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Abstract: Sickle cell disease (SCD) is a hereditary blood disorder characterized by abnormal hemoglobin,
leading to the sickle shape of red blood cells. It has several vascular complications and the cere-
brovascular ones are among the most frequent and severe both in children and in adults. This review
summarizes the main neurovascular manifestations of SCD, including acute stroke, silent cerebral
infarction, large-vessel diseases (moyamoya arteriopathy and aneurysms), and brain bleeding. Both
epidemiology, pathophysiology, and treatment issues are addressed and prevention of cerebrovas-
cular events, including silent cerebral infarctions, is particularly relevant in SCD patients, being
associated to poor functional outcome and cognitive complaints. Transfusions and hydroxyurea are
the main available therapy at the moment, but contraindications, availability, and complications
might prevent their long term use, particularly in low-income countries. The role of transcranial
Doppler in monitoring the patients (mainly children) is analyzed and a practical approach has been
selected in order to give the main messages from the current literature for a better management of
SCD patients.

Keywords: sickle cell disease; SCD; anemia; ischemic stroke; bleeding; moyamoya arteriopathy;
intracranial aneurysm; subarachnoid hemorrhage; fibromuscular dysplasia; MRI; CT; angiography

1. Introduction

Sickle cell disease (SCD) is a hereditary blood disorder characterized by the production
of abnormal hemoglobin molecules, leading to red blood cells adopting a crescent or sickle
shape [1]. The primary cause of SCD is a mutation in the beta-globin gene (HBB), which
produces abnormal hemoglobin known as hemoglobin S (HbS) [2]. Unlike normal adult
hemoglobin (HbA), HbS causes red blood cells to become stiff and sticky, resulting in their
deformation and impaired ability to flow through small blood vessels [3]. This altered
shape contributes to various severe health complications associated with SCD.

The clinical manifestations of SCD are diverse and can vary significantly in severity
among individuals. The hallmark symptom is recurrent episodes of severe pain, known as
vaso-occlusive crises, caused by the obstruction of blood flow in small vessels by sickled
red blood cells. Additionally, individuals with SCD often experience fatigue, anemia, and
an increased susceptibility to infections. These symptoms can significantly impact the daily
lives of those with SCD, affecting their physical and psychosocial well-being [4,5]. SCD
presents a significant clinical challenge due to its associated hematological and neurological
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complications, including stroke. The link between SCD and stroke is well-established, with
approximately 11% of SCD patients experiencing a stroke by age 20. This elevated risk is
attributed to the pathophysiology of SCD, which encompasses hemolysis, vaso-occlusion,
and inflammation. These factors collectively disrupt cerebral blood flow and promote
vasculopathy, often resulting in ischemic or hemorrhagic strokes [5–8]. Since Platt et al.’s
seminal study, research has increasingly elucidated the mechanisms connecting SCD to
stroke. Hemolysis plays a crucial role in vascular dysfunction [5,9], while inflammation
exacerbates cerebrovascular complications [10]. The accurate classification of stroke in
SCD patients as either ischemic or hemorrhagic is critical. Adams et al. highlighted the
predictive value of transcranial Doppler for pediatric ischemic stroke [11]. DeBaun et al.
reviewed management strategies for both stroke types, emphasizing the importance of
transfusion and anticoagulation therapies [12].

The aim of this review is to address the link between SCD and cerebrovascular
manifestations, highlighting strengths and weaknesses of the current knowledge on this
topic in a multidisciplinary approach involving vascular neurologists, neuroradiologists,
and hematologists.

2. Sickle Cell Disease
2.1. Definition and Diagnostic Criteria

SCD is a genetic disease characterized by the synthesis of falciform hemoglobin (HbS),
which polymerizes by deoxygenation damaging erythrocytes and leading to multiorgan
damage and premature death. The cause is a genetic defect, transmitted as an autoso-
mal recessive character, which consists in a point mutation on the gene that encodes the
beta chain of hemoglobin (β-globin) and involves the replacement of glutamic acid with
the amino acid valine in position 6 (β6Glu Val or βS) [13–15]. Recent studies, however,
document that the basis of drepanocytic disease exists as a more complex multifactorial
process, involving plasma factors and other blood cells, in addition to falcemic red blood
cells, including reticulocytes, white blood cells, platelets, as well as endothelial cells lining
the inner walls of blood vessels. Because of a chronic pro-inflammatory state, in fact, a
generalized cell hyperactivation occurs and a multicellular adhesion process is triggered
that leads to vasculopathy and vessel occlusion. Several adhesion proteins are chronically
overexpressed in patients with sickle cell anemia and, among them, P-selectin plays a cen-
tral role in multicellular interactions that cause the formation of cell aggregates and vessel
occlusion [16,17]. These mechanisms play a key role in the pathogenesis of the acute and
chronic clinical manifestations typical of sickle cell anemia such as chronic hemolytic ane-
mia, due to the increased removal of damaged sickle cell erythrocytes from the peripheral
circulation, both by extravascular (70%, through the macrophage system) and intravascular
hemolysis (30%), and sickle-painful crises, caused by acute vascular-occlusive phenomena
with hypoxic tissue damage of the ischemic-reperfusion type. The pathogenesis of these
vaso-occlusive crises (VOC) is helped by a series of events that act in a pro-inflammatory
and prothrombotic sense (endothelial and platelet activation, neutrophil recall, release of
soluble factors such as inflammatory cytokines, and clotting factors), as well as by the
vasoconstrictor effect, following the reduced district bioavailability of nitric oxide (NO),
which decreases as it is avidly bound by the free Hb present in excess circulation, as well as
heme, due to the effect of chronic hemolysis, leading to the saturation of the physiological
binding systems by haptoglobin and hemopexin [18,19].

The most common form of severe SCD is related to the homozygous genotype
for hemoglobin S (HbSS), which occurs by the inheritance of βS abnormal alleles from
both parents.

2.2. Epidemiology and Main Clinical Features

SCD is the most common hereditary monogenic hemoglobinopathy in the world.
The prevalence of the disease is particularly high in large areas of sub-Saharan Africa,
the Mediterranean basin, the Middle East, and India, i.e., in the areas of the maximum



Hemato 2024, 5 279

spread of malaria, as the sickle-shaped trait (i.e., heterozygous for the mutation of HbS)
provides some degree of protection from Plasmodium falciparum infection, even though
the exact mechanisms are still under discussion, favoring host survival and, consequently,
the transmission of the abnormal hemoglobin gene [20,21]. Epidemiological data collected
by the World Health Organization (WHO) indicate that about 5% of the world’s population
carries a severe hemoglobin variant (homozygous) and 2% is heterozygous for hemoglobin
S [21]. Globally, there are over 300,000 new cases per year of children born with severe
sickle cell disease, of which the majority (about 200,000 cases/year) concerns the African
continent (in particular Nigeria and Congo) and India, and it is estimated that this number
is expected to grow further, reaching 400,000 new cases/year by 2050; the prevalence of the
disease among newborns ranges from 0.1/1000 in countries not endemic to 20/1000 in some
parts of Africa (as in Nigeria). Migratory phenomena have increased the frequency of the
gene in the American continent and today there are almost 100,000 people with the disease
diagnosed in the United States [20–22]. Although in most endemic countries precise data are
not available, the prevalence of the sickle trait (the frequency of heterozygous carriers who
inherited the mutant gene from a single parent) varies between 10% and 40% in equatorial
Africa, decreasing to 1–2% on the North African coast and standing below 1% in South
Africa [21,23]. Since the second half of the twentieth century, from developing countries,
that is, from areas where sickle cell anemia is endemic, important migratory flows to Europe
have begun, and have dramatically increased in the last 10–15 years, which has also led to
the increase in the prevalence of this disease in the “Old Continent”, where currently there
are about 25,000 patients suffering from SCD [14,19,23]. Although at the European level it is
considered a rare disease because of its overall frequency in EU countries, SCD is the most
common genetic disease in France and the UK, and its prevalence is constantly increasing
in many other countries of central and southern Europe [22]. In countries with high health
standards, this trend also reflects the increase in the life expectancy of patients, following
therapeutic interventions that improve survival to acute complications [20]. The United
Nations and the WHO recognize hereditary hemoglobin disorders as a global public health
problem, affecting both developing and developed Western nations, whereas sickle cell
anemia is one of the emerging diseases of the new millennium that require the adaptation
of hematological care by national health systems and the implementation of comprehensive
programs for disease prevention and management [21,22]. In Italy, the SCD is historically
present in the south, in particular in Sicily and Calabria, with a frequency between 2% and
13%. Since the 2000s, the distribution in our territory has radically changed, both with
the displacement of immigrant populations in the south and the industrialized regions of
the north and the center, and, above all, with new massive migratory flows from North
and Central Africa, from Balkan countries such as Albania and Montenegro or from areas
of Central and South America, directed mainly towards the northern area of our country,
which has led to the spread of the disease in all Italian regions [17,19]. Moreover, the
immigrant population resident in Italy consists mainly of young people of childbearing age
with a fertility rate higher than that of the native population and this has contributed, on the
one hand, to the increase in the birth rate observed in some regions of Italy and, on the other
hand, the spread of inherited diseases such as haemoglobinopathies [20]. As a result, in the
last 15 years the number of children with SCDs in Italy has progressively increased, with an
increase in new diagnoses especially in the northern part of the country, making this disease
a widespread public health problem and posing new clinical challenges to pediatricians and
hematologists. Data from the Regional Reference Centre registers and screening programs
allow the estimation of about 1000–1500 children and the 2500–3000 total patients with
SCDs currently resident in Italy [19]. As a result of immigration, sickle cell anemia has
become an emerging disease even in our national health care reality, representing the new
hematological challenge for both clinicians who must learn to recognize and manage the
disease, and for the national health service, which must respond to the specific needs of
this type of patient by ensuring an adaptation of care services [18,23].
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2.3. Management Issues and Treatment Options

SCD is a chronic disease that involves global care and specific follow-up by dedicated
centers and requires a holistic and multidisciplinary care approach. Dedicated centers are
the reference structures for the management of patients, for the training of the patient and
their family members, and for collaboration with peripheral centers, pediatricians, and the
family doctor. Management involves the prevention of infections and cerebrovascular and
pulmonary complications, the treatment of VOCs, self-management education, psychologi-
cal support, and intensive medical treatment. Pain is the most characteristic symptom of
sickle cell anemia and is associated with acute VOCs, also known as sickle cell crises, which
represent the most typical clinical manifestation of the disease. Painful crises are responsible
for over 90% of admissions in adult patients with SCD. The severity, location, and duration
of VOCs are subject to significant variability between different patients; moreover, the
frequency and severity of painful seizures can also change in the same patient in relation to
age, worsening from childhood to adulthood, with a turning point in late adolescence. The
frequency of VOCs and associated admissions have been identified as the factors that most
seriously affect the quality of life of patients. Some scientific evidence has shown a positive
correlation between painful VOC frequency and premature death, also because they can
precede serious and potentially fatal complications such as acute splenic seizure (ASSC)
and acute thoracic syndrome (ACS) [15,24]. Risk factors for painful crises include increased
hematocrit, the presence of thalassemia, a reduced saturation of oxygen in the inhaled air,
heart and lung disorders, dehydration, infections, acidosis, and hypothermia [24]. Acute
pain, a distinctive sign of VOCs, can affect any part of the body, most frequently the distal
extremities (hands and feet), the back, abdomen, and chest, and can vary in intensity from
mild to severe. Acute pain in sickle cell anemia is supported by the presence of at least
three components: neuropathic pain, nociceptive pain, and idiopathic pain of unknown
origin [18]. Acute pain with musculoskeletal involvement is the main clinical presentation
of VOCs. The bone regions most frequently involved are the long bones of the upper and
lower limbs, but also the vertebral bodies, especially in the dorso-lumbar region, which
can mimic the osteoarticular pain of acute arthritis or osteomyelitis [15,24]. Most sickle cell
crises are a medical emergency requiring patient access to an emergency department. VOCs
are acute “time dependent” events that need timely and intensive medical interventions to
prevent their development under severe and life-threatening conditions. Patients with a
VOC accessing PS must receive a correct triage identifying the presence of SCD. All patients
with VOC must undergo pain assessment with the VAS scale and receive intensive analgesic
treatment within 30 min of PS access, including triage time. Pain treatment involves opioid
analgesics (tramadol or morphine) in association with NSAIDs or paracetamol and has a
minimum initial goal of a 50% reduction in the VAS score (re-evaluated every 10 min). Other
acute complications include acute thoracic syndrome (ACS), stroke, intracranial bleeding,
acute anemic syndrome, aplastic crisis, infections, medullary hyperplasia, osteomyelitis,
bone infarction, bone fractures (with vertebral collapse), septic arthritis and priapism. ACS
is an event characterized by chest pain, fever, tachypnea, wheezing or coughing associated
with the detection of a “new lung infiltrate detected by chest X-ray”. ACS is a frequent
cause of hospitalization in young adult patients and is characterized by high mortality. It is
often associated with acute VOC responsible for sterno-costal bone infarction, bone marrow
gas embolism, pulmonary infarction or infectious pneumonia, mimicking the symptoms of
an acute pulmonary thromboembolism [13,14,18]. Episodes of acute anemia may appear in
SCD patients due to acute splenic sequestration or other causes such as hemolytic transfu-
sion reactions or aplastic crises, which may occur when the reduced circulatory survival
of falcemic red blood cells is combined with the suppression of medullary erythropoiesis
during infection (typical of Parvovirus B-19) or when inflammatory processes responsible
for transient red blood cell aplasia are combined with reticulocytopenia (reticulocyte count
<50.000/L). Clinically, acute anemization syndrome is manifested by hypotension, dyspnea
and tachycardia [13,14,18].
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Chronic complications and organ damage usually appear within 30 years in the
target organ systems (kidney, lungs, brain, bones) as a result of repeated ischemic damage
and chronic anemia. Cerebrovascular disease with neurological and cognitive deficits,
pulmonary hypertension and cardiomyopathy, kidney failure, hyposplenism, retinopathy,
hepatic crisis, painful skin ulcers in the limbs and recurrent priapism are important causes
of low quality of life.

