Figure 5. Approach to the management of patients with SCD and wounds.
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Abstract

Hematopoietic stem cell transplantation (HSCT) is currently the only established cure
for sickle cell disease (SCD). Replacement of the stem cell that has the defective beta
globin allele with the normal gene decreases hemoglobin S and the risk of complications
of SCD. The first case reported was a girl with acute myeloid leukemia and SCD who
received HSCT and achieved long-term SCD and leukemia-free survival. Given the
favorable outcomes of HSCT with thalassemia major using myeloablative preparative
regimens, this approach became widely used in the initial studies of HSCT in SCD. The
current standard of care is to use a myeloablative stem cell transplantation in patients
with  severe  disease  who  have  human  leukocyte  antigen–identical  sibling.  HSCT
improves organ function, quality of life, and overall and disease-free survival. However,
this is associated with high risk of gonadal dysfunction and graft versus host disease in
addition to the mortality associated with the myeloablative HSCT. Reduced-intensity
HSCT has also been reported with high rates of engraftment and favorable outcomes.
This has been introduced to lower the gonadal dysfunction, mortality, and graft versus
host  disease  associated  with  myeloablative  approaches.  Other  approaches  include
HSCT using matched unrelated donors, cord blood units, and human leukocyte antigen
haploidentical donors. Unfortunately, graft rejection is a common complication with
these approaches. In this chapter, we review the indications of HSCT for SCD and
outcomes of different transplant strategies including alternative donor transplant, graft
rejection, and infertility after transplantation.

Keywords: sickle cell disease, hemoglobinopathy, stem cell transplantation, myeloa-
blative, reduced intensity, graft rejection
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1. Introduction

Replacement of the stem cell that has the defective beta globin allele with the normal gene
decreases Hemoglobin S and the risk of complications of sickle cell disease (SCD). This could
be achieved through gene therapy or allogeneic  Hematopoietic  stem cell  transplantation
(HSCT). The proof of principle case was an 8-year-old girl with acute myeloid leukemia (AML)
and SCD who received HSCT for AML. Her AML was in remission 22 months posttransplan-
tation and she was free of SCD.

The utility of HSCT in patients with SCD was shown in multiple studies since over 20 years
with disease-free survival (DFS) of 90% [1, 2]. The improved organ function and decreased risk
of SCD-related complications are attractive goals of therapy in these patients [3, 4]. Further-
more, SCD cure by HSCT is associated with improved quality of life scores in the physical,
social, and emotional domains [5, 6].

Despite the promising results of HSCT in SCD, there are a number of unresolved issues limiting
its’ widespread application. The number of HSCT for SCD remains less than expected and cost
is one of the major factors behind this knowing that the disease is much more prevalent in
countries with low income [7, 8]. The course and severity of the disease cannot be accurately
predicted with the currently available tools making it difficult to recommend HSCT early
before end organ damage [9, 10]. This is especially important in children without end organ
damage where one can debate the utility of HSCT for mild disease before damage occurs. In
addition, most of the preparative regimens used are myeloablative [11] and these have led to
high rates of gonadal dysfunction in patients who have not yet completed their family. This is
even more of an issue in cultures where SCD is prevalent. Another issue is the limited number
of siblings in families with SCD potentially giving rise to two problems, the low probability of
finding a matched sibling donor (MSD) and the risk of mobilization of siblings with sickle cell
trait. Unfortunately, for patients with no MSD, the probability of finding a matched unrelated
donor (MUD) is low [12]. The theoretical risk of mobilizing donors with sickle cell trait is
probably not real and the safety has been shown in multiple small studies [13].

2. Indications of HSCT in SCD

HSCT is the only curative treatment option for patients with SCD. However, it can be associated
with significant toxicities making it a good treatment option for patients with severe disease
who have a human leukocyte antigen (HLA) MSD [11]. Therefore, its initial use was limited
to severe SCD, which is defined by the presence of one or more of SCD complications that
include stroke or central nervous system event lasting longer than 24 hours, acute chest
syndrome with recurrent hospitalizations or previous exchange transfusions, recurrent
vasoocclusive pain (≥2 episodes per year for several years, recurrent priapism), impaired
neuropsychological function and abnormal cerebral MRI scan, stage I or II sickle lung disease,
sickle nephropathy (moderate or severe proteinuria or a glomerular filtration rate 30–50% of
the predicted normal value), bilateral proliferative retinopathy and major visual impairment
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in at least in one eye, osteonecrosis of multiple joints, and/or red cell alloimmunization (≥2
antibodies) during long-term transfusion therapy [14]. Unfortunately, besides fetal hemoglo-
bin there are no well-established prognostic markers that can indicate which patients are most
likely to develop severe disease making it difficult to determine risk benefit ratio of HSCT for
patients with less severe disease.

The indications above were adopted from the inclusion criteria of the first major trial of HSCT
in patients with SCD involving 22 children [14]. There is no evidence-based medicine guideline
to inform practice and all available guidelines are expert and consensus recommendations. A
recent evidence-based focused review [15] divided the indications according to the donor
source; however, the quality of evidence is not superior to expert and consensus recommen-
dations. The review suggests that as the severity of SCD worsens, more experimental ap-
proaches could be utilized. Below, we list the indications of HSCT according to the donor
source as recommended in the review [15].

When MSD is available:

• Stroke or high risk of stroke (elevated transcranial Doppler velocity).

• Recurrent acute chest syndrome.

• Recurrent severe acute painful crises.

• Red cell alloimmunization in patients on chronic transfusion protocol.

• Pulmonary hypertension.

• Recurrent priapism.

• Sickle nephropathy.

• Bone and joint involvement.

• Sickle retinopathy.

When MUD is available:

• Stroke or high risk of stroke (elevated transcranial Doppler velocity).

• Recurrent acute chest syndrome.

• Recurrent severe acute painful crises.

• Red cell alloimmunization in patients on chronic transfusion protocol.

• Pulmonary hypertension.

• Recurrent priapism.

• Sickle nephropathy.

• Bone and joint involvement.

When neither MSD nor MUD is available, mismatched marrow, haploidentical, or unrelated
cord blood donor transplantation could be considered when:
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• Recurrent stroke in patients on chronic transfusion therapy.

• Failure to tolerate the supportive care (e.g., chronic transfusion) in severe SCD.

HSCT for SCD offers a cure, but with variable morbidity especially graft versus host disease
(GvHD) and treatment-related mortality. The risk benefit ratio should be considered when
offering HSCT for patients and their families. The risks of complications and options should
be discussed with the patients and their families for shared decision making. Outcomes and
the nature of evidence for the available transplant donor should be balanced with the severity
of SCD and the two should be presented to the patients and their families before a decision to
undergo the procedure is made. Finally, the new and experimental approaches should only be
performed in experienced transplant centers. Comparison of different transplant outcomes
between the different transplant strategies is summarized in Figure 1.

Figure 1. Comparison of transplant outcomes between different transplant strategies. Abbreviations: MSD-MA, match-
ed sibling donor-myeloablative; MSD-RIC, matched sibling donor-reduced intensity conditioning; RCBT, related cord
blood transplantation; UCBT, unrelated cord blood transplantation; OS, overall survival; DFS, disease free survival;
aGvHD, acute graft versus host disease; cGvHD, chronic graft versus host disease. Note: The numbers in the figure are
summarized for representative study of each transplant strategy. In MSD-MA study, the aGvHD rate only represents
the high grade.

3. HSCT from MSD using a myeloablative preparative regimen

Preparative regimens and outcomes of HSCT in thalassemia major have influenced the
strategies used in HSCT in patients with SCD. Myeloablative, nonradiation-based regimens
were commonly used with high rates of engraftment and DFS [11]. The most commonly used
was busulfan with cyclophosphamide at myeloablative doses and this became the preferred
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regimen in many of the future SCD transplant studies [11]. One of the earliest prospective
studies was reported by Walters et al. [14]. In this study, a myeloablative regimen using
busulfan and cyclophosphamide with antithymocyte globulin (ATG) was used in 22 patients
with severe SCD. With a median follow-up of 2 years, overall survival (OS), and DFS were 91
and 73%, respectively. The high grade acute graft versus host disease (aGvHD) and chronic
graft versus host disease (cGvHD) rates were 15 and 12%, respectively.

Another study reported by Bernaudin et al. [3] included 87 children with SCD, most of which
had cerebrovascular event as the indication of the HSCT. The preparative regimen used was
busulfan with cyclophosphamide at myeloablative doses. The ATG was later added to the
regimen. The DFS was 91% with OS of 96%. The rates of high grade aGVHD and cGvHD were
20 and 13%, respectively. Two other studies using a similar preparative regimen reported OS
of 85–96% [16, 17]. Given the high rates of DFS and OS, myeloablative preparative regimen
using MSD is considered the standard of care for patients with SCD undergoing HSCT.

4. HSCT from MSD using reduced intensity preparative regimen

After the encouraging results of myeloablative preparative regimens in children, attempts to
include adults using reduced intensity regimens were tried. The rationale was based on the
assumption that mixed chimerism may be enough to ameliorate the complications of SCD and
unlike in malignant conditions, myeloablation is not needed [18]. The use of reduced intensity
regimens has expectedly resulted in less transplant-related organ dysfunction and may have
preserved fertility, which is an important limitation of myeloablative transplantation.

Hsieh et al. [19, 20] investigated this approach in 30 adult patients using peripheral stem cell
transplants. The preparative regimen constituted of 300 cGy of total body irradiation (TBI)
with alemtuzumab and using sirolimus for GvHD prophylaxis. Most patients (26 out of 30)
had a successful engraftment and no treatment related mortality, or GvHD was reported. This
was attributed to the intensive GvHD prophylaxis using alemtuzumab and sirolimus. The DFS
of 90% and OS of 100% were very encouraging. No data are yet available on the gonadal
dysfunction of this approach.

Another study by Bhatia et al. [21] using a reduced toxicity, albeit myeloablative, preparative
regimen with busulfan, fludarabine, and alemtuzumab in 18 patients with a median age of 8.9
years reported 17% of high grade aGvHD and 11% cGvHD. There was no graft rejection and
all patients were alive at the time of the study report.

5. HLA matched unrelated donor transplantation

The probability of finding an HLA MUD is lower than desired in patients with SCD. In a report
from the National Marrow Donor Program, the probability of finding a 6/6 MUD for patients
with SCD was 60% [12]. The probability is much lower, 20%, when a more strict criteria using
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8/8 matching at the allelic level is used [22]. This is likely due to the underrepresentation of the
haplotypes of this genetic group in the international stem cell donor registries. Overall, the
studies of MUD transplantations in SCD are scarce and include very small number of patients.
There is a high risk of graft failure and other transplant-related complications with the MUD
approach [23]. A number of prospective studies are currently running and results should be
available in the near future. At this time, transplantation for patients with SCD from a MUD
donor should only be done in a clinical trial setting.

6. Related cord blood transplantation (RCBT)

Related cord blood transplantation (RCBT) achieves OS and DFS rates similar to that of MSD
transplantation, except for a significantly longer engraftment time for neutrophils and
platelets. In a comparative study [24] of bone marrow HSCT versus RCBT in patients with
hemoglobinopathies, 30 patients received RCBT for SCD. Patients in the RCBT group were
mostly children and received a myeloablative preparative regimen. Serotherapy was given in
more than half of the patients. The median total nucleated count (TNC) was 3.9 × 107/kg. With
a median follow-up of 70 months, the DFS at 6 years for this group was 90% and no patient
developed grade IV aGvHD or extensive cGvHD. The cumulative incidence of primary graft
failure in the entire RCBT group was 9%. For those who engrafted, the cumulative incidence
of day 60 neutrophil and day 180 platelet recovery was 90% (median 23 days) and 83% (median
38 days), respectively. Although the results of RCBT are not markedly different than that of
MSD, the delayed recovery of neutrophils and platelets increases the risk of infection and
bleeding complications, particularly, the central nervous system. In addition, the probability
of finding RCBT unit is limited given the limited number of siblings in families with SCD.
Finally, the availability of the RCBT is limited in areas where it is mostly needed, such as Africa.

