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Preface

Sickle cell anemia is a preventable yet prevalent inherited blood disorder. It arises due 
to the inheritance of two abnormal sickle cell genes (SS), one from each parent. The 
disease is a common cause of mortality and morbidity, particularly in low-income 
developing countries. The vaso-occlusive crisis is the most common presentation and 
the leading cause of death in patients with the disease. Its pathophysiology involves the 
obstruction of blood flow to vital organs by the sickled red cells resulting in ischemia, 
necrosis, and pain. This book presents evidence-based best practices in the diagnosis 
and clinical, psychosocial, and pharmacological management of sickle cell disease 
patients. It contains cutting-edge and evidence-based information and is highly 
recommended for all healthcare professionals responsible for managing patients with 
sickle cell disease. There is no doubt that this book will improve the quality of care 
offered to patients across the globe.

Osaro Erhabor
Professor,

Usmanu Danfodiyo University,
Sokoto, Nigeria
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Chapter 1

A Vascular Necrosis of Femoral 
Head in Sickle Cell Anemia
Mohammed Lafi Al-Otaibi

Abstract

Sickle cell disease is a well-known disease with evolving changes in medical as well 
as surgical management. Recent developments in medical management and the well-
adjusted screening protocols for the disease complications toward its anticipation and 
prevention and all these recent changes have led to more work toward understand-
ing and managing disease orthopedics complications. Many researchers considered 
the major ones affecting patients’ daily living activity, with the improvement in 
patients living expectancy. Thanks to the evidence-based medical management and 
the development of new agents such as L-Glutamate that are recently implemented 
and help space the vaso-occlusive crises. This phenomenon plays the cornerstone 
effects on the disease pathology and leads to its harmful effects on many systems, 
including the muscles and bones. The infarct does occur almost everywhere through 
the muscle-skeletal system, with predilected site happening to be the hip joints. A 
vascular necrosis of the femoral head does occur in other conditions, and dealing with 
the one happening in sickle cell anemia must take into account all issues concerning 
this disease. There is growing evidence that surgical intervention with the total hip 
is best when there is a loss of congruency of the femoral head with head subchondral 
collapse and not in pure infarct with femoral head maintaining its sphere shape.

Keywords: bone infarct, hip pain, hip replacement, hip score, secondary arthritis, 
sickle cell anemia, osteonecrosis

1. Introduction

The presence of a heterozygous glutamic acid to valine substitution on chromosome 
11 in the β-globin gene is known as sickle cell trait, which is found in around 300 million 
individuals across the globe [1]. In comparison to the homozygous genotype (HbSS) in 
individuals who have sickle cell disease, individuals with sickle cell trait possess hetero-
zygous genotype (HbAS).

Over the years, few bone complications have been reported in sickle cell trait that 
is back in the 1970s era [2]. It is pretty uncommon that people with sickle cell trait 
suffer from a vascular necrosis (AVN) of bone and femoral head as the most common 
destruction site [3].

Multifactorial etiology is investigated for nontraumatic a vascular necrosis of the 
femoral head. In the majority of the cases (30–70%), both the hips are affected by 
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the lesion [4]. The cause of AVN of the head of the femur is yet unknown. However, 
several risk factors have been linked to the development of this disease.

Sickle cell anemia, alcohol consumption/abuse, hemoglobinopathies, myeloprolif-
erative disorders, chemotherapy, pregnancy, genetic susceptibility are chronic steroid 
usage, smoking, coagulopathies, leukemia, ionizing irradiation, and HIV infection 
are considered as the main risk factors [4]. The fundamental pathophysiologic cause 
of osteonecrosis in sickle cell disease is the obstruction of micro vessels, resulting in 
ischemia and oxygen and nutrition deprivation of the afflicted bone [5].

Sickle cell disease is the most common cause of osteonecrosis in children, with a 
prevalence incidence of 3% before 15 years. Sickle cell trait is thought to be primar-
ily protective, particularly in the case of malaria. Despite this therapeutic benefit, 
afflicted carriers might have various problems and clinical sequelae, including 
exercise-related injury, venous thromboembolism, and renal difficulties [1, 6].

The possibility of AVN of the femoral head in sickle cell trait was reported by 
Perumal and Corbett [7]; however, there is a need for additional research. This index 
case describes and raises awareness of a vascular necrosis of the femoral head and its 
relationship to sickle cell trait.

The autosomal recessive genetic disorder sickle cell disease is marked by abnormal 
sickle hemoglobin synthesis and reduced pliability of red blood cells. It causes blood 
arteries to clog, resulting in ischemia and infarction of the afflicted tissue [8]. Despite 
being indigenous to tropical Africa and the Middle East, it has become a worldwide 
disease due to population movement [9].

One of the most prevalent sickle cell disease clinical signs is bone involvement, 
which can vary from an acute severe vaso-occlusive crisis to a persistent impairment 
such as a vascular necrosis. Pathological fractures, septic arthritis, osteonecrosis, and 
osteomyelitis are orthopedic consequences of sickle cell disease [10].

The most common location for a vascular necrosis in sickle cell disease is the 
femoral head, followed by the shoulder, knee, and other minor joints [11]. A vascular 
necrosis of the femoral head causes hip osteoarthritis and reduces its functional capa-
bility. To avoid morbidity and mortality associated with late diagnosis, osteonecrosis 
must be diagnosed early and treated promptly. The majority of orthopedic surgeons 
advocate complete hip replacement to increase functional capacity [12].

In sickle cell disease patients, aberrant metaphyseal femoral morphology with 
thin cortices and trabeculae, low bone density, and medullary hyperplasia are only 
a few skeletal abnormalities that affect the hip joint. The femoral canal can also be 
obliterated by irregular bone sclerotic regions, resulting in hip joint congruency loss. 
Thinned femoral cortical lining inside the outer cortex might sometimes seem like a 
femur inside a femur [13].

The disturbance in the proximal femur’s blood supply causes a vascular necrosis 
of the femoral head, known as osteonecrosis. Each year, between 10,000 and 20,000 
new cases are recorded in the United States alone [14]. It can be caused by a multitude 
of factors, both traumatic and nontraumatic. Fractures, dislocations, chronic steroid 
usage, prolonged alcohol use, coagulopathy, and congenital reasons are only a few of 
the causes.

A vascular necrosis of the femoral head is a devastating illness requiring health-
care providers to look for its symptoms. This exercise will provide you with a sum-
mary of the etiology and treatment options, as well as some clinical pearls.

The lateral and medial circumflex branches of the profunda femoris, which is a 
branch of the femoral artery, give the bulk of the blood flow to the head of the femur. 
It is known that the profunda femoris is the deep penetrating branch present in the 
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upper thigh region. A ring around the femur’s neck is created by joining medial and 
lateral circumflex femoral arteries. This is the place from which many tiny arteries 
branch for perfusing the femoral head.

The foveal artery, also known as the ligamentum teres artery, is another direct 
route of blood flow. The femur head is linked to the acetabulum through the ligamen-
tum teres. The foveal artery flows through the ligament, but its contribution is only 
noticeable in children [15].

Two significant anastomoses provide collateral blood flow for supporting femoral; 
although, the flow is limited;

• Cruciate anastomosis—it maintains flow between medial circumflex femoral 
and inferior gluteal artery.

• trochanteric anastomosis—it maintains flow between medial/lateral circumflex 
femoral and superior gluteal artery.

The internal iliac artery, also known as the hypogastric artery, is the major artery 
of the pelvis and nourishes a portion of the buttock and posterior thigh [15]. The 
common iliac artery is derived from the aorta, and the internal iliac artery is derived 
from it.

The socket of the hip, the acetabulum, is the place where the femoral head is 
connected. The acetabular branch of the obturator artery provides blood supply to 
the acetabulum, along with the deep branches of the superior gluteal artery and pubic 
branches of the obturator artery. Disruption of the blood flow to the head of the 
femur might produce ischemia and necrosis due to restricted collateral circulation. 
The osteocytes will die, the articular surface will crumble, and degenerative arthritis 
will develop if the blood supply is not restored quickly [16].

2. Etiology

The etiology of AVN of the femur head is not well established. But several condi-
tions have been regarded as risk factors for its development.

The dislocation and fracture involving femoral neck fracture and the acetabulum 
are among the most common traumatic causes. A vascular necrosis can result dur-
ing sorts due to damage of the blood supply to the head of the femur, which is easily 
disturbed in some traumas associated with sport activities. In total, 15–50% of femur 
neck fractures and 10–25% of hip dislocations are caused by osteonecrosis [17].

Most nontraumatic etiologies are represented through increased alcohol use and 
chronic use of steroids, accounting for >80% of the cases. After trauma, the second 
most common cause of osteonecrosis is steroid-associated osteonecrosis. The actual 
pathogenesis is unknown and most likely complex despite indications of an associa-
tion between steroids and osteonecrosis. Fat emboli, fat cell hypertrophy leading 
to increased endothelial dysfunction, bone marrow stem cell pool abnormalities, 
intraosseous pressure, and hyperlipidemia are all possible contributors to ischemia 
and necrosis [18].

There is a lack of understanding about alcohol-induced osteonecrosis. However, 
proliferation, bone marrow fat cell hypertrophy, blood vessel occlusion, subsequent 
lack of perfusion, changes in serum lipid levels, and increased intraosseous pressure 
are known to cause osteonecrosis [19].



Sickle Cell Disease

6

Osteonecrosis is frequently triggered by sickle cell disease. Ischemia and bone 
infarction result from the malformed inflexible red blood cells, with the femoral 
head being the most prevalent location of osteonecrosis in these patients [20]. 
Autoimmune and chronic inflammatory illnesses, such as systemic lupus erythemato-
sus, have long been linked to femoral head osteonecrosis. Long-term steroid therapy 
is frequently related to developing the illness in these people, while there have been 
instances among steroid naïve.

Perthes, which affects the pediatric population due to idiopathic a vascular necro-
sis of the femoral head. There is an increased risk of osteoarthritis and losing range of 
motion due to lack of blood supply resulting in necrosis of the femoral head leading to 
deformity. The progression of disease takes place in four steps as follows [21];

• Necrosis—it is when necrosis begins due to disruption of blood supply.

• Fragmentation—resorption of necrotic bone takes place that is replaced with 
woven bone, with increased susceptibility of either collapsing or breaking.

• Re-ossification—development of stronger bone.

• Bone remodeling—completion of bone regrowth and finalized shape, considering 
the damage caused during the second phase of fragmentation.

The development of femoral head osteonecrosis has also been linked to vascular 
disease caused by diabetes and direct injury by cytotoxic chemicals [22].

3. Epidemiology

A vascular necrosis of the femoral head is expected to develop at a rate of 20,000–
30,000 new cases each year in the United States, accounting for 10% of the approxi-
mately 250,000 total hip arthroplasties performed each year [23]. This number is 
comparable to the 0.01% incidence observed in German-speaking nations and the 1.9 
per 100,000 incidences reported in Japan.

There is no link between race and sickness, except in cases of sickle cell disease, 
which is more common among people of African heritage. Overall, men are more 
likely than women to have this illness, with studies predicting ratios ranging from  
3 to 5 to 1 [24]. The average age of the patients at the time of therapy is between 33 
and 38 years old [14].

4. Pathophysiology

The actual pathophysiologic processes behind a vascular necrosis of the femoral 
head are not always evident, and the condition is commonly thought to be complex 
[4]. The consequence is the death of osteocytes and bone marrow due to inadequate 
blood supply to the subchondral bone of the proximal femur, regardless of the caus-
ative event [17]. If not treated adequately in the early stages, this cell loss will collapse 
the femoral head and subsequent osteoarthritis. It is also clear in literature that the 
AVN is inevitable end result in some conditions.
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5. History of the disease

Early on in the illness phase, patients may be asymptomatic. However, when they 
become symptomatic, the most common complaint is hip discomfort that might 
extend to the groin and thigh. Activities such as climbing stairs and walking worsen 
the discomfort, which is relieved by relaxation. Even when there is no movement, 
the pain will often persist [4]. Restricted range of motion, soreness on palpation, and 
discomfort during abduction and internal rotation of the hip area are some physical 
exam findings suggestive of femoral head osteonecrosis.

Total hip replacement is one of the most satisfying procedures and has been 
dubbed the “century surgery” due to its nearly 50-year track record of success [25]. 
Total hip replacement became popular in the 1960s to restore hip function and, as 
a result, everyday activities. Since then, surgical technique and surgeon training 
advancements have led to today’s condition of high-quality prosthetic implants, 
well-proven surgical indications and contraindications, and evidence-based pre- and 
postoperative treatment.

On average, 85–95% of hip replacement patients survive [26]. Total hip replace-
ment for sickle anemia is a complicated treatment with medical, intraoperative, and 
postoperative problems. The success necessary to medically optimize patients and 
improvements in surgical procedures and prosthetic implant manufacturing has 
yielded equivalent outcomes for sickle cell anemia patients.

Adherence to proper perioperative measures such as hydration, body temperature 
management, oxygenation, and a hemoglobin level of over 10 mg/dl contributes 
favorably to the outcome and is relatively simple to implement. Intraoperative 
complications such as soft tissue contractures, bone fractures, and perforations are 
challenging to manage and are a primary cause of poor results [27].

There is a need for further improvement for a hip replacement among the affected 
individuals, considering the impact of bony involvement such as scoliosis or soft 
tissue conditions. One such condition is Periarticular Contracture on hip replacement 
such as degenerative hip and spine for sickle cell anemia elderly patients.

6. Evaluating sickle cell disease

Early detection can have a significant impact on the result. The clinical presenta-
tion is combined with adequate imaging to make a diagnosis. X-rays, radionuclide 
bone scanning, and magnetic resonance imaging (MRI) are all examples of imaging. 
Imaging in the context of a patient’s symptoms can aid in determining the best course 
of treatment.

Usually, the plain-film radiography is performed in two planes, using both frog-leg 
lateral and anterior–posterior films. Subchondral radiolucency, often known as the 
“crescent sign,” is a pathognomonic indication of subchondral collapse. The “donut 
sign,” which is a ring of enhanced uptake around a chilly core, might appear when 
Technetium-99 m is absorbed. At the demarcation, where reactive bone meets dead 
bone, this indication signifies increased bone turnover [23].

The gold standard for diagnosing osteonecrosis is an MRI. X-rays and radionuclide 
scans can also help diagnose, but none is as sensitive or accurate as MRI to detect 
radiographic evidence early in disease development. When determining a patient’s 
prognosis and devising a treatment plan, MRI can identify bone marrow alterations, 
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the size/location of the necrotic region, the influence on acetabular cartilage, the 
depth of collapse, and so on [4].

The amount of necrosis can be classified if appropriate imaging has been obtained. 
While there are other staging systems available, the Steinberg staging system is the 
most often utilized. It specifies the seven stages illustrated in Table 1.

In patients with suspected osteonecrosis, a laboratory workup should be per-
formed to help rule out alternative causes of hip pain and check for concomitant 
conditions. The lipid panel, C-reactive protein (CRP), anti-nuclear antibody (ANA), 
hemoglobin electrophoresis, a complete blood count (CBC), erythrocyte sedimenta-
tion rate (ESR), rheumatoid factor (RF), and anti-cyclic citrullinated peptide  
(anti-CCP) are some of the tests that may be used in a workup.

Elevated ANA and RF are nonspecific indicators of active autoimmune disease. 
Inflammatory processes raise both ESR and CRP. However, they are nonspecific. 
Rheumatoid arthritis is associated with elevated anti-CCP antibodies, whereas sickle 
cell disease is associated with HbS and a low quantity of HbF on hemoglobin electro-
phoresis [28].

A CBC with indications of normocytic or microcytic anemia and a high reticulo-
cyte count is also constant with a sickle cell disease diagnosis. Sickle cell disease and 
rheumatoid arthritis are two disorders that can lead to femoral head osteonecrosis and 
produce hip discomfort even if there is no osteonecrosis.

A biopsy is rarely required because the diagnosis can frequently be determined 
precisely based on imaging and clinical presentation. If a biopsy is taken, the typi-
cal histological results will be trabecular necrosis (more than 50% empty osteocytic 

Stage Features

0 Normal radiograph, bone scan, and MRI

I Normal radiograph, abnormal bone scan, and or magnetic resonance imaging
IA Mild (involves less than 15% of the femoral head).
IB Moderate (involves 15–30% of the femoral head)
IC Severe (affects over 30% of the femoral head)

II Cystic and sclerotic change of the femoral head
IIA Mild (involves less than 15% of the femoral head)
IIB Moderate (affects 15–30% of the femoral head)
IIC Severe (affects more than 30% of the femoral head)

III Subchondral collapse (crescent sign) without flattening of the femoral head
IIIA Mild (involves under 15% of the femoral head)
IIIB Moderate (affects 15–30% of the femoral head)
IIIC Severe (affects over 30% of the femoral head)

IV Flattening of the femoral head/femoral head collapse
IVA Mild (involves under 15% of the femoral head)
IVB Moderate (involves 15–30% of the femoral head)
IVC Severe (affects more significant than 30% of the femoral head)

V Joint space narrowing and acetabular changes
VA Mild
VB Moderate
VC Severe

VI Advanced degenerative joint disease

Table 1. 
Steinberg staging system [23].
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lacunae) and necrotic hematopoietic marrow, with no signs of inflammation, tumor 
cells, or sepsis [29]. Similarly, angiography tests are rarely regularly conducted, despite 
their excellent vasculature imaging, and may aid in disease pathology research [28, 30].

7. Disease management

A vascular necrosis of the femoral head can be treated in different ways, such as 
they can be treated through conservative to invasive methods. The particular therapy 
used is determined on the basis of the patient’s condition individually along with a 
variety of circumstances for optimal results. All considered are the patient’s age, loca-
tion and extent of necrosis, comorbidities, amount of pain/discomfort, and whether 
the articular surface has collapsed. Treatments, which include both operational and 
non-operative approaches, are best applied during the pre-collapse period. Femoral 
head necrosis, if left untreated, can develop subchondral fractures in as little as 
2–3 years [31].