In patients with severe and frequent painful crises (>3 per year) involving hospital-
ization or multiple episodes of ACS (>2) intensive medical treatment with hydroxyurea
(HU) or transfusion strategy is indicated. The benefits of hydroxyurea are largely linked
to the increased synthesis of HbF, which increases the intra-erythrocyte share of this by
reducing the polymerization of HbS, but also the reduction in the number and inactivation
of leukocytes, increased production of nitric oxide (NO) and the reduced expression of
adhesion receptors on the endothelial wall of microcirculation vessels. Treatment with HU
effectively reduces mortality and SCD-related morbidity and is generally well tolerated, but
requires regular monitoring of blood chemistry and should be discontinued in anticipation
of pregnancy, at least 3 months before conception, for its teratogenic effect, while it can
cause male aspermia and infertility. Moreover, hydroxyurea must be taken in a chronic
way and poses an important problem of adhesion, associated with poor acceptance, as
well as having a considerable share of ineffective clinical responses [14,15,19]. Hemotrans-
fusion therapy has the dual objective of correcting anemia and reducing levels of HbS
(30% or about 30–50%) to prevent SCD complications and organ damage. It is used both
for the treatment of acute events (aplastic crises, cardiopulmonary complications, etc.),
as a chronic prophylaxis (typically for the prevention of stroke or its recurrence), or in
patients where therapy with HU is not tolerated or accepted, or has not proven effective
(HU non-responder). However, blood transfusion support depends on blood availability
and is associated with important complications such as alloimmunization, hyperviscosity,
hemolysis from immunogenic reaction and, in the case of traditional transfusions, iron
overload with a risk of progressive organ damage. Manual or automated erythrocyte
exchange procedures are preferable to a traditional hemotransfusion strategy as they avoid
the risk of hyperviscosity or martial overload (requiring the initiation of ferrochelating
treatment) [24,25]. Finally, the transplantation of hematopoietic stem cells from the HLA-
identical donor cord represents an important curative and healing option for sickle cell
anemia, indicated in patients who have developed a stroke, with a history of recurrent
hospitalizations and need for chronic ACS transfusion therapy or severe recurrent acute
painful seizures (>3 per year). However, it is a treatment option limited to the availability
of a compatible HLA donor, the risk–benefit ratio of which should be carefully assessed,
and reserved for younger subjects (<16 years) who have not yet developed serious organ
damage related to the underlying disease [14,18,26]. Innovative gene therapy approaches
for the treatment of sickle cell anemia are promising and two of these gained regulatory
approval in several countries in 2023–2024. Other interesting molecules for therapeutic
effectiveness are waiting for responses from regulatory bodies.

2.4. Children vs. Adult Patients

In SCD patients, adolescence is also a critical step from a clinical point of view, as well
as from a psychological point of view. In adolescence, the frequency of VOCs increases both
due to the greater susceptibility of the target organs, a consequence of the functional damage
of the previous repeated VOC, and to the psycho-affective stress related to the adolescent
crisis, worsened by the presence of the disease. The transition from pediatric to adult
care requires a planned and coordinated management step, with close multidisciplinary
collaboration between the two settings and with psychological service, aimed at gradually
bringing the young patient to the center of the treatment process.
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3. Neurovascular Manifestations

Cerebrovascular disease is a relevant complication of SCD, with a notable prevalence
of 4% and an incidence rate of 0.61 per 100 patient-years [27]. This condition is broadly
defined in studies as including both acute ischemic and hemorrhagic strokes, but covert
cerebrovascular disease has also gained attention and intracranial large-vessel involvement
should not be neglected. Stroke, silent cerebral infarcts (SCI), and cognitive impairments
are the most common long-term complications of SCD in both children and adults. A
significant cohort study in the United States before 1990 [8] revealed that by age 40, about
20% of adults with HbSS and 10% with HbSC had experienced a cerebrovascular accident.
In low- to middle-income settings, approximately 11% of children with HbSS will have a
stroke by age 18.

However, the leading cause of permanent neurological damage in individuals with
HbSS or HbSb0 thalassemia is SCI, affecting around 39% of children and more than 50% of
adults [28]. Detecting these infarcts requires MRI and a formal neurological examination to
rule out overt strokes. Both stroke and silent cerebral infarcts pose a high risk of recurrence
and significant cognitive impairments, potentially affecting employment and quality of
life. In 2013, the American Heart Association/American Stroke Association (AHA/ASA)
expanded the definition of stroke to include silent cerebral infarctions and hemorrhages,
typically identified by brain MRI [29]. This change emphasizes radiological evidence of
infarction or hemorrhage, acknowledging that permanent neurological damage can occur
even if symptoms resolve within 24 h. For patients with cerebral ischemia, the AHA/ASA
recommends treatment based on the cause of the ischemic event rather than the presence
or size of an infarction.

The pathophysiology of cerebrovascular manifestations in SCD is complex, involving
vessel occlusion, hemolysis, inflammation and vessel wall changes as main phenomena.
Red blood cells in SCD become rigid and sickle-shaped, being lodged in tiny blood vessels,
obstructing blood circulation and depriving brain tissue of oxygen, causing ischemic
stroke [3,30,31]. Sickle-shaped red blood cells are more likely to adhere to blood vessel walls,
increasing blood viscosity and slowing blood flow, which raises the risk of clotting [31,32].
Furthermore, sickle cells have a shorter lifespan than normal red blood cells, resulting in
increased cell debris and turnover [32,33]. This heightened turnover leads to inflammation
and damages or weakens blood vessel walls. Weakened vessels are prone to rupture,
which can block blood flow and cause a hemorrhagic or ischemic stroke [34]. Chronic
anemia associated with SCD increases cardiac output, raising shear forces on blood vessel
walls and contributing to their damage [35,36]. In SCD, there is also increased platelet
activation, which promotes clot formation [37]. Children with SCD have a very high risk of
stroke, estimated at 10% to 15%, and without intervention, approximately 11% of patients
experience clinical ischemic stroke by age 20 [38]. Strokes often recur in these patients.

Ischemic strokes in SCD are often due to stenosis or the occlusion of major cerebral
arteries such as the internal carotid artery, middle cerebral artery, and anterior cerebral
artery [34]. Sickling cells in capillaries and venules also cause small vessel disease, in-
creasing the risk of ischemic stroke [12]. As is already known, the brain has some more
vulnerable territories, corresponding with regions supplied by end arteries (subcortical
white matter, deep gray matter, and watershed zones) [39,40]. SCD also causes changes
in the arterial wall, such as intimal hyperplasia and the proliferation of smooth muscle
cells, resulting in thickened vessel walls with reduced luminal diameter, leading to a de-
crease in blood flow [41,42]. Both endothelial dysfunction and local prothrombotic status
are common, respectively, due to reduced nitric oxide levels with vascular inflammation
and thrombosis [42], and to abnormal interactions between sickle cells, endothelial cells,
platelets, and coagulation [37]. In addition, the compensatory high-velocity blood flow in
sickle cell anemia increases shear stress on blood vessels over time, damaging the endothe-
lium [40]. All these factors cause impaired vascular autoregulation, limiting the possibility
to adjust blood flow with changes in pressure and oxygen levels [43]. Both significant artery
stenosis and moyamoya syndrome are observed; the latter causes fragile collateral vessels
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prone to rupture and hemorrhage. Overall, both ischemic and hemorrhagic stroke are in-
creased in SCD due to these numerous vascular effects. Blood transfusions can significantly
reduce stroke risk by diluting the concentration of sickle cells, but they are not associated
to a restoration of normal hemodynamic parameters in the brain and a biological model of
vascular instability has been recently proposed to explain the pathophysiology of stroke in
SCD [44].

A recent systematic review [45] provided interesting information about the association
between SCD and stroke. A preliminary issue is the association between stroke risk and
genotype. As previously said, SCD includes several genotypes, with hemoglobin SS
(homozygous for hemoglobin S), hemoglobin SC (compound heterozygous for hemoglobin S
and hemoglobin C), and hemoglobin S beta-thalassemia being the most common. Hemoglobin
SS is the most prevalent and carries the highest risk for both ischemic and hemorrhagic
strokes [46]. The SENET study [8] reported an incidence rate of 0.61 first strokes per
100 patient-years in children with SS disease, compared to 0.17 in SC disease and 0.09
in S-beta thalassemia. Although some studies suggest that the stroke risk in SC disease
approaches that of SS disease when adjusting for factors like socioeconomic status and
haplotype, data on other genotypes like sickle-hemoglobin C disease are limited due to
their rarity [47]. Research typically groups all sickle cell genotypes together or focuses
on SS disease, leading to a lack of specific data on stroke risks across different genotypes.
Current evidence indicates that SS disease poses the greatest stroke risk, while SC disease
and S-beta thalassemia also have a significant but lower risk. All SCD patients should
undergo continuous screening and monitoring for stroke.

Additionally, patients with SCD may present acute coma, seizures, and headaches,
often attributed to posterior reversible encephalopathy syndrome (PRES) [48–50]. These
symptoms can occur following acute chest syndrome (ACS) or in situations involving
hypertension and/or immunosuppression. The differential diagnosis for these presenta-
tions in SCD includes a broad range of focal and generalized vascular and non-vascular
pathologies. These may include intracranial hemorrhage, extensive infarction, central ner-
vous system infections, and autoimmune encephalopathies. Differentiating among these
conditions is crucial for appropriate management, with Magnetic Resonance Imaging (MRI)
playing a pivotal role in diagnosis. Diffusion-weighted imaging (DWI) is particularly useful
in distinguishing between infarction and reversible conditions such as edema, penumbral
ischemia, and PRES. These last manifestations were not the focus of the present review.

3.1. Ischemic Stroke

As previously written, without screening and prophylactic treatment, approximately
11% of patients with SCD will experience an overt stroke by age 20, and this number
increases to 24% by age 45 [8]. Ischemic strokes are the most prevalent, making up about
75% of SCD-related strokes [51,52]. However, SCD patients are at high risk for both
ischemic and hemorrhagic strokes. Ischemic strokes are more common in children, while
hemorrhagic strokes are more frequent in young adults [53–55].

A recent cohort study [56] found that overt strokes accounted for 10% of deaths among
SCD patients. Although overt ischemic strokes are rarely fatal, 26% of hemorrhagic stroke
cases result in death [8]. Recurrence rates for overt ischemic strokes can reach up to 70%,
with the highest risk occurring within 36 months of the initial stroke [57]. Both ischemic and
hemorrhagic strokes lead to significant long-term morbidity, including seizures, physical
disabilities, and cognitive impairments [12].
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Thus, stroke is one of the most severe complications of SCD, commonly occurring in
childhood [8,58]. Major risk factors for ischemic stroke include prior transient ischemic
attack (TIA), low hemoglobin levels, high leukocyte counts, and hypertension [59,60]. In
studies focusing on ischemic stroke in sickle cell disease, the most consistently identified
risk factors include prior TIA [46,60], emphasizing the significance of low hemoglobin
levels and high leukocyte counts. Research indicates that individuals with a history of
TIA in SCD face a tenfold higher risk of subsequent IS compared to those without such a
history [61]. Long-term transfusion programs following TIA have notably reduced stroke
incidence, underscoring the role of TIA as a critical warning sign.

The clinical features of ischemic stroke in SCD patients are similar to those in non-SCD
pediatric strokes, with common symptoms including hemiparesis, speech difficulties, and
seizures [58,62]. However, SCD stroke patients often exhibit a higher frequency of bilateral
motor deficits due to multilobar infarction. Additionally, cranial nerve palsies and ataxia
are reported more frequently in SCD stroke patients.

Ischemic strokes in children and adults with SCD represent significant and common
medical emergencies, especially in regions where primary stroke prevention is not a stan-
dard practice. When a patient with SCD presents with an ischemic stroke or TIA, a timely
response is crucial to minimize further ischemic damage. While the optimal timing for
intervention with blood transfusion therapy and brain imaging has not been rigorously
studied, the principles of acute ischemic stroke and TIA management, along with observa-
tional studies, offer evidence for best practices. In the absence of randomized clinical trials
specific to SCD, comprehensive guidelines that cover the entire spectrum of brain imaging
and interventions for reducing ischemic brain injury are not currently available. However,
practical approaches can be derived from understanding the principles of cerebral hemo-
dynamics unique to SCD, combined with the collective experiences of multidisciplinary
panels. Table 1 summarizes the main features of ischemic stroke in patients with SCD.