7. Unrelated cord blood transplantation (UCBT)

The outcomes of unrelated cord blood transplantation (UCBT) are inferior to that of RCBT for
patients with SCD. Two of the largest series are the Eurocord study [25] and the SCURT trial
[26]. In the Eurocord study [25], 16 patients were transplanted with a mixture of myeloablative
(10 received busulfan with cyclophosphamide or fludarabine) and reduced intensity prepa-
rative regimens (6 received fludarabine with busulfan, melphalan, or cyclophosphamide).
Most patients received serotherapy with either ATG or alemtuzumab. All units were at least
4/6 HLA matched with a median TNC of 6 and 4.9 × 107/kg at the time of collection and infusion,
respectively. The engraftment was only 60% with a 2-year OS and DFS of 94 and 53%. The rates
of acute and chronic GvHD were 23 and 16%, respectively. In the SCURT trial [26], only eight
patients were studied and all received similar nonmyeloablative preparative regimen using
melphalan, fludarabine with alemtuzumab. All patients received at least 5/6 HLA matched
units with a median TNC of 6.4 × 107/kg. Only three patients engrafted and one died of
extensive cGvHD. In a similar small study [27] of eight patients (only five evaluable) using
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busulfan, fludarabine, and alemtuzumab, only 63 and 50% engrafted neutrophils and platelet,
respectively. Twenty‐five percent of patients had high grade aGvHD. The overall event‐free
survival and OS at 2 years were 50 and 63%, respectively.

Given the high rates of graft rejection and the delayed immune reconstitution that is associated
with UCBT, this modality should only be used in a study. Possible ways to improve this
modality are using higher intensity preparative regimens, using higher TNC, and lower
mismatches. Double cord blood or cord blood supplemented with bone marrow are two
promising options especially with children.

8. Haploidentical stem cell transplantation

HLA haploidentical HSCT is a promising alternative for patients with SCD with no available
MSD. Nevertheless, it is characterized by high rate of graft failure. In a prospective study of
17 patients with SCD [28], 14 patients received a haploidentical transplantation. The prepara‐
tive regimen was similar to the most widely used T cell‐replete haploidentical HSCT with
cyclophosphamide, fludarabine, and TBI using bone marrow as the stem cell source. The
mycophenolate and the calcineurin inhibitor were used in addition to the posttransplant
cyclophosphamide as aGvHD prophylaxis. In this study, ATG was added for 3 days starting
Day ‐9. With a median follow‐up 711 days, 10 patients were asymptomatic from SCD and 6
stopped immunosuppression. No deaths were reported and only one patient had GvHD of
the skin. Unfortunately, the probability of graft failure was high at 43%. The use of haploi‐
dentical transplantation in SCD should be only used in a study setting.

9. Graft rejection

HSCT using myeloablative preparative regimen and HLA MSD has relatively low risk of graft
rejection [11]. Bernaudin et al. reported an overall cumulative incidence of rejection of 7.0% at
5 years [3]. The addition of ATG to the preparative regimen resulted in a significant decrease
in the 5‐year cumulative incidence of rejection from 22.6 to 2.9% in patients who received ATG.
A number of other studies using similar myeloablative regimens reported rejection rates of up
to 10% [14, 17].

The rejection rate is different outside myeloablative transplantation; graft loss may not be
uncommon complication of transplant using nonmyeloablative preparative regimens [11].
Attempts to improve this with higher intensity of nonmyeloablative regimens improved the
rejection rate but with high proportion of mixed chimerism [20, 29, 30]. The mixed chimerism,
if stable, may be enough to ameliorate the complications SCD [18]. Locatelli et al. reported
rejection rate of 9% with RCBT which is similar to the MSD transplantation using myeloablative
protocol. The URCB and the HLA haploidentical transplantation are associated with high risk
of graft rejection of over 40% [25, 28, 31].
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10. Infertility

The risk and fear of infertility is a major limiting factor on the widespread use of HSCT in
patients with SCD. This high risk of infertility from HSCT in a benign condition limits the
referral of patients. In addition, it also adds to the worries and deferral factors for patients to
undergo the procedure.

The assessment of infertility post HSCT in children and young adults is difficult and only
surrogate endpoints like gonadal dysfunction are used which limits the interpretation of
studies of fertility post HSCT. The use of a standard approach of HSCT in SCD is associated
with high risk of gonadal dysfunction. In the prospectively U.S. study [4], the use of a mye-
loablative preparative regimen lead to hypogonadotropic hypogonadism in most of the
pubertal males and primary ovarian failure in the majority of postpubertal females. In another
study using a similar preparative myeloablative regimen with ATG or radiation [17], all
patients who were transplanted after puberty had gonadal dysfunction. The use of reduced
intensity preparative regimens may lower the risk of gonadal dysfunction; however, it is yet
to be shown prospectively.

11. Quality of life and long-term complications

Sickle cell disease impacts health related quality of life (HRQL) in children and adults [32–35].
The impact is worse in females and older children [34]. In adults, HRQL scores may be similar
to patients receiving hemodialysis [36]. Unfortunately, it is not yet known with confidence that
HSCT improves HRQL in patients with SCD. Studies addressing this question are small in
number and sample size and predominantly examined reduced intensity HSCT [5, 6, 37].
HRQL scores improved in patients who received reduced intensity chemotherapy-based
HSCT. The improvement was more marked with longer follow-up after transplant [5]. The
improvement was noticed across all domains of and in parent-reported HRQL. Similar results
were observed in patients who received chemotherapy-free (TBI-/alemtuzumab-based)
HSCT [37]. The improvement in scores included the bodily pain, general health and vitality.

Long-term complications and reintegration have not been well addressed in literature despite
a relatively long history of HSCT in SCD. In a study with a median follow-up of 9 years of 22
children with SCD who received HSCT from MSD [38], the overall survival was 93% and there
was no recurrence of graft failure. This study was able to demonstrate that even with long-
term follow-up; the engraftment and protection against SCD-related complications were
sustained.

12. Conclusions

HSCT for severe SCD offers cure and a chance of amelioration of SCD-related complications.
Myeloablative HSCT using HLA MSD remains the standard of care. RCBT offers similar results
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but longer time to count recovery. Transplantation from MUD, UCBT, or HLA haploidentical
donors should only be practiced in a study setting in experienced transplant centers. Reduced
intensity transplantations from MSD offer stable mixed chimerism and may decrease the risk
of gonadal dysfunction in these young patients. Attempts to expand the pool of donors should
continue.
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Abstract

Sickle  cell  disease  (SCD)  consists  of  inherited  monogenic  hemoglobin  disorders
affecting over three million people worldwide. Efforts to establish precision medicine
based on the discovery of genetic polymorphisms associated with disease severity are
ongoing to inform strategies for novel drug design. Numerous gene mutations have
been associated with the  clinical  complications  of  SCD such as  frequency of  pain
episodes, acute chest syndrome, and stroke among others. However, these discoveries
have not produced additional treatment options. To date, Hydroxyurea remains the
only Food and Drug Administration-approved agent for treating adults with SCD;
recently it was demonstrated to be safe and effective in children. The main action of
Hydroxyurea is the induction of fetal hemoglobin, a potent modifier of SCD clinical
severity. Three inherited gene loci including XmnI-HBG2,  HBS1L-MYB  and BCL11A
have been linked to HBG expression, however the greatest progress has been made to
develop  BCL11A  as  a  therapeutic  target.  With  the  expanded  availability  of  next
generation  sequencing,  there  exist  opportunities  to  discover  additional  genetic
modifiers of SCD. The progress made over the last two decades to define markers of
disease severity and the implications for achieving precision medicine to treat  the
complications of SCD will be discussed.

Keywords: fetal hemoglobin, single nucleotide polymorphism, drug discovery, ge-
nome-wide association studies
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1. Introduction

Sickle cell anemia is caused by an A to T point mutation in the sixth codon of the β-globin
(HBB) gene on chromosome 11 leading to the production of hemoglobin S (HbSS) during
adult development. When the sickle mutation is combined with one of over 400 additional
mutations reported in the HBB  locus,  different  subtypes of  sickle cell  disease (SCD) are
produced. For example, heterozygosity for the sickle HBB gene and hemoglobin C produces
HbSC disease [1]. A definitive diagnosis of SCD can be made by hemoglobin electrophoresis,
isoelectric focusing, or high-performance liquid chromatography. However, DNA testing is
required to detect the presence of β-thalassemia mutations, which when inherited with the
sickle HBB causes HbS-β0-thalassemia and HbSβ+-thalassemia.

About one in 500 African-American and one in 36,000 Hispanic-American children are born
with SCD disease [2], which is diagnosed at birth by newborn screening in the United States.
The carrier state or sickle cell trait is detected in 1:13 African Americans and 1:100 Hispanic
Americans [3] with an estimated 2.5 million Americans with sickle cell trait [4]. Worldwide
about 3.2 million people have SCD and 43 million have sickle cell trait [5] with 80% occurring
in sub-Saharan Africa mainly as a protective mechanism against malaria. Moreover, the HBB
sickle mutation also occurs in Europe, India, the Arabian Peninsula, and Brazil [6].

Hemoglobin is a tetrameric protein, composed of two α-like and two β-like globin polypeptide
chains, which transports oxygen to the body tissues. During human development, two
switches in the type of hemoglobin synthesized occur, a process known as hemoglobin
switching [1]. The first switch at 6–8 weeks of development involves ε-globin gene silencing
and activation of the HBG2 and HBG1 genes throughout fetal erythropoiesis, during which
Gγ-globin and Aγ-globin fetal hemoglobin (HbF; α2γ2) are produced. The second switch occurs
shortly after birth when the HBG1/HBG2 genes are silenced and HBB is activated. HbF levels
decline to <1% of total hemoglobin by 6–12 months of age [7], and HbF is restricted to a
population of erythrocytes called F-cells [8]. During hemoglobin switching, the site of hema-
topoiesis moves from the yolk sac to the liver/spleen and finally the bone marrow, which
becomes the main site of hematopoiesis where adult hemoglobin A (HbA, α2β2) is produced
in healthy individuals [1]. As the level of HbF decreases around 5–6 months of age, the clinical
symptoms of SCD are observed due to high HbS levels and polymerization under deoxygen-
ated conditions producing sickle-shaped red blood cells (RBCs), vascular occlusion, and tissue
ischemia. Therefore, precision medicine based on genetic or pharmacologic approaches to
maintain high HbF levels is a proven efficacious strategy to treat SCD.

2. Clinical manifestations of sickle cell disease

Over the last 30 years, survival in people living with SCD has improved significantly due to
decreased death rates during infancy. However, morbidity remains high due to central nervous
system and pulmonary complications during childhood and end-organ damage in adults [9,
10]. The average life expectancy of people with SCD is 50 years in the United States [11].
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Individuals with SCD experience a chronic hemolytic anemia caused by HbS polymerization
under deoxygenated conditions, which [12] produces RBC membrane damage and a shortened
life span of 14–21 days. As a result, HbSS patients have an average hemoglobin level of 6–8 g/
dL with an elevated reticulocyte count and plasma lactate dehydrogenase level [13]. Further-
more, the damaged membrane leads to inflexible and dehydrated sickled RBCs and abnormal
adhesion to the vascular endothelium producing the vasculopathy observed in persons with
SCD [13].

The most common pathophysiology of SCD is vaso-occlusive (VOC) events produced by tissue
ischemia leading to pain and acute or chronic injury to the spleen, brain, lungs, kidneys, and
bones [13]. Individuals with a severe SCD sub-phenotype have more frequent VOC events, a
higher white blood cell count, a lower HbF level, and increased blood vessel flow resistance
under deoxygenation conditions [14–16]. The most common clinical manifestation of SCD is
acute painful episodes which occur mainly in the extremities, but can involve the abdomen,
back, and chest [17, 18].

As HbF falls below protective levels at around 6–12 months of age, dactylitis involving pain
and swelling of the hands and feet is an early manifestation of SCD and is a risk factor for
diseased severity [19]. Splenic sequestration occurs in 30% of children between the ages of 6
months to 3 years, which can cause severe life-threatening anemia and death if not treated
promptly. Over time, repeated episodes of VOC in the spleen lead to infarction and a markedly
increased risk for infection due to encapsulated bacteria such as Streptococcus pneumonia,
Haemophilus influenza, and Staphylococcus aureus among others [20]. To address this significant
cause of early mortality, the Prophylactic Penicillin Study I was conducted which demonstrated
the ability of prophylactic penicillin to decrease overwhelming sepsis by 90% and improved
survival among infants with SCD [21]. This study provided the rationale for establishing
newborn screening for SCD in the late 1980s to facilitate the initiation of penicillin prophylaxis
in the first few months of life to protect against infection and prevent early mortality. Penicillin
prophylaxis has become the standard of care worldwide.