Treatment options should be depending on the severity of the lesions, but primar-
ily on whether or not they have collapsed. In asymptomatic and symptomatic small to 
medium-sized pre-collapse lesions, non-operative therapies or core decompression 
can be beneficial. Bone grafts (non-vascularized or vascularized) or osteotomies can 
be used to treat medium-to-large lesions. Arthroplasty is recommended if there is 
femoral collapse or acetabular involvement.

The term “conservative management” refers to a group of non-operative therapies. 
Physical therapy, reduced weight-bearing, alcohol abstinence, steroid discontinu-
ance, pain management medication, and focused pharmacologic treatment are only 
a few examples. Because the time it takes for a vascular necrosis of the femoral head 
to develop and collapse varies widely, and data are poor, there is no consensus on 
conservative therapies. Despite the fact that minor asymptomatic lesions can heal 
independently, the majority develop and require treatment.

Off-label usage of statins, anticoagulants, vasodilators, and bisphosphonates 
has been attempted to revascularize the femoral head. Vasodilators, such as iloprost 
(PGI2), work by lowering intraosseous pressure and increasing blood flow [32]. 
Statins inhibit the development of stem cells into fat cells, lowering intraosseous 
pressure and improving perfusion [33]. Anticoagulants such as enoxaparin are used 
to prevent osteonecrosis from progressing due to thromboembolic events and hyper-
coagulability [34]. Bisphosphonates, such as alendronate, block osteoclasts’ ability to 
reduce bone resorption [35].

There is still no significant consensus on the efficacy of any of these drugs over 
another, despite the availability of a multitude of pharmacologic treatment options. 
In general, intra-articular steroid injections are not advised. The benefits of steroid 
injections are generally fleeting, and their usage might exacerbate a vascular necrosis; 
although, they can give pain relief.

For individuals who require more intrusive therapy, there are many surgical 
choices. They are classified as either joint preservation techniques or joint reconstruc-
tion procedures. Bone grafts, osteotomy, core decompression, biologics, and cellular 
treatments are examples of joint preservation operations, whereas joint replacement 
is an example of reconstructive interventions.

The lateral approach was used for all surgeries. The incision was made around 
8 cm down the line of the femur, 5 cm proximal to the tip of the greater trochanter 
longitudinal incision centered over, the greater trochanter’s tip. The fascia lata was 
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split and retracted anteriorly during the superficial dissection, exposing the gluteus 
medius tendon.

The gluteus medius fibers that were connected to the fascia lata were removed 
using sharp dissection. Deep dissection separated the gluteus medius fibers longitudi-
nally, commencing in the center of the greater trochanter and extending the incision 
inferiorly via the vastus lateralis fibers to avoid harm to the superior gluteal nerve 
[10]. The anterior greater trochanter and its underlying gluteus minimus formed an 
anterior flap in the anterior gluteus medius.

To expose the anterior joint capsule, the anterior region of the vastus lateralis 
needed forceful dissection of the muscles from the bone or lifting specks of bone 
where possible. Following anterior dissection down the greater trochanter and onto 
the femoral neck, the gluteus minimus capsule was freed from the anterior greater 
trochanter, allowing for simple hip dislocation.

To avoid problems or fractures, enough exposure and attentive soft-tissue manip-
ulation were used. In patients with a sclerotic and constricted femoral canal, extra 
measures were used during femoral stem preparation [10]. To avoid femoral stem 
perforation, sequential reaming over guidewire was performed.

The patients are likely to get routine physical therapy for total hip replacement 
after surgery, including patient education, pain management, range of motion, and 
muscle-strengthening activities. Partially weight-bearing was allowed for the first 
6 weeks, followed by full weight-bearing. Ten to twenty-one days after surgery, the 
patients were discharged from the hospital.

The most common intervention during pre-collapse phases is core decompression, 
which involves the surgical removal (by drilling) of damaged tissue from the interior 
of the femoral head to reduce pressure and enhance perfusion. Cell treatments have 
been utilized as adjuvants to core decompression. They have been found to be safe, 
with better clinical results and a lower rate of disease progression than core decom-
pression alone [36, 37].

However, core decompression shows good results, and it is considered a good 
option for symptomatic small to medium-sized pre-collapse lesions. It is not recom-
mended in case of a collapsed femoral head.

Bone grafting is a therapy option for more extensive lesions that do not collapse 
prematurely. The bone graft is likely to be obtained as a vascularized bone graft 
from another part of the patient’s body along with intact vasculature, an autograph 
from another part of the patient’s body, or an allograft from another person via a 
bone bank. The vascularized bone transplant has the extra benefit of transporting a 
fresh blood supply, which can help with revascularization and perhaps revitalize the 
necrotic zone.

The removal of segments of bone to change the weight distribution of the joint 
to the healthy, uninvolved bone is known as osteotomy. Angular intertrochanteric or 
rotational trans-trochanteric operations, in which the necrotic portion of the femoral 
head is shifted away from weight-bearing regions, supposedly enabling healing or 
slowing development [38], are common examples.

If the injury is severe, the hip has collapsed, and/or there is acetabular involve-
ment, arthroplasty (removal of the ball-and-socket joint and replacement with a 
prosthesis) may be necessary [23]. While there have been improvements in hard-
ware such as low-wear surface bearings that have significantly improved the out-
come of hip replacement in the setting of osteonecrosis in the last 20 years [4], the 
outcome of hip replacement in the setting of osteonecrosis has previously shown 
mixed success rates.
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The patients who underwent congruous hip joint radiologically were diagnosed 
to have infarct area > 30% through magnetic resonance imaging. These patients are 
likely to have previous joint preservation treatments (core decompression); however, 
pain alleviation did not seem to benefit from them. The patients undergoing an incon-
gruent hip joint with arthritic alterations are likely to use an uncemented complete 
hip replacement (Figures 1–3).

Figure 1. 
(a) Preoperative hip joint with subchondral collapse and loss of acetabular congruency; (b) postoperative hip 
joint with a prosthesis.

Figure 2. 
(a) Preoperative hip joint with preserved acetabular congruency; (b) postoperative hip joint with a prosthesis.
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8. Musculoskeletal changes

Surgical treatment, such as total hip replacement, is the last resort to address the 
changes occurring in the hip joint due to a vascular necrosis and secondary osteoar-
thritis in sickle cell anemia, even though there are less invasive procedures such as 
core decompression and trap door procedure that can and should be offered earlier to 
alter the situation.

It is important to remember that the presence of soft tissue changes such as 
contracture or infection, as well as skeletal findings such as the loss of the medul-
lary canal, variation in bone quality, bone load resistance, and spine vertebral 
segmental collapse with a vascular necrosis, all affect the outcome of total hip 
replacement. Patients with just hip joint alterations are likely to have a better 
prognosis, but those with multiple musculoskeletal changes are expected to have a 
range of outcomes.

There is the proportional correlation of medullary obliteration acetabular periar-
ticular infarct (Figure 4a and b), spine vertebral column collapse with kyphoscoliosis 
(Figure 5), and soft tissue hip and knee contractures (Figure 6) with the severity of 
preoperative symptoms, postoperative Harris Hip Scores (HHSs), and intraoperative 
difficulties. Other characteristics contributing to a lower hip score include severe leg 
length disparity, obliteration of the medullary cavities, soft tissue contractures, and 
poor bone quality [39].

Sickle cell disease is linked to a variety of orthopedic conditions, including femoral 
head osteonecrosis. Leg length difference is caused by lumbar spine involvement with 
osteonecrosis and collapse with subsequent sclerosis. Intraoperative blood loss should 
be avoided as feasible in patients with a high difficulty score, and blood transfusions 
should be administered as needed.

Figure 3. 
Postsurgical head of the femurs; (a) Femur’s round head; (b) Femur’s triangular head.
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Figure 4. 
(a) Advanced bilateral a vascular necrosis away from hips; (b) unilateral a vascular necrosis restricted to the left hip.

Figure 5. 
Scoliosis of the spine secondary to a vascular necrosis.
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Sickle cell anemia is a kind of anemia that affects vascular necrosis, which affects the 
hip joint early in a patient’s life. As sickle cell anemia patients’ survival rates improve, it 
is more likely that hip replacement and revision procedures will be performed sooner 
than expected [40]. Infarcts cause most instances with boney infarct without loss of 
congruency with intraosseous compartmental pressure of the femoral head, which may 
benefit from core decompression [39]. Hips become complicated since the disease has 
deteriorated owing to weakness, stiffness, and a lack of desire by the time they present.

The time necessary for surgery is equivalent to the time required for a problematic 
main hip, and our findings are consistent with those of other writers. Technical chal-
lenges observed during surgery included the severity of localized disease alterations 
such as stiffness, femoral canal obliteration, and acetabular bone stock variation due 
to cysts, sclerosis, and protrusio in rare cases.

Intraoperative blood loss varies according to these technological challenges, 
necessitating more blood transfusions. Our study’s duration is longer than predicted 
compared with previous studies on primary total hip replacement (THR), which had 
mean operational times of 89 minutes and 12,328 minutes. The mean intraoperative 

Figure 6. 
Soft tissue hip and knee contractures.
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blood loss was 1600 ml, more significant than the 1090 ml, 984 ml, and about 371 ml 
reported in primary THR.

The acetabulum of the femur can both be perforated and fractured. The indi-
viduals who had femoral perforation did not require any additional treatment. The 
channel was ultimately discovered, and the stem was able to avoid the hole. A sickler 
and a young guy with steroid-induced AVN both had acetabular perforation. Due to 
severe irregularity and a poor acetabular floor, the hole developed during reaming. 
In sicklers, Al-Mousawi [41] found acetabular perforation, femoral perforation, and 
fractures identical to our findings.

At birth, the hip joint lacks sphericity and congruency. It is also prone to sublux-
ation and dislocations due to its lack of rigidity. A deeper spherical acetabular cavity 
occurs due to stress and musculoskeletal alterations, enhancing joint stability [42].

Osteoarthritis of the hip can be caused by various developmental disorders defined 
by a lack of hip joint congruency. However, femoroacetabular impingements might 
be a secondary cause of osteoarthritis [43]. Patients with a lack of congruency were 
thought to have more significant clinical problems, and complete hip replacement in 
these patients would result in substantial functional benefits.

9. Postoperative care

After surgery, the patients got routine physical therapy for total hip replacement, 
including pain management, muscle-strengthening activities, patient education, and 
range of motion. Partially weight-bearing was allowed for the first 6 weeks, fol-
lowed by full weight-bearing. Ten to twenty-one days after surgery, the patients were 
discharged from the hospital.

The functional results were assessed using the Harris Hip Score (HHS) [44]. To 
evaluate functional results clinically and radiographically, all patients were followed 
up at 6-week intervals and subsequently at 6-month intervals. Loosening, dislocation, 
and heterotopic ossification were all looked for on radiographs.

Surgical problems, infection, loosening, and dislocation were all considered 
failures, necessitating revision replacement surgery. Patients were examined by a 
hematologist and the research author at each follow-up, and medical and surgical 
problems were recorded.

10. Differential diagnosis

A vascular necrosis of the femoral head symptoms coincides with other etiologies that 
should be considered in a differential diagnosis. The first is bone marrow edema syn-
drome (BMES), also known as temporary osteoporosis, which develops due to an acci-
dent, increased physical activity, or osteoarthritis. This syndrome manifests as sudden, 
atraumatic hip discomfort that is self-limited and usually fades within a year (Table 2).

Magnetic resonance imaging or extensive bone marrow edema gives the condi-
tion its name; imaging is frequently essential [45]. A subchondral fracture, which 
commonly arises as a fracture following minor trauma in the elderly, in the setting 
of osteoporosis leading to subchondral insufficiency, is another disorder that can be 
mistaken with osteonecrosis of the proximal head of the femur.
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11. Prognosis

Many variables influence the prognosis of femoral head osteonecrosis. The point 
at when it is diagnosed is one of them. The sooner an illness is diagnosed, the more 
successful the preventative measures are and the better the prognosis.

Moreover, there are markers of a poor prognosis such as lateral head involvement, 
age > 50 years, and involvement of greater than one-third of the weight-bearing 
portion of the femoral head, along with the disease advancement when the diagnosis 
is being made [46]. A patient’s prognosis might differ and should be decided by a 
skilled physician following an adequate examination; although, one or more of these 
characteristics are present [47].

12. Complications

Joint discomfort worsens with time, decreased range of motion, and osteoarthritis 
are all complications [48]. Patients may have a considerable handicap as a result of 
these consequences.

13. Consultations

A trained orthopedic surgeon should be consulted for an expert examination when 
a practitioner believes a patient has femoral head osteonecrosis.

14. Deterrence and patient education

Patients should seek medical attention if patients are suffering discomfort in their 
hips, thighs, or buttocks. Specific patient populations should be informed of the risk 
factors and tested as appropriate because early a vascular necrosis of the femoral head 
might be asymptomatic.

Patients on long-term steroid treatment, long-term bisphosphonates, heavy alcohol 
usage, hemoglobinopathies, chemotherapy or radiation patients, and those who sustain 
damage to the hip and surrounding region are all examples of higher-risk patients [23].

Complex regional pain syndrome

Inflammatory synovitis

bone marrow edema syndrome (BMES)

Osteomyelitis

Osteoarthritis

Osteoporosis

Soft tissue trauma

Table 2. 
Problems faced by patients in osteonecrosis.
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15. Enhancing healthcare team outcomes

Many inter-professional individuals’ makeup healthcare teams, including (but 
not limited to) a physician, nurse practitioner or physician assistant, pharmacist, and 
nurse. All members of this team who treat patients with a vascular necrosis of the 
femoral head must recognize the problem, engage in a qualified care plan, and seek 
expert advice when necessary. The pharmacist can assist in evaluating drug regimens, 
both in the lead-up to AVN and in attempts to treat AVN pharmaceutically, and can 
report any concerns to the physician.

If surgery is required, an orthopedic specialist will lead the treatment, and nursing 
will assist in preparing the patient for surgery, monitoring the patient during and 
after surgery, and checking on treatment efficacy as well as administering postop-
erative medications, all while keeping an eye out for adverse effects that should be 
reported as soon as possible.

Patients should be educated about the dangers of drinking by primary care provid-
ers, especially nurses. In addition, doctors should use the lowest effective dosage of 
corticosteroids when prescribing them. Patients taking long-term corticosteroids 
should be queried about hip discomfort at every clinic visit by nurses and doctors. 
The pharmacist should educate patients about the importance of quitting smoking 
and collaborate with physicians to develop pharmacological aids to help smokers quit. 
Patients should be educated on the signs and symptoms of AVN to seek treatment as 
soon as possible.

Each inter-professional healthcare team member’s awareness and knowledge of a 
vascular necrosis of the femoral head will enhance patient treatment and prognosis 
outcomes.

16. Conclusion

In sickle cell anemia patients, the primary total hip should be adequately prepared; 
we believe lumping all sickle cell hip a vascular necrosis together is unjust to patients 
and surgeons. While some of these individuals may be treated with ease, others have a 
greater degree of difficulty, as evidenced by the existence of musculoskeletal altera-
tions that are not limited to the hip joint.

A thorough history, physical, and radiological examination focusing on these pre-
dictors of poor prognosis are required to distinguish between the two groups. Strict 
preoperative optimization is needed, as well as a well-stocked implant arsenal for hip 
replacement. Technically, the hips of sickle cell anemia patients with a high difficulty 
index are complex; challenges should be anticipated and addressed to minimize a 
high rate of intraoperative problems, increased operation duration, and blood loss. 
Primary hip replacement in sickle cell disease patients is prevalent and might be 
 challenging to do.
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Chapter 2

Digital Health Interventions to 
Empower People with Sickle Cell 
Disease: Toward Patient-Led 
Design
David-Zacharie Issom

Abstract

This chapter will provide a state of the art of digital health interventions for people 
with sickle cell disease. It will use WHO classification of digital health interventions 
to elaborate on existing intervention, the gaps, and how technology could be useful to 
support people with sickle cell disease. A description of the existing possibilities, the 
current trends, and the future opportunities will be provided. As well, methodologies 
to increase patient adherence to digital health interventions, the importance of par-
ticipatory approaches, open innovation, and patient-led approaches to designing such 
interventions will be discussed. Importantly, a holistic/planetary health approach will 
be chosen to introduce the subject and ensure to keep a broad eye on the domain and 
to include sustainability challenges.

Keywords: digital health interventions, artificial intelligence, self-management, 
integrated care, patient empowerment, participatory design

1. Introduction

Sickle cell disease (SCD) is the world’s most common monogenic pathology. SCD 
is a complex multisystem red blood cell disorder, which leads many patients to experi-
ence acute life-threatening dysfunctions and chronic complications. The hallmarks 
of the disease are vaso-occlusive pain crises (VOCs), avascular necrosis, hemolytic 
anemia, endothelial dysfunction, transient ischemic attacks, acute chest syndrome 
(ACS), bacterial infections, and chronic inflammation. These complications cause 
reduced Health-Related Quality of Life (HRQoL) and increased mortality [1].

To limit complications and reduce early mortality, integrated care, also known as 
comprehensive and coordinated care (CPC), is paramount. Indeed, CPC has demon-
strated efficacy in improving health outcomes of people affected by multisystemic 
diseases such as diabetes [2]. In the case of SCD, CPC shall cover different forms of 
care provision, including acute care (e.g., treatment of VOCs), usual care, defined 
as routine evaluations and treatments (e.g., transcranial Doppler testing), chronic 
transfusion therapies, or disease-modifying treatments (e.g., hydroxyurea) [3]. 
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The latter treatments remain underutilized and limited [4]. Access to curative options 
(e.g., hematopoietic stem-cell transplantations, gene therapy) remains restrained [5]. 
As well, specific comprehensive and preventative care (CPC) programs are inconsis-
tently available for most people with SCD [6]. Consequently, many patients do not 
receive adequate treatment, as outlined by evidence-based guidelines, and may suffer 
from mistrust, stigmatization, or neglect [7].