Table 1. Main features of ischemic stroke in SCD [63].

Prevalence and Distribution

Bimodal Distribution Ischemic stroke prevalence in SCD patients exhibits a bimodal distribution, with peaks occurring in
children and individuals over 30 years of age.

Genotype-specific Incidence The likelihood of experiencing a first transient ischemic attack, ischemic stroke, or hemorrhagic
stroke by age 45 is 24% for those with the HbSS genotype and 10% for those with the HbSC genotype.

Risk factors

Multiple epidemiological studies have identified key risk factors for ischemic stroke in adult SCD patients, including the following:

− HbSS genotype
− Severity of anemia
− Systolic hypertension
− Male sex
− Increasing age

Stroke Subtypes and Causes

Children
The most common cause of ischemic stroke is border-zone infarction, which occurs between the
anterior cerebral artery and middle cerebral artery, often related to large-vessel vasculopathy.
Approximately 92% of ischemic strokes in children are due to cerebral vasculopathy.

Adults
In adults, cerebral vasculopathy is the sole cause in 41% of cases, as other conditions contribute to
stroke risk. However, adults with SCD still face a higher risk of recurrent stroke (23%) compared to
children (4%).
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Table 1. Cont.

Cerebral Vasculopathy and Stenosis

− A recent cross-sectional study found a strong association between intracranial stenosis and stroke or silent cerebral infarction
in children and young adults with SCD. Extracranial stenosis was not similarly associated.

− The distal internal carotid, middle, and anterior cerebral arteries are more commonly affected than vertebrobasilar arteries.
− Stenosis is often unilateral in children with SCD and stroke or silent cerebral infarction, likely arising from endothelial

hyperplasia and intraluminal thrombosis due to repeated sickling episodes.

Acute Management of Ischemic Stroke

Multidisciplinary Approach
For adults presenting with acute focal neurologic deficits, a multidisciplinary team, including a
hematologist, neurologist, and neurointerventionalist, should guide supportive strategies and
decisions regarding interventions for recanalization, reperfusion, or exchange blood transfusion.

Intravenous rtPA

Patients older than 18 years who present within 4.5 h of symptom onset should be considered for
intravenous rtPA based on established criteria. Although no randomized trials support this
specifically for SCD patients, observational studies suggest no significant differences in
rtPA-associated complications or outcomes at hospital discharge.

Imaging CT angiography should be reviewed for intracranial aneurysms and other vasculopathies, as it is similar
in diagnostic utility to MR angiography for aneurysms but technically superior in some situations.

Treatment Considerations and Recommendations

Intracranial Aneurysms Small (<10 mm) unruptured intracranial aneurysms should not preclude rtPA administration.
However, data on larger unruptured aneurysms are insufficient.

Reperfusion Therapy
Recent trials support emergency reperfusion therapy using rtPA for wake-up or delayed ischemic
stroke presentations, but data specific to SCD are limited. Decisions should involve both stroke and
hematology teams.

Endovascular
Thrombectomy

Indications should be carefully considered due to cerebral vasculopathy prevalence and the lack of
specific data on benefits and risks for SCD patients.

The effective management of acute ischemic stroke and TIA in individuals with SCD
hinges on rapid evaluation, multidisciplinary collaboration, and adapting to evolving clini-
cal insights. While definitive randomized clinical trials are lacking, practical approaches
rooted in cerebral hemodynamic principles and clinical experiences are crucial for optimiz-
ing outcomes in this patient population. Continued research and shared experiences will
further enhance our understanding and management of acute ischemic events in SCD. The
main steps of the acute management of SCD patients with an acute neurological deficit are
summarized in Table 2.

The final diagnosis of ischemic stroke or TIA in individuals with SCD relies heavily
on a thorough neurological history examination. While brain MRI, especially DWI, can
aid in diagnosing acute cerebral ischemia, it is crucial to note that a normal DWI does not
definitively rule out an ischemic stroke and a TIA [64]. This underscores the importance
of clinical judgment and comprehensive assessment in making accurate diagnoses. When
a patient with SCD presents with acute-onset focal neurological deficits suggestive of
ischemic stroke or TIA, prompt intervention is essential to mitigate the risk of ongoing
ischemic brain injury. This approach is crucial regardless of the immediate availability
of diagnostic imaging confirmation. Regarding management strategies, there is limited
empirical evidence specific to SCD. One retrospective observational study [65] focused
on children with HbSS or HbSb0 thalassemia and provides data supporting the use of
exchange transfusion (either apheresis or manual) over simple transfusion for the acute
management of ischemic strokes. The study reported that children who received exchange
transfusion had a lower rate of recurrent strokes compared to those managed with simple
transfusion (relative risk [RR] 5.0, 95% confidence interval [CI] 1.3–18.6). This finding
suggests that exchange transfusion may offer advantages in reducing the risk of recurrent
ischemic events in this population.
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Table 2. Main steps of management of acute ischemic stroke in SCD [63].

Rapid Evaluation and Consultative Approach

Multidisciplinary Interaction
Children and adults with SCD who present with focal neurological deficits indicating stroke or
TIA require urgent evaluation. This involves close collaboration among hematologists,
neurologists, and acute-care providers.

Challenges in Diagnosis Diagnosing acute ischemic stroke in SCD patients can be complex due to overlapping symptoms
and varied presentations.

Initial Management Strategies

Immediate Actions

If immediate access to a hematologist or stroke management expert specializing in SCD is not
feasible, initial care should prioritize the following:
− Low-flow oxygen: administering oxygen to maintain adequate oxygenation;
− IV fluids: ensuring hydration status is optimized;
− Complete blood count and crossmatching: performing these tests to assess hemoglobin

levels and prepare for potential blood transfusion needs.

Transfer to Specialized Facility Transfer the patient promptly to a medical facility equipped to manage acute ischemic strokes
and experienced in handling complications specific to SCD.

Evolving Management Approaches

Broad Differential Diagnosis Given the wide range of possible causes, the differential diagnosis for acute ischemic brain injury
in SCD patients continues to expand with evolving clinical insights.

Adaptation in Care Management strategies for acute ischemic brain injury in SCD are continually refined based on
emerging evidence and the collective experience of health care teams.

In summary, while MRI can support the diagnosis of acute cerebral ischemia in SCD,
clinical evaluation remains paramount. The choice between exchange transfusion and
simple transfusion for the acute management of ischemic strokes should consider available
empirical evidence, clinical judgment, and the multidisciplinary management approach
tailored to individual patient needs.

The management of acute ischemic stroke in individuals with SCD involves consid-
erations specific to the altered cerebral hemodynamics and unique pathophysiology of
SCD [66,67] (Table 3).

In summary, optimizing hemoglobin levels through transfusion therapy plays a crucial
role in managing acute ischemic strokes in individuals with SCD, aiming to improve
cerebral oxygen delivery and minimize further ischemic brain injury. The choice between
simple transfusion and apheresis depends on the severity of anemia and availability of
resources, emphasizing the need for a multidisciplinary approach to ensure timely and
effective care.

The main considerations related to the underlying pathophysiology of ischemic dam-
age in SCD are summarized in Table 4.

In summary, the management of acute ischemic stroke or TIA in individuals with SCD
requires a tailored approach that considers optimizing hemoglobin levels while mitigating
the risk of viscosity-related complications. Close collaboration between hematologists,
neurologists, and acute-care providers is essential to ensure timely and effective treatment,
aligned with the unique aspects of cerebral hemodynamics in SCD.
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Table 3. Main specific features of acute stroke management in SCD [63].

Cerebral Hemodynamics in SCD

− Individuals with SCD exhibit increased cerebral blood flow compared to the general population [68,69]. This is inversely
related to arterial oxygen content, where lower oxygen content leads to increased blood flow to compensate for oxygen
delivery [69].

− Oxygen delivery to the brain depends on cardiac output and arterial oxygen content, primarily determined by hemoglobin
concentration and oxygen saturation.

− Altered cerebral hemodynamics in SCD are influenced by sickled red blood cells, acute and chronic anemia, and cerebral
vasculopathy [68,70,71]. Conditions like acute chest syndrome, fever, and seizures further complicate cerebral oxygen
delivery [70].

Location of Ischemic Events

Both overt ischemic strokes and silent cerebral infarcts in SCD tend to occur in the cerebral border zones [72], areas between major
cerebral vessel territories with lower blood flow.

Management Recommendations

− For individuals presenting with focal neurological deficits suggestive of an ischemic event or TIA, increasing hemoglobin
levels through red blood cell transfusion is recommended to enhance oxygen delivery to the brain.

− If the hemoglobin level is below 8.5 g/dL, a simple transfusion aiming to increase hemoglobin to around 10.0 g/dL should be
initiated within 2 h of presentation to medical care [73].

− Once hemoglobin levels reach or exceed 10.0 g/dL with simple transfusion, or if the baseline hemoglobin is already above
8.5 g/dL, automated-exchange red blood cell transfusion (apheresis) is recommended.

− Apheresis requires multidisciplinary coordination involving the transfusion service, hematologist, and intensivist to ensure
timely and appropriate management [74,75].

− In settings where apheresis is not available, manual red blood cell exchange should be considered as an alternative, although
the optimal strategy for manual exchange in acute ischemic events is not yet established.

Multidisciplinary Approach

− The management of acute ischemic stroke in SCD necessitates close collaboration between hematologists, neurologists, and
acute-care providers due to the complexity of diagnosis and treatment.

The decision to use either simple blood transfusion or exchange transfusion (apheresis)
in the treatment of acute ischemic injury in SCD must weigh the potential benefits against
the risks associated with each type of transfusion. The main complications associated with
these treatments are summarized in Table 5.

Despite these potential complications, the benefits of timely treatment with transfusion
therapy for acute ischemic injury in the brain are generally considered to outweigh the
risks. This decision is based on the urgent need to improve oxygen delivery to the brain,
mitigate ongoing ischemic damage, and reduce the risk of recurrent strokes in individuals
with SCD. The choice between simple transfusion and exchange transfusion depends on
factors such as the patient’s hemoglobin level, percentage of sickle hemoglobin (HbS), and
the presence of complications like ACS. The main recommendations for acute ischemic
stroke management in SCD are illustrated in Table 6.
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Table 4. Summary of pathophysiological issues in SCD-related acute stroke.

Impact of Hemoglobin Levels on Oxygen Delivery [76,77]

− Increasing hemoglobin levels through transfusion therapy is crucial to enhance oxygen delivery to the brain in SCD patients
experiencing acute ischemic events.

− There is a critical threshold for hemoglobin concentration where further increases no longer significantly improve arterial
oxygen delivery. For patients with HbSS or HbSb0 thalassemia, this threshold is estimated to be between 10 and 11 g/dL.

− Beyond this threshold, increasing hemoglobin levels may not provide additional benefit and could potentially lead to
viscosity-related complications.

Role of Red Blood Cell Exchange (Apheresis) [78]

− Red blood cell exchange (apheresis) is recommended to lower the percentage of sickle hemoglobin (HbS) while maintaining
hemoglobin levels within an optimal range (typically 10 to 12 g/dL) to avoid viscosity-related issues.

− Post-apheresis, maintaining HbS levels between 15% and 20% allows for a lower risk of sickling crisis over a period of
approximately 4 weeks.

Management Algorithm for Acute Ischemic Stroke or TIA

− Early intervention is crucial (“time is brain”) [79], emphasizing rapid evaluation and treatment initiation upon presentation to
medical care.

− While a specific time frame of 72 h for considering exchange transfusion is suggested, this is based on expert opinion due to
limited clinical data.

− Supportive care post-stroke should align with guidelines, including the management of blood glucose, fever, and blood
pressure, which can influence outcomes in both adult and childhood strokes.

Blood Pressure Management [80–83]

− Blood pressure management in acute stroke in SCD is nuanced, with insufficient data to make formal recommendations
specific to children.

− Many centers manage blood pressure by allowing levels above baseline and treating values consistently above the 95th
percentile for age and height.

− Given the typically lower baseline blood pressure in individuals with SCD compared to the general population, knowing
pre-stroke values can guide appropriate management during acute events.

Table 5. Potential complications of treatments in SCD-related acute stroke.

Complications of Regular Blood Transfusion [84–87]

Transfusion Reactions These can range from mild allergic reactions to severe acute hemolytic reactions. The risk varies
depending on the patient’s history of prior transfusions and any existing alloantibodies.

Blood-borne Infections Although rigorous screening practices have reduced the risk, there is still a potential for transmission
of infections such as hepatitis B and C, HIV, and other pathogens through blood transfusions.

Alloimmunization Repeated transfusions can lead to the development of alloantibodies against red blood cell antigens,
complicating future transfusion compatibility.