Other types of VOC events include acute chest syndrome [22, 23], silent and acute cerebral
infarcts [24, 25], and osteonecrosis of the femoral head. Episodes of acute chest syndrome can
be caused by pulmonary VOC, infection, and/or fat emboli from bone marrow infarcts [22].
Long-term damage in the lungs can precede pulmonary hypertension [26] in older children
and adults with SCD causing high morbidity and mortality. By adolescents, 50% of individuals
with SCD suffer silent cerebral infarcts [27] and 10% of children over the age of 2 experience
overt strokes requiring chronic transfusions [28, 29]. The process of VOC can affect any organ
system producing a wide variety of complications in SCD involving the heart, liver, gall
bladder, kidney, and skin [30].

3. Treatment of vaso-occlusive complications

Blood transfusions are the mainstay of therapy for individuals suffering from acute and
chronic complications of SCD. Red blood cell transfusions improve the oxygen-carrying ca-
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pacity and prevent sickling by decreasing the HbS level to <30% of total hemoglobin [31–
33]. Transfusions are also used for the acute exacerbation of anemia associated with splenic
sequestration and aplastic crisis caused by Parvo B19 virus infection [34]. The most com-
mon symptom in persons with SCD is acute and chronic pain due to tissue ischemia,
which is correlated with long-term survival [35]. Therefore, early aggressive treatment of
pain episodes to prevent complications is the standard of care [36]. Recent research has
provided insights into mechanisms of pain related to tissue injury (nociceptive), nerve in-
jury (neuropathic), or unknown causes (idiopathic). Effective pain treatment is most often
achieved using opioid narcotics combined with nonsteroidal anti-inflammatory drug.

To address the long-term effects of repeated pain episodes, extensive research has been
conducted to develop drugs that induce HbF, which inhibits HbS polymerization [37] to
improve the clinical symptoms of SCD. Based on findings in the Multicenter Study of Hy-
droxyurea [38], this agent is the only Food and Drug Administration-approved drug for the
treatment of adults with SCD [39]. Subsequent studies in children including BABY HUG
demonstrated that hydroxyurea (HU) is an effective HbF inducer and can be used safely in the
first year of life [40]. Unfortunately, HU has a 30% nonresponse rate in adults, causes bone
marrow suppression, and has detrimental effects on fertility [38, 41]. Therefore, the develop-
ment of novel therapeutic agents based on inherited mutations that alter the expression of the
HBG1/HBG2 genes to produce high HbF levels is desired to establish precision medicine for
SCD.

4. Genetic modifiers of sickle cell disease severity

While homozygosity for the βS-globin gene mutation (HBB; glu6val) causes sickle cell anemia,
the clinical diversity of phenotypes and disease severity are similar to the manifestations of
multigenic disorders. Intensive studies have been performed to identify genetic risk factors
correlated with SCD complications such as stroke, leg ulcers, pulmonary artery hypertension,
priapism, and osteonecrosis. To extend the findings of genome-wide association studies of
single nucleotide polymorphisms (SNPs) linked with clinical phenotypes, more advanced
genomic techniques including next-generation DNA sequencing provide new opportunities
to define mechanisms of SCD complications. A comprehensive review of genetic studies
conducted in SCD is beyond the scope of this chapter. Therefore, we focus our discussion on
efforts to discover SNPs associated with the clinical sub-phenotypes of SCD including pain
severity, acute chest syndrome, pulmonary hypertension, osteonecrosis, priapism, leg ulcers,
and nephropathy.

4.1. Vaso-occlusive pain

SCD patients experience a wide variety of clinical pain ranging from acute mild/severe to
persistent chronic pain. The underlying mechanisms of differences in pain rates are complex
and likely involve a number of genetic polymorphisms in several biological systems. Studies
have been conducted that provide insights into SNPs associated with the frequency and
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severity of pain in SCD. Jhun et al. [42] identified mutations in the dopamine D3 receptor
(Ser9Gly heterozygotes) associated with a lower acute pain rate. The most commonly used
opioid medications including codeine and hydrocodone require cytochrome P450 2D6
(CYP2D6) for drug activation, which can impact the efficacy of these agents. The CYP2D6 gene
is highly polymorphic, with variant alleles that result in decreased, absent, or ultra-rapid
metabolism [43]. Altered CYP2D6 enzymatic activity in CYP2D6*17 (reduced activity),
CYP2D6*5 (gene deletion), and CYP2D6*4 (absent function) is correlated with the analgesic
response to codeine and hydrocodone. Therefore, genotyping the CYP2D6 gene is a reasonable
approach for developing personalized medicine for the treatment of pain in persons with SCD.
Moreover, missense or frame-shift mutations in CYP2C9 decrease or abolish enzymatic
activity, respectively, which impairs opioid activation [44, 45]. Likewise, an SNP in the
promoter of the gene encoding the enzyme uridine 5′-diphospho (UDP)-glucuronosyltrans-
ferase 2B7 (−840G/A) responsible for morphine glucuronidation in the liver is associated with
lower morphine metabolites in sickle cell patients suggesting that higher doses of morphine
may be required to achieve adequate pain control [46].

4.2. Acute chest syndrome/pulmonary hypertension

Acute chest syndrome continues to contribute to significant morbidity and mortality in
children and adults with SCD [47]; therefore, the discovery of genetic modifiers of this
complication has the potential for high impact and the design of precision medicine. Redha et
al. [48] investigated the association of the vascular endothelial growth factor A (VEGFA) 583C/
T mutation with acute chest rates in children with SCD. The presence of the 583T/T genotype
was associated with increased serum VEGF levels while the VEGFA 583C/T caused reduced
VEGF serum levels.

The rate of RBC hemolysis and release of free heme in the circulation are associated with
clinical severity of SCD. Heme oxygenase-1 (HMOX1) is the inducible, rate-limiting en-
zyme in the catabolism of heme which attenuates the severity of VOC and hemolytic
events. The (GT)(n) dinucleotide repeat in the promoter of HMOX1 is highly polymorphic,
with long repeats linked to decreased gene activation. Bean et al. [49] examined two
HMOX1 promoter polymorphisms including −413A/T and the (GT)(n) microsatellite (with
allele (GT)(n) length from 13 to 45 repeats). The length of the (GT)(n) allele was associated
with acute chest syndrome, but not pain rates in children with SCD.

Over the last decade, numerous studies have been conducted to define risk factors associated
with pulmonary artery hypertension [50, 51], which defines a severe sub-phenotype of SCD
leading to premature death. SNPs in genes involved in the regulation of endothelial function,
which alter the synthesis of the endothelium-derived vasodilators nitric oxide and prostacy-
clin, have been implicated [52]. An extended screen of 297 SNPs in 49 candidate genes [53]
identified mutations in the transforming growth factor (TGF) superfamily including the activin
A type II-like 1 receptor (ACVRL1), bone morphogenetic protein (BMP) receptor 2, bone
morphogenetic protein 6, and the β-1 adrenergic receptor (ADRB1) associated with pulmonary
artery hypertension. A multiple regression model using age and hemoglobin as covariates
demonstrated that SNPs in ACVRL1, BMP6, and ADRB1 independently contribute to pulmo-
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nary hypertension risk. These findings offer promise for identifying patients at risk for this
complication and developing novel therapeutic targets for SCD.

A recent study by Al-Habboubi et al. [54] examined the association between VEGF secretion
and VOC rates among 210 individuals with SCD. Mutations in VEGFA including rs2010963
heterozygous and rs833068 and rs3025020 homozygous states were associated with increased
pain rates. Moreover, Yousry et al. [55] observed that the homozygous mutant eNOS 786T/T
was significantly associated with a high risk of acute chest syndrome. By contrast, the wild-
type eNOS 4a/4b genotype was protective against VOC and pulmonary hypertension while
the homozygous haplotype (C, 4a) was significantly associated with the risk of VOC pain, acute
chest syndrome, and pulmonary hypertension. Thus, eNOS SNPs may be useful as a genetic
marker of prognostic value in SCD to predict a severe disease sub-phenotype.

4.3. Cerebral vascular disease

SCD is the most common cause of ischemic stroke occurring in 10% of children under 15
years of age; by contrast, hemorrhagic strokes are observed more commonly in adults over
30 years of age [56]. Genetic polymorphisms in multiple genes have been implicated in
childhood stroke risk. For example, a mutation in vascular adhesion molecule-1 (VCAM1)
including the G1238C in the coding region was protective and the intronic T1594C SNP
predisposed to small-vessel stroke [57–59]. Mutations in the interleukin (IL)4R, tumor ne-
crosis factor (TNF), and ADRB2 genes were found to be independently associated with
stroke susceptibility in the large-vessel stroke subgroup, while SNPs in VCAM1 and LDLR
NcoI genes were associated with small-vessel stroke risk [59]. Additional genes have been
implicated in stroke risk such as the GT-repeat polymorphism in the angiotensinogen gene
including alleles A3 and A4, which conferred a fourfold increase in risk [60]. Hoppe et al.
[61] identified SNPs in the cystathionine-β-synthase (278thr) and the apoE3 genes that were
associated with protection and increased risk for stroke, respectively.

Ischemic stroke is common in children with SCD producing high morbidity and mortality. A
meta-analysis by Sarecka-Hujar et al. [62] demonstrated the association of SNP 677C/T in the
methylenetetrahydrofolate reductase gene with the risk of stroke. Abnormalities in the
coagulation pathway have been implicated in the pathogenesis of cerebral bleeding. For
example, protein Z, a vitamin K-dependent glycoprotein structurally related to the vitamin K-
dependent coagulation factors, is devoid of catalytic activity and inhibits the generation of
thrombin. Mahdi et al. [63] identified three SNPs in the protein Z gene promoter (rs3024718,
rs3024719, and rs3024731) and one intronic SNP rs3024735 associated with stroke risk sug-
gesting that reduced protein Z levels produced a procoagulant state and increased risk for
thrombotic diseases including ischemic stroke. These studies provide evidence for genetic
markers that can be used to assess stroke risk in SCD and targeted for therapeutic intervention.

4.4. Osteonecrosis

Repeated episodes of bone infarction caused by vaso-occlusive events precede osteonecrosis
of the head of the femur and humerus, a disabling complication of SCD [64, 65]. The discovery
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of SNPs in genes involved in bone morphogenesis, metabolism, and vascular disease will
identify individuals at high risk for osteonecrosis. Previously, 233 SNPs in seven genes
including BMP6, TGFBR2, TGFBR3, EDN1, ERG, KL, and ECE1 were shown to be associated
with this complication. There were 18 SNPs in the KL gene, which encodes the glycosyl
hydrolase protein that participates in a negative regulatory network of vitamin D metabolism;
moreover, 14 SNPs in BMP6 and six SNPs in ANXA2 were significantly associated with
osteonecrosis [66]. A second research group [67] demonstrated the association of rs267196
(BMP6) and rs7170178 (ANXA2) with a higher risk of osteonecrosis. However, additional
studies are needed to confirm if these markers are predictive of the clinical risk for this
complication.

4.5. Priapism

Thirty percent of males with SCD experience the potentially devastating complication of
priapism associated with a clinically severe disease sub-phenotype. Proteins involved in
neuro-regulatory and adrenergic pathways, nitric oxide biology, and ion channels have been
implicated in the pathophysiology of priapism [68–71]. More recently, clinical studies have
identified genetic markers of priapism that produce erectile dysfunction and determine the
ability to respond to phosphodiesterase inhibitors. Nolan et al. [72] identified SNPs in the
KLOTHO gene including rs2249358, rs211239, rs211234, and rs211239 associated with an
increased risk for priapism among 148 males with SCD. To support these findings, Elliott et al.
[69] examined polymorphisms in a second group of adult male SCD patients with a 42% history
of priapism. Mutations in the nitric oxide biology (NOS2, NOS3, and SLC4A1) and KLOTHO
genes were associated with priapism risk providing further evidence for modulating nitric
oxide levels as a therapy for this complication.

4.6. Nephropathy

Sickle nephropathy is a serious complication of SCD that can lead to renal failure and is rapidly
becoming a major cause of death in adults. In view of the high medical burden and poor health
outcome of end-stage renal disease, genetic markers of nephropathy risk are desirable. Youssry
et al. [73] identified soluble FMS-like tyrosine kinase-1, a member of the vascular endothelial
growth factor receptor family, as a biomarker for sickle nephropathy. In addition, Ashley-Koch
et al. [53] demonstrated that the myosin, heavy chain 9, non-muscle (MYH9), and apolipopro-
tein L1 (APOL1) genes are associated with risk for focal segmental glomerulosclerosis and end-
stage renal disease in African Americans. Seven SNPs in MYH9 and one in APOL1 remained
significantly associated with proteinuria after multiple testing corrections. The causative role
of these proteins in the development of sickle nephropathy needs to be tested further.