As a result, patients must rely heavily on themselves and their community to manage 
symptoms, maintain control over the course of the disease, and preserve an acceptable 
level of Health-Related Quality of Life (HRQoL) [4, 8]. Because of its complexity, SCD 
self-management can be particularly challenging to master [9]. Indeed, self-manage-
ment covers various aspects, ranging from self-care in hospitalization, post-hospital-
ization care, hospital-at-home care, preventive care, health maintenance, or self-care 
aspects such as self-monitoring, self-diagnosis, self-treatment [10, 11].

For instance, every day, patients should take prescribed drugs, follow a healthy 
diet, hydrate frequently, avoid strenuous exercise, check indicators of anemia, which 
could manifest by increased pallor, dark urine color, or jaundice. As well, patients 
should observe warning signs of complications, monitor and treat their chronic or 
acute pain with prescribed medication and other nondrug therapies (e.g., breathing 
exercise, physical therapy, phytotherapy), or pay attention to numerous and omni-
present potential precipitants of VOCs [9, 10].

Such triggers include certain food, stress, infections, acidosis, dehydration, 
fatigue, hypoxia, alcohol intoxication, daytime exertion, exercise, airline travel, alti-
tude, pregnancy, nocturnal hypoxemia, or environmental factors including pollution, 
exposure to the elements, change of temperatures, wind, or humidity [12–15]. The 
quantity and complexity of these factors demands autonomy, resilience, high self-
efficacy, and empowerment levels, as well as adequate psychosocial support [16, 17].

Due to their socioeconomic positions, most patients lack such skills and con-
sequently adherence to recommended treatments, self-care recommendations, or 
attendance to routine clinic appointments (RCA) remains low [18]. However, some 
patients have proven to be exceptions. As long-term users of healthcare services, some 
acquired knowledge that made them efficient navigators of healthcare systems, while 
gaining singular expertise in self-management, succeeding to learn how they could 
improve their HRQoL [19, 20].

As Ballas et al. [20] pointed out, these strongly equipped patients succeeded to 
identify their own best self-care practices or became able to notice and react to warn-
ing signs from their body. Some would journal their symptoms, manage their pain 
successfully, follow adequate dietary habits, practice moderate physical activity, or 
attend RCA [21, 22].

The complex nature of SCD such as a high individual and population variability, 
or a rising number of people affected due to lack of systematic screening, poor 
awareness about the disease or migrations of populations [23], its scientific and social 
history, its high economic burden, and the diversity of the endogenous and exogenous 
factors combining to influence health outcomes (e.g., multifaceted health disparities, 
stigma, racism, underfunding) require researchers and policymakers to take care of 
SCD through various lenses [24].

For all these reasons, it appears particularly relevant and urgent to investigate 
cost-effective and easily scalable interventional strategies to prevent serious compli-
cations, avoid hospitalizations, and more generally, empower and improve the quality 
of life of people with SCD.
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2. Strategies to empower people with SCD

Given SCD global burden, the complexity, and number of challenges to be over-
come (e.g., neglect, continuous rise, stigma, underfunding) [25–29], it is important to 
prioritize effective interventions and shorten the timeframe for action. Fortunately, 
after the great advances in the 1970s (e.g., American civil rights organizations prom-
ised to vote for the future President Nixon if policies and funding were put in place 
to counter SCD), FDA approval of Hydroxyurea in 1995 [30], repeated calls to action 
during the last couple of years and recent advances in genomics [26–28, 31], SCD 
has been increasingly regarded as an interesting model to study and address from 
different angles in particular since 2017 [32–39]. This renewed interest opens hope 
that research advances could enable possibilities of generalization, reutilization, 
and transfer to other NCDs, while subsequently empowering more populations and 
enhancing life opportunities.

To move forward in a coordinated manner, and to effectively shape health 
and social policies aiming at empowering underserved populations, global 
health agents need a clear strategy, a unified agenda, and a strong commitment 
with the adequate resources. To proceed, the American National Academy of 
Sciences [40], the WHO, and various scholars have proposed priority targets for 
SCD [4, 26, 41–44].

These recommendations range from installing national surveillance programs, 
promoting better use of disease-modifying treatments, increasing the funding of 
disease-specific research, raising awareness, improving pain relief management, 
tackling systemic violence (e.g., stigma, racism), improving training for healthcare 
providers, increasing the numbers of specialists, promoting access to comprehensive 
and preventative care, empowering communities, creating therapeutic education 
programs, supporting self-care management, and encouraging the use of Information 
and Communication Technologies (ICTs) [4, 26, 41, 42].

3. Digitalization as a lever to reduce health inequalities

As research suggests (e.g., health impact pyramid), interventions that could 
empower as many individuals as possible should be prioritized [45, 46]. Today, as 
the International Telecommunication Union (ITU) illustrates [47], Information and 
Communications Technologies (ICTs), thanks to their increasingly important pres-
ence in people’s daily lives (e.g., smartphones, smart sensors), could play major roles 
in driving rapid social transformation, empowering populations from their social 
determinisms, and accelerating the achievement of challenges of the centuries such as 
the Sustainable Development Goals (SDGs) [48].

Recent years have seen the rise of digital technologies in the healthcare sector  
(e.g., computerized drug prescription systems reducing risks of medical errors, 
remote surgery, early detection of seizures or heart failures) [49]. To achieve most 
vital SDGs such as no poverty, no hunger, good health and well-being, exploring the 
potential of digital health technologies seems particularly relevant to empower people 
with SCD and reduce the health inequality gap.

As the WHO acknowledged, thanks to their potential to be scaled up rapidly to 
reach large numbers of people, digital technologies hold the potential to accelerate a 
decline in health inequalities through disease-specific actions [50].
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Notably, stressing the importance of ensuring that such tools provide an evidence-
based improvement in health outcomes, the WHO emphasizes that such interventions 
should (i) complement and (ii) enhance health system functions through the acceleration 
of the exchange of information, (iii) improve access to healthcare, (iv) be affordable, and 
(v) should not replace the fundamental components needed by health systems, such as the 
health workforce, financing, leadership and governance, or access to medicines [50].

The following sections describe WHO’s classification of digital health interven-
tions (DHIs) and illustrate what specific DHI characteristics might support SCD-
important challenges [51].

4. Digital health interventions

In the context of low availability of specialized healthcare service and thanks 
to potential wide reach and relatively low cost, digital health interventions 
(DHIs) could offer a potential route to help patients become experts in self-
management [52–55].

As per WHO definition, digital health encompasses various concepts including 
eHealth (i.e., effective use of information and communication for health-related pur-
poses), mHealth (i.e., provision of information and services through mobile technolo-
gies), or telemedicine (i.e., remote practice of medical interventions or examination) 
[56–58]. Additionally, digital health includes computing techniques (e.g., artificial 
intelligence, natural language processing, interoperability), which assist in extracting 
and making sense of a large volume of health-related data (e.g., genomic sequenc-
ing, medical imaging, health records, medical devices, wearables, pharmaceutical 
research, search engines, online patient communities, healthcare payor records)  
[59, 60]. Health interventions using digital technologies can be classified in four 
categories, based on the targeted primary user.

Overall, DHIs are increasingly used to provide effective, safe, and scalable inter-
ventions improving chronic patient’s health outcomes [61]. However, prior studies 
found that patients who stand to benefit most from DHIs were least likely to down-
load or use them [62, 63]. With discontinued or inconsistent use, it is less likely that 
the intended effectiveness of DHIs can be realized.

Studies have shown that DHIs responding effectively to patients’ specific 
health problems while being easy to use had better long-term engagement [64, 65]. 
Interestingly, Stenft et al. [66] demonstrated that engagement in DHIs was higher 
among patients who were dissatisfied with healthcare service delivery (HSD). 
Additionally, Lee et al. [67] suggested that these patients particularly desired to get 
access to novel technologies and would request specific digital health services keeping 
them away from hospitals. As prior studies suggest [68–70], including patients’ input 
from the start to the end of design, development and evaluation phases could help 
creating DHIs that are desired, used, and engaging in the long run.

The potential of digital health technologies for SCD is far from being fully 
exploited, and patients’ experiential knowledge is largely untapped. Indeed, most 
DHIs focus on symptom monitoring or medication adherence [71]. However, given 
the multisystemic nature of SCD, its multiple vulnerability factors, its clinical vari-
ability, and severe comorbidities, it is paramount to encompass every components 
of self-management and to comprehensively support the day-to-day and long-term 
self-care needs of patients.
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5. Categories of digital health interventions

5.1 Category 1: interventions for clients

The first category defines interventions for clients, i.e., individuals such as 
patients, citizens, or informal caregivers. The aim of such DHIs ranges from improv-
ing access to care for remote populations, disseminating targeted education to 
providers and patients through eHealth, and supporting patient empowerment with 
mHealth self-management apps targeting smoking cessation, medication dosage 
calculators, support for medication adherence, symptoms self-monitoring, or remote 
medical consultations, see Figure 1. For instance, Jacob et al.recently demonstrated 
how telemedicine could help deliver CPC to remote children with SCD in underserved 
areas [72].

Today, mHealth apps are flooding app stores, with more than 200 new apps each 
day, and a sharp rise during the COVID-19 outbreak [73–75]. Many of these apps 
can significantly improve health outcomes and support people with diverse medical 
conditions [54, 76].

In the case of SCD, some of the existing DHIs could be those that play a role in 
targeting individual behavioral factors, which are known to cause more than 35% of 
premature death and are responsible for a large proportion of disease burden [77]. 
For instance, DHIs could be greatly adapted to help reduce knowledge-based inequali-
ties among individuals with SCD (e.g., support therapeutic education and self-
management, disseminate disease-specific knowledge), or those that could improve 
awareness about the disease. Several authors have demonstrated tools to support 

Figure 1. 
Digital health interventions for clients—WHO [51].
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mental health among people with SCD. Some systems utilize text-based technology 
to conduct psychological interventions [78], while others propose effective ways to 
conduct cognitive behavioral therapy remotely using mobile apps [79].

As Figure 2 illustrates [8], self-care elements of disease management are particu-
larly important when designing mHealth apps targeting patients. Indeed, because 
good self-care practices lead to positive health outcomes, DHIs, thanks to their 
relatively low cost and wide reach, could be a potential route to support people with 
SCD’s numerous self-care management tasks, for instance, by improving their health 
literacy or increasing their self-efficacy levels [80–82].

Findings from multiple studies have identified an increasing number of digital 
health interventions aiming to support people with SCD [39, 71, 83]. However, the 
potential of digital health technologies for people with SCD is far from being fully 
exploited but has started to accelerate in the recent years. Indeed, most DHIs focus 
on symptom monitoring or medication adherence, but promising studies described 
how self-management mHealth apps could enhance patient engagement in disease 
management [71, 84, 85]. Although not comprehensive, this study provides useful 
evidence on the needs and wants of adults with SCD.

However, similar to other chronic diseases, the frequency of downloads and  
long-term adoption remains in its infancy [84]. In an attempt to tackle such an 
important issue, Philips et al. [86] and Issom et al. [87] proposed to put more efforts 
in the direction of patient-centered and patient-led approaches when designing 
digital health interventions, so we can better understand factors encouraging adop-
tion [88]. Authors suggested methodologies such as the Behavior Change Wheel 
to understand human and societal factors important to take into account to reach 
higher rates of appreciation and increased motivation in using DHIs by patients [89]. 

Figure 2. 
Role of self-care in sickle cell disease—Matthie et al. [8].
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As well, authors suggested the use of systems using lower energetical resources and 
easy to learn (e.g., chatbots) to foster adherence and reduce costs. Still, more research 
is needed and important patient-important needs (e.g., reduce the incidence of pains, 
self-care support, improve self-efficacy, increase disease-specific knowledge, support 
transition to adulthood) are yet to be tackled effectively [90, 91], but existing research 
studies are encouraging, showing potential in increasing important these important 
outcomes [92–94]. Johnson et al. [95] demonstrated the feasibility of an innovative 
way to mitigate pain crises by using wearable devices signals to monitor pain and 
attempt at predicting symptoms using machine learning approaches. Similarly, Ajayi 
et al.showed how such systems could be used to collect a wide range of  biophysical 
measurements [96]. Yet, today, most apps for people with SCD reported in the 
scientific literature focus on medication adherence or the monitoring of symptoms 
[71, 84]. Hankins and Shah analyzed the matter and the importance of adherence and 
proposed a framework to tackle medication adherence using mobile apps [97].

5.2 Category 2: interventions for healthcare providers

Research is scarce regarding DHIs for healthcare providers specialized in SCD 
[98]. Nevertheless, such digital health interventions could be helpful in support-
ing the scarcity of healthcare professionals specialized in SCD care. As Figure 3 
illustrates, the WHO promotes the development of tools such as micro-learning 
apps for healthcare provider training, decision support systems, or infrastructure 
for remote consultations. Such DHIs hold the potential to increase the pool of 
specialized healthcare providers, improve patient-provider communication, or 
coordinate care. Researchers have investigated tools to improve medical decision-
making, for instance, by providing guidance on pain management and curative 
treatment [98, 99] or by supporting diagnostic of sickle cell disease using digital 
PCR or mobile microscopy [100, 101].

5.3 Category 3: interventions for health systems or resource managers

In the case of SCD, DHIs for health systems managers (Figure 4) could be very 
useful to support the collection of populational epidemiological data (i.e., civil reg-
istration, mortality and morbidity data, geographical prevalence) and public health 
policies to provide patients with targeted support. As well, such DHIs could be helpful 
in monitoring the quality of SCD care. Today, advances in specific DHIs to help 
manage disease-specific logistics (e.g., blood products, oxygen tanks, epidemiological 
data) or to provide targeted information to clinicians susceptible to encounter people 
with SCD (e.g., clinical guidelines, emergency protocols, screening equipment) are 
lacking.

5.4 Category 4: interventions for data services

Data management is a crucial but challenging aspect of DHIs. As Figure 5 illus-
trates, DHIs for data services could benefit global health by (1) allowing patients to 
own their health data; (2) developing robust governance processes that ensure respect 
of values and principles in the use of data and risk minimization; (3) creating systems 
that allow for automated collection and aggregation of data; (4) implementing data 
interoperability standards; (5) allowing anonymized data sharing in real time; and, 
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(6) formatting and representing data so that they can be easily used by patients, 
healthcare providers, entrepreneurs, or policymakers [102].

In the case of SCD, DHIs could be crucial to foster the establishment of national 
data collection of burden of SCD. DHIs focusing on information management could 
involve supporting national disease surveillance programs, collecting of mortality 
and morbidity incidences, synthesizing PROMS, analyzing forecasting (e.g., health 
outcomes, prevalence), and mapping of socioeconomic assistance to the SCD popula-
tion or promote the creation of health data cooperatives (e.g., databases owned, partly 
financed, and controlled by the people who use it) [103–105].

6. Structural barriers to the effectiveness of digital health interventions

Setting up effective, sustained, and globally scalable digital health interventions 
that can contribute to the reduction of disparities is challenging. DHI projects often 

Figure 3. 
Digital health interventions for healthcare providers—WHO [51].
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struggle to scale up sufficiently and are often unsustainable for targeted communities 
once donor funding ceases [106]. As a result, some projects succeed in transforming 
the lives of those who have been able to access the technologies, while also disadvan-
taging those without access to them [107]. Consequently, the number of successfully 

Figure 4. 
Digital health interventions for health system managers—WHO [51].

Figure 5. 
Digital health interventions for data services—WHO [51].
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implemented digital interventions that move beyond the pilot or feasibility stage 
remains limited. Equally, if and when they pass these initial stages [108], scholars 
have identified that few users use the technologies for a prolonged period of time, 
despite offering high potential to improve health outcomes and empowering patients 
[109–112]. As a result, those who would most benefit from such apps often underuse 
them [63, 112–124]. The main reasons for low adoption include:

1. lack of personalization;

2. lack of perceived added value;

3. deficient or inadequate infrastructures (e.g., access to Internet connectivity);

4. lack of equipment, low literacy (e.g., digital, health);

5. technology gap issues;

6. maladaptation to local context;

7. hidden costs;

8. unwanted data sharing;

9. insufficiently useful features;

10. inability to sustain required attention for longer periods of time;

11. financial unsustainability;

12. poor usability (e.g., suboptimal design, manual data entry) [113, 125–128].

These observations may partially be explained using such top-down approaches 
to design interventions and decision-making. Similarly, in more user-centered design 
paradigms [120], end users are generally included as partners, from the beginning of 
the project, during the design process, or when the development of the intervention 
is complete, in order to test usability or safety, but not as decision-makers. With these 
processes, i.e., when end users are not contributing to decision-making, it is likely that 
their important interests are not put as central, prioritized, nor fully acknowledged. 
Subsequently, this results in technologies that may be disempowering, alienating, or 
irrelevant to the end users, therefore increasing the risk they will abandon them.

7.  People with neglected diseases: from technology enthusiasts to patient 
innovators

Individuals with orphan diseases and affected by diabetes have been leaders in 
fostering these approaches using crowdsourcing (i.e., individuals of varying knowl-
edge and skills voluntarily undertaking a task for mutual benefit) or crowdsensing 
techniques (i.e. using smartphones to sense, collect, and analyze data) to accelerate 
knowledge discovery and promote patient empowerment [129, 130].
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The most famous patient-led innovations are PatientsLikeMe (i.e., the first online 
community for people with Amyotrophic lateral sclerosis), the #WeAreNotWaiting 
and #OpenAPS movements (i.e., do-it-yourself methods for creating an artificial 
pancreas system) [131], the Nightscout project (i.e., a parent-developed solution for 
remote blood glucose monitoring), or the Crohnology project (e.g., an online plat-
form for patient-to-patient information sharing).