Iron Overload

Regular transfusions can lead to excessive iron accumulation in organs such as the heart, liver, and
endocrine glands, necessitating iron chelation therapy to prevent complications such as organ damage
and dysfunction. Erythrocytapheresis can delay the iron overload, compared to the rate of iron
overload with chronic simple transfusion.

Complications of Central Line Placement for Apheresis

Vascular Injury The insertion of central venous catheters carries a risk of inadvertent vascular injury, which can lead to
bleeding or other complications.

Local Infections The site where the central line is placed can become infected, leading to localized symptoms and
potentially systemic infection if not treated promptly.

Catheter-related Venous
Thrombosis

Central venous catheters increase the risk of thrombosis in the veins where they are placed, which can
lead to local symptoms or more serious complications like pulmonary embolism.
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Table 6. Main recommendations for acute ischemic stroke treatment in children and adults with SCD [88].

Acute Stroke Treatment

Adults

Management using a shared decision-making approach is suggested for rtPA administration, following some
principles:
− The administration of tPA should not delay prompt simple or exchange blood transfusion therapy.
− Patients may be considered for IV tPA based on its established inclusion and exclusion criteria detailed in

stroke management algorithms.
− The likely benefit from IV tPA is suggested by the presence of the following factors: older age, atrial

fibrillation, diabetes, hypertension, and hyperlipidemia.
− The management of younger patients without these risk factors should emphasize early transfusion.
− There are no validated risk stratification or reliable age cutoff criteria to guide the choice of initial therapy.

(Conditional recommendation)

Children * IV tPA is not recommended (conditional recommendation)

* <18 years.

Some remarks may be advanced according to the guidelines [88]. First, the optimal
timing for therapy is to provide a transfusion within 2 h of presentation to medical care
for children and adults with SCD who present within 72 h of the onset of suspected acute
stroke, new neurological deficit, or TIA symptoms. Second, for children and adults pre-
senting to medical care more than 72 h after the onset of new neurological deficit or TIA
symptoms, without recent worsening, assessment for anemia and the percentage of sickle
hemoglobin and the consideration of transfusion on a case-by-case basis is suggested.
Third, for individuals with hemoglobin levels above 8.5 g/dL presenting with focal neu-
rological deficits or TIA, performing exchange transfusion therapy to reduce the risk of
hyperviscosity syndrome is suggested.

To date, only one study has examined the use of tPA in adults with SCD [89]. Overall,
the SCD population experiences a first stroke at a younger age and has a higher proportion
of hemorrhagic strokes compared to the general adult population with strokes. There is
no existing evidence to determine the optimal initial treatment—tPA or blood transfusion.
Conceptually, treatment prioritization should be guided by the underlying stroke etiology
(SCD vs. non-SCD), but this distinction is often unclear in the hyperacute setting. Given the
increased overall survival of adults with SCD into middle and old age and the cumulative
effect of traditional cardiovascular risk factors leading to stroke, administering tPA to older
adults with SCD presenting with acute ischemic strokes within 4.5 h of symptom onset is
advisable. However, no absolute age cutoff has been defined. Some patients with acute
stroke might have been treated by tPA before recognizing the patient has SCD. In such
instances, blood transfusion should be considered as soon as possible after SCD identifi-
cation. The data about endovascular treatment are lacking, mainly because there are no
interventional studies specific to SCD. The utility of endovascular thrombectomy in adults
with SCD should be carefully evaluated due to the prevalence of cerebral vasculopathy and
moyamoya syndrome and the absence of data describing the benefits and risks.

For children with HbSS or HbSb0 thalassemia and a previous ischemic stroke, some
issues should be clarified. First, hydroxyurea therapy is an inferior alternative to regular
blood transfusion for secondary stroke prevention in children who cannot receive or refuse
blood transfusion. However, it is noted that hydroxyurea therapy is still superior to no
therapy at all in terms of reducing the risk of secondary stroke. Second, adolescents who
experienced a stroke during childhood are recommended to continue receiving regular
blood transfusions into adulthood for secondary stroke prevention. This approach aims to
reduce the risk of recurrent strokes in individuals with SCD. Third, adults who experience
their first stroke as adults should undergo a thorough evaluation for stroke-modifiable risk
factors. Secondary stroke prevention measures should include regular blood transfusion
therapy as well as other recommended interventions to manage and mitigate the risk of
subsequent strokes.

The evidence from large multicenter studies underscores the ongoing risk of stroke
recurrence in children and adults with HbSS or HbSb0 thalassemia, despite receiving
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regular blood transfusion therapy for secondary prevention. The key findings from the
available studies are summarized in Table 7.

Table 7. Summary of findings of the main studies about the risk of stroke recurrence in SCD.

Items Pegelow 1995 [90] Scothom 2002 [70] Hulbert 2011 [91]

Population
60 children with ischemic
strokes receiving regular

blood transfusion therapy
137 children with strokes 40 children with strokes

Follow-up 191 patient-years
1382 patient-years (mean follow-up

10.1 years, minimum 5 years,
maximum 24 years)

Median of 5.4 years (total
222 patient-years)

Stroke recurrence
rate

4.2 events per
100 patient-years 2.2 events per 100 patient-years 3.1 events per 100 patient-years

Comparison

There was a statistically
significant reduction in stroke

incidence compared to
historical controls who did
not receive regular blood

transfusion therapy

HbS levels at the time of stroke
recurrence were available for 19%

of patients, mostly below 30%.
MRA showed progressive

vasculopathy with recurrent overt
or silent cerebral infarcts. Relative
risk (RR) for recurrent stroke was
12.7 (95% CI, 2.65–60.5; p = 0.01)

All participants received regular
blood transfusion therapy,

maintaining HbS levels below 30%.
Despite therapy, there was evidence

of progressive vasculopathy on
imaging, contributing to

recurrent strokes

Regular blood transfusion therapy is shown to provide partial effectiveness in reducing
the risk of secondary strokes in children and adults with HbSS or HbSb0 thalassemia.
However, the studies highlight that despite this treatment, the risk of recurrent strokes
remains significant. Progressive vasculopathy observed in these patients underscores the
ongoing challenges in managing stroke prevention effectively. These findings emphasize
the need for continued research into optimizing secondary stroke prevention strategies,
including exploring adjunctive therapies or interventions to further mitigate the risk of
recurrent strokes in this high-risk population.

Hydroxyurea therapy has been shown to be less effective than regular blood transfu-
sion in preventing secondary strokes in children with HbSS or HbSb0 thalassemia. There
are insufficient data regarding other sickle cell disease phenotypes. In a recent single-center
study [92], 35 children previously receiving regular transfusions for stroke prevention
were switched to hydroxyurea at the highest tolerated dose, alongside serial phlebotomy
to manage iron overload. The study reported a stroke recurrence rate of 5.7 events per
100 patient-years. Although phlebotomy effectively reduced iron levels and normalized
hepatic iron, the analysis did not adjust for the critical initial 2-year period with the highest
stroke recurrence rates. Based on these findings, a phase 3 non-inferiority randomized
controlled trial, Stroke With Transfusions Changing to Hydroxyurea (SWiTCH) [93] was
conducted. Results indicated that hydroxyurea, combined with phlebotomy, was inferior to
continued transfusions and ongoing iron chelation therapy due to excessive iron accumu-
lation. The secondary stroke rate was 5.6 events per 100 patient-years with hydroxyurea,
compared to zero events in those continuing transfusion (standard care). Consequently, the
trial was halted after interim analysis demonstrated equivalent liver iron content, suggest-
ing futility in reducing the composite primary endpoint of stroke increases, while requiring
superiority for iron removal. In settings where transfusion is unavailable, hydroxyurea
therapy offers superior secondary stroke prevention compared to no treatment at all. A
prospective study in Nigeria [94] supported this, with 13 children receiving hydroxyurea
showing a significantly lower secondary stroke incidence (7 events per 100 person-years)
compared to those who did not receive treatment (28 per 100 person-years, p < 0.001; odds
ratio 3.80, 95% CI 1.55–9.31).
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These findings underscore the importance of tailored treatment strategies in managing
SCD-related stroke risk, balancing the benefits and limitations of different therapeutic approaches.

For children and adults with strokes and severe cerebral vasculopathy like moyamoya
syndrome, additional treatments such as revascularization surgery can be considered along-
side regular blood transfusion therapy for preventing secondary strokes. Hematopoietic
stem cell transplantation (HSCT) [95,96] is recognized as a curative and definitive option
for secondary stroke prevention in children, especially those with matched related donors
or undergoing haploidentical bone marrow transplantation with post-transplantation cy-
clophosphamide [97]. Recent studies have identified new cerebral infarcts through central-
ized neuroimaging and neurology assessments conducted as part of HSCT protocols [98,99].
It is crucial for individuals and their families to understand both the potential long-term
benefits and risks associated with these therapies for preventing secondary strokes.

These statements reflect the importance of tailored management strategies for stroke
prevention in individuals with sickle cell disease, emphasizing the role of regular blood
transfusion where indicated and the consideration of alternative therapies when transfusion
is not feasible or accepted. Each approach aims to reduce the incidence of recurrent strokes
and improve long-term outcomes for patients with sickle cell disease who are at risk of
ischemic events.

3.2. Silent Cerebral Infarction

Silent cerebral infarction (SCI) stands as the most common cause of permanent neuro-
logical damage in children and adults with SCD [100], affecting around 39% of children
by the age of 18 and more than 50% of adults by the age of 30 [28]. Despite being consid-
ered a small vessel disease, there is no direct evidence supporting this classification. A
systematic review found no guidance for managing new cases of SCI in adults [101]. The
risk factors for SCI include low hemoglobin levels, elevated systolic blood pressure, and
signs of cerebrovascular disease on both intracranial and extracranial MR angiography. The
exact mechanisms causing these infarctions are unclear, though their frequent occurrence in
border-zone brain areas suggests hemodynamic factors may be involved [70,100,102–105].

Once SCI is detected, preventing its progression is crucial due to its significant impact
on cognitive function and its role as a biomarker for recurrent infarction in children and
adults with HbSS or HbSβ0 thalassemia [106–108]. The Silent Cerebral Infarct Transfusion
(SIT) trial [106] investigated whether regular exchange blood transfusions could prevent
cerebrovascular diseases, including symptomatic strokes and the progression of SCI, in
children with pre-existing silent infarctions. The trial showed a significant reduction in the
relative risk of cerebrovascular disease with regular transfusions, with a number needed to
treat (NNT) of 13.

Additionally, a recent systematic review indicated that long-term exchange blood trans-
fusion might reduce the incidence of SCI in children with abnormal transcranial Doppler
velocities, though it may have little to no effect on children with normal velocities [101].
For adults who have an incidental finding of SCI on an MRI, it may be appropriate to
offer periodic MR scans and consider interventions if there is evidence of progressive
ischemia. The main features of SCI in SCD are summarized in Table 8, together with the
main recommendations about screening [88].
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Table 8. Main features of SCI in SCD.

SCI in SCD

Prevalence and Impact

SCI is the most common cause of permanent neurological injury in SCD, affecting
approximately 39% of children by 18 years and over 50% of adults by 30 years of age.
These infarctions, though believed to be a small vessel-like disease, lack direct
evidence supporting this.

Risk Factors and Detection
Risk factors for SCI include low hemoglobin levels, elevated systolic blood pressure,
and cerebrovascular disease indicators on MR angiography. SCIs often occur in
border-zone brain areas, suggesting hemodynamic factors in their pathogenesis.

Impact on Cognition and Recurrence
SCIs are known to impact cognition and are a biomarker for recurrent infarcts in
children and adults with HbSS or HbSb0 thalassemia. Once detected, preventing SCI
progression is crucial due to its cognitive impact and recurrence risk.

Management of Silent Cerebral Infarction

Silent Cerebral Infarct Transfusion Trial

This trial aimed to determine if exchange blood transfusion could prevent
cerebrovascular disease, including new or recurrent symptomatic strokes and the
progression of SCI in children with pre-existing SCI. Results showed a significant
reduction in cerebrovascular disease risk with regular transfusions, with a number
needed to treat of 13.

Systematic Review
A recent review indicated that long-term exchange transfusion might reduce SCI
incidence in children with abnormal TCD velocities but may have little or no effect on
those with normal velocities.

Adult Management For adults with incidental SCI findings on MR, interval MR scanning is recommended,
with consideration of intervention if progressive ischemia is detected.

Screening for silent cerebral infarcts

Children

Given the high prevalence of SCI in children with HbSS or HbSb0 thalassemia (1 in 3),
and their association with cognitive impairment, poor school performance, and future
cerebral infarcts, at least one MRI screening, without sedation, is recommended to
detect SCI in early-school-age children (strong recommendation).

Adults
Given the high prevalence of SCI in adults (1 in 2) and their association with cognitive
impairment, poor school performance, and future cerebral infarcts, at least one MRI
screening without sedation is suggested to detect SCI (conditional recommendation).

Summary
Preventing ischemic strokes in SCD involves careful screening and management, with strategies largely derived from pediatric
studies. While exchange transfusion and hydroxycarbamide show promise in children, adult management requires tailored
approaches due to the lack of validated risk assessment tools and efficacy data. SCIs, prevalent in both children and adults,
necessitate proactive management to prevent progression and cognitive decline.