4.7. Leg ulcers

Cutaneous leg ulcers occur more often in adult sickle cell patients with low baseline hemo-
globin levels and increased hemolysis rates indicated by high lactate dehydrogenase, bilirubin,
and reticulocyte levels. The V34L G/T SNP (rs5985) in the factor XIII gene (F13A1) has been
associated with leg ulcers [74]. Other studies have implicated factor V Leiden [75], the fibroblast
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growth factor receptor [76], and the HLA-B3525 antigen [77] in the pathogenesis of leg ulcers.
A larger study involving 243 sickle cell patients [78] examined SNPS in 60 candidate genes that
have a putative role in the pathophysiology of SCD. The association of SNPs in KLOTHO,
TEK, and the TGF-β/BMP-signaling pathway was implicated in leg ulcer risk. Of these,
KLOTHO promotes endothelial nitric oxide production and the TEK receptor tyrosine kinase
is involved in angiogenesis. The TGF-β/BMP-signaling pathway modulates wound healing
and angiogenesis, among other functions. Hemolysis-driven phenotypes such as leg ulcers
could be improved by agents that increase nitric oxide bioavailability.

5. Genetic modifiers of fetal hemoglobin

5.1. HBB locus haplotypes

Inherited genetic mutations that modulate HBG1/HBG2 gene expression enable persons with
SCD to maintain high HbF levels, which ameliorates their clinical symptoms and long-term
survival [17]. Individual SNPs inherited in set patterns define HBB haplotypes and determine
the ancestral origin of the βS-globin gene mutation in different ethnic and racial groups. Five
common haplotypes including Senegal, Benin, Central African Republic (Bantu), Cameroon,
and Asian (Indian/Saudi-Arabian) have been identified [1]. HbF levels vary greatly among
individuals with different and the same HBB haplotype, which has precluded the establish-
ment of a consistent correlation between the two parameters. However, individuals with the
Senegal haplotype generally have higher HbF levels and milder disease [79], whereas indi-
viduals with the Benin haplotype tend to have lower HbF levels and more severe disease [80].
To address this limitation, a genomic study by Liu et al. [81] established the complexity of the
HBB locus providing insights into the challenges of defining distinct HBB haplotypes for the
prediction of disease severity and the development of therapeutic strategies.

5.2. Genome-wide association studies (GWAS)

The normal switch from HbF to HbA synthesis occurs during the first year of life reaching
adult levels of HbF <1% by 12 months of age. A group of disorders known as hereditary
persistence of HbF expression is caused by inherited deletions in the HBB locus or point
mutations in the promoter region of the HBG genes. HbF levels range from 10 to 40% depending
on whether heterozygous or homogeneous mutations are inherited. To gain insights into loci
outside the HBB locus that control HbF heritability, GWAS to identify quantitative trait loci
were conducted [82]. Three major loci were discovered including the Xmn1-HBG2 (Gγ-globin)
on chromosome 11, HBS1L-MYB intergenic region (HMIP) on chromosome 6q23, and BCL11A
gene on chromosome 2p16 that control up to 40% of HbF variance in different populations [83].
These loci will be discussed subsequently in the context of the development of precision
medicine for persons with SCD.
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5.3. Xmn1-HBG2

In 1985, the C/T SNP at nucleotide −158 of the HBG2 gene (rs7482144; T/T) was shown to be
associated with high HbF levels with an increase in HbF expressing erythrocytes or F-cells
(Figure 1A), and a milder disease phenotype in persons with SCD and β-thalassemia [84]. The
positive association between the rs7482144 minor alleles (C/T) and HbF levels was replicated
in European and Native Indian populations. However, this SNP was not associated with HbF
levels in the people of African ancestry [85]. By contrast, the rs7482144 (G/A) allele occurred
at a higher frequency in sickle cell patients with the Senegal and Arab-Indian haplotypes
suggesting that the A allele is associated with the geographical origin of the study population.
The ancestry for African Americans with SCD showed a high degree of European, African,
and Native American admixture at 39.6, 29.6, and 30.8%, respectively.

Figure 1. Summary of major single nucleotide polymorphisms (SNPs) associated with inherited genetic modifiers of
HbF variance. Genome-wide genetic studies and GWAS identified SNPs associated with inherited levels of HbF in var-
ious ethnic and racial groups. Shown are SNPs in the HBB locus (A), the HBS1L-MYB intergenic region (B), and intron
2 of the BCL11A gene (C) associated with HBG regulation.

5.4. HBS1L-MYB (HMIP) region

Early studies conducted in a family of Asian Indian origin using segregation analysis demon-
strated a modifier of HBG gene expression independent of the HBB locus [86]. Using a
regressive model, a major locus was discovered on chromosome 6q23–q24 in the HMIP region.
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Of the three SNPs identified, only rs4895441 was significantly associated with HbF levels,
explaining 9.2% of variance. Later studies showed an association of the other two SNPs,
rs28384513 and rs9399137, with HbF levels in the Northern European population (Figure 1B).
Subsequently, these SNPs were also demonstrated to control HbF expression in African
American, Brazilian, African British, and Tanzanian sickle cell patients [87]. The minor allele
frequency of rs9399137 (C) is most significantly associated with HbF expression, but is less
common in African populations, with a frequency of 1–2% in African sickle cell patients
without European admixture. Similarly, a 3-bp (TAC) deletion on chromosome 6q23 is
common in non-African populations, whereas the minor allele of rs9399137 occurs at a higher
frequency in African Americans with SCD and elevated HbF levels [88].

5.5. BCL11A

After the completion of the Human Genome Project and the development of genome-wide
techniques, GWAS became the preferred approach to identify inherited genetic modifiers of
disease phenotypes. The first GWAS to identify HbF modifiers utilized a selected genotyping
study design, targeting 179 individuals with contrasting extremes of F-cell numbers [89]. The
Xmn1-HBG2 and HMIP regions were identified along with a novel locus in the second intron
of the oncogene BCL11A located at chromosome 2p16; the A allele of rs4671393 was associated
with increased HbF levels. Subsequently, Uda et al. [90] confirmed SNPs in the BCL11A gene
associated with high HbF in Sardinian thalassemia patients, establishing the first major
repressor of HBG1/HBG2 gene expression (Figure 1C). The majority of GWAS to identify
inherited HbF determinants in African Americans with SCD have been conducted using
samples collected during the Cooperative Study of Sickle Cell Disease [91–94]. The first GWAS
conducted by Solovieff et al. [93] confirmed the BCL11A SNP (rs766432) and identified a
polymorphism in the ORB1B5/OR51B6 locus (rs4910755) associated with HbF levels in sickle
cell patients (Figure 1A). A subsequent meta-analysis was conducted using GWAS data
generated in seven African-American SCD cohorts totaling 2040 patients [95]. The most
significant SNPs were identified in BCL11A (rs766432) and the HMIP region (rs9494145), which
represented 11.1 and 3.2% of the phenotypic variability in HbF expression, respectively.
Recently, the first GWAS was conducted in a Tanzanian population of 1213 individuals with
SCD [96]. Similar to African Americans, SNPs in the BCL11A gene and the HMIP region were
replicated in Tanzanians. Other studies have shown up to 10% of HbF variance associated
with the BCL11A SNP rs4671393 in sickle cell patients from Northern Brazil (Figure 1C).

5.6. Mechanism of regulating HBG expression

Many decades of research have revealed that two types of mechanisms play a major role in
modifying HbF levels: (1) direct transactivation of the HBG1/HBG2 genes through the Xmn1-
HBG2 site or (2) an indirect effect on HBG1/HBG2 through the repression of silencers such as
BCL11A or MYB. The Xmn1-HBG2 variant rs7482144 mediates a direct effect on Gγ-globin gene
expression by functioning as a promoter [1]. By contrast, SNPs in the 14-kb second intron of
BCL11A produces a strong enhancement of HbF expression. High levels of the short BCL11A
isoform are associated with enhanced HbF expression in primitive erythroblasts, whereas full-
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BCL11A produces a strong enhancement of HbF expression. High levels of the short BCL11A
isoform are associated with enhanced HbF expression in primitive erythroblasts, whereas full-
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length BCL11A isoforms are present in adult-stage erythroblasts when the HBG genes are
silenced. BCL11A interacts with several DNA-binding proteins such as the corepressors LSD1/
CoREST [97], DNMT1 [98], GATA1/FOG1/NuRD complex [99], and Sox6 [100] to facilitate γ-
globin gene silencing through binding in the HbF-silencing region located upstream of the δ-
globin gene [101]. Other studies have shown direct binding of BCL11A to a core motif 5′-
GGCCGG-3″ in the HBG promoters to form a repressor complex in K562 cells [102]. Recently,
an erythroid-specific enhancer was discovered in the second intron of BCL11A [103], which
can be targeted to achieve lineage-specific gene silencing to achieve gene therapy for SCD
directed at inhibiting BCL11A in erythroid progenitors.

SNP Gene Phenotype Reference

rs1186868 BCL11A Baseline HbF Uda et al. [90]

rs766432 BCL11A Baseline HbF Sedgewick et al. [92]

rs4671393 BCL11A Baseline HbF Lettre et al. [94]

rs7557939 BCL11A Baseline HbF Lettre et al. [94]

rs7482144 HBB Baseline HbF Lettre et al. [94]

rs10128556 HBB Baseline HbF Galarneau et al. [110]

rs3759070 HBE1 Baseline HbF Sebastiani et al. [91]

rs5024042 OR51B5/OR51B6 Baseline HbF Solovieff et al. [93]

rs4895441 HBS1L-MYB Baseline HbF Lettre et al. [94]

rs9494145 HBS1L-MYB Baseline HbF Bae et al. [95]

rs9399137 HBS1L-MYB Baseline HbF Creary et al. [107]

rs28384513 HBS1L-MYB Baseline HbF Galarneau et al. [110]

rs12103880 GLP2R Baseline F-cells Bhatnagar et al. [109]

rs4769058 ALOX5AP HbF induced by HU Sebastiani et al. [91]

rs1867380 AQP9 HbF induced by HU Sebastiani et al. [91]

rs17599586 ARGI HbF induced by HU Ware et al. [108]

rs2295644 ARG2 HbF induced by HU Ware et al. [108]

rs10483802 ARG2 HbF induced by HU Ma et al. [105]

rs2182008 FTL I HbF induced by HU Ma et al. [105]

rs10494225 HAO2 HbF induced by HU Ma et al. [105]

rs7130110 HBE1 HbF induced by HU Sebastiani et al. [91]

rs7977109 NOSI HbF induced by HU Ma et al. [105]

rs944725 NOS2A HbF induced by HU Ma et al. [105]

rs4282891 SAR1A HbF induced by HU Kumkhaek et al. [111]

rs2310991 SAR1A HbF induced by HU Kumkhaek et al. [111]

HbF, fetal hemoglobin; HU, hydroxyurea.

Table 1. SNPs known to modulate HbF levels and response to hydroxyurea therapy.
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The mechanism by which the HMIP region silences HBG expression is less clear. It is known
that a 24-kb nonprotein-coding region exists between the HBS1L and MYB oncogenes. A recent
study identified a distal regulatory locus HMIP 2, which contains a regulatory element
composed of several GATA-1 motifs that coincided with DNaseI-hypersensitive sites associ-
ated with intergenic transcripts in erythroid precursor cells [104]. It was suggested that the
HMIP 2 element might regulate MYB, which is a repressor of the HGB genes.

5.7. Genetic modifiers of response to hydroxyurea therapy

Data from the Multicenter Hydroxyurea Study [38] suggest that not all persons with SCD
respond to HU treatment with increased HbF expression. Therefore, genetic markers to predict
response to HU would support the development of precision medicine by limiting unnecessary
exposure to a chemotherapy drug that causes bone marrow suppression and decreased
fertility [41]. Although limited, studies have identified genetic modifiers of HbF response to
HU. For example, SNPs in the ARG2, FLT1, HAO2, and NOS1 genes were associated with
increased HbF expression based on HapMap data [105]. Interestingly, 29 genes involved in HU
metabolism were located in loci previously reported to be linked to HbF levels including
6q22.3–q23.2, 8q11–q12, and Xp22.2–p22.3 [105, 106]. A novel bioinformatics method Random
Forest was used to investigate the association between SNPs and the change in HbF after stable
long-term HU therapy. SNPs in the ARG2, FLT1, HAO2, and NOS1 genes and 6q22.3–23.2 and
8q11–q12 regions were associated with the HbF response to HU [105]. A summary of the SNP-
associated HBG expression at baseline or in response to HU treatment in sickle cell patients is
shown in Table 1 [90-92, 94, 95, 107–111].