These projects have rapidly reached high number of users, some of them have 
been acquired by companies in order to ensure financial sustainability or scale-
up [132]. These early success stories highlight the importance of user-driven 
initiatives in research and development and show high potential for patient 
empowerment [133].

8. Disparate evidence

In June 2019, the WHO and the Organization for Economic Co-operation and 
Development (OECD) from the European Commission (CE) supported PLR 
approaches, concluding that digital health interventions should be designed to meet 
the needs of people and health systems and suit local contexts [134]. Aligned with 
these conclusions, bottom-up models such as PLR or the free innovation paradigm are 
becoming increasingly popular [135, 136], exemplifying how researchers in academia, 
industry, and patient communities can create patient-centric solutions and reduce 
the disease burden together. Only a few PLR initiatives are mentioned in the scientific 
literature about SCD, suggesting that most DHIs have been driven by healthcare 
professionals of software implementers [39, 71]. With their potential of being imple-
mented and scaled up rapidly globally when adequately implemented [137–139], DHIs 
targeting people with SCD may hold the capacity to address various health inequali-
ties faced by historically disadvantaged populations.

9. Conclusions

Digital health interventions to empower with sickle cell disease remain relatively 
scarce if we look at their number compared with diseases with higher prevalence, 
but current research shows a strong potential for improving health outcomes. The 
important aspects to work on are the human factors allowing a strong adhesion in its 
interventions and to seek to better understand how to use artificial intelligence to lead 
to the prediction of symptoms and then to prevent them.
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Chapter 3

Detection and Management of 
Cerebral Vasculopathy
Françoise Bernaudin and Suzanne Verlhac

Abstract

Cerebral vasculopathy in children with sickle cell anemia is responsible for strokes 
and silent cerebral infarcts and is the most debilitating complication providing motor 
sequelae and cognitive deficiency. However, the most important advance in pediatric 
management is the detection of children at a risk of stroke using transcranial Doppler 
with chronic transfusion applied in children detected at risk, which reduces the stroke 
risk from 11% to less than 2%. In this chapter, we will describe the place of Doppler, 
magnetic resonance imaging (MRI), and magnetic resonance angiography (MRA) 
with neck assessment and the place of different treatments, i.e., chronic transfusion, 
hydroxyurea, new drugs, and stem cell transplantation.

Keywords: sickle cell disease, sickle cell anemia, stroke, silent cerebral infarcts, 
transcranial Doppler, color Doppler ultrasound, cerebral magnetic resonance 
imaging (MRI), cerebral magnetic resonance angiography (MRA), neck MRA, 
hydroxycarbamide, chronic transfusion, hematopoietic stem cell transplantation

1. Introduction

Sickle cell disease is a group of inherited hemoglobinopathies. The most severe 
types are hemoglobin SS and hemoglobin Sβ0 thalassemia, which are referred 
to as sickle cell anemia (SCA). It is a systemic disease characterized by a chronic 
hemolytic anemia, vaso-occlusive events, and susceptibility to bacterial infections 
with a great variability of the clinical presentation. The cerebral complications are 
particularly severe as they are a common cause of disability, often at a young age. 
Imaging plays a central role in the screening, diagnosis, and treatment optimization 
of patients with SCA.

2. Physiopathology

Deoxygenated hemoglobin S forms polymers with other hemoglobin molecules 
producing rigid filaments that deform the red blood cell into a sickle shape. The prop-
erties of the red blood cells are modified, making them fragile with a shortened life 
span, explaining the chronic hemolytic anemia, but also making them rigid, poorly 
deformable, and adherent to vascular endothelium. This causes intravascular sludg-
ing in terminal arterioles and capillaries and damage to the wall of large and medium 
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arteries due to a cascade of endothelium activation, overexpression of adhesion 
molecules (endothelin 1 and BCAM), nitric oxide depletion, hypercoagulability, split-
ting of the internal elastic lamina, intimal hyperplasia, and smooth muscle prolifera-
tion that reduce the lumen diameter [1, 2]. The genesis of arterial lesions also involves 
arterial remodeling in response to high blood flow and velocities, disturbed wall shear 
stress associated with severe chronic anemia, and abnormalities of oxygen transport.

3. Cerebral manifestations

3.1 Overt ischemic stroke

3.1.1 Clinical symptoms and outcome

Ischemic stroke is a major cause of cognitive impairment, disability, and death. 
Strokes are suggested by hemiparesis, aphasia, dysphasia, or seizures and are 
frequently associated with vaso-occlusive crises and fever, although not always. 
Early on, survival is observed in 98% of children, with 62.5% of them exhibiting 
total motor recovery [3]. However, there are high risks of cognitive impairment and 
recurrence, which can reach 67% in the absence of transfusion, especially if there is 
an underlying arteriopathy [4]. SCA confers a higher risk of stroke in children than 
any other pediatric disease. Without prevention strategies, 11% of patients with SCA 
will suffer an overt stroke by the age of 20 years and 24% by the age of 45 years [3]. 
The risk of a first stroke is highest in the first decade of life, with a peak between the 
ages of 2 and 5 years.

3.1.2 Imaging

Acute infarction usually involves the parenchyma supplied by the carotid circula-
tion, either in the territory of the middle cerebral artery (MCA) and/or anterior cere-
bral artery (ACA) or in the superficial and deep border zones between the anterior 
and MCA territories. It is related either to an arterial occlusion or to an acute drop of 
blood supply to the brain distal to an arterial stenosis.

Magnetic resonance imaging (MRI) is the preferred imaging modality because it 
shows the cytotoxic edema characteristic of ischemic stroke within the first hour of 
symptomatology, in contrast to brain computed tomography (CT), which is often 
normal during the first 24 hours. Within approximately 7 days of the onset of isch-
emia, the infarct will show high signal on diffusion weighted imaging (DWI) and low 
values on the apparent diffusion coefficient (ADC) map. The absence of high signal 
on fluid-attenuated inversion recovery (FLAIR) images indicates an infarct onset of 
less than 4–6 hours.

Time-of-flight magnetic resonance angiography (TOF MRA) of the Willis circle 
and of the cervical arteries shows an intra- and/or extracranial steno-occlusive 
arteriopathy in about three quarters of cases, most often of the anterior cerebral 
circulation.

3.1.3 Risk factors for ischemic stroke

The risk factors reported for overt ischemic strokes are a low baseline hemoglobin 
level, the rate of acute chest syndrome (ACS), a recent episode of ACS, and elevated 
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systolic blood pressure [3]. Strokes can be promoted by hyperviscosity induced by 
transfusion of large volumes or by serere anemia during exchange in patients with 
stenosis. Cerebral desaturation is common in SCA patients, is correlated with the 
severity of anemia, and is a risk factor for stroke. Cerebral tissue hemoglobin satura-
tion is positively correlated with hemoglobin, whereas cerebral blood flow (CBF) is 
negatively correlated with hemoglobin. Thus, in patients with severe anemia, there 
is a compensatory cerebral hyperperfusion in response to SCA-associated reduction 
in O2-binding capacity. Cerebrovascular reserve capacities are already close to the 
maximum in SCA; thus, any decrease in CBF as observed during infection, fever, or 
ACS carries a risk of imbalance between brain oxygen demand and supply.

3.1.4 Prevention of recurrence

After a stroke, chronic transfusion to maintain the HbS level lower than 30% and 
hemoglobin between 9 and 11 g/dL has allowed reduction of the risk of recurrence 
from 67% to 10–20% [5, 6]. However, if chronic transfusion is stopped, the risk of 
recurrence is still about 50% [7]. Hydroxyurea has been used in patients with stroke 
history, but 19% recurrence was observed within 4 months [8]. Thereafter, a ran-
domized trial comparing stroke recurrence on chronic transfusion + oral chelation 
to hydroxyurea + phlebotomies was prematurely stopped because of a significant 
higher incidence of recurrence in the hydroxyurea arm (7/67 versus 0/66 on chronic 
transfusion) [9]. Thus, chronic transfusion with oral chelation remains the reference 
treatment for secondary stroke prevention. In a review of a worldwide experience 
including 73 patients with a stroke history who have received a matched sibling donor 
stem cell transplantation (MSD-SCT), the occurrence of four hemorrhagic strokes 
(5.5%) has been reported, but no ischemic stroke recurrence [10, 11]. Thus, MSD-SCT 
offers the best prevention for secondary stroke. Different procedures of direct or indi-
rect cerebral revascularization surgery in addition to regular blood transfusion have 
been proposed for patients with SCD, moyamoya syndrome, and a history of stroke or 
transient ischemic attack (TIA). However, the risk/benefit ratio of surgery in addition 
to other therapies, such as HSCT, is unclear, and prospective studies are needed.

3.2  Other acute neurovascular complications: Aneurysms, intracranial bleeding, 
fat embolism, posterior reversible encephalopathy syndrome (PRES), and 
reversible cerebral vasoconstriction syndrome (RCVS)

Aneurysm rupture is rarely responsible of intracranial hemorrhage in SCD 
pediatric patients, unlike in adults. However, saccular aneurysms are found on routine 
imaging in approximately 4% of children [12]. Compared to the general population, 
SCD patients are more likely to have multiple aneurysms. The internal carotid artery 
(ICA) is the most commonly involved artery followed by the posterior cerebral artery 
(PCA). Sustained endothelial injury causing vessel wall weakening is the presumed 
reason for the increased prevalence of aneurysms in patients with SCD.

Subarachnoid and intracerebral hemorrhage also occurs as a result of rupture of 
fragile moyamoya vessels or of venous sinus thrombosis, often in association with 
vaso-occlusive crisis, transfusion, or acute respiratory illness.

Fat embolism syndrome due to extensive bone marrow necrosis is a rare and 
devastating complication in sickle cell disease. Paradoxically, it affects exclusively 
patients with mild forms of SCD, predominantly HbSC and HbSβ+. A significant 
number of cases occur in the context of human parvovirus B19 infection. The 
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diagnosis is made by cerebral MRI showing innumerable bilateral punctate foci of 
restricted diffusion on diffusion-weighted imaging in a starfield pattern throughout 
the brain and associated petechial hemorrhage on susceptibility-weighted imaging. 
Early recognition and intervention with red cell exchange transfusion can be life-
saving [13].

Posterior reversible encephalopathy syndrome (PRES) has been reported in 
the context of hypertension and cyclosporine use for nephrotic syndrome, as well as 
after ACS.

Reversible cerebral vasoconstriction syndrome (RCVS) has been reported in 
children with SCD. Arterial constriction affects not only large but also distal arteries 
of both anterior and posterior circulations and is rapidly reversible. RCVS can be 
complicated by cerebral infarction, bleeding, or PRES.

4.  Transcranial and neck Doppler ultrasound (Doppler-US), an essential 
tool in the management of sickle cell anemia

4.1 Rationale

Transcranial and neck Doppler ultrasound (Doppler-US) is a noninvasive tech-
nique, which measures flow velocities in the large cerebral arteries and can determine 
the risk of stroke in children with SCA [14]. A risk of stroke of 10% per year was 
found in SCA children with a mean velocity in the terminal ICA or MCA ≥200 cm/s 
versus 2% if velocities were normal [15]. In the Stroke Prevention in Sickle Cell 
Anemia (STOP) trial [16], the risk of stroke among children with high transcranial 
Doppler (TCD) velocities was reduced by 90% by maintaining HbS concentrations 
at <30% through chronic transfusion therapy. Doppler-US is also used to diagnose 
and monitor cerebral arteriopathy in an acute or steady state. Several cohort studies 
have shown the remarkable effectiveness of chronic transfusion, including the French 
study that found a reduction in the risk of stroke at age 18 to 1.9%, compared with the 
historical risk of 11% [17].

4.2 Anatomy review of the cerebral arteries

The internal carotid artery is a terminal branch of the common carotid artery. 
It arises around the level of the fourth cervical vertebra. Terminologia Anatomica in 
1998 subdivided the artery into four segments: “cervical,” “petrous,” “cavernous,” and 
“supraclinoid” (Figure 1).

The cervical segment runs vertically upward in the carotid sheath anteriorly and 
medially to the internal jugular vein in front of the transverse processes of the upper 
three cervical vertebrae and then enters the carotid canal of the temporal bone in the 
base of the skull. It does not give any branch.

The petrous segment runs from carotid canal to foramen lacerum within the petrous 
temporal bone. It first has a vertical course and then a horizontal course along the 
middle ear.

The cavernous segment passes from the petrous apex to the dural ring of the 
anterior clinoid process surrounded by cavernous sinus where its course describes a 
hairpin bend, called the siphon.
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Then, the supraclinoid segment, also called cerebral segment, runs above the clinoid 
process through the dura into the subarachnoid space. Several important branches 
arise from the supraclinoid carotid, such as ophthalmic, posterior communicating, 
and anterior choroidal arteries. It gives two terminal branches: the MCA and ACA.

The circle of Willis is an anastomotic arterial ring located at the base of the brain 
that communicates blood flow between the two hemispheres and between the anterior 
and posterior arterial circulations. It is formed by the initial segment of the ACAs, the 
anterior communicating artery, the two posterior communicating arteries, the two 
ICAs, and the initial segment of the two posterior cerebral arteries (Figure 2). These 
shunts are involved in the case of occlusion or severe stenosis of a segment. Variations 
are possible in the A1, P1, and posterior communicating segments, but they are rare in 
pediatric age.

Figure 1. 
The four segments of the internal carotid artery. Lateral view.
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The most important branch of the ICA in diameter and length is the MCA, which 
supplies most of the lateral aspect of the hemisphere and provides 60–80% of the 
hemisphere’s blood flow. After its origin, the MCA runs laterally and horizontally 
toward the Sylvian fissure. Its terminal branches anastomose with the terminal 
branches of the anterior and posterior cerebral arteries at the surface of the brain.

The ACA is the other terminal branch of the ICA. It has a horizontal course 
anteriorly and medially in its precommunicating A1 segment. At the entrance to the 
interhemispheric fissure, it anastomoses with the contralateral ACA via the anterior 
communicating artery, which participates in the circle of Willis. Downstream of the 
communicating artery, the ACA curves upward and runs parallel to the contralateral 
artery in the hemispheric fissure.

The basilar artery has a vertical ascending course on the anterior surface of the 
pons in the basilar sulcus. At the level of the peduncles, it gives the two posterior 
cerebral arteries.

4.3 Transcranial and neck Doppler ultrasound methodology

4.3.1 Equipment and acoustic window

Historically, validation data used a nonimaging dedicated TCD technique by 
probing the temporal acoustic windows to determine flow velocities in the terminal 
ICA and proximal MCA. Arteries are identified by the depth of the sample volume, 
the direction of blood flow relative to the probe, and the position and angulation 
of the probe relative to the patient’ head. In contrast, the TCD imaging technique 
combines pulsed-wave Doppler ultrasound with a color-coded cross-sectional 
view of the intonation area to visualize the arteries. Today, all centers in France 
and more than half in the United States and Great Britain use a color Doppler 
ultrasound device, which is routinely used in imaging and vascular medicine units. 

Figure 2. 
3D TOF MRA. Axial view of the circle of Willis.
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Familiarity with the technique and ease of use, combined with a quicker achieve-
ment of competencies, favor this technique, and this is the one we describe here. 
The probe is either a sector or phased array cardiac or dedicated probe with a small 
imaging footprint and a Doppler frequency of 1.8 or 2 MHz to adequately penetrate 
through the skull. Transcranial and cervical Doppler ultrasound allows a real-time 
assessment of cerebral arterial hemodynamic. The objective is to assess the circula-
tory velocities of the large intracranial arteries and the cervical segment of the 
ICAs to detect abnormal velocities. The probe is positioned on specific sites, called 
acoustic windows, which are two temporal windows on the right and left temporal 
bones, the suboccipital and two submandibular windows under the mandible. The 
scan bilaterally records the MCA, ACA, PCA and the supraclinoid and cavernous 
segments of the ICA and to finish the complete course of the cervical extracranial 
segment of the ICA (eICA). The basilar artery is assessed by the suboccipital 
approach, placing the probe at the tip of the neck, just below the hairline, and 
angling it superiorly. It looks like a Y encoded in blue as the blood flow is going 
away from the transducer.

4.3.2 Settings

The settings must be adapted to the age and pathology of the patients, who have 
chronic anemia. The field of exploration will be of 8–10 cm, the velocity scale of the 
color Doppler from −100 to +100 cm/s, as well as that of the pulsed Doppler, which 
has to be increased in case of spectral aliasing. The pulsed Doppler gate should be 
wide enough (4–5 mm) to capture all the velocities within the vessel lumen, the 
fastest flows having a lower intensity. The size of the spectrum display and the gain 
should be adapted to allow an optimal tracing of the velocity spectrum.

4.3.3 Procedure of the examination

The examination is performed with the patient in the supine position and the 
examiner siting bedside on the patient’s right, as for an abdominal scan, with the 
forearm resting on the patient’s shoulder or chest to assure good stability and a little 
restraint of the child (Figure 3).