After identifying an infarct-like lesion, the following plan of action is recommended:

1. Neurological evaluation: ensure that the infarcts are classified as silent cerebral infarcts
rather than overt strokes.

2. Discussion on management:

− Secondary prevention options: consider regular blood transfusions and hematopoietic
stem cell transplantation (HSCT).

− Cognitive screening assessment: conduct cognitive screening.

3. MRI surveillance:

− Conduct MRI scans every 12 to 24 months to monitor for cerebral infarct progression.
− If new infarcts are detected, discuss with the patient and family the pros and cons

of increasing therapy intensity to prevent recurrence.
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Given the link between silent cerebral infarcts and the risk of progressive brain damage,
MRI screening for silent cerebral infarcts is recommended at least once in children with
HbSS or HbSb0 thalassemia. Adults with these conditions should also be screened, even
though data on secondary prevention in adults are lacking. Identifying SCI allows for close
monitoring and consideration of preventive measures such as regular blood transfusions
or experimental treatments, including HSCT and gene therapy.

The reasons to justify screening for SCI in children and adults with HbSS or HbSb0

thalassemia are summarized in Table 9.

Table 9. Main reasons for screening for silent cerebral infarcts in children and adults with HbSS or
HbSb0 thalassemia [88].

Issue Details

High Prevalence Silent cerebral infarcts are common, affecting approximately 39% of children and 50% of young
adults with these conditions.

Progressive Course
Silent cerebral infarcts tend to progress in both children and adults. Their presence predicts future
neurological injury at a rate exceeding the accepted threshold for preventing neurological injury in
adults with atrial fibrillation who are not receiving anticoagulation.

Impact on Cognitive
Function

Silent cerebral infarcts are associated with at least a 5-point drop in Full Scale IQ (FSIQ) [103] in
children, with plausible evidence suggesting a similar degree of neurological morbidity in adults.

Eligibility for Support
Services

Identifying silent cerebral infarcts qualifies children for evaluation for individual education plans
and adults for services under the Americans with Disabilities Act.

Location and Impact on
Executive Function

Most silent cerebral infarcts occur in the brain’s border-zone regions, including the frontal lobe,
which disproportionately affects executive function.

Preventive Treatment Children with silent cerebral infarcts can be treated with regular blood transfusions to significantly
reduce the incidence of new strokes, silent infarct recurrence, or both.

3.3. Intracranial Bleeding

Hemorrhagic stroke is less common than ischemic stroke in SCD but has higher
mortality rates. The prevalence of HS in SCD patients varies widely across studies, from
1.3% to 11%, due to differences in diagnostic methods, patient populations, and follow-up
periods [109,110]. Intracerebral hemorrhage (ICH) in SCD patients occurs most frequently
between ages 20 and 29 [111,112]. Hypertension is a significant risk factor, present in over
half of SCD-ICH cases in some studies. Other risk factors include low hemoglobin levels,
high reticulocyte count, prior ICH, and smoking [113,114].

The pathophysiology of ICH in SCD is not fully understood. The main suggested
mechanisms are vessel wall damage due to chronic anemia and sickling, increased vessel
fragility from collagen depletion and smooth muscle hypertrophy, and aneurysm forma-
tion [114,115]. Neuroimaging studies often locate hemorrhages at the corticomedullary
junction and in the lenticulostriate arteries territory, suggesting that fragile collateral vessels
may be the origin. This is even more valid for patients with intracranial bleeding caused by
moyamoya arteriopathy.

As previously pointed out, in individuals with SCD, intracranial hemorrhage becomes
notably more prevalent between the ages of 20 and 29 years [8]. Historically, from the
1970s to 2010, approximately 75% of reported strokes in children and adults with SCD
were ischemic, with the remaining 25% categorized as hemorrhagic [57,59]. Among adults,
intracranial hemorrhage often correlates with the formation of aneurysms [116], as high-
lighted by studies indicating prevalence rates of 1.2% in children and significantly higher
rates of 10.8% in adults with SCD [117]. These aneurysms, when ruptured, typically mani-
fest as relatively small (2–9 mm) lesions situated at major vessel bifurcations [116,117]. The
clinical features of hemorrhagic stroke in SCD patients are similar to those observed in other
populations, including acute severe headache, nausea, seizures, and focal neurological
deficits, depending on the hemorrhage location. However, SCD patients often present with
smaller hematoma volumes compared to hypertensive ICH patients [118].
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The management of acute intracranial hemorrhage in adults with SCD poses a substan-
tial challenge due to the scarcity of evidence-based guidelines specific to this population.
In the absence of dedicated protocols, it is advisable to adhere to established guidelines
from the European Stroke Organization [119] that govern the general management of acute
intracranial hemorrhage in adults without SCD. This approach underscores the critical
need for a multidisciplinary team comprising specialists in neurosurgery, interventional
neuroradiology, hematology, and neurology/stroke to collaboratively address the complex
clinical needs of affected patients. Regarding the role of exchange blood transfusion in
managing acute intracranial hemorrhage in SCD, its efficacy and safety profile remain
inadequately researched. Therefore, decisions regarding transfusion strategies should be
made on a case-by-case basis, considering the specific clinical context and in consultation
with the multidisciplinary team. In summary, the management of intracranial hemorrhage
in adults with SCD necessitates a coordinated and interdisciplinary approach, guided by
established stroke management principles tailored to the unique challenges posed by this
hematologic disorder.

There is limited evidence on the management of acute ICH specific to SCD patients
beyond controlling blood pressure and considering surgery. The role of blood transfu-
sions is debated due to concerns about increasing blood viscosity and exacerbating the
hemorrhage. Many aspects of HS in SCD remain unknown, including precise risk fac-
tors and optimal treatment strategies. Further research through multicenter prospective
studies is needed to better characterize ICH incidence, establish screening protocols, and
explore novel therapies to improve prognosis. Standardized management protocols are
also essential.

3.4. Intracranial Arteriopathy

Patients with SCD are susceptible to the progressive narrowing of intracranial arteries
over time, which can lead to the development of ill-defined collateral vessels resembling
moyamoya vasculopathy. The term “moyamoya” originates from the characteristic “puff
of smoke” appearance observed in cerebral vasculature on digital subtraction angiography
(DSA). This delicate network of collateral vessels is exposed to presumed flow-related
stress, resulting in fragmentation of the elastic lamina, thinning of the vessel media, and the
formation of microaneurysms, thereby increasing the risk of intracranial hemorrhage [120].
Conversely, moyamoya-related vessels may also collapse or thrombose, contributing to is-
chemic stroke [121]. In approximately 30% to 40% of individuals with SCD and stroke, moy-
amoya neovascularization can develop. This condition particularly manifests in children
and young adults with symptoms such as cognitive decline, silent infarcts, or border-zone
ischemic stroke, all stemming from steno-occlusive changes in the primary cerebral arter-
ies [122,123]. Reticulocytosis is commonly associated with vasculopathy in SCD through
chronic oxygen desaturation as well as hemolysis [124,125], sometimes not responding
to regular blood transfusion [126]. Other associated factors are the mean prior values for
hemoglobin, oxygen content, reticulocytes, and indirect bilirubin [125].
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Surgical revascularization options, when used adjunctively with long-term exchange
blood transfusion, aim to mitigate these risks. Techniques such as pial synangiosis or
encephalo-duro-arterio-synangiosis involve dissecting the superficial temporal artery from
the scalp, passing it into the skull, and suturing it to the brain surface beyond the steno-
sis, thereby enhancing cerebral circulation [127–129]. While surgical revascularization is
not universally endorsed as a definitive solution, when combined with exchange blood
transfusion, it has demonstrated efficacy in reducing both initial and recurrent strokes
in patients with moyamoya syndrome associated with SCD [88,129–138]. However, it is
important to note that the curative treatment for SCD remains allogeneic hematopoietic
stem cell transplantation, although its specific impact on neurovascular outcomes requires
further clarification.

The progression of cerebral infarcts and cerebral vasculopathy remains common de-
spite regular blood transfusion therapy for secondary stroke prevention. Many patients
advance to moyamoya vasculopathy, which significantly raises the risk of TIA, ischemic
and hemorrhagic strokes [123], and cognitive decline [139]. Outcome studies on children
and adults with sickle cell disease (SCD) who develop moyamoya and have experienced
strokes are generally limited to small or single-center series, with little follow-up beyond
five years [129,132–138]. No rigorous, prospective controlled trials have compared the
benefits and risks of combining revascularization surgery with regular blood transfusion
therapy against blood transfusion therapy alone for secondary stroke prevention in children
and adults with SCD and moyamoya syndrome. Several studies have examined stroke
incidence before and after revascularization surgery; however, these studies have intrinsic
limitations. The highest recurrence rate for cerebral infarcts occurs within two years of the
initial stroke, regardless of preventive treatment, but adverse outcomes primarily occurred
within the first month after surgery. Due to the heterogeneity of the five different neuro-
surgical procedures (pial synangiosis, encephalo-duro-arterio-myosynangiosis [EDAMS],
encephalo-duro-arterio-synangiosis [EDAS], encephalo-myo-arterio-synangiosis, multiple
burr holes) and the lack of uniform neurological assessments (surveillance MRI of the
brain and neurological evaluation for infarct recurrence) during the follow-up period, no
pooled analysis of these studies could be completed. Future studies aimed at assessing the
additional benefits of surgical revascularization in SCD-related moyamoya syndrome for
secondary stroke prevention should incorporate brain MRIs to detect silent cerebral infarcts,
formal neurological assessments by neurologists to identify subtle deficits associated with
overt strokes, and adjustment for the high-risk period of stroke recurrence. To date, none
of the published studies on cerebral revascularization in SCD have included these strate-
gies to enhance their scientific rigor, limiting the inferences that can be drawn about the
potential benefits.

For individuals, both adults, and children, with SCD and moyamoya syndrome who
have a history of stroke or TIA, the American Society of Hematology (ASH) guideline
panel [88] suggests considering evaluation for revascularization surgery in addition to
continuing regular blood transfusions, but this recommendation is conditional due to the
very low certainty in the evidence regarding its effects. In this context the key points of the
management are highlighted in Table 10.
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In summary, the ASH guideline [88] provides a framework for considering revascular-
ization surgery alongside regular blood transfusions in individuals with SCD, moyamoya
syndrome, and a history of stroke or TIA. It advocates for careful evaluation by a multi-
disciplinary team and emphasizes the importance of long-term outcome monitoring to
guide future treatment recommendations. One limitation is the different definitions used in
different studies for intracranial vasculopathy, as outlined by Guilliams et al. [140], making
extremely variable the prevalence estimates and the comparisons between studies hard.

Table 10. Main key points in patients with SCD and intracranial progressive arteriopathy [88].

Progressive Arteriopathy Management Issues

Multidisciplinary
Evaluation

The guideline emphasizes the importance of a multidisciplinary team evaluation, which should
include a hematologist, neurologist, neuroradiologist, and neurovascular surgeon. This approach
allows for a thorough assessment of the potential benefits and risks of surgical intervention. The
decision-making process should involve shared decision-making based on available evidence.

Surgical Options
While the guideline neither supports nor negates any specific revascularization procedure, it
stresses the need for comprehensive pre-operative optimization and post-operative care. If
revascularization surgery is considered, a multidisciplinary evaluation is strongly recommended.

Effectiveness of
Revascularization vs. Blood
Transfusions

It remains unclear which of the five revascularization approaches, combined with ongoing blood
transfusion therapy, is more effective in preventing secondary strokes compared to regular blood
transfusions alone. The current quality of evidence does not support a definitive recommendation
for a specific procedure, underscoring the need for prospective studies with standardized protocols
and long-term follow-up.

3.5. Intracranial Aneurysms

Stroke is a frequent complication in patients with SCD, affecting 30% to 40% of this
population. These patients frequently visit hospitals due to vaso-occlusive headaches.
However, when headaches are severe and unusual, they could signal intracranial hemor-
rhage. Additionally, in patients with hemoglobin levels below 8 to 10 g/dL, the reduced
sensitivity of computed tomography (CT) scans can lead to the misdiagnosis of subarach-
noid hemorrhage (SAH) caused by aneurysms [141]. Due to the rarity of the condition,
intracranial aneurysms (IAs) in SCD patients have not been thoroughly studied, although
some characteristics are often present, such as their multiplicity and tendency to affect
posterior circulation [116,142]. However, definitive diagnosis and treatment protocols
remain underdeveloped. Improved detection technologies have revealed that the incidence
of IAs in SCD patients is higher than previously thought. The presence of sickled cells
complicates these aneurysms, resulting in clinical patterns that differ from those in the
general population. IAs in SCD patients exhibit unique characteristics and require tailored
treatment approaches. A recent systematic review [143] addressed these issues, allowing
the main features of SCD-associated aneurysms to be summarized through collecting data
on 111 patients (31 children and 80 adults) and 218 aneurysms. The average number of
aneurysms per person was 1.9 in children and 2.0 in adults. The mean age of the study
population was 27 years (range 5–54 years) with a male-to-female ratio of 0.96 (52:54). In
the child subgroup, the male-to-female ratio was 1.9 (20:11), while in the adult subgroup it
was 0.7 (32:43). Among the recorded hemoglobin types, 86.2% (75 out of 87 cases) were
the SS type, known as sickle cell anemia. The most common presenting symptom was
SAH, followed by incidental discovery. In the child cohort, 13 out of 31 (41.9%) aneurysms
ruptured, whereas 62 out of 79 (78.5%) ruptured in the adult cohort. Regarding multiplicity,
50 out of 111 patients (45.0%) had multiple intracranial aneurysms, with 159 (73.0%) of
the total 218 aneurysms occurring in these patients, averaging 3.2 aneurysms per person.
In total, 54 of these 159 multiple aneurysms were located in the internal carotid artery. In
both child and adult groups, most aneurysms were small (85.6%) and saccular (90.8%). Of
the 218 aneurysms, 149 (68.3%) were in the anterior circulation and 69 (31.7%) were in the
posterior circulation. The internal carotid artery was the most common location, with the
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posterior cerebral artery being the most involved site in the posterior circulation. Table 11
summarizes the main features of aneurysms in SCD.