5.8. MicroRNA-mediated control of HBG gene expression

Recent studies have focused on posttranscriptional mechanisms of HBG regulation via
microRNA (miRNA) gene expression. For example, Miller and colleagues [112] demonstrated
the ability of LIN28 to silence miRNA let-7 to activate HbF in human primary erythroid
progenitors. Likewise, miR-15a and miR-16-1 [113] enhance HBG expression through the
inhibition of MYB expression. Studies by Walker et al. correlated miR-26b with baseline HbF
levels and miR-151-3p expression with the maximal tolerated dose of HU in children with
SCD [114].

Other miRNAs have been implicated in HBG regulation including miR-96 [115], miR-486-3p,
miR-210 [116], and miR-34a [117]. Recent studies demonstrated the preferential expression of
miR-96 in adult erythroid cells and its ability to directly target the open-reading frame of γ-
globin mRNA; the inhibition of miR-96 resulted in a 20% increase in γ-globin expression in
erythroid progenitors [115]. BCL11A is directly targeted by miR-486-3p, and its overexpression
reduces BCL11A levels followed by an increase in γ-globin expression [118]. The role of MYB
as a repressor of γ-globin was demonstrated in children with trisomy 13 where increased
miR-15a and miR-16 expression targets MYB expression directly to mediate high HbF levels
[113]. By contrast, a subset of miRNAs has been shown to be associated with enhanced γ-globin
expression. For example, miR-210 was elevated in a β-thalassemia patient with high HbF
expression [116]. Similarly, the Pace group recently demonstrated the ability of miR-34a to
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exert a positive regulatory effect on the HBG1/HBG2 genes when stably expressed in K562 cells
[117] suggesting that these miRNAs target repressor proteins. These studies demonstrate the
potential of developing miRNAs as targets for precision medicine and the development of
therapeutic options for individuals with SCD.

6. Precision medicine for sickle cell disease

Completion of the Human Genome Project greatly improved efforts to develop gene-based
treatment strategies for β-hemoglobinopathies. Early efforts to identify genetic modifiers of
clinical severity and sub-phenotypes of disease severity in SCD consisted of candidate gene
studies. Insights were gleamed into risk factors for acute VOC pain events such as SNPs in the
dopamine D3 receptor [42]. Expanded investigations to understand the wide range of opioid
dose required by individual sickle cell patients led to the characterization of mutations in the
CYP2D6 gene required for opioid activation and classification of slow, intermediate, and rapid
metabolizers [43]. However, additional studies with larger sample sizes and/or direct DNA
sequencing are required to develop gene markers of disease severity for the development of
precision medicine to inform clinical decision making.

A great urgency exists to identify genetic factors associated with risk for acute chest syndrome,
the leading cause of morbidity and mortality in children and adults with SCD. Mutations in
VEGF [48] and the HMOX1 [49] genes hold promise since they serve as markers of endothelial
damage and hemolysis associated with the release of free heme in the vascular space, respec-
tively. Long-term repeated episodes of acute chest syndrome can lead to pulmonary hyper-
tension and early death. With a paucity of effective therapies for this complication, genetic
markers that identify subgroups of sickle cell patients at risk will support efforts to develop
precision medicine. For example, SNPs in the TGF superfamily of proteins and the ADRB1gene
can be targeted for drug development to improve clinical outcomes. Likewise, SNPs in the
eNOS genes [55] required for maintaining normal nitric oxide levels might serve as excellent
targets for pharmacologic modulation. Interestingly, SNPs in the KLOTHO [72] and NOS2/
NOS3 [69] genes have been associated with the occurrence of priapism in SCD. These obser-
vations suggest that developing drug therapy-targeting genes involved in nitric oxide
regulation might treat multiple complications of SCD. Genome-wide studies involving next-
generation DNA sequencing technology will move the field closer to achieving precision
medicine in SCD.

Based on the absence of clinical symptoms in infants and the amelioration of symptoms in
persons with hereditary persistence of HbF, the most effective strategy to modulate disease
severity in persons with SCD is HBG activation. Therefore, understanding molecular mecha-
nisms of HBG1/HBG1 gene silencing during hemoglobin switching is an attractive but
challenging strategy adopted by many investigators over the last three decades. Early genome-
wide family genetic studies [82] and subsequent GWAS identified the XmnI-HBG2, HBS1-
MYB, and BCL11A loci that account for ~40% of inherited HbF variance [83]. Orkin and
colleagues advanced the field significantly by defining mechanisms of BCL11A-mediated γ-
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globin gene repression during murine development and correction of the SCD phenotype
[119]. Genetic studies in an extended family identified mutations in KLF1 that produce
hereditary persistence of HbF [120, 121] suggesting this transcription factor is a viable target
for gene therapy. However, the efficacy of targeting transcription factors for therapeutic
development remains to be demonstrated.

Additional genetic studies that utilize high-throughput DNA (whole genome and exome) and
RNA/miRNA (RNA-seq) sequencing will increase our knowledge of mechanisms involved in
HBG regulation. With the expanded availability of genome-wide approaches, novel technol-
ogies for gene editing, and preclinical mouse models, the translation of bench research findings
to clinical trials will be accelerated to improve treatment options for SCD and β-thalassemia.
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Abstract

Introduction: Sickle cell disease (SCD) is one of the most devastating diseases ravaging
most populations.

Methodology, results, and discussion: The numerous plants earlier reported to be used
for treating SCD were compiled along with their geographical locations (using relevant
online  databases  when  not  provided  in  cited  articles  for  each  plant)  and  relative
antisickling strength. The process of hemolysis in sickle cell diseases, a brief overview
of the current treatments, and management of sickle cell diseases is considered in the
chapter.  The  activities  of  endogenous  antioxidants  and  some biochemical  enzyme
markers coupled to these plants’ ability to maintain the integrity of red blood cell
membrane are discussed in line with their antisickling health benefits and are also used
to  proffer  more  reliable  molecular  therapeutic  strategies  for  managing  sickle  cell
diseases. Furthermore, the operational principles of some enzymes, as well as their
contributions  to  advancement  of  knowledge for  management  of  the  disease,  were
examined.

Conclusion: Geographical spread of these identified antisickling plants contributes to
low levels of sickle cell patients where the potentials are known. More efforts should
therefore be channeled toward increasing awareness about the plants, as well as
harnessing their active principles to obtain a more lasting solution to sickle cell disease
at the molecular level.
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1. Introduction

Sickle cell disease (SCD) is an autosomal recessive genetic disorder that is caused by a mutation
in the β-globin gene on chromosome 11q [1]. This mutation involves glutamic acid being
substituted with valine at the 6th position along the β-globin chain. α2β2 is expressed as normal
hemoglobin, α2βS (heterozygote) is expressed as sickle trait, while α2S2 (homozygote recessive)
is expressed as sickle cell anemia. Most of the time as a result of repeated series of sickling and
unsickling, the erythrocytes become permanently damaged and consequently lyse. Some acute
and chronic tissue injuries result when these abnormally shaped red cells impede blood flow
through the vessels [2].

Sickle cell disease is one of the most devastating diseases ravaging most populations. It is a
disease that affects numerous nations and ethnic groups. It is associated with painful symp-
toms and is a genetic disease in which an individual inherits the allele for sickle cell hemoglobin
from both parents. Patients with this disease possess lower level of erythrocytes than the
normal healthy human. In addition to an unusually large number of immature cells such as
transferrin receptor-positive, reticulocytes, erythroblasts that sometimes manifest in the form
of granular bodies in the cytoplasm of red blood cells, the blood contains many long, thin,
crescent-shaped erythrocytes that look like the blade of a sickle [3]. The hemoglobin (hemo-
globin S) in blood of patients with sickle cell disease becomes insoluble and forms polymers
that aggregate into tubular fibers when deoxygenated. The altered properties of hemoglobin
S result from a single amino acid substitution, which leads to the presence of a valine (Val)
with no electric charge instead of a glutamate (Glu) residue with a negative charge when pH
is 7.4 at position 6 in the two chains, resulting in two fewer negative charges than normal
hemoglobin A [3]. Glutamine residue replaces the valine residue at position 6 of β-chain of
hemoglobin in the normal blood to form a “sticky” hydrophobic interaction outside the surface
of the sickle cell blood. It is the resultant sticky points on the surface of sickle cell blood that
makes deoxyhemoglobin S molecules to interact abnormally with each other to form the long,
fibrous aggregates peculiar to this disorder that eventually cause the deformation of the normal
disc biconcave red blood cell ’RBC’ [4].

Polymerization of the sickled cells thereby alters the integrity of the red cell membrane, leading
to loss of K+, water, and a corresponding gain of Na+. Increased intracellular free Ca2+ occurs
during sickling, resulting in a loss of K+ with accompanying movements of Cl- and water [5].
The clumping of sickled RBCs leads to blockage of small blood vessels, preventing blood
supply to various organs. The deoxygenation process in tissue capillaries causes damage to its
endothelium, leading to exudation of plasma into the surrounding soft tissue [6]. The integrity
of the red blood cell membrane is maintained by hydration and sickling is generated when
there is dehydration of the membrane. It is also believed that increase in synthesis of endog-
enous nitric oxide may be beneficial to SCD patients by preventing the mopping up of the nitric
oxide by the hemoglobin released during hemolysis, which may trigger a cascade of events
that ultimately inhibit blood flow [7].

There is high incidence of the sickle cell disease in different parts of the world, especially in
Africa and Asia. The traditional people in these regions have learnt to manage the problem
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using plants which are God’s gift of nature, especially among the lower socio-economic class
who cannot afford the high cost of western medicine, as well as traditionalists who simply
believe in their efficacy [6]. There has been increasing insight into gaining understanding about
the management approaches of sickle cell disease in several African countries on the efficacy
of conventional and traditional medicines. However, no substantial evidence exists to support
the efficacy of herbal medications in actually curing the disease. Research into phytotherapy
of diseases is a current trend in the management of sickle cell disease, with the hope of finding
inexpensive and less toxic alternative medicines that people can easily access [8].

Nutritional evaluation of S. monostachyus leaves revealed the presence of carbohydrate,
protein, ash, fiber, and fat as well as potassium and vitamin C in higher concentrations; calcium,
magnesium, vitamin A, vitamin B6, vitamin E in lower concentrations; and others in trace
quantities. Phytochemical screening revealed the presence of tannins, saponins, alkaloids,
flavonoids, cyanogenic glycosides, and phytate [9]. Caffeic acid is one of the bioactive phenolic
components of Solenostemon monostachyus leaves (unpublished report). It is a potent antioxi-
dant. The study of antioxidants especially in various antisickling agents is of great significance
because antisickling agents vary in their degree of efficacy. Antioxidants constitute a major
component of these antisickling agents; thus, it is believed that the higher the antioxidant
property of an antisickling agent, the higher its possible antisickling and therapeutic effect.
Thus, reducing oxidative stress may ameliorate sickle cell crisis [8].

As a reference point, African/Nigerian medicinal plants are applied in the treatment of
diseases, such as HIV/AIDS, malaria, tuberculosis, sickle cell diseases, diabetes, mental
disorders, and so on. Research on these medicinal plants has shown various results such as
antimicrobial (16%), molluscicidal (11%), antimalarial (7%), plant toxicology (7%), antitumor
(4%), and many others. The major challenge with these medicinal plants is the lack of
scientifically based evidence, quality standards, and regulations [6]. The antisickling activity
of S. monostachyus on human sickle blood cells resulting in the alleviation of SCD symptoms
has been reported [10]. Sickle cell disease and thalassemia are hemoglobinopathies character-
ized by chronic hemolysis [11].

2. Contribution of phytomedicine in the management of sickle cell
diseases

The use of medicinal plants in the control of many diseases such as sickle cell diseases may be
useful, especially in developing countries. The cost of treatment provided by orthodox medical
practitioners largely contributes to the dependence on the use of traditional medicine in low-
income settings. Much of the medicinal use of plants seems to have been developed through
observations of wild animals, and by trial and error. It has been estimated by the World Health
Organization that 80% of the world’s population relies on traditional medicine to meet their
daily health needs. Thiocyanate-rich foods, erythropoietin, nutritional supplements, food
extracts, phytochemicals, and synthetic compounds have been tested in vitro and in vivo on
their possible roles in the management of sickle cell disease [12]. Many medicinal plants with
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antisickling properties are indicated in Table 1. The leaves from most of the above-identified
plants have been successfully proven to play a role in the management of sickle cell diseases
possibly by antioxidant phytochemicals, proximate nutrients, amino acids, and minerals.
Phytochemical testing revealed the presence of folic acid, vitamin B12, alkaloids, spooning,
glycosides, tannins, and anthraquinones. Studies also indicated the plant extracts contained
flavonoids and the antioxidants vitamins A and C [13, 14].