Figure 3. 
Temporal window. (a) Positioning of the probe on the patient’s temple. (b) Identification of the hypoechoic 
butterfly-shaped mesencephalic brainstem in a gray-scale axial view of the brain base. (c) In the color mode, the 
circle of Willis projects forward. (d) Spectral display of MCA velocities. Normal time average mean of maximal 
velocity (TAMV) 144 cm/s.
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4.3.3.1 Temporal window

The probe is placed in front of the upper part of the tragus of the ear and above the 
zygoma, and an axial gray-scale view of the base of the brain is obtained depicting the 
hypoechoic, butterfly-shaped mesencephalic brainstem, surrounded by hyperechoic 
subarachnoid cisterns, which is the reference landmark. In the color mode, the circle of 
Willis projects anteriorly. The MCA, which is the main artery receiving 75–80% of the 
ICA flow, courses laterally toward the probe from the ICA bifurcation and is encoded in 
red. After switching to the spectral Doppler mode, the Doppler sample gate is placed on 
the ICA bifurcation and moved toward the periphery along the MCA. Since the objective 
of the examination is to detect focal acceleration of blood flow, it is important to care-
fully explore the entire course of the artery by sweeping the sample gate along the MCA 
and the ICA during spectral recording and by optimizing the recording at each depth 
by tilting and sliding the transducer slightly in order to get the highest velocity. Expert 
operators rely on the sound signal: the higher the pitch, the higher the velocity. Blood 
flow spectrum is above baseline. Two to three velocity recordings are captured from ICA 
bifurcation toward the periphery, and the highest velocity is collected. By moving the 
Doppler gate deeper, the proximal segment of the ACA is then examined, which is coded 
blue as the blood flow moves toward the midline away from the probe. After angling the 
probe inferiorly, the ICA is visualized as two round structures, because it is seen in trans-
verse section as ICA has a vertical course. The red structure is the supraclinoid segment, 
and the blue structure, which is slightly inferior and anterior, is the cavernous hairpin 
segment. To obtain a good view, the transducer often needs to be slid posteriorly. Next, 
the PCA is scanned and coded red in the proximal segment and blue as it travels around 
the cerebral peduncle. After completing the study on one side, it is repeated on the other 
side after asking the child to turn his head to the other side.

4.3.3.2 Suboccipital window

Terminal segments of the vertebral arteries and basilar artery can be visualized via 
the suboccipital window with the patient in the lateral decubitus. The probe is placed 
in the middle position at the top of the neck right below the hairline and angled supe-
riorly. The Y-shaped, blue-encoded confluence of the vertebral and basilar arteries is 
depicted in an oblique frontal view.

4.3.3.3 Submandibular window

The probe is placed under the angle of the mandible, directed upward, parallel to 
the midline. The extracranial cervical segment of the ICA (eICA) is visualized in a 
frontal view, encoded in blue, medial to the internal jugular vein encoded in red. The 
course of the artery is studied, which can be straight or sinuous, and possible blood 
flow acceleration zones are detected by the presence of aliasing. The spectral display 
of velocities is acquired along the entire course of the artery, from origin to entry 
into the carotid canal, by moving the Doppler gate along the artery in search of focal 
acceleration of blood flow (Figure 4). It is important not to compress the artery with 
the probe, in order not to induce false positive.

4.3.3.4 Tips and tricks

No angle correction should be made because arteries are short and sinuous. 
Moreover, stroke risk has been stratified using dedicated TCD without angle 
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correction. Introducing an inappropriate angle correction would result in overestima-
tion of flow velocities, potentially leading to overtreatment. It should be noted that 
an incorrect 60° angle correction will double the value of the measured velocity value 
and result in a very high risk of false diagnosis. The tracing is assumed to be obtained 
at an optimal angle of 0°.

4.3.3.5 Indication of the exam

Doppler-US screening is recommended for children with SCA from the second year 
of life. Children should then be rescanned annually if normal, quarterly if conditional, 
and chronic transfusion should be initiated in case of abnormal velocity. Doppler-US 
cannot be replaced by MRA, as it is a more sensitive technique and detects arterial 
disease at an earlier stage than MRA. However, children with abnormal velocity and 
stenosis on MRA are at higher risk for stroke than those with an abnormal Doppler 
alone. MRA is recommended in children with abnormal Doppler-US as well as in 
children with inadequate exam when there is no patent acoustic window.

The utility of using Doppler-US to monitor children with established stroke and 
cerebral vasculopathy is unclear. A multidisciplinary approach to decision is required.

4.3.4 Factors influencing velocities

4.3.4.1 Aging

Velocities increase during the first years of life, reaching a maximum value 
between the fourth and the sixth year of life, and decrease thereafter to about 70% of 
the maximal velocities by the age of 18 years.

Figure 5 shows the mean velocity [95% confidence interval (CI)] at annual 
check-up during aging in SCA children of the Créteil newborn cohort in right and left 
MCAs, ACAs, ICAs, and eICAs.

Velocities in the vertebrobasilar circulation are lower than in the carotid circulation.

4.3.4.2 Hematocrit

There is an inverse linear relationship between hematocrit and velocity. Velocities 
increase in anemia due to increased cardiac output, decreased blood viscosity, and 

Figure 4. 
Submandibular window. (a) Position of the probe. (b) Color mapping of the ICA and internal jugular vein and 
spectral display of velocities.
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decreased intracranial resistance, allowing a sustained normal oxygenation of the 
brain. This explains why children with SCA have high velocities, even in the absence 
of a stenosis. Consequently, thresholds for normal/abnormal velocities are different in 
SCA children, compared to non-SCA children.

4.3.4.3 Carbon dioxide (CO2)

Carbon dioxide (CO2) is a powerful modulator of CBF and intracranial velocities, as 
is the partial pressure of oxygen (PaO2). Hypercapnia induces vasodilatation, a dramatic 
increase in velocities, and a decrease in pulsatility index (PI) and resistance index (RI). 
In turn, hyperventilation, via a reduction of PaCO2 and hypocapnic alkalosis, induces 

Figure 5. 
Outcome of cerebral velocities during aging in SCA children.
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the constriction of distal intracranial arterioles, a significant decrease in intracranial 
velocities, and an increase in PI and RI. These mechanisms called cerebral vasoreactivity 
are mediated via changes in extracellular pH. Sleep may increase velocities slightly due 
to hypercapnia. Crying may decrease velocities due to hypocapnia. Fever increases blood 
flow by about 10%. As a consequence, examination should be performed in a healthy 
condition, and children must remain awake during the exam. Sedation of young chil-
dren is not recommended. The usual preparation and diversion techniques in pediatrics 
will be used (watching video, soft words from the attendant, etc.).

4.4 Detection of abnormally high cerebral velocities

4.4.1 Time average mean of maximal velocity (TAMV)

Three key parameters can be obtained from the Doppler spectrum display: flow 
direction, velocities, and indices for arterial resistances. Flow direction can be assessed 
by the color code. By convention, blood flow toward the transducer is encoded in red 
and is above baseline, and blood flow away from the transducer is encoded in blue and 
is under the baseline. The velocity parameter that is used in children with SCA is the 
time average mean of maximum velocity (TAMV), also called mean velocity, which 
can be measured by the manual or automated outlining of the envelope of the spectral 
display over one or a few cardiac cycles. Pay attention that TAMV is different from 
maximum systolic velocity. Doppler-US looks for abnormal blood flow acceleration 
signaling hemodynamic stenosis of the artery indicative of an increased risk of arteri-
opathy and stroke. Remember that as long as blood flow is maintained downstream of 
the stenosis, a reduction in luminal caliber is coupled with an acceleration of flow.

TAMV is used to classify the scan. Intracranial velocity thresholds for risk stratifica-
tion are adapted from the STOP study [15]. If velocities in at least one intracranial artery 
are equal to or higher than 200 cm/s, the scan is abnormal indicating a 40% stroke risk 
within 36 months; between 170 and 199 cm/s, it is conditional with a 7% stroke risk; 
and it is normal if velocity in any artery is lower than 170 cm/s with a stroke risk of only 
2%. For the cervical ICA, the abnormally high velocity threshold is 160 cm/s [18].

The absence of the visibility of MCA in a patient with a patent temporal window 
and a TAMV below 50 cm/s in the MCA are also abnormal findings and are associated 
with an increased risk of stroke. Note that low velocity is significant only in an MCA, 
whereas low velocity in the proximal segment of the ACA probably corresponds to the 
constitutional hypoplasia of the artery with low blood flow. Low MCA velocities are 
due to measurements within poststenotic main artery or within collaterals moya-like 
in the presence of an MCA occlusion or to re-entry flow in the MCA from a communi-
cating artery in the presence of an occlusion of the homolateral ICA or in the presence 
of a large infarcted area with little metabolic demand and marked reduction of flow, 
all these suggesting the possibility of severe vasculopathy and the need for an MRI/
MRA. Usually, MCA spectral display is demodulated with a resistance index IR < 0.45 
and a pulsatility index IP < 0.60.

4.4.2 Incidence of abnormal cerebral arterial velocities

4.4.2.1 Abnormally high intracranial velocity (intracranial TAMV ≥200 cm/s)

In STOP-I, the classification at initial TCD examinations was: 67% normal, 17.6% 
conditional, 9.3% abnormal, and 6% inadequate. The follow-up of the Créteil SCD 
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newborn cohort, assessed since 1992 by TCD as soon as 18 months of age, showed that 
abnormally high velocity occurred at median (range) age of 3.6 years (1.3–8.3 years) 
in SCA patients and was not observed in SC/Sb + patients, whereas the cumulative 
incidence of abnormally high velocity in the SS/Sb0 patients reached a plateau of 
about 30% by 9 years of age (Figure 6) [19].

4.4.2.2 Conditional velocity (intracranial TAMV 170–199 cm/s)

In the Créteil cohort, the rate of conversion from conditional to abnormal TCD 
was 34.5%. The median age of conditional TCD was 2.5 years (range, 1.2–5.5) and the 
median delay 1.1 years (range, 0.03–7). Age below 4 years old was a significant risk 
factor for conversion (odds ratio (OR) = 6.7; 95%CI: 1.7–27; p = 0.007) [17]. In the 
STOP study, the conversion risk was 97% in very young children with two consecu-
tive conditional TCD examinations, and 13% in teenagers seen for the first time at 
the age of 14 years. This demonstrated the need for repeat screening of children with 
SCA throughout their childhood and argued for the closer monitoring of those with 
conditional TCD.

4.4.2.3 Abnormally high extracranial velocity (eICA TAMV ≥160 cm/s)

A cross-sectional study performed in two centers in France (Debré and Créteil) 
reported that eICA TAMV ≥160 cm/s was present in 9.2% of SCA patients without 
concomitant abnormal intracranial velocities and were strongly associated with eICA 
MRA-defined stenosis. Thus, this threshold was used to define abnormally high eICA 
velocities [18]. This study also showed that low hemoglobin level and tortuosities 
were associated risk factors.

Figure 6. 
Cumulative incidence of intracranial TAMV ≥200 cm/s in the Créteil newborn SCD cohort: 27.6% (95%CI: 
22.8–32.4%) in SCA versus 0% in SC/Sb + children by 10 years of age (p < 0.001).
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The follow-up of the newborn Créteil cohort showed that abnormal high eICA 
TAMVs were detected at median (range) of 5.0 (1.3–10.0) years. The cumulative 
incidence of eICA TAMV ≥160 cm/s in SCA children was 17.4% by 10 years of age. 
The probability of developing high TAMV eICA ≥160 cm/s began in the second year 
of life, at the same age as intracranial velocities, and reached a plateau at age 10 years. 
Most often, eICA TAMV ≥160 cm/s was isolated (without intracranial TAMV 
≥200 cm/s) and the probability of isolated eICA TAMV ≥160 cm/s was 13.8% by age 
10 (Figures 7 and 8) [19].

Figure 7. 
Six-year-old boy without history of stroke. Routine Doppler ultrasound detected focal acceleration in the middle 
part of the right cervical ICA with TAMV 277 cm/s. 3D TOF MRA shows focal marked narrowing of the artery 
associated with a kink. Notice the hypointensity of the right ICA due to poor flow.

Figure 8. 
Cumulative incidence of eICA TAMV ≥160 cm/s in the Créteil newborn SCD cohort: 17.4% (95%CI: 13.2–21.6%) 
in SCA versus 1.1% (95%CI: 0–3.4%), in SC/Sb + children (p < 0.001) by 10 years of age.
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4.4.3 Predictors for abnormal velocities

Among genetic markers, G6PD deficiency and the absence of alpha-thalassemia 
have been described to be predictive risk factors for abnormal intracranial velocities 
[20]. Among biological parameters recorded during the second year of life away from 
vaso-occlusive crisis or transfusion and always before any intensive therapy, severe 
anemia, hyperleukocytosis, and hyperreticulocytosis were predictive risk factors for 
intracranial velocities.

For eICA velocities, the presence of tortuosities and severe anemia were risk  
factors for abnormal high eICA velocities [18].

4.5 Prevention of abnormally high cerebral velocities

4.5.1 Intracranial velocities

Hydroxyurea treatment in SCA children by inducing an increase of HbF% reduces 
the polymerization of HbS and hemolysis and decreases white blood cell (WBC) and 
reticulocyte counts [21]. The safety of its use in young children has been proven [22] 
(Baby-Hug) in high- and low-income countries such as in Africa [23, 24]. All these 
effects allow the reduction of cerebral velocities [25, 26], and several studies have shown 
the reduction of the incidence of abnormally high intracranial velocities, of conversion 
from conditional to abnormal velocities, and of strokes [27–33]. Similarly, in the Créteil 
newborn cohort, among the 53 children for whom HU was introduced before year 3, 
only 2/53 (3.8%) developed abnormal intracranial velocities, while the incidence after 
later HU initiation was 99/345 (28.7%), p < 0.001. Thus, we confirm that hydroxyurea 
significantly reduces the risk to develop abnormal intracranial velocities and could be 
systematically and early given as recommended by US guidelines [34].

4.5.2 Extracranial velocities

As we have shown that high eICA velocities were associated with severe anemia 
and presence of tortuosities themselves favored by anemia, drugs such hydroxyurea 
or voxelotor [35] could be good candidates to decrease eICA velocities.

4.6 Management of abnormally high cerebral velocities

4.6.1 Chronic transfusion

The STOP-1 trial randomizing chronic transfusion versus simple observation for 
3 years in children with TAMV ≥200 cm/s in MCA or ICA demonstrated that stroke 
risk was highly significantly reduced by 92% with chronic transfusion (p < 0.001) [16]. 
Thereafter, the randomized STOP-2 trial posed the question of the required duration 
of chronic transfusion and compared pursuing to stopping chronic transfusion in 
patients who had been on chronic transfusion for at least 30 months, had normalized 
velocities on chronic transfusion, and had no severe stenosis. A high rate of stroke 
and abnormal TCD recurrence was observed after the discontinuation of chronic 
transfusion [36]. TCD screening and chronic transfusion applied in children detected 
at risk by TCD was the most significant progress in the managing of children with SCA 
reducing the risk of stroke by age 18 years from 11% [3] to less than 2% in the Créteil 
newborn cohort [17]. However, considering the risks related to long-term chronic 
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transfusion, such as those of alloimmunization and iron overload and the benefits 
obtained with hydroxyurea by reducing hemolysis, hyperleukocytosis, and anemia 
severity, it seemed interesting to switch from chronic transfusion to HU patients who 
had normalized velocities on chronic transfusion and had no stenosis [37].

4.6.2 Switch to hydroxyurea

In the United States and Canada, a randomized, noninferiority trial comparing 
continued chronic transfusion versus hydroxyurea after at least 12 months of chronic 
transfusion has been conducted between 2011 and 2013 in patients with no severe 
vasculopathy [38]. Noninferiority was met, but the follow-up was short, with only 50% 
enrolled having reached the 2-year follow-up, the mean 4.5 years’ duration of chronic 
transfusion prior to enrolment was long, and the mean age at enrolment was 9.7; there-
fore, most of patients might have not have been at risk at the time of enrolment [10].

In Créteil, France, all the SCA children with TAMV ≥200 cm/s patients were placed 
on long-term chronic transfusion, but those with normalized velocities on chronic 
transfusion and no stenosis were switched to hydroxyurea since 1998, with a quarterly 
control of TCD and immediate reinitiation of chronic transfusion in case of reversion 
to abnormal velocities [10]. No stroke was observed, but reversions occurred in about 
one-third of the patients, requiring chronic transfusion reinitiation [10]. Thus, longer 
follow-up periods are required to ensure that such early switch to hydroxyurea is safe.

4.6.3 Stem cell transplantation

The French multicenter prospective DREPAGREFFE trial compared outcomes 
after matched sibling donor stem cell hematopoietic transplantation (MSD-HSCT) 
versus chronic transfusion for at least 1 year in children with SCA and a history of 
abnormal cerebral velocities. This trial showed that transplantation compared to 
standard care was associated at 1 and 3 years with a significant reduction in cerebral 
velocities of 40 cm/s [39]. This large difference favoring the transplantation group 
confirms previous findings in a retrospective cohort study. The result is likely due in 
part to the correction of anemia, as well as to the exclusive presence of normal red 
cells after transplantation in contrast to the simultaneous presence of normal and 
sickle red cells in the circulation after transfusion.

4.6.4  Recommendations for the follow-up of cerebral velocities and management of 
abnormally high velocities

Recommendations in patients with SCA with abnormally high cerebral veloci-
ties have been recently updated in UK [40], United States [41], and Brazil [42]. We 
present here the protocol proposed in France for the follow-up and management in 
patients with abnormally high intracranial or cervical arterial velocities.

It is recommended to assess SCA children with intracranial and cervical Doppler 
ultrasound as soon as the second year of life, annually if intracranial TAMV 
<170 cm/s and eICA <140 cm/s, quarterly if conditional TCD (intracranial TAMV 
170–199 cm</s or eICA 140–160 cm/s.

For children younger than 6 years with high conditional TCD (185–199 cm/s), we 
recommend to control TCD within a month.

For all children with intracranial or cervical TAMV ≥ 200 cm/s, it is important 
to analyze on the same day the blood parameters.
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If Hb is <6 g/dL or < 20% baseline Hb level, as observed, for example, with acute 
splenic sequestration or parvoB19-related erythroblastopenia, we recommend to 
transfuse once time and to check TCD at 1 and 3 months post-transfusion.