Table 11. Main features of aneurysmal disease in SCD according to [142].

Prevalence and Features

Prevalence

The incidence of IAs in SCD patients is not well-defined. Kassim et al. [28] documented a 9% incidence in
60 unselected adults with SCD, which is higher than in the general population. Saini et al. [143] found a
2.8% prevalence of unruptured IAs in children with SCD, similar to rates in the general population. IAs
tend to develop during adolescence and increase with age.

Initial Diagnosis The first aneurysm in an SCD patient was reported in 1942 by Wertham et al. Subsequent reports have
primarily been case studies and small series.

Age Distribution The most affected age range for IAs in SCD patients is 21–30 years, aligning with the peak incidence of
hemorrhagic stroke in SCD.

Sex Ratio There is a male predominance in children and a female predominance in adults with SCD, with an overall
male-to-female ratio of 0.96.

Hemoglobin Type A significant majority (86.2%) of SCD patients with IAs have the SS type (sickle cell anemia).
Pathophysiology and Anatomical Sites

Histopathologic
Changes

IAs in SCD patients show similar histopathological changes to those in the general population, such as
elastic lamina fragmentation, intimal hyperplasia, and media hyalinization.

Risk Factors Unlike IAs in the general population, those related to SCD are generally independent of traditional risk
factors like hypertension, smoking, and connective tissue diseases.

Common Sites SCD-related IAs often occur in the posterior cerebral and basilar arteries. They are more likely to be
multiple and smaller than IAs in the general population.

Clinical Manifestations
Multiplicity Nearly 45% of SCD patients with IAs have multiple aneurysms, averaging 3.2 aneurysms per person.
Size and Shape Most SCD-related IAs are small (85.6%) and saccular (90.8%).
Rupture Risk Aneurysms in adults with SCD have a higher rupture rate (78.5%) compared to those in children (41.9%).

Management Strategies

Pre-treatment
Preparation

Before undergoing angiography and endovascular treatment, exchange transfusions are recommended to
lower hemoglobin S levels and improve oxygen delivery. Managing factors like hypothermia, acidosis,
hypotension, and hypertonic dehydration is crucial.

Treatment Options

− Children: conservative management is the most common approach (40%).
− Adults: craniotomy is more frequently used (54.3%) due to a higher rate of ruptured aneurysms.
− Endovascular intervention: although its use has increased since the 1990s, it is limited by the

hypercoagulable state of SCD patients.
− Surgical clipping: considered safer than endovascular coiling due to the risk of postprocedural

occlusion.
Outcomes

Mortality and
Recovery

Despite ten reported deaths, most patients had good outcomes, suggesting potential publication bias. High
cure rates in reviews contrast with clinical practice, where combined coma and SAH have high mortality
rates (50–70%).

Children vs. Adults Children, who have lower rupture rates, generally show better outcomes. Despite similar aneurysm
morphology, children have a lower rupture rate than adults.

4. Main Neuroimaging Issues

Since the mid-1980s, MRI has played a crucial role in investigating brain pathology in
SCD patients, particularly those presenting with acute neurological symptoms [144]. MRI
techniques commonly used in clinical settings include T1-weighted, T2-weighted fluid-
attenuated inversion recovery (T2-FLAIR), T2*-weighted, susceptibility-weighted imaging,
diffusion-weighted MRI, and time-of-flight angiography (MRA) and venography (MRV). In
research settings, there has been a shift towards structural and hemodynamic quantitative
approaches in MRI analysis. Techniques such as T1 mapping, diffusion imaging, perfusion
imaging, quantitative susceptibility mapping (QSM), and functional MRI have been em-
ployed. The findings provided by conventional MRI and MRA techniques, together with
other vascular imaging techniques, are the main focus of the present review [145].
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4.1. Ischemic Stroke

In patients with SCD, infarctions typically occur in the territory of large intracranial
vessels, particularly affecting the watershed regions of the deep white matter [55,146,147].
This vulnerability exists regardless of the presence of concurrent intracranial cerebral
vasculopathy [148]. Silent cerebral infarction has a similar distribution pattern, with up
to 90% of SCIs occurring in a small deep watershed white matter region that makes up
only 5.6% of brain volume [72]. On MRI, SCI and overt ischemic stroke often appear
indistinguishable. Several studies suggest that the differences in lesion size and location,
rather than the underlying physiological mechanisms, may determine whether an ischemic
event results in overt symptoms (ischemic stroke) or remains clinically silent (SCI) [148,149].

The role of MRI techniques in acute ischemic events is not different in SCD as compared
with non-SCD patients:

− T2-fluid-attenuated inversion recovery (T2-FLAIR) MRI typically shows abnormalities
hours to days after the event.

− DWI reveals hyperintense lesions within minutes, depicting early signs of ischemia.
− Apparent diffusion coefficient (ADC) maps show corresponding hypointense areas

indicative of ischemic injury.

Approximately 75% of strokes in SCD patients are ischemic, primarily in arterial
distributions. These strokes are often associated with intra- and extracranial arteriopathy,
though venous thrombosis is also reported [12,88,146].

4.2. Silent Brain Infarctions and Small Vessel Disease

Silent cerebral infarction is more prevalent than overt stroke in individuals with
SCD [103]. SCI is characterized by hyperintensities on brain MRI indicating infarction or
ischemia without focal neurological symptoms and can occur as early as six months of
age [150,151]. Research indicates that the prevalence of SCI reaches 25% by age six [152],
39% by age 18 [100], and 53% by young adulthood [28], with no evidence of a plateau.
Despite being clinically “silent”, the co-operative study of SCD (CSSD) [153] first demon-
strated that SCI significantly increases the risk of overt ischemic stroke by 14 times and
found that 25% of children with SCI had new or enlarged lesions upon follow-up. SCI
has also been linked to cognitive decline [154]. Subsequent studies have confirmed these
findings, showing that SCI in children under five is associated with progressive ischemia,
vasculopathy, academic difficulties, and a higher risk of overt ischemic stroke later in
life [150]. Supporting the notion of progressive ischemia, a recent clinical review of
60 unselected adult cases revealed that 37% of SCI patients had multiple lesions [28].

The definition of a silent cerebral infarct-like lesion is an MRI signal abnormality of
at least 3 mm in one dimension, visible in two planes on FLAIR or T2-weighted images
(or similar images with three-dimensional [3D] imaging), with no correlative neurological
findings. Silent cerebral infarcts are common in children and adults with HbSS or HbSb0

thalassemia, with a prevalence of approximately 39% and 50% [18,100], respectively. An
individual with SCD is diagnosed with a silent cerebral infarct if the following three features
are present:
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(1) No history of focal neurologic deficits;
(2) An MRI of the brain showing a T2-weighted image with a FLAIR signal abnormality

that is at least 3 mm in one dimension and visible in two planes (or similar image
with 3D imaging);

(3) A normal neurological examination, preferably conducted by a neurologist, or an
abnormality on examination that cannot be explained by the location of the brain
lesion or lesions [155].

Some considerations can be advanced. First, this definition of SCI in children has
been validated and using a definition that requires a 5 mm size with a corresponding
T1W-MRI hypointensity instead of a 3 mm size that would lead to significant misclassifica-
tion, with fewer children being identified with SCIs [156]. Moreover, a minimum size of
3 mm has been used in adult SCD studies and is predictive of infarct recurrence [157].
Second, diagnosing an SCI can be challenging if the radiologist is unfamiliar with the
definition, not including lacunar strokes in the general population [158], characterized by a
T1 hypointensity in addition to a 5 mm FLAIR hyperintensity [156]. Third, when available,
imaging should be performed on a 3.0 T magnet instead of a 1.5 T one to improve the
detection of SCIs. As new FLAIR sequences are acquired via whole-brain 3D imaging with
no gaps between slices, the requirement for imaging in two planes to confirm a silent infarct
may not be necessary. Fourth, Virchow–Robin spaces and periventricular leukomalacia
may mimic SCIs. Fifth, the Silent Cerebral Infarct Transfusion (SIT) trial [155] demonstrated
that blood transfusion therapy is superior to observation for secondary stroke prevention,
showing a 56% relative risk reduction in cerebral infarct recurrence. However, the number
needed to treat to prevent infarct recurrence with regular blood transfusions is 13. There
are no controlled trial data demonstrating the noninferiority of hydroxyurea therapy to
regular blood transfusion therapy for children or adults with silent cerebral infarcts.

Figure 1 shows an example of SCI and accompanying extracranial arteriopathy.
Quantitative MRI studies suggest that cerebral tissue injury in SCD extends beyond

overt stroke, SCI, and large-vessel disease. Reduced cortical and subcortical gray matter
volumes [159–162], as well as diminished subcortical white matter volumes [163–165] have
been reported, together with abnormal brain maturation patterns [166–168]. Diffusion
imaging studies show significant reductions in white matter integrity, particularly in the
watershed regions of the centrum semiovale, affecting both SCI patients and those with
normally appearing matter on MRI [169–173]. Alterations in volumetric and structural
integrity contribute to cognitive impairment in SCD patients, regardless of the presence of
SCI [174].



Hemato 2024, 5 300

Hemato 2024, 5 299 
 

 

imaging should be performed on a 3.0 T magnet instead of a 1.5 T one to improve the 
detection of SCIs. As new FLAIR sequences are acquired via whole-brain 3D imaging with 
no gaps between slices, the requirement for imaging in two planes to confirm a silent 
infarct may not be necessary. Fourth, Virchow–Robin spaces and periventricular 
leukomalacia may mimic SCIs. Fifth, the Silent Cerebral Infarct Transfusion (SIT) trial 
[155] demonstrated that blood transfusion therapy is superior to observation for 
secondary stroke prevention, showing a 56% relative risk reduction in cerebral infarct 
recurrence. However, the number needed to treat to prevent infarct recurrence with 
regular blood transfusions is 13. There are no controlled trial data demonstrating the 
noninferiority of hydroxyurea therapy to regular blood transfusion therapy for children 
or adults with silent cerebral infarcts. 

Figure 1 shows an example of SCI and accompanying extracranial arteriopathy. 
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internal carotid artery an irregular, dysplasic pattern is well evident. 
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Figure 1. The brain MRI (panel (a)) and extracranial CTA (panel (b,c)) of a patient with heterozygous
HbS is shown. In the axial FLAIR slices (panel (a)), white matter hyperintensities are present with
a dotted pattern. In the MIP/MPT reconstructed CTA of the right (panel (b)) and left (panel (c))
internal carotid artery an irregular, dysplasic pattern is well evident.

4.3. Hemorrhagic Stroke

Approximately 25% of strokes in SCD are hemorrhagic, although sudden death events
likely underestimate this statistic. Types of hemorrhages observed include intraparenchy-
mal, intraventricular, subarachnoid, and occasionally subdural, detectable using T1, T2,
T2*, and susceptibility-weighted MR sequences, as well as CT imaging. In older SCD
patients, cerebral hemorrhage is commonly associated with aneurysm formation, which
can be identified on MRA [175]. Aneurysms that rupture typically occur at vessel bifur-
cations, particularly in the vertebrobasilar circulation. Intraparenchymal bleeding may
correlate with large-vessel vasculopathy, especially in the presence of moyamoya formation.
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Other associated conditions include venous sinus thrombosis and reversible posterior
leukoencephalopathy syndrome, which may also lead to hemorrhage. There are docu-
mented instances of epidural hematomas occurring in SCD patients without significant
head trauma, likely due to hypervascular bone areas [176,177].

Acute blood appears hyperattenuating on CT scans, but this hyperattenuation de-
creases over time. MRI, particularly with FLAIR, gradient echo imaging, and susceptibility-
weighted imaging (SWI), is at least as sensitive as CT in detecting acute blood [178–180].
However, MRI is significantly more sensitive than CT in detecting subacute and chronic
blood products [181]. Local susceptibility-induced dephasing results in T2-weighted hy-
pointensity within a parenchymal hematoma, except during the late subacute period when
hemoglobin becomes extracellular. The development of methemoglobin in subacute blood
causes T1 shortening. DWI interpretation can be challenging due to T2-shine through and
T2-blackout effects, but true diffusion restriction may occur in acute hematoma where red
blood cells are densely packed [182]. In the absence of significant mass effect, hematoma
treatment is generally supportive and does not differ significantly from the management of
intracranial hemorrhage in the general population [117].