S.n  Natural antisickling
resources

Name of country
where identified

Natural habitat and geographical locations References

1 Zanthoxylum
zanthoxyloides (Fagara)
root

Nigeria Senegal and other west African countries [23]

2 Cajanus cajan seeds Nigeria West/South Africa, southern India, and northern
Australia

[24, 25]

3 Solenostemon
monostachyus (P. Beauv.)
Briq.

Nigeria Anthrogenic habitat and rocky savanna in
Cameroon, Gabon, Equatorial Guinea, Ivory
Coast, Benin, Nigeria, Liberia, Guinea, Ghana,
Togo, Burkina Faso, Republic of the Congo, Sao
Tome and Principe, Central African Republic,
Mali, and Brazil

[10]

4 Ipomea involucrata Nigeria Tropical Asia (possibly India); South and South-
East Asia, tropical Africa, South and Central
America; and Oceania

[10]

5 Carica papaya seed oil Nigeria Originated in Central America and is now grown
in tropical areas worldwide

[10]

6 Carica papaya unripe fruit Nigeria Originated in Central America and is now grown
in tropical areas worldwide

[13, 26]

7 Parquetina nigrescens
(whole plant extracts)
with ability to boost
blood volume

Nigeria A large part of Africa, from Senegal east to Sudan
and south through Central and East Africa to
Zambia, Angola and eastern Zimbabwe

[27]

8 Nicosan (drug) Nigeria Commercially distributed by National Institute
for Pharmaceutical Research and Development
(NIPRD), Nigeria

[8, 15, 19, 28]

9 Ciklavit (drug) Nigeria Commercially distributed by Neimeth
International Pharmaceuticals Plc, Lagos, Nigeria

[8, 24, 29, 30]

10 Walthera indica
(Malvaceae)

Nigeria Widely distributed across tropical part of the
world.

11 Dried fish (Tilapia) and
dried prawn (Astacus red)

Nigeria Globally [31–33]

12 Fermented Sorghum
bicolor leaves

Nigeria Widely cultivated in tropical part of Africa and
Asia

[12]

13 Terminalia catappa
(Tropica Almond)

Nigeria Well-distributed globally but has abundant
presence in regions between Seychelles and
India; Southeast Asia; Papua New Guinea and
Northern Australia; South Pacific Region; China,
Taiwan, Cambodia, and New Caledonia

[12]

14 Scoparia dulcis Linnaeus Nigeria Tropical America and South-East Asia [34]
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S.n  Natural antisickling
resources

Name of country
where identified

Natural habitat and geographical locations References

15 Zanthoxylum macrophylla
(aqueous extract of
roots)

Nigeria Savannah and dry forest vegetation of
Southwestern Nigeria

[35, 36]

16 Garcinia kola (aqueous
extracts)

Nigeria Tropical rain forests with moist lowland
especially
in part of west Africa

[37, 38]

17 Adansonia digitata (bark) Nigeria Africa, Madagascar, and Australia [37, 39]

18 Fagara zanthoxyloides (root
extracts)

Nigeria West Africa and Cameroon [40, 41]

19 Vernonia amygdalina
(extracts)

Nigeria Tropical Africa and Asia [42]

20 Parquetina nigrescens Nigeria Most part of Africa

21 Grape (Citrus paradise) Nigeria Tropical and subtropical part of the world [10]

22 Lemon grass
(Citrus lemon)

Nigeria Widely distributed globally particularly in
Mediterranean region

23 Pumpkin, Telfeira
occidentalis (fresh leaves)

Nigeria Forest zone of West and Central Africa,
particularly in Benin (Nigeria)
and Cameroon

[8]

24 Pterocarpus santolinoides
DC

Nigeria Africa and South America [43]

25 Aloe vera Nigeria Indigenous to most parts of Africa,
widely distributed in the tropical and
subtropical regions of the world

[43]

26 Alchornea cordifolia Democratic
Republic of
Congo

West and Central Africa [44–47]

27 Afromomum albo violaceum Democratic
Republic of
Congo

West and Central Africa [48]

28 Annona senegalensis Democratic
Republic of
Congo

West and Central Africa. [49]

29 Cymbopogon densiflorus Democratic
Republic of
Congo

Widely distributed across the globe [50]

30 Bridelia ferruginea Democratic
Republic of
Congo

West Africa [50]

31 Ceiba pentandra Democratic
Republic of
Congo

Tropical regions of America and Africa [50]

32 Morinda lucida Democratic
Republic of
Congo

West and Central Africa [50]

33 Hymenocardia acida Democratic
Republic of
Congo

Tropical region of Africa [50]
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S.n  Natural antisickling
resources

Name of country
where identified

Natural habitat and geographical locations References

34 Coleus kilimandcharis Democratic
Republic of
Congo

Subtropical and warm temperate region
of India, Nepal, Myanmar, Sri Lanka, Thailand,
and Africa

[50–52]

35 Dacryodes edulis Democratic
Republic of
Congo

Rainforests of Central and West Africa,
particularly Angola, Benin, Cameroon, Central
African Republic, Congo, Cote d’Ivoire,
Democratic Republic of Congo, Equatorial
Guinea, Gabon, Ghana, Liberia, Nigeria, Sierra
Leone, Togo, and Uganda

[50]

36 Caloncoba welwithsii Democratic
Republic of
Congo

Tropical forest of Africa, particularly in West
Africa

[50]

37 Vigna unguiculata Democratic
Republic of
Congo

Originated in Africa. Present across the globe
particularly in savanna regions of West and
Central Africa

[50]

Table 1. Geographical locations of some identified antisickling plants.

The use of phytomaterials such as Piper guineense, Pterocarpus osun, Eugenia caryophyllata, and
Sorghum bicolor extracts in the drug Nicosan, previously NIPRISAN (Nix-0699), for the
treatment of sickle cell disease was reported to possess antisickling properties. Nicosan was
developed by a research team led by Prof. Charles O. Wambebe at the National Institute for
Pharmaceutical Research and Development, Abuja, Nigeria. The efficacy of the drug had been
reported with minor fear of toxicity since the constituents are largely from commonly con-
sumed food items such as Piper guineense, Eugenia caryophyllata, and Pterocarpus osun [15–19].
A major constituent of a herbal formula (Ajawaron HF) consists of the extracts of the roots of
Cssus populnea L. CPK had also been effectively used to reverse sickling in the management of
sickle cell disease in south west of Nigeria. The most prominent and widely used of them all
is Ciklavit developed by Prof G. Ekeke after 18 years of intensive research in collaboration with
Neimeth Pharmaceuticals, Lagos, Nigeria. These efforts led to the development of WHO-
approved drugs such as Niprisan and Ciklavit from some of these plants traditionally
identified for treating sickle cell diseases [8, 20, 21].

The role of other components in Ciklavit (apart from Cajanus cajan) is essentially nutritional.
A study on children with sickle cell disease suggests that nutritional supplements can help
improve growth and weight gain. It can also boost the immune system and thus help in
protecting against bacterial infections. Zinc deficiency is a major nutritional problem seen in
sickle cell disease [8, 22]. Also reported are amino acids, glycine, phenylalanine, and tyrosine,
which have been reported to possess antisickling properties. Particularly, extracts from
underutilized plants such as S. monostachyus, Carica papaya seed oil, and Ipomoea involucrata
were proven to reverse human sickle cell blood almost completely coupled with the ability to
also reduce stress in sickle cell disease patients. Hence, each plant individually or in combi-
nation can be used in the management of sickle cell disease [10].
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Local mixtures of herbivores, pollinators, and micro-organisms generated from the application
of plants usually upregulate or downregulate certain biochemical pathways. These actions are
often a result of their secondary metabolites as well as pigments, which can be refined to
produce drugs [53]. Many drugs originally derived from plants, such as salicylic acid (a
precursor of aspirin) originally derived from white willow bark and the meadowsweet plant,
have been developed using this approach. Quinine—antimalarial drug, Vincristine—an
anticancer drug, and drugs (morphine, codine, and paregoric) for treating diarrhea were
developed from Cinchona bark, periwinkle, and the opium poppy, respectively [54].

3. Plants as sources of antioxidants in the management of sickle cell
diseases

In addition to depletion in iron level, the generation of reactive oxygen species (ROS) in the
erythrocytes is a major factor contributing to the occurrence of anemia in sickle cell diseases.
ROS are defined as substances generated by one electron reduction of molecular oxygen,
including oxygen radicals and reactive nitrogen species (RNS) [55]. Common radical species
include peroxide, superoxide, and the hydroxyl radical that contain an unpaired electron and
as such are extremely reactive, allowing them to react immediately with any biological
molecule to produce cellular damage. ROS contributes to the pathogenesis of several heredi-
tary disorders of erythrocytes, including sickle cell disease, thalassemia, and glucose-6-
phosphate dehydrogenase (G6PD) deficiency. Oxidative stress is defined as the imbalance
between pro-oxidants and antioxidants, which is a result of the formation of reactive oxygen
species (ROS) in excess of the capacity of antioxidants to remove them [56].

3.1. Antioxidants

Antioxidants are the first line of defense against free radical damage and are critically needed
for the maintenance and optimization of human health and well-being. Defence mechanisms
against free radical-induced oxidative stress involve: (i) preventative mechanisms, (ii) repair
mechanisms, (iii) physical defenses, and (iv) antioxidant defences. The body is also equipped
with natural enzymatic antioxidant defences that include superoxide dismutase (SOD),
glutathione peroxidase (GPx), and catalase (CAT). Antioxidants terminate these chain reac-
tions by removing free radical intermediates and inhibit other oxidation reactions (Figure 1).
They do this by being oxidized themselves, so antioxidants are often reducing agents such as
thiols, ascorbic acid, or polyphenols [57].

In order to protect the cells and organ systems of the body against reactive oxygen species, a
highly sophisticated and complex antioxidant protection system has been evolved by humans.
This involves a variety of components such as nutrient-derived antioxidants, antioxidant
enzymes, metal-binding proteins, and numerous other antioxidant phytonutrients, which are
both endogenous and exogenous in origin, that function interactively and synergistically to
neutralize free radicals [59]. The natural antioxidants are naturally occurring antioxidants
having high or low molecular weights and can differ in their physical and chemical properties.
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The mechanisms by which these antioxidants act at molecular and cellular levels include role
in gene expression and regulation, apoptosis, and signal transduction. Thus, antioxidants are
involved in fundamental metabolic and homeostatic processes [58]. General patterns of
behavior of some endogenous antioxidant enzymes and other relevant enzymes associated
with sickle cell disease patients are subsequently described to provide more insight into how
to solve the numerous challenges of the disease. Furthermore, introduction to a few selected
enzymes that uniquely interact with constituents in these medicinal plants and are more
relevant to the advancement of sickle cell diseases are provided subsequently.

Figure 1. Pathways of ROS formation, the lipid peroxidation process, and the role of glutathione (GSH) and other anti-
oxidants (vitamin E, vitamin C, lipoic acid) in the management of oxidative stress (equations are not balanced) [58].

3.2. Glucose-6-Phosphate Dehydrogenase (G6PD)

Glucose-6-phosphate dehydrogenase (G6PD) is the limiting enzyme that catalyzes the first
reaction in the pentose phosphate pathway (Figure 2) in which glucose is converted into the
pentose sugars required for glycolysis and various biosynthetic reactions. The pentose
phosphate pathway (also known as the HMP shunt pathway) has a major biochemical role of
providing reducing power to all cells in the form of NADPH (reduced form of nicotinamide
adenine dinucleotide phosphate). This is possible in the presence of enzyme G6PD and 6-
phosphogluconate dehydrogenase. NADPH enables cells to neutralize oxidative stress often
induced by several oxidant agents and to preserve the reduced form of glutathione [57]. The
hemoglobin in the blood, enzymes, and other proteins are damaged by the oxidants after all
the leftover reduced glutathione is consumed. This leads to the generation of cross-bonding,
protein deposition, and electrolyte imbalance in the red cell membranes. The hemoglobin from
damaged red blood cells is metabolized to bilirubin that causes jaundice after attaining high
concentrations [60]. High incidence of G6PD has been associated with areas of high prevalence
of sickle cell disease. G6PD deficiency screening among SCD patients has provided the
opportunity to administer appropriate preventive and therapeutic measures. The enzyme is
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becoming an increasingly strong confirmatory indicator of blood associated with sickle cell
diseases and other closely associated ailments like malaria [10, 61]. The enzyme provides
information on the link between malaria and sickle cell diseases so as to understand strategies
for the adoption of resistance of SCD patients to malaria to improve human health.