If Hb is in the range of baseline Hb, we recommended to initiate monthly chronic 
transfusion with the goal to maintain Hb between 9 and 11 g/dL and HbS% lower 
than 30%. Exchange transfusions are more efficient to decrease HbS level and to 
avoid hyperviscosity and iron overload; however, they are more difficult to initiate in 
very young children (<1–4 years) and simple transfusions (10–15 mL/kg according to 
Hb level) are most often sufficient to maintain HbS lower than 30% after two transfu-
sions. Cerebral MRI/MRA with neck MRA is performed after two or three transfu-
sions. Images are better after the correction of severe anemia in order to discriminate 
anemia-related turbulences from true stenosis. Moreover, sedation required in very 
young children will be safer in transfused children.

Thereafter, the duration of chronic transfusion will depend on the presence or 
absence of stenosis on MRA and neck MRA, on the evolution of velocities, and on the 
age of the child.

For patients with MRA-depicted stenosis, we recommend to maintain chronic 
transfusion until stenosis disappearance or stem cell transplantation. At date, 
we do not know if there is a benefit to associate HU to chronic transfusion in these 
patients.

For patients without MRA-depicted stenosis, we recommend to initiate hydroxy-
urea treatment if not already given and to maintain chronic transfusion at least until 
the maximal tolerated dose of hydroxyurea is reached. US recommendations are to 
transfuse for at least 1 year. However, the suitable duration of chronic transfusion has 
not been clearly defined. We consider that the duration of chronic transfusion should 
be adapted to the age of the child and to velocities.

• For children with normalized TAMV (< 170 cm/s), chronic transfusion is 
stopped. For children younger than 6 years, it is safe to control TCD every 
3 months until age 6. For those older than 6 years, annual TCD control is 
recommended.

• For children with conditional TAMV (170–199 cm/s), we recommend to main-
tain chronic transfusion until age 6. Thereafter, on hydroxyurea, high condi-
tional TCD should be controlled every 3 months.

• Any reversion to abnormal TAMV (≥200 cm/s) requires to reinitiate chronic 
transfusion.

For all children with SCA, we recommend to perform cerebral MRI/MRA with 
neck MRA every 2 years for children older than 5 years or earlier in those already on 
chronic transfusion for abnormally high velocities.

Familial human leukocyte antigen (HLA) typing should be recommended in chil-
dren with a history of abnormally high velocities. For children with an HLA-identical 
sibling donor, HSCT is recommended in all children having cerebral arterial stenosis 
and/or ischemic cerebral lesions or persistent abnormally high velocities or cognitive 
deficiency.

For eICA TAMV 160–199 cm/s, we recommend to perform MRI/MRA with neck 
MRA and to initiate chronic transfusion in presence of eICA-stenosis. In absence of 
eICA-stenosis, we recommend to initiate hydroxyurea if not already given.
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5. Cerebral arterial stenoses

5.1 MRA-defined large vessel arteriopathy

TOF MRA has a good sensitivity and specificity for detecting steno-occlusive 
lesions in cerebral arteries (Figure 9) [43].

SCA arteriopathy is a progressive stenotic arteriopathy of the large cerebral arter-
ies affecting the proximal MCAs, proximal ACAs, and ICAs in their intracranial but 
also cervical portions. They may be associated with the development of bypassing col-
lateral vessels in the basal ganglia, known as moyamoya, from the Japanese expression 
describing the angiogram appearing like a “puff of smoke.” Posterior pial collateral 
vessel circulation is not rare (Figure 10).

We showed in the Créteil newborn cohort that cervical ICA arteriopathy devel-
ops as soon as the second year of life, reaching a plateau at about 10 years of age, 
similarly to intracranial arteriopathy [19]. Extra and intracranial arteriopathies are 
most often not linked, and eICA assessment identifies 13.5% additional patients at a 
risk of stroke (eICA-TAMMV ≥200 cm/s or eICA stenosis) who have no intracranial 
arteriopathy. Cervical stenoses are frequently associated with severe tortuosities 

Figure 9. 
3D TOF MRA. (a) Frontal view of the anterior circulation after segmentation. Marked narrowing of the 
supraclinoid segment of the right ICA, proximal right ACM, and right ACA. (b) Axial FLAIR image showing 
bilateral hyperintensities in the deep borderzones.

Figure 10. 
SCA patient who suffered a stroke at the age of 3 years. A 3-year severe narrowing of proximal right and left 
ACAs and left MCA. (b) At seven years of age, occlusion of left MCA and both ACAs and extensive bilateral 
lenticulostriate perforator collaterals and left cerebellar collaterals (arrows) suggestive of a Moya network.  
(c) At seven years of age, FLAIR axial view. Sequelae of the left internal borderzone infarct.
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called kinkings that are more prevalent than in the general population and evolve 
over time as a function of the degree of anemia and eICA-TAMVs [44]. This favors a 
remodeling mechanism as a consequence of high blood flow associated with severe 
chronic anemia. Extracranial ICA arteriopathy can affect the entire course of the 
ICAs with a more severe evolution of proximal web-like lesions (Figure 11) [44].

5.2 Incidence of stenoses during aging

In the Créteil cohort, cerebral MRI/MRA has been systematically performed since 
1992, every 2 years since age 5 or earlier in children placed on chronic transfusion for 
abnormally high cerebral velocities and was available in 375 SCD children. Neck MRA 
was added in 2011 [19].

5.2.1 Incidence of intracranial stenosis

No SC/Sb + child developed intracranial stenosis during infancy, while intracra-
nial stenosis was detected in 37/332 (11.1%) MRA-assessed SCA children, in which 
31 had a history of intracranial abnormal velocities. Among the six children without 
abnormal intracranial velocities, five had history of conditional velocities and one 
had no available temporal window.

The presence of intracranial stenosis was highly significantly associated with a his-
tory of abnormal high intracranial velocities: OR = 13.7 (95%CI: 5.8–32.3), p < 0.001 
(Figure 12).

5.2.2 Incidence of eICA stenosis

No SC/Sb + child developed eICA stenosis, while it was detected in 32/306 (10.5%) 
SCA children assessed with neck MRA whose 27 had a history of eICA ≥160 cm/s and 
30 had eICA kinking. The presence of eICA stenosis was highly significantly  
and independently associated with a history of eICA TAMV ≥160 cm/s: OR = 15.2  
(95%CI: 3.2–71.4), p < 0.001 and with the presence of eICA kinking: OR = 15.2 
(95%CI: 3.2–71.4), p = 0.001. eICA kinking was also significantly associated with the 
number of SEN-beta-haplotypes: OR = 1.5 (95%CI: 1.04–2.08), p = 0.028 (Figure 13).

Figure 11. 
3D TOF MRA of the cervical ICA after segmentation. Cervical ICA stenosis in five different patients.
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5.3 Management of cerebral arterial stenoses

In France, the recommendation for intracranial stenoses is to initiate and 
maintain chronic transfusion unless there is a possibility of transplantation. In the 
DREPAGREFFE trial, comparing chronic transfusion to transplantation, among the 
67 patients with a history of cerebral TAMV ≥200 cm/s, 60 were stroke-free and 28 
of them had stenosis at enrollment: 14 of them were transplanted, while the other 14 

Figure 12. 
Cumulative incidence of intracranial stenosis in Créteil SCD cohort: at 10 years of age: 11.1% (95%CI: 7.5–14.7%) 
in SCA versus 0% in SC/Sb + children (p = 0.001).

Figure 13. 
Cumulative incidence of eICA stenosis in the Créteil SCD cohort: at 10 years of age: 12.3% (95%CI: 8.3–16.3%) in 
SCA versus 0% in SC/Sb + children (p = 0.015).
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children were maintained on chronic transfusion. The outcome of stenosis score was 
significantly better in the transplanted group than in the transfused group [45].

By contrast, there is no recommendation concerning eICA arteriopathy and the 
impact of hydroxyurea treatment is unknown. In Debré center, it has been recently 
shown [44] that eICA stenosis score was more reduced on chronic transfusion than on 
hydroxyurea or on simple observation.

6. Silent cerebral ischemia (SCI)

6.1 MRI detection of silent cerebral ischemia

Silent cerebral ischemia (SCI) refers to ischemic damage identified on imaging 
that does not have a clinical correlate. SCI is detected in MRI that is recommended to 
do systematically from the age of 5 years in SS/Sb0 children when it does not require 
sedation. It is defined as a hyperintensity focus of at least 3 mm in diameter, visible 
in two planes on FLAIR MRI [46]. SCI occurs in infants as young as 1 year of age and 
continue throughout childhood [47].

SCIs reflect the severity of the disease, as they are associated with cognitive 
impairment, reduced academic achievement [48, 49], and a 14-fold increased risk of 
overt ischemic stroke [50]. Lesions are mostly confined to the white matter within the 
frontal and parietal border zone areas. The predilection for these areas is explained 
by the lower blood supply from end arterioles between the deep and the superficial 
territory of the MCA and between vascular territories.

6.2 Incidence of SCI

Despite early TCD screening and systematic assessment by cerebral MRI/MRA 
since age 5, the cumulative incidence of SCIs in the SCA Créteil newborn cohort was 
37% by age 14 and did not reach a plateau [17]. This finding was confirmed in an adult 
series showing a prevalence of 53.3% by age 30 [51]. Contrary to large vessel arteri-
opathy, only observed in SCA children, SCIs were also observed in SC/Sb + children.

6.3 Risk factors for SCI

Risk factors for SCI are low baseline hemoglobin [17, 52, 53], intracranial and 
extracranial stenoses [17, 53, 54], relative hypertension, male sex [52], and acute and 
chronic anemia [53]. As a matter of fact, SCIs are more frequent in the presence of 
extra and intracranial stenoses [53, 55], but are also seen in the absence of large vessel 
arteriopathy, suggesting a contribution to tissue-level hypoperfusion and hypoxia, 
such as during episodes of acute anemia due to splenic sequestration or erythroblasto-
penia or during episodes of hypoxia during thoracic syndromes.

6.4 Management of SCI

The SIT trial compared in SCA children with SCI the 3-year outcome on chronic 
transfusion versus simple observation. The recurrence rate was significantly lower 
on chronic transfusion (p = 0.04) than on simple observation, but the difference 
between both groups was not enough sufficient to convince practitioners to initiate 
long-term chronic transfusion with the risks of alloimmunization, blood availability, 
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and iron overload risk. No randomized trial comparing hydroxyurea to simple obser-
vation or to chronic transfusion is available. However, SCI being significantly associ-
ated with lower cognitive performances and anemia justify to introduce hydroxyurea 
if not already given. However, several studies have reported SCI occurrence despite 
ongoing hydroxyurea treatment [56, 57]. Moreover, SCI presence being a marker of 
SCA-related severity encourages to consider chronic transfusion and to search for an 
available donor for transplantation [58].

7. Conclusion

Early assessment of children with SCA by transcranial and cervical Doppler ultra-
sound should be recommended not only to prevent overt but also SCI associated with 
poor cognitive performance. In addition, brain MRI and neck MRA are recommended 
to look for ischemic lesions and arterial stenosis and to choose the most appropriate 
treatment.

Hydroxyurea, by improving anemia and hemolysis, reduces the risk of abnormally 
high velocity and stroke, but chronic transfusion is still recommended for children 
identified as being at risk of stroke due to abnormally high brain velocities. A switch 
from chronic transfusion to hydroxyurea is recommended in children with normalized 
velocities and no arterial stenosis. However, in the presence of arterial stenosis, chronic 
transfusion and especially stem cell transplantation are more effective and should 
be recommended. These recommendations need to be reconsidered in low-income 
countries, where cost, availability, and safety of blood products are a major limit.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Kidney Injuries in Sickle Cell 
Disease
Samit Ghosh

Abstract

Sickle cell disease (SCD), characterized by the presence of unstable sickle  
hemoglobin in the homozygous state (HbSS), results in progressive organ damage 
and early mortality with the median age of death in the 40s. The kidney is one of the 
most severely affected organs in SCD. Kidney diseases gradually develop in individu-
als with SCD. Microalbuminuria is evident in childhood, progressing to apparent 
proteinuria, deteriorating glomerular filtration rate (GFR) in early adulthood. While 
CKD becomes prevalent in adults. Moreover, among SCD patients, exacerbation of 
anemia is an independent risk factor for acute kidney injury (AKI) which is a predis-
posing factor for CKD and End Stage Renal Diseases (ESRD), altogether contributing 
to 16–18% mortality among this patients’ population. The pathogenesis of renal 
diseases in SCD is not completely understood. While epidemiological studies have 
shown a strong association between rate of hemolysis, severity of anemia and CKD, 
intrinsic inflammatory, oxidative and hypercoagulative stress that contribute to the 
characteristic endothelial dysfunction also promotes development of renal diseases 
in SCD. This chapter will elaborately discuss current research on the pathogenesis 
of AKI, AKI-to-CKD transition and future research perspectives for development of 
novel therapeutic strategies.

Keywords: sickle cell disease, hemolysis, endothelium, AKI, CKD

1. Introduction

Kidney diseases are a major clinical concern in sickle cell disorders (SCD). Acute 
kidney injury (AKI) as well as chronic kidney disease (CKD) is associated with higher 
risk of inpatient mortality, prolonged hospital stay and expensive hospitalizations  
[1, 2]. While an estimated 100,000 people are affected by SCD in the United States 
(US) [3–5], about 20–25 million people are living with SCD worldwide and the 
number is expected to increase by about 30% globally by 2050 [6]. In the US, the 
majority of healthcare for SCD is attributed to in-patient hospitalization for acute 
complications with an estimated annual cost of $953,640 per patient per year [7]. 
Progressive kidney disease leads to significant morbidity and mortality in both 
pediatric and adult patients with SCD. Sickle cell nephropathy (SCN) comprehends 
a spectrum of renal abnormalities that begins in childhood and may progress to 
advanced renal disorders in adulthood. In contrast to mild renal manifestations of 
sickle cell nephropathy includes decreased urinary concentrating ability, impaired 
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renal acidification and potassium secretion, hematuria and proteinuria, progressive 
kidney disease leads to significant morbidity and mortality in both pediatric and adult 
patients with SCD. Acute Kidney Injury (AKI) causes sudden drop in kidney func-
tion and promotes chronic kidney disease (CKD) and end stage renal disease (ESRD) 
[8–10]. In SCD, incidences of AKI are common among hospitalized SCD patients 
[11–13] and it is associated with increased mortality in those admitted to intensive care 
unit [14]. It is also an independent risk factor for increase morbidity, longer hospi-
talizations, and increased costs [15] as well as with risk for CKD progression in SCD 
[16]. Approximately 30% of SCD individuals develop CKD by adulthood and a large 
proportion of this sub-population develops ESRD [17]. The annual rate of incidence of 
AKI and reported CKD is 2–3-fold higher among SCD patients compared to non-sickle 
individuals [2]. Although newborn screening along with early intervention decreased 
early childhood mortality in SCD, accumulation of kidney diseases and age dependent 
renal deterioration of renal health poses increased risk of mortality in this population.

2. SCD pathophysiology and susceptibility to acute kidney injury

The genetic basis of SCD includes a single point mutation in the beta-globin chain 
of hemoglobin resulting in a morphologically and functionally different red blood 
cells (RBC). The modified hemoglobin (HbS) polymerizes under hypoxic condi-
tion causing RBC sickling [18, 19]. This characteristic feature of SCD leads to two 
major pathophysiological consequences, namely, vasoocclusion and hemolysis [20]. 
Moreover renal medullary hypoxia, acidosis, hyperosmolarity and reduced blood flow 
contribute to elevated endothelial adhesion and recurrent ischemia–reperfusion (IR) 
injury [13]. Earlier studies implicated several aspects of SCD including volume deple-
tion, rhabdomyolysis, infections and the use of non-steroidal analgesics (NSAIDs) as 
predisposing factors for AKI [13, 21–25]. A cascade of these events individually or in 
combination possibly generates a constellation of sterile inflammation and oxidative 
stress, which overwhelm the normal physiology and trigger several chronic and acute 
multiorgan damage including kidney injury in SCD. Recurrent episodes of IR injury 
trigger vasoocclusive pain crisis (VOC), one of the major causes for intensive care 
unit (ICU) admission for patients with SCD. This medically vulnerable population 
is at higher risk of developing AKI due to co-morbid conditions of kidney and other 
organs including heart and lung. Patients with SCD frequently develop cardiopul-
monary events like pulmonary hypertension (PH) and acute chest syndrome (ACS) 
which often lead to premature death [26]. AKI is emerging as a major clinical concern 
among SCD patients hospitalized for VOC and acute chest syndrome (ACS). It has 
been reported in ~14% of adults [12] and 8% children [27] with ACS, and in 17% of 
children with VOC [28]. Additionally, while hyperfiltration and microalbuminuria 
are common in SCD [13], chronic kidney disease (CKD) occurs in up to 60% of these 
patients [17]. Recent epidemiological evidences increasingly indicate that CKD and 
AKI are linked and probably promote one another [29, 30]. Underlying CKD is now 
recognized as a clear risk factor for AKI, as both decreased glomerular filtration rate 
(GFR) and increased proteinuria.