Microhemorrhages are not commonly observed in SCD, based on multiple SWI stud-
ies [183,184]. This suggests differences in the pathophysiology of SCD compared to other
microvascular diseases such as atherosclerosis and amyloid angiopathy.

4.4. Intracranial Arteriopathy

Vasculopathy is common in SCD patients, both with and without overt stroke and SCI.
MRA frequently shows intra- and extra-cranial steno-occlusive arteriopathy, particularly
involving the distal ICA and the proximal ACA and MCA [185]. This is often reported in
patients with overt ischemic stroke and SCI [100]. The incidence of progressive stenosis
with compensatory collateral vessel formation is as high as 30–40% among SCD patients
with vasculopathy [123,186]. A multi-center pediatric study found that 38% of chronically
transfused patients presented with new vessel stenosis or occlusion on follow-up MRA [91].
Despite aggressive hematological management, children with vasculopathy progression
were 12 times more likely to develop new SCI or overt ischemic stroke compared to those
without progression.

A sequential moyamoya-like model was proposed for SCD vasculopathy and stroke [187],
where early ischemic events are linked to stenosis and later hemorrhagic events to the devel-
opment and rupture of fragile collateral vessels. However, most SCD-related intracerebral
and subarachnoid hemorrhages are associated with aneurysm rupture rather than collat-
eral vessel rupture [142,188]. Beyond intracerebral aneurysms, tortuosity and ectasia are
documented in both humans and animal models of SCD [189–192]. While aneurysms are
not significantly linked to collateral vessel formation, they do appear to form in the context
of progressive vasculopathy [175], with many patients having multiple aneurysms [116].
The simultaneous presence of overt ischemic stroke and/or SCI in most children with SCD-
related ICH and/or aneurysm [193] suggests a concurrent development of pathologies
underlying both ischemia and hemorrhage, potentially with shared mechanisms [194–196].

In patients with SCD, anterior cerebral circulation vasculopathy is well-documented,
often visualized using DSA [197], which provides detailed vessel wall anatomy. MRA
also plays a role in identifying abnormal vessels [102,124,125,149,198–201], though its
effectiveness can be affected by flow disturbances or turbulence in the vessels. Old studies
from non-SCD pediatric stroke cases suggests that MRA is effective in detecting large-
vessel disease, comparable to DSA [184]. However, in SCD patients, flow disturbances can
complicate MRA assessments of vascular disease severity. These limitations come mainly
from very old studies, such as one [202] involving 21 children with SCD (14 with prior
stroke, 7 asymptomatic), where MRA showed varying sensitivity in detecting occlusive
lesions: 81% in the anterior circulation and 50% in the posterior circulation. Specificity
for detecting stenosis in ICA and MCA was high (86–100%). In addition, it is expected
that the improvement in technical issues over the years might have increased the accuracy
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of MRA in comparison with old technologies. Time-of-flight MRA, commonly used in
children, may sometimes overestimate stenosis due to intravoxel dephasing (turbulent
flow), particularly problematic in SCD patients [203]. This dephasing has been observed
even in patients initially showing normal cerebral angiography, potentially indicating
early signs of vascular disease progression [202]. However, there is a lack of large-scale
studies examining whether intravoxel dephasing predicts future large-vessel vascular
disease development.

The prevalence of MRA abnormalities varies widely, influenced by study populations
(including asymptomatic individuals and stroke patients) and varying definitions of abnor-
mality [185]. Studies often define abnormality based on degrees of arterial stenosis (>50%),
or use grading scales incorporating multiple vessel segments to assess severity [122]. De-
spite its non-invasive nature, MRA remains a crucial tool in screening asymptomatic SCD
patients, detecting typical signal dropouts in the ICA, MCA, and ACA, and potentially
revealing conditions like moyamoya syndrome.

In patients with SCD who have experienced at least one ischemic stroke, the preva-
lence of moyamoya syndrome is approximately 43% [102,123]. Additionally, 10.4% of
asymptomatic children with SCD show evidence of large-vessel vasculopathy on magnetic
resonance MRA. The presence of moyamoya collaterals increases the risk of recurrent
ischemic stroke by 2.4 times [102,123].

On T2-weighted imaging, serpiginous collateral vessels appear as thread-like flow-
related signal voids and should be specifically sought out. Dedicated angiography, such as
computed tomography angiography (CTA), is essential to accurately assess the degree of
stenosis and the extent of collateral vessels. The “ivy sign”, indicative of proximal stenosis,
can be observed as hyperintensity on FLAIR imaging and post-gadolinium enhancement,
reflecting slow flow and the compensatory dilation of pial vessels [204,205]. Figure 2 shows
an example of intracranial occlusive arteriopathy in a SCD patient.
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Figure 2. Intracranial and extracranial arteriopathy in a 65-year-old woman with a compound heterozygosis (HbSC), investigated using several techniques: (a) 
Brain MRI with axial FLAIR slices and the association of the ivy sign and spaghetti sign on the left hemisphere. (b) TOF-MRA in coronal view reconstructed with 
MIP/MPR showing the flow gap in the left MCA and a network of tiny tortuous vessel around the ICA terminus on the right side. (c) Left carotid angiogram with 
a severe atheromasic stenosis on the internal carotid artery. (d,e) Left common carotid artery angiogram in lateral view (d) and in posterior–anterior view (e), 
showing the known intracranial arteriopathy of M1 MCA with the development of collaterals coming from the external carotid artery with an artero-venous shunt 
fed by the petrosquamous branch of the left middle meningeal artery. (f,g) Right internal carotid artery angiogram in posterior–anterior view in the early (f) and 
late (g) arterial phase with the collateralization through the anterior cerebral artery feeding a portion of the left MCA territory. 

Figure 2. Intracranial and extracranial arteriopathy in a 65-year-old woman with a compound heterozygosis (HbSC), investigated using several techniques:
(a) Brain MRI with axial FLAIR slices and the association of the ivy sign and spaghetti sign on the left hemisphere. (b) TOF-MRA in coronal view reconstructed with
MIP/MPR showing the flow gap in the left MCA and a network of tiny tortuous vessel around the ICA terminus on the right side. (c) Left carotid angiogram with a
severe atheromasic stenosis on the internal carotid artery. (d,e) Left common carotid artery angiogram in lateral view (d) and in posterior–anterior view (e), showing
the known intracranial arteriopathy of M1 MCA with the development of collaterals coming from the external carotid artery with an artero-venous shunt fed by the
petrosquamous branch of the left middle meningeal artery. (f,g) Right internal carotid artery angiogram in posterior–anterior view in the early (f) and late (g) arterial
phase with the collateralization through the anterior cerebral artery feeding a portion of the left MCA territory.
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Recent findings also highlight extra-cranial vasculopathy in SCD, including dissec-
tions, narrowing, or occlusions in neck imaging, which are associated with SCI [100,206].
Tortuosity and ectasia in basilar and intracranial circulations are also common and linked
to low hematocrit levels [189,191].

Aneurysm rupture is the most frequent cause of intracranial hemorrhage in SCD
patients. The increased prevalence of aneurysms in SCD is attributed to sustained endothe-
lial injury, which weakens vessel walls. Although similar pathophysiology is suggested
for moyamoya vasculopathy [175], studies indicate little correlation between these two
conditions, hinting at different underlying mechanisms. Saccular aneurysms are detected in
approximately 6% of adults [175] and 4% of children [193] with SCD during routine imag-
ing. SCD patients are more likely to have multiple aneurysms [143,175,193], with a higher
propensity for these to occur in the posterior circulation (30% in SCD patients vs. 5–14% in
the general population) [116,207]. The ICA is the most commonly affected, followed by the
PCA. Most aneurysms in SCD patients are saccular, similar to the general population [142].
DSA is the gold standard for detecting intracranial aneurysms. However, due to the prac-
tical advantages of noninvasive imaging, time-of-flight magnetic resonance angiography
(TOF MRA) and computed tomography angiography (CTA) are generally preferred, both
offering over 95% accuracy for detecting unruptured intracranial aneurysms [208]. Close
monitoring is crucial in SCD patients, as their aneurysms are more likely to rupture at
smaller sizes compared to the general population. Women aged 30–39 with SCD are at the
highest risk for subarachnoid hemorrhage due to aneurysm rupture [175].

In addition to saccular aneurysms, SCD often results in vertebrobasilar system dilata-
tion, inversely related to hematocrit levels [192]. Vessel dilatation and tortuosity, responses
to the hyperdynamic circulation caused by chronic anemia, are associated with an increased
stroke risk, even in the absence of other brain abnormalities on MRI [192].

Given the higher risk of rupture at smaller sizes, treatment is recommended for
aneurysms larger than 5 mm [209–211]. Traditional treatment involves surgical clipping, but
endovascular coiling and stenting are becoming more common [204]. Aneurysm treatment
in SCD patients is complicated by the risk of intraoperative sickling and hypercoagulability,
increasing the risk of embolization after the insertion of permanent devices. To reduce
periprocedural complications, it is essential to maintain preoperative hemoglobin S (HbS)
levels below 30%, avoid hypoxia, and use nonionic contrast media [143]. An example is
illustrated in Figure 3.



Hemato 2024, 5 305

Hemato 2024, 5 304 
 

 

 
Figure 3. Left internal carotid angiogram in posterior–anterior view (a) and 3D-RA reconstructed image, showing a saccular internal carotid artery aneurysm of 
choroidal subtype (b). 
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4.5. Cerebral Venous Drainage

The venous drainage anatomy in individuals with SCD differs from that of healthy
controls, as observed in susceptibility-weighted imaging. SCD patients exhibit reduced
cortical venous visibility [212], venular rarefaction, and a distinct distribution with fewer
long venules and more short venules [212]. Additionally, they have a greater dural venous
sinus diameter [185]. Although these anatomical differences are not linked to a history of
stroke, venular rarefaction may be associated with memory impairment [212].

There have been several case reports of cerebral venous thrombosis (CVT) in SCD pa-
tients, often related to vaso-occlusive crises, transfusions, or acute respiratory illnesses [213–215].
CVT can lead to infarction or hemorrhage and is likely underdiagnosed in SCD, de-
spite the potential for secondary edema to cause death [216]. Anticoagulation has been
shown to reduce mortality and morbidity in the general adult population with CST. For
acute neurological symptoms in SCD patients, neuroimaging should include CT and/or
MR venography.

5. Transcranial Doppler and Stroke Prevention Strategies

The cornerstone of preventing ischemic strokes in children with SCD hinges on in-
sights drawn from pediatric studies [11,106,217,218]. A critical part of this strategy is the
use of transcranial Doppler (TCD) ultrasound screening, which pinpoints children at high
risk of future strokes. The transformative Stroke Prevention (STOP) trial revealed that
regular exchange blood transfusions could reduce the risk of symptomatic stroke by an
impressive 92% in children with TCD velocities above 200 cm/s, compared to standard
treatment [11]. When exchange transfusions are not feasible, hydroxycarbamide, adminis-
tered at the highest tolerable dose, steps in as a formidable ally, lowering TCD velocities
and stroke risk. Recent research even suggests that starting with a low-dose of hydroxycar-
bamide is beneficial for primary stroke prevention, mirroring the effectiveness of monthly
transfusions seen in the STOP trial, all without added toxicity [219,220].

Currently, there is no validated tool to systematically assess stroke risk in adults with
SCD. Research has shown that in adults with acute ischemic stroke, TCD values are not
elevated, and no specific cut-off points have been established to aid in risk stratification. Ad-
ditionally, TCD measurements have not proven beneficial in individuals with SCD over the
age of 16 [221]. There is a significant gap in research regarding the efficacy of transfusions
for primary ischemic stroke prevention in defined adult SCD populations. Furthermore,
there are no studies addressing the management of adults who have transitioned from
childhood to adulthood while receiving long-term transfusions for primary stroke preven-
tion. Managing such patients requires a coordinated effort by a multidisciplinary team.
This team should engage in thorough discussions with young adults and their caregivers
to evaluate the risks and benefits of continuing transfusions, increasing the frequency of
transfusion cycles, or switching to hydroxycarbamide.

According to the guidelines from the British [222] and American [88] Societies for
Hematology, children and adults presenting with signs or symptoms indicative of an
acute ischemic stroke should receive an immediate blood transfusion to maintain HbS
levels below 30% and enhance tissue oxygen delivery via non-sickling red blood cells [223].
Exchange blood transfusion is the preferred initial treatment for acute ischemic stroke.
However, in cases of severe anemia (defined as a hemoglobin level of 80 g/L) or when
there are logistical challenges in arranging central line access and an apheresis team for
exchange transfusion, a simple transfusion may be used as an immediate measure. De-
spite this, achieving and maintaining HbS levels below 30% is challenging with simple
transfusions unless the patient is significantly anemic [130,224]. Simple transfusions, or
top-up transfusions, involve adding blood without removing any, unlike exchange transfu-
sions, which use more units of donor red cells and thus carry a higher risk of transfusion
reactions and antibody formation. However, exchange transfusions also help mitigate the
risk of iron overload by removing native red blood cells during the process. The main
recommendations of the American Society for Hematology [88] are summarized in Table 12.
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Table 12. Main recommendations for prevention, diagnosis, and treatment of cerebrovascular disease
in children and adults with SCD [88].