Figure 2. The pentose phosphate pathway. Source: [60].

3.3. Heme oxygenase

Heme oxygenases (HO) consists of a family of evolutionarily conserved endoplasmic reticu-
lum (ER) enzymes [62]. Heme oxygenase (HO) plays a central role in regulating the levels of
intracellular heme by catalyzing the oxidative degradation of heme into equimolar amounts
of biliverdin, carbon monoxide, and iron as shown in Figure 3a and b [63]. They are central in
determining what happens with regard to the central components of mammalian stress
response and defense against oxidative stress [64]. Heme oxygenase activity is a key determi-
nant of the health status of sickle cell anemia patients. Human sickle blood enhances endo-
thelial heme oxygenase (HO) activity and the positive effects of HO-1 induction, biliverdin,
and CO in reducing sickle blood adherence and in promoting vasodilation, indicating the need
to further explore the therapeutic potentials of the HO pathway in the treatment of SCD [64].
The human HO-1 is comprised of a protein fold that primarily contains α-helices. The heme
is held between two of these helices (Figure 3b). HO-1 acts as a cytoprotective stress protein
and provides defense against oxidative stress associated with sickle cell disease by accelerating
the degradation of pro-oxidant heme and hemo proteins to the radical scavenging bile
pigments, biliverdin, and bilirubin [65]. HO-1 helps the body’s defense in response to physical
stress. The levels of heme are strictly controlled by the balance between heme biosynthesis and
catabolism as indicated in Figure 4 [65]. The key factor in the transcriptional activation of HO-1
is transcription factor Nrf2 (Figure 4). It interacts with many other genes that encode phase II
drug-metabolizing enzymes so as to respond to oxidative stress [68].

Phytotherapy and the Relevance of Some Endogenous Antioxidant Enzymes in Management of Sickle Cell Diseases
http://dx.doi.org/10.5772/64273

251



Figure 3. (a) The Heme oxygenase system. Source: [66]. (b) The Heme oxygenase system. Source: [67].

Figure 4. Regulation of HO-1 induction by transcription factors and kinases. Source: [69].

Sickle hemoglobin induces the expression of heme oxygenase-1 (HO-1) in hematopoietic cells
through a mechanism that involves the ubiquitination-degradation of Kelch-like ECH-
associated protein 1 (Keap1), a cytoplasmic repressor of the transcription factor NF-E2-related
factor-2 (Nrf2). Upon nuclear translocation, Nrf2 binds to the stress-responsive elements in the
Hmox1 promoter, a regulatory mechanism that plays a central role in the control of Hmox1
expression in response to heme [70]. Moreover, the higher rate of free heme released from sickle
versus normal human subjects, in the absence of inflammation, induces HO-1 expression
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without causing cytotoxicity and this explains how sickle human Hb may also cause the
expression of HO-1 in human and mouse peripheral blood mononuclear cells and in human
endothelial cells as well [54]. Although a link between sickle cell disease and resistance to
severe malaria is well established, the biochemical relationship between the two is unknown.

3.4. Inducible nitric oxide synthase

Nitric oxide (NO) also influences the outcome of sickle cell disease. This outcome may
sometimes be beneficial to SCD patients, provided there is increase in the production of
endogenous NO so as to prevent the release of hemoglobin during hemolysis [7]. Inducible
nitric oxide synthase (iNOS) is not normally expressed in the cells, but can be induced by the
action of bacterial endotoxins (lipopolysaccharide), cytokines, and other agents. Though it is
mainly identified in macrophages, iNOS expression may be stimulated in virtually any cell or
tissue type, provided the appropriate inducing agents have been identified [71]. Upon its
expression, iNOS remains constantly active and independent of intracellular Ca2+ concentra-

tions. Cell and tissue damage can be linked to the NO radical itself or NO interaction with O2-•
resulting in the formation of peroxynitrite (ONOO-). Most of the inflammatory and autoim-
mune lesions are characterized by large amounts of activated macrophages and neutrophils.
NO can be secreted in large quantities by the cells, causing damage to the surrounding tissues
[72].

Figure 5. Structure of NOS monomers (A) and the functional dimer (B) Source: [71].

Finally, the excessive production of NO by iNOS plays a critical role in septic shock. This
condition is characterized by massive microvascular lesions, arteriolar vasodilatation, and
hypotension. Symptoms are usually initiated by bacterial endotoxins. Nonetheless, decrease
in blood pressure can occur as a result of excessive production of NO by iNOS induced in the
vascular wall [73]. In mammals, nitrous oxide (NO) is produced by the calcium-calmodulin-
regulated constitutive isoenzymes eNOS (endothelial NOS) and nNOS (neuronal NOS), while
the inducible isoform, iNOS, binds to calmodulin at physiologically significant concentrations
producing NO free radicals as an immune defense mechanism (this is the direct cause of septic
shock), and it may also play a role in autoimmune diseases. NOS-derived NO represents most
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of the NO produced in the vasculature and is associated with plasma membranes around cells
including the membranes of red blood cells [71]. The structure and catalytic mechanisms of
functional NOS are shown in Figure 5.

4. Conclusion

In conclusion, it is worthwhile to increase the search for potential plants that could supply
bioactive compounds useful for the treatment of sickle cell disease. More so, concerted efforts
are needed to further generate drugs to complement the already few drugs in existence, while
taking into account the synergistic effect on these bioactives. This will help to standardize the
administration of the bioactives to avoid any impediment to health due to overdose. Further-
more, it is necessary to exploit understanding of the interaction of these bioactives with the
genes of sickle cell disease patient to increase our chances of getting a permanent solution to
the disease. Geographical spread of these identified antisickling plants contributes to low levels
of sickle cell patients where the potentials are known. More efforts should therefore be
channeled toward increasing awareness about the plants.
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Abstract

Sickle‐cell disease (SCD) is a very complex disorder alluding to all areas of medicine.
Nevertheless, basic preventive and therapeutic interventions in patients suffering from
SCD  are  extremely  simple.  However,  in  everyday  life  it  is  sometimes  virtually
impossible to motivate children and young adolescents to effectively self‐manage their
disorder at an early stage. Digital health interventions (DHIs) provide new opportu‐
nities to support self‐management behaviours. DHIs may facilitate daily and recurrent
routines such as drug intake or appointments along with helping the patients to better
cope with their disease. This may be realized through mobile‐training programmes,
disease‐specific social networks using secure communication channels, diaries, blogs
and  even  games.  Indeed,  there  are  fascinating  opportunities  for  modern  disease‐
training programmes to take advantage of several media that can be combined and
didactically  optimized  to  meet  the  individual  needs  and  intellectual  abilities  of
different patients. The technological progress is rapid, extremely dynamic and highly
creative. Our chapter gives an overview of the multifarious world of DHIs with a focus
on  smartphone  applications  known  as  mobile  health  apps  (mHealth  apps).  We
elucidate the potential reasons why we think that numerous apps for SCD patients
have not been successful and which app features developers should consider if they
want to create a popular patient app.

Keywords: mHealth, smartphone application, app, DHI, sickle‐cell disease

1. Introduction

The rapid technological progress of the last two decades has had a deep impact on medical
practice and research. In particular, searching for health information has become significantly

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



easier today compared to the last few decades, where it was necessary to visit a library or a
bookstore to access a certain publication. Today, health information is just a mouse‐click away.
You can download it to your computer, tablet or smartphone at any place in the world provided
you are connected to the Internet. The latest scientific health evidence, therapies and guidelines
to name but a few can be spread at lightning speed.

Health communication itself has been profoundly revolutionized in many ways. Undeniably,
previous forms of communication such as letters and faxes have been largely replaced by
mobile phones in the form of text, photo and video messaging. In particular, the smartphone
plays a crucial role. Smartphones are a combination of a mobile phone and a personal digital
assistant (PDA), often combined with inbuilt sensors such as accelerometers, cameras and GPS.
They are generally categorized by their manufacturer or operating system (OS) with the most
prevalent systems running on Android, iOS, Windows phone and Blackberry OS platforms [1,
2]. Smartphones enable people to exchange information around the world in a matter of
seconds. This offers considerable advantages to both patients and health‐care staff, and hence
health‐care providers should be open‐minded towards this rapid and continuous stream of
information. Ultimately, these new technologies have the potential capability to improve
patient care significantly. However, any concrete application requires a very critical assess‐
ment, in particular in terms of usefulness and data security, since many applications may not
keep their promises and potentially cause more harm than good [3–7]. Although it should be
noted that no digital application in the world replaces the personal contact between the patient
and the doctor, some may support this sensitive relationship in a reasonable and timely
manner. This may help to make daily routines easier and save considerable resources in a time
of underfinanced health‐care systems.

This chapter provides an introduction to the multifarious and versatile world of digital health
interventions with a focus on smartphone applications (‘apps’) for patients with sickle‐cell
disease (SCD).

2. Digital health interventions (DHIs)

DHIs are composed of software solutions on personal computers, mobile phones or tablets
and, finally, web‐based resources. DHIs are synonymously used with the term ‘eHealth’ and
comprise a wide range of technologies and health conditions. The World Health Organization
(WHO) classifies DHIs into the following categories [8]:

• The delivery of health information, for health professionals and health consumers, through
the Internet and telecommunications.

• Using the power of IT and e‐commerce to improve public health services, for example,
through the education and training of health workers.

• The use of e‐commerce and e‐business practices in health system management.
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you are connected to the Internet. The latest scientific health evidence, therapies and guidelines
to name but a few can be spread at lightning speed.

Health communication itself has been profoundly revolutionized in many ways. Undeniably,
previous forms of communication such as letters and faxes have been largely replaced by
mobile phones in the form of text, photo and video messaging. In particular, the smartphone
plays a crucial role. Smartphones are a combination of a mobile phone and a personal digital
assistant (PDA), often combined with inbuilt sensors such as accelerometers, cameras and GPS.
They are generally categorized by their manufacturer or operating system (OS) with the most
prevalent systems running on Android, iOS, Windows phone and Blackberry OS platforms [1,
2]. Smartphones enable people to exchange information around the world in a matter of
seconds. This offers considerable advantages to both patients and health‐care staff, and hence
health‐care providers should be open‐minded towards this rapid and continuous stream of
information. Ultimately, these new technologies have the potential capability to improve
patient care significantly. However, any concrete application requires a very critical assess‐
ment, in particular in terms of usefulness and data security, since many applications may not
keep their promises and potentially cause more harm than good [3–7]. Although it should be
noted that no digital application in the world replaces the personal contact between the patient
and the doctor, some may support this sensitive relationship in a reasonable and timely
manner. This may help to make daily routines easier and save considerable resources in a time
of underfinanced health‐care systems.

This chapter provides an introduction to the multifarious and versatile world of digital health
interventions with a focus on smartphone applications (‘apps’) for patients with sickle‐cell
disease (SCD).

2. Digital health interventions (DHIs)

DHIs are composed of software solutions on personal computers, mobile phones or tablets
and, finally, web‐based resources. DHIs are synonymously used with the term ‘eHealth’ and
comprise a wide range of technologies and health conditions. The World Health Organization
(WHO) classifies DHIs into the following categories [8]:

• The delivery of health information, for health professionals and health consumers, through
the Internet and telecommunications.

• Using the power of IT and e‐commerce to improve public health services, for example,
through the education and training of health workers.

• The use of e‐commerce and e‐business practices in health system management.
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Digital health technologies may involve tools that help to support the management of partic‐
ular health conditions. For example, the miniaturization of sensor technology for use in mobile
devices allows for the recognition and recording of motion patterns with increasing accuracy
and permitting non‐invasive synchronization with a multitude of bodily functions such as
heart rate, blood pressure, perspiration, facial expression or haemoglobin levels. Invasively
measured data can be entered manually for the purpose of documentation (e.g. blood glucose)
[9–16]. Automated interpretation of the data entered by the software allows for an immediate
feedback to the user. The technological progress is rapid, extremely dynamic and highly
creative.

Along with simple tasks such as the documentation of pharmacotherapy or reminders of
appointments, modern devices may also monitor correct drug intake, for example, by reading
barcodes on the drug package with the smartphone's inbuilt camera. Motion sensors help to
achieve predefined daily activity goals or detect patterns typical of certain disease states or
complications such as pain. The presence and immediate availability of mobile devices enable
their user to keep records at any time and place—an exciting feature in terms of documenting
the natural history of a disease in a patient and of particular interest in clinical research.