2.1 Hemolysis and acute kidney injury in SCD

Acute exacerbation of anemia that potentially generate excess extracellular heme 
is an independent risk factor for AKI in SCD [27, 28, 31]. Earlier studies implicated 
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several aspects of SCD including volume depletion, rhabdomyolysis, infections and 
the use of non-steroidal analgesics (NSAIDs) as predisposing factors for AKI  
[13, 21–25]. Recent clinical studies have concluded that incidences of AKI are associ-
ated with rapid decline in hemoglobin (Hb). The link between acute hemolysis and 
AKI is corroborated with significantly low level of total Hb at the time of hospital-
ization among SCD patients who develop AKI compared to those who do not [16], 
and higher risk of developing acute renal insufficiency among ACS patients with 
rapidly progressive decline in total Hb [32]. Intravascular hemolysis is a cardinal 
pathophysiological event in SCD that raises cell free plasma Hb and arginase-1 levels 
to collectively reduce nitric oxide (NO) bioavailability and enhance reactive oxygen 
species (ROS) formation [33, 34]. Cell-free hemoglobin is primarily scavenged by 
plasma protein haptoglobin (Hp). The resulting duo (Hb-Hp complex) is internal-
ized by macrophage receptor CD163 for subsequent globin and heme metabolism. 
Haptoglobin is depleted in SCD resulting high amount of plasma hemoglobin that can 
easily get exposed to the underlying oxidative environment. Heme is subsequently 
released following oxidation of Hb to methemoglobin (metHb) with ferric heme. 
Extracellular circulating heme is rapidly transferred to hemopexin (Hx), the plasma 
protein with the highest binding affinity for heme. It is well known that heme-
hemopexin (heme-Hx) complex is transported to the liver for degradation by heme 
oxygenase-1 (HO-1) [35, 36]. In SCD, plasma Hx is also intrinsically exhausted due 
to chronic hemolysis [37, 38]. Lack of haptoglobin and hemopexin along with chronic 
and acute hemolysis elevate extracellular hemoglobin and heme in plasma of SCD 
patients [33]. Furthermore, the HbS is a relatively unstable molecule that can easily 
undergo autooxidation contributing to increase circulating free heme in SCD [39]. 
Both cell-free circulating hemoglobin and heme are toxic, unless sufficiently metabo-
lized, to the cells and may cause significant damage to organs including kidney.

2.2 Pathogenesis of acute kidney injury in SCD

The primary etiology of AKI involves four major structures of kidney including 
tubules, glomeruli, interstitium and intrarenal blood vessels. While acute tubular 
injury is the major pathological manifestation of AKI, rapid decline in renal function 
identified by reduced glomerular filtration rate (GFR) clinically define AKI [40]. The 
dimeric form of circulating cell free Hb can filter through glomerular sieve and enters 
in proximal tubular segment. The endocytosis of Hb molecules is possible through the 
megalin and cubilin receptors on tubular epithelial cells. The internalized hemoglobin 
breaks down in to heme that induces caspase-3 mediated apoptosis of the tubular cells 
leading to AKI development. This idea was supported by the presence of hemoglobin 
and myoglobin in plasma and urinary space in multiple in vivo models of AKI induced 
by glycerol, ischemia, sepsis and cisplatin [41–43].

In vivo, excess circulating heme, a byproduct of acute hemolysis, triggers VOC 
and ACS, the two major SCD complications associated with hospitalization and AKI 
development in SCD [44, 45]. Our recent study demonstrated that modest elevation 
of extracellular heme in circulation promotes clinically relevant AKI in an established 
humanized murine model of SCD containing human HbS. In this study, the research-
ers have established that a secondary heme scavenger, alpha-1-microglobin (A1M) is 
elevated in mice and human with SCD as an adaptive response to decreased hemo-
pexin, the primary heme scavenger responsible for clearance of circulating free heme 
[46]. Several other studies have shown that heme bound to A1M is transported to 
renal tubular epithelial cells [47]. Excess deposition of heme causes proximal tubular 
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epithelial cell death and promotes AKI (Figure 1). This study identifies that relative 
concentration of A1M and Hx may serve as prognostic factor of future AKI events in 
SCD during acute hemolytic events [46, 48].

3. Chronic kidney disease (CKD) in sickle cell disorders

Kidney diseases gradually develop in individuals with SCD. Microalbuminuria is 
evident in childhood, progressing to apparent proteinuria, deteriorating glomerular 
filtration rate (GFR) in early adulthood, while CKD becomes prevalent in adults 
[49]. Development of CKD in SCD is complex, but several studies have invariably 
demonstrated its association with low hemoglobin level and hemolysis [50–53]. 
Higher frequency of severe anemia (Hb: 7–9 g/dl) among SCD patients with ESRD 
(71%) compared to non-SCD patients with ESRD (25%) has also been reported [54]. 
Moreover, among SCD patients, exacerbation of anemia is an independent risk factor 
for acute kidney injury (AKI) which is a predisposing factor for CKD and ESRD  
[27, 28, 31]. Progression of kidney damage is defined as CKD when eGFR is reduced to 

Figure 1. 
Pathogenesis of AKI in SCD. Hemolysis cause release of cell free Hb and heme in circulation. Free dimeric Hb 
or free heme bound to A1M passes through glomerular filtration and internalized into renal proximal tubular 
epithelial cells. Excess heme can overwhelm the HO-1 degradation capacity and induce multiple cell death 
pathways. On the other hand, Hb may cause podocyte injury leading to glomerular dysfunction. Tubular cell 
death and/or glomerular damage develops AKI.
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<60 mL/min/1.73 m2. The reduced GFR is often associated with hematuria, albumin-
uria and nephrotic syndromes. Intravascular hemolysis is a cardinal pathophysiologi-
cal event in SCD that raises cell free plasma hemoglobin and arginase 1 to collectively 
reduce nitric oxide (NO) bioavailability and enhance reactive oxygen species (ROS) 
formation [33, 34]. Worsening anemia and elevated persistent oxidative stress lead to 
decline in GFR in association with reduced erythropoietin synthesis. Individuals with 
SCD develop CKD at a median age of 23.1 years, while 16–27% of pediatric patients 
have CKD [17].

3.1 Glomerular hyperfiltration, hyper perfusion and progressive kidney damage

Increased renal blood flow and higher GFR are characteristics of kidney function 
among SCD patients at their younger age. The hyperfiltration subsides to normal 
GFR that eventually lowers to subnormal level with the progression of age and the 
development of CKD [13, 55]. Sustained glomerular hyperfiltration causes damage to 
different parts of the glomerulus including the endothelium and the epithelial layer 
of the Bowman’s capsule. These events predispose the development of focal segmental 
glomerular sclerosis (FSGS), which is a common feature in SCD. Hyperfiltration 
occurs due to glomerular hyper perfusion that increases the renal blood flow. Hyper 
perfusion stems from underlying anemia and decreased vascular resistance, while the 
reduced blood flow is evident within hypoxic renal medulla due to vasoocclusion of 
sickle red blood cells. This phenomenon commonly known as “perfusion paradox” 
generates increased oxidative stress, mesangial proliferation, endothelial barrier 
disruption, and thickening of the glomerular basement membrane [56].

3.2 Proteinuria and chronic kidney disease in SCD

Hyperfiltration among children with SCD is associated with proteinuria in the 
form of microalbuminuria (urine albumin 30–300 mg/g creatinine). This condition 
increases with age and about 68% of these patients experienced macroalbuminuria 
(urine albumin >300 mg/g creatinine) as they grow older [57, 58]. While about 4% 
of SCD patients exhibit macroalbuminuria at the nephrotic range (urine albumin 
>500 mg/g creatinine), a substantial number of patients suffer from irreversible 
kidney complications. Several studies have indicated association of albuminuria 
with hemolysis, incidences of vasoocclusive crisis and acute chest syndrome, and 
pulmonary hypertension. These events also impact blood pressure which in turn can 
regulate hyperfiltration [13, 17, 21, 53].

3.3 Genetic variants associated with chronic kidney disease in SCD

Apart from the underlying hemoglobin gene mutation, progression and severity of 
CKD development are associated with polymorphisms of multiples genes among SCD 
patients. A major proportion of SCD population has alpha thalassemia. Two polymor-
phisms in the α-chain of the globin chain including i) a 3.7 Kb deletion and ii) a 4.2 Kb 
deletion are associated with reduced albuminuria, higher eGFR and hence lower risk 
of CKD progression [59, 60].

The variants of apolipoprotein L1 gene (APOL1) gene associated with risk of CKD 
development have been studied widely. The G1 (S342G and I384M) as well as G2 
(N388 and Y389 deletion) variants found in 11–13% of African Americans account 
for about 70% CKD risk in this population. Homozygous or compound heterozygous 
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inheritance of G1/G2 variants within SCD population increase the macroalbuminuria, 
progression of CKD and development of ESRD [61–63].

Besides the increased risk of AKI with longer GT tandem repeats of HMOX-1 gene 
promoter, the allele frequency of a variant of HMOX-1 (rs743811) was found to be 
associated with worsening CKD [61, 64]. Several other genetic variants including 
(i) Duffy antigen (Fy rs2814778) of the RBC, (ii) myosin heavy chain 9 (MYH9-
rs5750248, rs1192763), (iii) TGF-β/BMP (BMPR1B) have also been implicated with 
CKD risk among various cohorts of SCD patients [65–67].

3.4 Renal endothelium and pathogenesis of chronic kidney disease in SCD

In SCD, intrinsic hemolytic, inflammatory, oxidative and hypercoagulative stress 
contribute to the characteristic endothelial dysfunction that alters the systemic 
vascular biology [68]. Endothelial interaction with multiple blood components, 
including sickled red blood cells, leukocytes and platelets, injure the endothelium and 
obstruct the vasculature impacting internal organs [69]. Renal pathology in sickle cell 
nephropathy includes extensive peritubular microvascular congestions and chronic 
thrombotic microangiopathy that can lead to CKD by peritubular microvascular 
rarefaction, interstitial fibrosis and tubular atrophy [70–72].

Several studies including ours have demonstrated that extracellular heme triggers 
endothelial barrier disruption in various organs in SCD including the kidneys  
[44, 73–76]. Endothelial dysfunction may occur in the glomerulus affecting the  
podocytes that maintain the glomerular endothelial integrity. One study has shown 
that renal endothelial dysfunction is triggered by an increase in soluble fms-like 
tyrosine kinase 1 (sFLT-1), a splice variant of vascular endothelial growth factor 
receptor-1 (VEGFR1) in SCD. The sFLT-1 blocks interaction of VEGF with glomerular 
endothelium leading to endothelial damage associated with increased albuminuria 
[77]. Moreover, endothelin-1 (ET-1) generated by endothelial cells under inflam-
mation causes endothelial injury by reducing NO bioavailability. Alongside, ET-1 
mediates podocyte injury by binding endothelin A (ETA) receptor. In animal studies, 
antagonists to ETA receptor showed renal protection [78, 79].

Hemolysis and hemoglobinuria, cardinal features of SCD are associated with 
proteinuria and progression of CKD in SCD patients [51, 53]. Multiple chronic and 
acute hemolytic events may induce episodes of vasoocclusion leading to vulnerability 
of the endothelium susceptible to injury. The peritubular capillaries may split leading 
hematuria through extravasation of RBCs. These events may prompt development of 
vasoocclusion of vasa recta and papillary necrosis [80].

Endothelial injury in the renal peritubular microvessels is closely linked to  
rarefaction and interstitial fibrosis that leads to CKD progression [81–83]. Moreover, 
free heme reflects the function of danger associated molecular pattern in hemolytic 
diseases activating vital defense response compartments including toll-like recep-
tor-4 signaling, neutrophil extracellular trap formation and inflammasome activation 
[84–86]. The inflammatory milieu including activated neutrophils regulate endothe-
lial barrier function through adhesion and secretion dependent mechanisms [87].

4. Current management and therapies

Medications and timely management are critical in protecting the kidney. Chronic 
RBC transfusion therapy is offered to enhance the osmolality and concentrating 
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ability in children with SCD. Hydroxyurea therapy has been shown to reduce the 
hyperfiltration in children [88]. Hypotonic fluid is recommended for renal papil-
lary necrosis thiazide or loop diuretics are used to maintain urine flow rate [80]. 
The angiotensin converting enzyme inhibitors (ACE-inhibitors) can dilate efferent 
arterioles and help decrease glomerular pressure. ACE-inhibitors are used widely to 
control albuminuria [89].

5. Future research perspectives

Free heme is considered as an eDAMP (erythroid danger-associated molecular 
pattern) that induces sterile inflammation in SCD. Heme has been shown to activate 
toll-like receptor 4 (TLR4) on endothelial cell surface to promote TNFα stimulating 
innate immune signaling in SCD [45]. Moreover, heme activates NLRP3 inflamma-
some pathway and releases caspase-1 induced IL-1β from macrophages. The resulting 
inflammation is associated with hemolysis induced lethality in SCD mice and heme 
induced cell death in macrophages [85]. Heme-mediated toxicity is particularly rel-
evant to renal tubular epithelial cells as these cells presumably confront the majority 
of heme that passes through the glomeruli during acute hemolysis. Inflammasomes 
potentially activate caspase-1 that mediates cell death leading to release of IL-1β and 
IL-18. These are pro-inflammatory cytokines that are induced and cleaved in the 
proximal tubule, and subsequently easily detected in the urine of SCD patients and 
their concentrations were associated with hemolysis [90]. In a cross-sectional study, 
urine IL-18 levels were markedly elevated in patients with established AKI [91]. An 
in vitro study using immortalized human proximal tubular epithelial cells (HK-2) 
suggests that activation of inflammasomes mediates contrast-induced AKI [92]. 
Whether acute hemolytic events followed by exposure of excess heme on proximal 
tubular epithelial cell surface induces AKI facilitated by stimulation of inflammasome 
machinery has not yet been established.

The role of the rate limiting heme catabolizing enzyme, HO-1 may be of signifi-
cant importance. HO-1 degrades heme into iron (Fe), carbon monoxide (CO) and 
biliverdin, and thereby protects against adverse effects of heme. Multiple studies 
featured rapid induction of HO-1 under oxidative stress accounts for its beneficial 
effect against kidney injury [93–95]. Moreover, longer [GT]n repeats in HO-1 gene 
(HMOX1) promoter, responsible for reduced HO-1 expression, is associated with 
increased risk of AKI in sickle cell disease patients [16]. The mechanism of cellular 
regulation of HO-1 induction during AKI events in SCD has yet to be elucidated.

Besides tubular damage, etiology of AKI also includes impaired glomerular 
structure. Podocytes, the highly differentiated visceral epithelial cells, is a major 
constituent of glomerular structure and function. One in vitro study has shown 
that human and murine podocytes exposed to Hb develops increased oxidative 
stress and undergo apoptosis resulting podocyte dysfunction [96]. In SCD, the cell 
free HbS may serve as an oxidant to cause podocyte injury that may contributes to 
AKI, whereas, multiple AKI events may induce focal segmental glomerulosclerosis 
(FSGS), a characteristic CKD feature in SCD.

The intracellular signaling within the podocyte regulating glomerular endothelial 
integrity has not been explained.

Despite clinical association, mechanistic studies linking hemolysis to renal peritu-
bular endothelial impairment leading to progressive kidney diseases in SCD have not 
yet been described. The underlying chronic inflammation in SCD leads to activation 
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of blood cells including neutrophils and platelets. During AKI and CKD, neutrophil 
and platelet accumulation are evident within renal vasculature. The cellular and 
molecular mechanism depicting the interactions of activated blood cells and the 
endothelium leading to progression of CKD is an important area of future research.

Kidney injuries in SCD is multifactorial and may involve multiple unique 
and overlapping cell biological events in several renal compartments (Figure 2). 
Incidences of AKI are generally considered as independent risk factor for CKD 
progression not only in general population but also in SCD. Multiple AKI events 
attributed to acute intravascular hemolytic events in SCD may be responsible for pro-
gressive CKD and end stage renal disease among SCD patients. Future studies eluci-
dating mechanisms of AKI to CKD transition along with identification of specific risk 
factors are warranted for development of potential therapeutics to protect individuals 
with SCD from broad spectrum of renal complications.
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Chapter 5

Hearing Damage Caused by Sickle 
Cell Disease
Mara Rissatto-Lago

Abstract

Sickle cell disease (SCD) is a multisystem disease associated with episodes of acute 
illness and progressive organ damage, leading to impairment of several organs. It is 
characterized by vaso-occlusive processes resulting from local hypoxia, increased 
number of sickled erythrocytes, and dissemination of occlusion to adjacent tissues. 
SCD has a chronic inflammatory mechanism that affects several organs and systems, 
including the auditory system. Hearing loss resulting from SCD includes conductive 
hearing loss, sensorineural hearing loss, in the central auditory system, in addition 
to otoneurological symptoms. These findings occur in both the adult and pediatric 
populations. At the end of this chapter, it is expected that the reader will be able to 
identify the main damages in the auditory system resulting from sickle cell disease, 
understand the pathophysiology of the damage generated in hearing, as well as under-
stand the main care needed to monitor the hearing health of this population.

Keywords: sickle cell disease, hearing, adults, children, hearing loss

1. Introduction

Sickle cell disease (SCD) is characterized by vaso-occlusive processes resulting 
from local hypoxia, increased number of sickled erythrocytes, and spread of occlu-
sion to adjacent tissues [1]. SCD has a chronic inflammatory mechanism that affects 
several organs and systems, including the audit system [2]. Hearing losses resulting 
from SCD include conductive hearing loss [3–5], sensorineural hearing loss (SNHL), 
analyzed by conventional pure tone audiometry (PTA), in addition, otoneurological 
symptoms such as tinnitus and dizziness (vertigo) occur [6, 7], and damage to the 
central auditory system [8–10]. Studies exclusively analyzing the sensory structure 
of hearing through otoacoustic emissions (OAEs) were also carried out [10–14]. 
However, there are reports in the literature that disorders in the auditory system are 
associated with cognitive deficits and learning difficulties [15, 16].

The PTA determines the subject’s minimum sensitivity auditory analyzing fre-
quency and intensity. Sensory alterations are detected by electrophysiological auditory 
tests – OAE and neural alterations (auditory nerve and brainstem) by ABR test [17].