Primary Stroke Prevention

Children *
HbSS or HbSb0: annual TCD screening is recommended (strong recommendation).
Compound heterozygous SCD (other than HbSC) and hemolysis in the same range as those with
HbSS: TCD screening is suggested (conditional recommendation).

Children *

HbSS or HbSb0 and abnormal TCD velocities: regular blood transfusions for at least a year (vs no
transfusion) are recommended (target HbS levels < 30% and Hb levels > 9.0 g/dL) to reduce the
risk of stroke (strong recommendation).
Compound heterozygous SCD (other than HbSC) and hemolysis in the same range as those with
HbSS, with abnormal TCD velocity: regular blood transfusions for at least a year (vs no
transfusion) are suggested (target HbS levels < 30% and Hb levels > 9.0 g/dL) to reduce the risk
of stroke (conditional recommendation).
HbSS, HbSb0, or compound heterozygous SCD and abnormal TCD screening, living in
low-middle-income settings: hydroxyurea therapy with at least 20 mg/kg per day at a fixed dose
or the maximum tolerated dose is suggested (conditional recommendation).

Children *
When, after 1 year of tranfusions, there is the need to stop them, hydroxyurea treatment at the
maximum tolerated dose can be considered to substitute for regular blood transfusions, according
to the clinical trial risk stratification with brain MRI and MRA (conditional recommendation).

Acute treatment of suspected or confirmed ischemic stroke or TIA

Children * and Adults

Prompt blood transfusion should be given immediately upon the recognition of symptoms
without delay beyond 2 h of acute neurological symptom presentation. The type of transfusion
(simple, modified exchange, or apheresis) is dependent on individual patient factors and local
transfusion resources (strong recommendation).
Exchange transfusion vs. simple transfusion is suggested. When exchange transfusion is not
available within 2 h of presentation for medical care and hemoglobin is <8.5 g/dL, simple
transfusion can be performed to avoid delays in treatment while a manual exchange transfusion
or an automated apheresis is planned (conditional recommendation).

Secondary stroke prevention

Children * and Adults with
HbSS or HbSb0 Thalassemia

The recommended goals for blood transfusion are keeping hemoglobin > 9 g/dL at all times and
maintaining the HbS level at <30% of total hemoglobin until the time of the next transfusion
(strong recommendation).

Children * and Adults with
HbSS or HbSb0 Thalassemia

In case of moyamoya arteriopathy, the evaluation for revascularization surgery is sugested in
addition to regular blood transfusion (conditional recommendation).

* ages 2–16 years.

The Transcranial Doppler with Transfusions Changing to Hydroxyurea trial demon-
strated that children with SCD and high transcranial Doppler velocities, but without MR
angiography-defined vasculopathy, who had been on regular exchange transfusions for
at least a year, could transition to hydroxyurea or hydroxycarbamide therapy at the maxi-
mum tolerated dose over approximately six months [225]. Hydroxycarbamide serves as an
alternative to transfusions, particularly when the cost, availability, or burden of long-term
exchange transfusions poses a challenge. It has been shown to be more effective than no
exchange transfusion for secondary stroke prevention. However, the optimal dosage and
timing for initiating hydroxycarbamide therapy in adults with SCD who have experienced
ischemic or hemorrhagic strokes, silent cerebral ischemic lesions, or cerebral vasculopathy
remain unclear. However, it should be pointed out that:

1. For children with abnormal TCD results, but without MRA-defined vasculopathy
or SCI, who have received at least one year of transfusions, hydroxyurea therapy at
the maximum tolerated dose should be considered as an alternative to regular blood
transfusion therapy. This recommendation is based on the entry criteria of the TCD
With Transfusions Changing to Hydroxyurea (TWiTCH) Trial [225].

2. For children with abnormal TCD results, MRA-defined vasculopathy, or SCI, regular
blood transfusions should be continued indefinitely (conditional recommendation
according to the exclusion criteria of the TWiTCH Trial) [225]. The suggested thresh-
old for treatment is two TCD measurements with a time-averaged mean maximum
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velocity (TAMMV) of ≥200 cm/s or a single measurement >220 cm/s in the distal
internal carotid artery (ICA) or proximal middle cerebral artery (MCA) [226,227]. Two
measurements are required for values between 200 cm/s and 220 cm/s, due to the
physiological variations of flow velocities, which can be up to 12% within the same
child measured only three hours apart [228]. Additionally, a significant intrasubject
standard deviation of 14.9 cm/s was observed in a study of 812 children with HbSS
and HbSb0 thalassemia who had at least two TCD examinations within six months
without any intervention [229]. If the Transcranial Color-Coded Sonography (TCCS)
technique is used for assessment, then two measurements with a time-averaged mean
maximum (TAMX) of ≥185 cm/s or a single measurement >205 cm/s are required in
the distal ICA or proximal MCA. The predictive values of the TCD measurements in
other intracranial arteries have not been rigorously addressed and should not be used
to classify children into high- and low-risk groups for future strokes. Moreover, the
sonographers using TCD should be trained according to the STOP protocol.

The threshold for hemolysis requiring regular TCD surveillance should be determined
based on individual patient characteristics, considering factors such as hemoglobin level,
reticulocyte count, and degree of hemolysis in relation to HbSS. A fixed laboratory threshold
to determine who should undergo TCD cannot be proposed. Additionally, there is no
evidence available to demonstrate that children with HbSC should undergo TCD screening
for primary stroke prevention.

However, the application of results from the Optimizing Primary Stroke Prevention in
Sickle Cell Anemia (STOP) Trial [11] has significantly advanced the management of SCD.
TCD screening, combined with regular blood transfusion therapy for those with abnormal
TAMMV TCD measurements, is associated with a 92% reduction in stroke incidence com-
pared with observation alone [11]. STOP 2 [217] demonstrated that for STOP participants
who received transfusions for 30 months or longer and whose TCD measurements normal-
ized, continued regular blood transfusions were necessary to prevent strokes or reversion
to abnormal TCD measurements. Therefore, children with abnormal TCD measurements
are presumed to have an indefinite risk of strokes. The results from STOP and STOP 2 trials
underscore the clear benefit of regular blood transfusion compared with no transfusion
(observation). Moreover, STOP 2 excluded children with severe stenotic lesions on cerebral
MRA. Given the extremely low incidence rate of strokes in the transfusion arm of the STOP
Trial [11] (<1 stroke per 100 patient-years), no formal assessment of stroke risk factors
in the treatment arm can be used to determine the subgroup of children likely to have a
stroke while receiving regular blood transfusion therapy. In STOP 2 [217], among those
randomly allocated to regular blood transfusion therapy, 21.6% had persistent abnormal
TCD measurements with no stroke occurrences over a mean follow-up of 2.4 years.

The optimal interval for the reassessment of children with conditional TCD measure-
ments (170–199 cm/s) has not been determined, but reassessment is commonly carried
out within six months, and often sooner. Both HbSS and HbSb0 thalassemia phenotypes
were eligible for the STOP trials due to the clinical challenges of distinguishing HbSS from
HbSb0 thalassemia using clinical laboratory values [230,231] and their inclusion in primary
stroke prevention trials [11,217].

Children evaluated for abnormal TCD measurements should not have had a recent
blood transfusion, as TCD velocities are associated with transfusions. Typically, TCD
measurement should be carried out at least three months after the last transfusion and
when the child is at their baseline state of health [232]. Regular blood transfusion therapy
commonly requires iron chelation therapy to manage excessive iron stores from transfusions.
Then, when the criteria for transitioning to hydroxyurea after one year of regular blood
transfusion therapy are present, this option should be considered. Prior to transitioning
from transfusion therapy to hydroxyurea, MRI of the brain should be performed to exclude
silent cerebral ischemic lesions, and intracranial MRA should be completed to assess
cerebral vasculopathy, as per the TWiTCH protocol [225].
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Compound heterozygotes for HbS (excluding HbSC) deserve a separate consideration,
in particular among children, because a small proportion are at high risk of stroke. The
utility of TCD screening in these children is not well defined. Given the relationship
between TCD values and hemoglobin levels in children with HbSS and the association
between low hemoglobin levels and strokes, evidence suggests that TCD screening and
treatment will likely prevent strokes in children with compound heterozygous SCD with
evidence of hemolysis, similar to children with HbSS [231]. Decisions regarding TCD
screening and subsequent treatment for children with compound heterozygous SCD should
be made on an individual basis. Basically, for children with HbSC, the risk of abnormal
TCD measurements and stroke is lower than for those with HbSS.

In well-implemented primary stroke programs in high-income settings, less than 1%
of children who receive TCD screening coupled with regular blood transfusion therapy
for abnormal TCD measurements will have strokes [232]. For children with an abnormal
TCD measurement, the risk of ischemic strokes is exceptionally high at 10.7 strokes per
100 patient-years [11]. This is much higher than the stroke incidence rate of 4.4 events
per 100 patient-years in untreated adults with atrial fibrillation [233], highlighting the
significant public health impact of preventing strokes in children with HbSS or HbSb0

thalassemia in both low- and high-income settings. This is of paramount relevance for
involving stakeholders to allow a dedicated treatment for SCD patients in low-income
countries [234–237].

There is currently limited evidence supporting the use of antiplatelet or anticoagulant
therapy in SCD for the prevention of thrombotic events. Further research is needed to
establish clear guidelines for these treatments in the context of SCD.

In cases where children or adults with SCD present with acute neurological deficits,
including transient ischemic attacks, exchange blood transfusion is strongly recommended.
The primary goal of this intervention is to decrease the percentage of sickled red blood cells
to less than 30%, particularly if the neurological symptoms are related to sickle cell disease.
This approach aims to improve oxygen delivery to tissues by increasing the proportion of
normal, non-sickling red blood cells circulating in the bloodstream. The rationale behind
using exchange blood transfusion lies in its ability to rapidly lower the concentration of
sickle hemoglobin (HbS) and reduce the risk of further sickling-related complications,
including ischemic events in the brain. This method involves removing and replacing a
significant volume of the patient’s blood with donor red blood cells. By doing so, it not
only dilutes the sickled cells but also reduces the overall burden of HbS in circulation.
Exchange transfusion is preferred over simple transfusion in these acute scenarios because
it allows for more effective control of HbS levels below the critical threshold of 30%. This
targeted reduction is crucial in preventing ongoing sickle-related vascular occlusions that
can lead to progressive neurological damage or stroke. Overall, in the management of
acute neurological events in individuals with SCD, the prompt initiation of exchange blood
transfusion is advocated to mitigate the immediate risks associated with sickle cell-related
ischemic complications and to optimize neurological outcomes. The main measures to
prevent and manage ischemic stroke in SCD are summarized in Table 13.
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Table 13. Prevention and management of ischemic stroke in SCD.

Exchange Blood Transfusion

Pediatric Extrapolation
The primary strategy for ischemic stroke prevention in SCD largely stems from pediatric
studies. A pivotal aspect is TCD ultrasound screening, which identifies children at risk for
future strokes.

STOP Trial
The Stroke Prevention (STOP) trial demonstrated that children with TCD velocities above
200 cm/s who received regular exchange blood transfusions experienced a 92% relative risk
reduction in symptomatic stroke compared to those on standard therapy.

Hydroxycarbamide

For children who cannot tolerate or access exchange transfusions, hydroxycarbamide at the
maximum tolerated dose can reduce TCD velocity and stroke risk. Recent trials suggest that
low-dose hydroxycarbamide is beneficial for primary stroke prevention without increasing
toxicity, yielding a stroke incidence rate similar to the STOP trial’s transfusion group
(approximately one stroke per 100 person-years).

Adult Stroke Prevention

Lack of Tools
Unlike children, there is no validated tool for systematically assessing stroke risk in adults
with SCD. Studies indicate that TCD values are not elevated in adults with acute ischemic
stroke, with no established cut-offs to aid risk stratification.

No Benefit from TCD
TCD measurements have shown no benefit in people with SCD over 16 years. Additionally,
no studies have evaluated the efficacy of transfusion for primary ischemic stroke prevention
in defined adult SCD populations.

Transition to Adulthood

The management of patients who have transitioned to adulthood on long-term transfusions
for primary stroke prevention requires coordination by a multidisciplinary team.
Discussions with young adults and their carers should consider the risks and benefits of
continuing transfusions, increasing cycle frequency, or switching to hydroxycarbamide.

6. Conclusions

Cerebrovascular disease in SCD patients is complex and requires a nuanced under-
standing of its unique characteristics, risk factors, and management strategies. Comprehen-
sive, multidisciplinary approaches and further research are essential to improve outcomes
for this vulnerable patient population. It is likely that different measures may be needed in
children and adults, but in this last subgroup, some information is still lacking.
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