DHI providers and users are able to interact by means of diverse forms of text, picture and
video messaging. There are also fascinating opportunities for modern disease‐training
programmes to combine several media that can be didactically optimized for the individual
needs and intellectual abilities of a range of patients. Video conferences between patients and
doctors may help to facilitate real‐time exchange of information and medical findings, even
between individuals who live thousands of miles away from each other. This is a highly
beneficial feature monitoring injuries and symptoms such as wounds or skin rashes.

Currently, there is a trend in developing DHIs to help modify behaviour [17]. In the majority
of cases, these DHIs are smartphone applications that can be easily adapted to the individual
needs. Many of them are health promoting and preventive in character and aim to support
users to start or reinforce one of more health behaviours (e.g. health eating) and/or reduce risk
behaviours (e.g. smoking cessation) [18]. The majority of these apps are aimed at healthy
people, but not for patients—developing a huge market.

2.1. Mobile health apps

One of the most important sub‐disciplines of DHIs is mobile health (mHealth), outlined by the
Global Observatory of eHealth (GOe) as mobile devices such as mobile phones, personal digital
assistants (PDA), and other wireless devices supporting medical or public health routines [19].
mHealth interventions can be structured into eight categories [2]:

• point‐of‐care diagnostics

• wellness

• education and reference

• efficiency and productivity
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• patient monitoring

• compliance

• behaviour modification

• environmental mentoring

Within mHealth, it is the arrival of the smartphone, complemented by an eruption of com‐
mercial mobile health and medical apps (mHealth apps), that is revolutionizing approaches
to personal health management [20]. A mobile app is a small programme or application
downloaded from a website (e.g. Apple's App Store) which operates on a smartphone or a
tablet computer [1, 2]. Originally, apps have served to improve productivity (e.g. a simple
calendar app) or handle small data sets and information (e.g. phone book). However, as a
result of a tremendous demand, mobile apps for smartphones and tablets have been devel‐
oped for use in all areas of life. Inevitably, the app market has grown exponentially within
the last years. By 2016, it is expected that over 44 billion apps will have been downloaded
which equates to six apps downloaded for every person across the globe [21].

Currently, the two big app stores, the Apple App Store and the Google Play Store, host more
than 150,000 health apps, ready to be downloaded and claiming to provide a health‐promoting
benefit for the user or an entrusted person. Approximately 20,000 apps are medical apps in a
strict sense, that is, they are directed to patients, doctors and other medical service providers
with the ultimate goals of supporting medical care [7].

The global sales volume of mobile health technologies is expected to reach 31 billion Euros
by 2020 [22], creating a highly competitive market. The wide choice of products generates a
trade rivalry of formerly unknown enormity resulting in many apps being discarded after
first use. Indeed, the consumer decides whether an app will survive or not, although it is
important to recognize that even well‐liked apps are thought to have a life expectancy of
less than 6 months. Many factors are important when considering what makes a ‘good’
app. Many of which are intangible, that is, factors that affect the decision, but that cannot
be expressed in monetary or rational terms. Is an app useful? Is it easy to handle? Is it self‐
explanatory? Is it visually appealing? The decision on success or failure depends on nuan‐
ces. Ultimately, it is difficult to predict how certain population groups will respond to a
health app. However, a range of sub‐disciplines from the design, psychology, engineering
and computer science fields seeks to understand the nature of app usage. Among these
fields, there is strong consensus that app development requires drawing on theory, evi‐
dence and formative research with the target audience. Mobile health interventions should
have a high degree of social validity and acceptability among its users, helping to establish
the trend towards the adoption of a user‐centred approach [23]. User‐Centred Design
(USD) places the users’ needs and desires at the core of the development process. It repre‐
sents a participatory design approach focusing on the user and on ‘incorporating the user's
perspective in all stages of the design process’ [24].
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3. Wearables

Further developments in the field of mobile interactive devices comprise the introduction of
so‐called wearable electronic devices (‘wearables’). Most of these microelectronic items are at
the size of a wrist watch or so small that they can be delivered on the size of a credit card or
as a piece of jewellery. They are developed mainly to measure and deliver data in real time or
to record long‐term data. Sensors of these items can track the activity, velocity and the location
of their users (GPS, accelerometers, speedometers). Other sensor technology measures
physical functions such as heart frequency rates, oxygen saturation in the blood, blood
pressure or skin humidity. They are applied at two levels to the health‐care market. On the
consumer side of the market, the distribution of these items exploded and founded a market
on its own, where there has been a drive towards people measuring every aspect of their
physical and mental life known as the ‘Quantified Self‐Movement’ [25]. Within the context of
the health‐care system, data collection is fundamental to the improvement of health‐care
services for patients with SCD. The collection, analysis and interpretation of data enabled
through the application of recently developed new software technologies have led to a new
discipline known as ‘Big Data’. The sheer volume of patient data represents new opportunities
and new challenges for multiple stakeholders regarding data storage and interpretation.

4. Digital health interventions (DHIs) for SCD

Sickle‐cell disease is a very complex disorder alluding to virtually all areas of medicine.
Nevertheless, basic preventive and therapeutic interventions in patients suffering from SCD
are extremely simple. Minor behavioural changes may reduce the incidence of several
complications. Wearing warm clothes prevents pain crises. Vaccinations and penicillin
prophylaxis virtually eliminate life‐threatening bacterial infections. Patients with febrile
illnesses require urgent medical care. Parents who are able to palpate spleen size can diagnose
splenic sequestration at home at a very early stage and seek medical attention immediately.
Most patients who have internalized this simple code of conduct show a great improvement
in their condition.

The groundwork is laid in childhood. It is up to the paediatricians to communicate this
information and knowledge during childhood and adolescence. Experience has taught us
that the transition to adult care is often inadequate and that those patients who get lost at
this critical stage of care have not understood the gravity of their individual situation—re‐
sulting in serious consequences for their health.

However, in everyday life it is sometimes virtually impossible to support children and
adolescents to self‐manage their condition. For the first time ever, DHIs provide new oppor‐
tunities to support self‐management behaviours [26, 27]. As a minimum, DHIs may facilitate
daily and recurrent routines such as drug intake or appointments through simple reminders.
However, at an advanced level, they may also help the patient to cope better with their disease.
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This may be realized through a number of modes of delivery such as mobile‐training pro‐
grammes, disease‐specific social networks using secure communication channels, diaries and
blogs.

It is an absolute prerequisite to awaken a patient's interest and motivation in their own disease
to establish understanding and create awareness for disease‐specific needs. DHIs, in particular
apps, for children and adolescent with SCD aim to create an improved sense of self and disease
in the very first instance.

Despite the enormous prevalence of SCD, there are still a limited number of SCD apps available
to patients suffering from SCD, their families, peers and caregivers as well as a paucity of
publications on SCD apps. Nevertheless, so far research has shown promise for the accepta‐
bility and usability of SCD apps aimed at tracking multiple symptoms such as pain and
tiredness [28–30], facilitating reminders for medication [31], enhancing communication with
health‐care providers and general health management [30] and delivering therapeutic
interventions such as cognitive behavioural therapy [32, 33]. Indeed, research‐ and industry‐
led apps have chosen diverse approaches to address SCD. Consequently, the diverging SCD‐
related apps on the market pursue a variety of objectives. Most apps have several functions
and behavioural targets, but they can be classified on the basis of their primary objective.

There are apps that:

• facilitate the diagnosis of SCD

• help to educate patients about the disease

• record symptoms and complications

• aim to change the behaviour of patients, in particular, their adherence to medication

• support therapeutic approaches to coping with the disease

• improve the communication between patients and between patients and caregivers

A number of SCD apps have been developed by academic institutions or pharmaceutical
companies, while other apps are the product of more or less fruitful cooperation between
different stakeholders. However, most app developers fail to involve patients in the design,
development or evaluation process. Consequently, most apps for SCD patients have one
feature in common: they have been rejected by the patient community and disappeared rapidly
from the market.

5. Identifying the gaps in SCD apps: the case of Germany

The clinical course of an individual suffering from SCD is highly dependent on where the
patient actually lives. For example, there are massive problems in providing state‐of‐the‐art
care in most African countries. Many patients have none or limited access to public health care.
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In addition, most health‐care systems in Africa where many drugs are not widely available are
not comparable to the high‐resource countries in Europe and North America. In particular,
most patients in Africa have no access to penicillin prophylaxis and to hydroxycarbamide
despite the fact that the latter is comparatively cheap and on the WHO Model List of Essential
Medicines [34]. Additional adverse factors such as malaria and malnutrition also have a high
impact on the outcome of SCD in Africa. Consequently, regionally up to 90% of children
suffering from SCD die before they are 5 years of age [35]. In the second decade of the twenty‐
first century, this is horrifying. In stark comparison, during the last four decades, SCD care has
improved considerably in Europe and North America. Newborn screening, infection prophy‐
laxis and the wide use of hydroxyurea have probably had the most important impact on the
survival rates that are now close to 100% in childhood and adolescence in the large cohort
studies from the UK and USA, respectively [36–40].

However, the quality of care for patients suffering from SCD is not only dependent on the
unlimited access to an efficient health‐care system and medication. It is also dependent on
national and local prevalence rates and the comprehensiveness of care centres for the treatment
of SCD and other disorders. Globally, SCD is the most common monogenetic disease of all, a
fact that is mainly attributed to its high prevalence in Sub‐Saharan Western and Central Africa,
the Persian Gulf and India. SCD is quite uncommon in the Middle and Northern European
countries and actually even fulfils the criteria of a rare disease in most European countries.
The European Medicines Agency's (EMEA) definition of a rare disease is ‘less than five affected
persons in 10,000’. Consequently, many countries with high‐performance health‐care systems
(such as Germany) have problems in offering comprehensive SCD care, simply because they
do not have enough patients in most centres. It took the German Society of Paediatric Oncology
and Haematology (GPOH) until 2012 to implement a structured disease‐management program
and to establish a national registry for patients with SCD. A national guideline for the treatment
of children and adolescents with SCD was released in 2015. And finally, three pilot studies
have shown that the prevalence of SCD in Germany is high enough to justify integrating the
highly political SCD‐screening procedure into the national newborn screening programme
[41–44].

Although the number of SCD in Germany is expected to be in an order of 3000–5000 (estimate
based on personal communications and reference [45]), 58 GPOH hospitals, several non‐GPOH
hospitals and a number of paediatricians in private practice are involved in primary SCD care.
Consequently, most doctors look after much less than 30 patients. And unfortunately, there are
no prominent patient‐support groups.

Another important aspect is that in Germany, SCD only affects people with a personal or a
familial history of migration [45]. In the majority of cases, patients are poorly integrated and
have a poor educational background. Their influence on the society is low and so is their impact
on political decisions. In other words, they have no voice.

Accordingly, it is difficult to acquire funding for clinical research and development for patients
suffering from SCD. Not even clinical routine care is financed adequately. For example, the
German compulsory health insurance companies do not cover liver iron MRI examinations for
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polytransfused patients on a reliable legal basis. Decisions are made on a case‐by‐case basis
and require a yearly time‐consuming formal application for each individual.

The main problems in Germany are summarized as follows:

• no dedicated treatment centre(s) for haemoglobinopathies

• few specialized contact persons

• poor utilization of present resources

• poor knowledge about the disease among the patient population

• low levels of awareness and virtually no knowledge about the disease among the general
population

• poor education levels of most patients and their families

• little willingness towards understanding the ‘basics’ of the disease in conjunction with a
suboptimal support from the health‐care providers

Within the context of Germany, a smartphone application for SCD patients requires app
features to:

• improve the patient's interest in his/her own illness, hopefully leading to a better under‐
standing of sickle‐cell disease,

• support the patient in taking their medication (improve adherence),

• improve appointment adherence,

• improve the documentation of complications and other disease‐related symptoms to get a
more objective overall picture of the individual clinical course between two consultations,

• improve the communication with the health‐care service providers,

• improve the communication between patients,

• educate the surrounding family and community about the condition,

• support the patients whenever and wherever they are looking for a doctor specialized in
SCD care, in particular when they are not at home (e.g. on a holiday).

Certainly, these objectives may differ from other countries where there may already be well‐
working educational programmes in place. However, there is strong consensus among some
health‐app developers, that the needs defined by doctors differ significantly from the needs
defined by patients. It is thus an indispensable prerequisite to develop a successful app to
involve patients into the whole development process right from the start [26]. To keep the
balance between the patients’ and doctors’ needs is the ‘art of health‐app development’.
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