The knowledge about hearing damage in SCD contribute to health promotion, 
and measures can be adopted, as well as the institution of treatments, respecting their 
individuality, to improve the quality of life.
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2. Hearing impairments in sickle cell disease

2.1 Pathophysiology applied to hearing loss in sickle cell disease

Hearing damage in SCD possibly has several pathophysiological mechanisms. 
Conductive hearing loss resulting from middle ear disorders may be caused by upper 
airway infections [4]. Adenoid hypertrophy may contribute to otitis media with effu-
sion mechanically due to Eustachian tube obstruction, or functioning as a reservoir 
for otitis media-causing bacteria [18]. Children with SCD are predisposed to adenoid 
hypertrophy as a response to their functional asplenia, predisposing infections caused 
by streptococcus pneumoniae and hemophilus influenzae [19]. The prevalence of 
adenotonsillar hypertrophy in children with SCD was reported to be 55.3% compared 
to 30–37.6% in children without the disease [20]. Few data are available on the risk 
and consequences of otitis media in children with SCD. Taipale et al. [5], analyzing a 
cohort of 61 children with SCD, found 3% of children with acute otitis media, no cases 
of chronic otitis media, and only 2% with otitis media with effusion. MacDonald et al 
[21], in the United States, detected 19 cases of otitis media with effusion in a cohort 
of 84 children. These data are similar to the healthy population. Stuart and Smith, in 
2019, state in their study that although they did not collect the etiology of conductive 
losses, it can be assumed that they were most caused by otitis media [22].

The physiopathology of SNHL in SCD has not been understood. The known 
hypothesis refers to the reduction of blood circulation in the auditory system due to 
the deformed shape of the blood cells, resulting in hypoxia in the structures of the 
auditory system [23–25]. Histopathological study of the temporal bone of a child 
SNHL and SCD demonstrated conglomerate of sickled erythrocytes in the circulation 
of the structures of the auditory system (cochlear stria vascularis) and reduction in 
the number of outer hair cells compatible with hypoxia [26].

The SNHL in SCD apparently affects high frequencies, which can be explained 
due to the high consumption of the oxygen of the stria vascularis [27]. Lago et al. [2] 
demonstrated reduced flow-mediated dilation, with ultrasonographic imaging of the 
brachial artery, in patients with SCD-homozygous (HbSS) – sickle cell anemia (SCA) 
with SNHL de displaying the role of vascular endothelium dysfunction in vaso-
occlusion in SCD associated with SNHL.

2.2  Characteristics and prevalence of hearing damage associated with sickle cell 
disease

The hearing loss in SCD presents great variation among different studies. 
Conductive hearing loss occurs in about 27.5% of children and adolescents [4]. A 
retrospective study analyzes the prevalence of hearing loss in audiometric data of 
128 children and adolescents with SCA. The occurrence of hearing loss ranged from 
28.8% to 50.8%, according to the method used (i.e. individual vs. ear-specific; any 
elevated threshold vs. a three-frequency pure tone average). There are more occur-
rences of conductive hearing loss than SNHL [22].

The prevalence of SNHL in SCD varies from 3.8% [4] to 66% [28] including adults 
and children and different genotypes (homozygous (HbSS), heterozygous (HBSC) 
and, thalassemias). This difference may be linked to factors such as genotype, age 
group, geographic region, socioeconomic aspects, level of sequelae related to the 
disease, treatments used, and the cutoff point adopted in the evaluation to identify 
hearing point adopted. A systematic review and meta-analysis study including 12 
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studies and a total of 636 SCD patients and 360 controls identified 26.3% of SNHL 
in adults with SCD [29], including different genotypes. Another systematic review, 
including 14 studies, with 884 homozygous participants aged between 4 and 56 years, 
found a prevalence of 20.5%.

As to the characteristics of SNHL in SCD patients, the SNHL can occur in both 
sexes, in one or both ears and, the severity is predominance in the mild range. 
Apparently, it initially affects effect higher frequencies (4–8 kHz) followed by the 
low frequencies (0.25–0.5 kHz). The basal portion is metabolically active, and the 
structures are the main receptors of acoustic energy from the external environment, 
and it becomes more sensitive to variations and/or deprivation of oxygen or glucose. 
Changes in other frequencies suggest that the damage is diffuse in the cochlea [30]. 
Based on the hypothesis of circulatory changes in the auditory system in SCD, varia-
tions in SNHL characteristics could be explained by the duration, distribution, and 
size of the ischemic process in the circulation of the inner ear [4].

Studies demonstrated that SNHL in SCD patients could occur in different age 
groups (children, adolescents, and young adults). Most of the studies included 
samples with a wide age range, which led to inaccurate results regarding prevalence 
by age group. Studies that included only children and adolescents demonstrated high 
occurrence [2, 22, 31]. Studies with a broad age range showed a greater prevalence 
over 30 years of age [8, 32, 33]. And, other two studies [6, 34] described a trend 
toward worsening with increasing age, suggesting that SNHL is progressive in SCD 
patients. It might be expected that as patients with SCD grow older, and they will 
experience repeated crises and show an increased incidence of SNHL.

The characteristics of the SNHL are shown in Table 1.
In principle, variables such as the treatment used, and even the model of these 

studies, may interfere in this relationship, since observational cross-sectional stud-
ies do not allow identification of the moment of SNHL installation of hemoglobin 
and fetal hemoglobin levels. Although SNHL may go unnoticed, there are records 
of patients who developed a severe/profound degree, requiring intervention with 
electronic devices such as a cochlear implant to restore hearing [40]. The pediatric 
population presented, in most studies, the severity of mild/moderate hearing loss, 
which is often not perceptible for the discernment of the children themselves.

Case studies demonstrate sickle cell crisis directly correlating with sudden and 
sometimes permanent unilateral or bilateral SNHL presentation [25, 41, 42]. While 
suffering in the midst of an acute pain crisis, one of these patients also experienced 
debilitating vestibular dysfunction [42].

Rissatto-Lago et al [7] describe a high occurrence of otoneurological symptoms 
(vertigo and/or tinnitus) in the pediatric population with SCA 46.4 % and concluded 
that the presence of sickle cells in vascularization in the labyrinthine artery is capable 
of compromising the vascularization of the structures responsible for body balance, 
such as the semicircular canals.

Considering the physiopathology and sensitivity of the inner ear, hidden damage 
can be present and not yet been detected in PTA. The OAE are sounds of cochlear 
origin, which can be recorded by a microphone fitted into the ear canal. They are 
caused by the motion of the cochlea’s sensory hair cells as they energetically respond 
to auditory stimulation.

The OAE test is the fast, noninvasive method to identify subclinical alterations in 
the cochlea. The transient otoacoustic emissions (TOAEs) responses are the stron-
gest, and therefore, the easiest to detect in the primary auditory frequency band of 
1–4 kHz, triggered by broad-spectrum acoustic stimulus as whole and detected in 
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Study (Author, 
year, and country)

Number of patients 
(Sex); Genotype

Age 
(years)

Hearing loss Rate of SNHL Laterality, 
severity

Al-Dabbous et al. 
(1996); Saudi Arabia 
[35]

100 (42F/58M)
HbSS

5–40 ≥ 25 dB at 
one or more 
frequencies

19 (19%) 52.6% unilateral;
Severity: 10.5% 

mild; 63.5% 
moderate; and 

26.3% severe range

Al-Muhaimeed et 
al. (2000); Saudi 
Arabia [33]

50 (22F/28M)
HbSS

4–45 > 20 dB at 
two or more 
frequencies

18 (36%) 72% unilateral;
Severity: 73.9% 

mild; 17.4% 
moderate; and 

8.7% severe

Piltcher et al. 
(2000); Brazil [6]

28 (15M/13F)
HbSS

6–55 > 20 dB at 
two or more 
frequencies

6 (21.4%) Tendency to be 
bilateral

Severity: NR

Onakoya et al. 
(2002); Nigeria [28]

167(96F/73M)
HbSS

15–56 > 25 dB at 
one or more 
frequencies

110(66%) 62% bilateral;
Severity: 58% mild

Mgbor and Emodi 
(2004); Nigeria [27]

52 (36M/16 F)
HbSS

6–19 > 25 dB at 
one or more 
frequencies

7 (13.4%) 100% unilateral;
Severity: 100% 

mild

Aderibigbe et al. 
(2005); Nigeria [34]

46(21M/25F)
HbSS

16–48 > 25 dB (mean 
of frequencies 
0.5, 1, 2, and 4 

kHz)

4 (4.3%) 100% unilateral;
Severity: 100% 

mild

Jovanovic-Batman 
and Hedreville 
(2006); Guadeloupe 
(France) [8]

79(36M/43F)
HbSS;
HbSC

16–50 > 20 dB at 
two or more 

frequencies in 
one or both ears

36(45.56%) NR laterality
Severity: 100% 

mild

Alabi et al. (2008); 
Nigeria [4]

80 (45M/35F)
HbSS

4–15 > 25 dB at 
one or more 
frequencies

3 (3.8%) 100% unilateral;
Severity: 100% 

mild

Samperi et al. 
(2005); Italy [36]

73 Sex: NR
23 HbSS; 

50S-β-thalassemia

7–54 > 25 dB at 
one or more 
frequencies

24% (S-β-
thalassemia)
30% (HbSS)

71,42% unilateral
Severity: 100% 

mild

Onakoya et al. 
(2010); Nigeria[32]

43 HbSC 15–65 > 25 dB at 
one or more 
frequencies

12 (27.9%) Severity: mild

Al Jabr (2016); Saudi 
Arabia [37]

40HbSC, HbSS 20–45 >25 dB at 
one or more 
frequencies

9 (22.5%) 6 (15%) bilateral
Severity: mild

Lago et al. (2018); 
Brazil[2]

52HbSS (27M/25F) 6–18 > 20 dB at 
one or more 
frequencies

15 (28.8%) (86.66%) 
unilateral

Severity: 100% 
mild

Olajuyin et al. 
(2018); Nigeria [31]

81
Sex: NR

5–17 >25 dB (mean 
value of 

frequencies of 
0.5, 1, 2 kHz)

23 (28.3%) Severity: majority 
mild

Bois et al. (2018); 
France [3]

61 4–19 >20 dB at the 
mean value of 
frequencies of 

0.5, 1, and 2 kHz

2 (3.27%) 100% unilateral;
Severity: moderate



91

Hearing Damage Caused by Sickle Cell Disease
DOI: http://dx.doi.org/10.5772/intechopen.104705

subjects. The distortion product otoacoustic emissions (DPOAEs) responses that are 
generated by the nonlinear interaction of two pure tones presented simultaneously 
valuates specific parts of the cochlea and varies from 0.5 to 8 kHz, which are the 
frequencies in subjects with normal hearing or mild hearing loss detected [43, 44].

Differences in the OAE amplitudes were noted in four of the six studies, with an 
increase in amplitude being identified in the group with SCA [11–14]. The main stud-
ies and characteristics of the OAE are shown in Table 2.

The increase in OAE amplitude in SCD suggests early changes in cochlear micro-
mechanics, which may progress to the appearance of SNHL. The increase in amplitude 
may not be attributed to ear and functional differences in the outer values in the mean 
evaluated in tympanometry [12]. One hypothesis for the increase in OAE amplitude 
in SCD would be due to aberrant median olivocochlear neural function; however, this 
hypothesis was found contrary in a study, which no differences in the mean suppres-
sion of TOAE between the groups suppress SCD and healthy participants, indicating 
normal function of the medial or olivocochlear system [14]. This normality of the 
medial olivocochlear system was also observed in the study by Rissatto-Lago et al. 
[10], who identified similar DPOAE amplitudes in participants with SCD and hearing 
thresholds within normal limits when compared to healthy controls.

The association between increased OAE amplitude in participants with SCD who 
did not receive hydroxyurea (HU) compared to those treated with HU is evidence for 
the possibility of premature changes in the cochlear micromechanics of the inflam-
matory process of SCA. As HU is a drug that reduces the inflammatory process in SCA 
by reducing the adhesion of erythrocytes and leukocytes to the vascular endothelium, 
it reduces myelosuppression and vasodilation through the release of nitric oxide [45]. 
It is possible that the return of OAE amplitudes to a normal level reflects a reduction 
in the mechanism of the undetermined cause of the increase in OAE amplitude.

Study (Author, 
year, and country)

Number of patients 
(Sex); Genotype

Age 
(years)

Hearing loss Rate of SNHL Laterality, 
severity

Sarac et al. (2018); 
Turkey [38]

45
(20M/25F)

18–45 > 25 dB at the 
mean value of 
frequencies of 

0.5, 1, and 2 kHz

2 (4.4%) NR

Towerman et al. 
(2018); United 
States [39]

60
(*did not 

discriminate sex in 
the HbSS Group)

>22 ≥ 25 dB at the 
mean value of 

frequencies of 0.5, 
1, 2, and 4 kHz

3 (5%) 100% unilateral;
Severity: 

100%moderate

Stuart and Smith 
(2019); United 
States [22]

128 3-14 *Variable 3.1% to 17.1% 
depending on 
the calculation 

method 
employed

Unilateral or 
bilateral;

Severity: 60.0% 
slight; 5.7% mild; 
28.6% moderate; 
1.4% severe; and 
4.3% profound

Bomfim et al. 
(2022); Brazil [16]

31 25HbSS 6HbSC
(16M;14F)

8–17 >20 dB at one or 
more frequency

25.8% Severity: 100% 
severity mild

kHz, kilohertz; dB, decibel; HL, hearing loss; M, male; F, female; HbSS, hemoglobin SS; HbSC, hemoglobin SC; NR, 
Not reported.

Table 1. 
Prevalence and characteristics of sensorineural hearing loss in sickle cell disease.
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The iron chelator deferoxamine, administered parenterally, or deferasirox orally 
are ototoxic drugs and may cause permanent or transient hearing deficits depending 
on the dosage and time of exposure to the medication. These ototoxic effects culmi-
nate in changes in the cochlea and a reduction in the number of outer hair cells [35].

Damage to the central auditory pathways must be considered, including subclinical 
damage such as hidden damage to the auditory system. Increased contralateral acous-
tic reflexes were found in homozygous SCD children and adolescents, with hearing 
thresholds within normal limits. According to the authors, considering that alterations 
in the brainstem or efferent system can affect the level of the acoustic reflex in the 
presence of integrity of the afferent pathway, and the hypothesis of possible retro-
cochlear alterations (brain stem) is raised. This study auditory brainstem response 
(ABR) mean latencies of waves III and V and the mean interpeak latencies I–III and IV 
are significantly higher in the SCD patients, compared to the healthy group [10].

A study in France found changes in the ABR in 25.35% of patients with SCD com-
pared to healthy controls due to an increase in interpeak latencies (III–V), and men 
were the most affected by this alteration [8]. In another study, Husain et al (2011) 
reported that 51% of patients with SCD had altered ABR results suggesting damage to 
a portion of the brainstem (retrocochlear alteration) [9].

P300 is an auditory cognitive evoked potential involved in attention, discrimi-
nation, and memory. It is an indicator of cortical processing, speed, and delay in 
patients with cognitive deterioration [46]. Children with SCD had a longer P300 

Study Participants Fri; Age (years) Results

Downs et al. 
(2000); United 
States

20 (11M/9F); 6–13 DPOAE amplitudes significantly larger for the SCA 
group; lower amplitude for the lower frequencies

Walker et al. 
(2004); United 
States

12 (5M/7F); 6–14 DPOAE amplitudes were significantly larger for the 
SCA group; reduced amplitude for lower frequencies

Stuart et al. 
(2012); United 
States

30
Group I: 15 treated HDU 
(9M/6F)
Group II: 15 non-treated HDUs 
(6M/9F)

DPOAE amplitudes were significantly larger in the 
SCA group not treated with HDU in comparison with 
the SCA group treated with HDU and the healthy 
controls; lower amplitude for the lower frequencies

Stuart and 
Preast (2012); 
United States

13 (5M/7F) 5–17 TOAE amplitudes were significantly larger for the 
SCA group. There was no difference in the mean to 
inhibit evaluating effects of the MOC system (effects 
suppression) between the groups with SCA and HC.

Kegele et al. 
(2015); Ghana

35 (Fri NR)
6 months–10 years

There was no difference relative to the presence and 
amplitude of TOAEs in the comparison between the 
SCA group and HC

Lake et al. 
(2018); Brazil

37 (20M/17F); 6–18 There was no statistically significant difference in the 
DPOAE amplitudes between the SCA and healthy 
controls groups. No difference in the absolute level of 
inhibition effects of the MOC between SCA and HC.

F, female sex; M, male sex; DPOAE, distortion product otoacoustic emissions; HDU, hydroxyurea; SCA, sickle cell 
anemia; TOAE, transient otoacoustic emissions.

Table 2. 
Studies with sickle cell disease (homozygous) using the tests of transient and distortion product otoacoustic 
emissions (n = 6).
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latency compared to the control group; however, none of the SCD morbidity markers 
were related to P300 [15]. However, it is still controversial, as another study, including 
children and adolescents with SCD, found similar P300 responses between patients 
with SCD and controls [47]. Similar results were found by Rissatto-Lago et al [10], in 
which children and adolescents with clinically stable SCD had similar P300 latencies 
with healthy controls.

2.3 Conduct and clinical applicability

Damage to the auditory system in patients with SCD, including the pediatric 
population, seems quite evident, making it clear that risk detection for hearing 
disorders should focus on young people, in order to accurately detect subclinical 
changes that can progress to sensory impairments. SNHL hearing impairments 
already installed in a very young population is a very relevant fact and requires 
particular attention from specialists who deal with these patients, considering that, 
in addition to influencing quality of life, good hearing is crucial for learning and 
school performance, which can also be harmed by this factor, and a periodic hearing 
assessment is indicated.

Thus, patients who underwent hearing assessment at birth (neonatal hearing 
screening) with positive results should be audiologically monitored. Audiological 
procedures, such as OAE exams, can be ordered at any age, assessing sensory integ-
rity. Patients using ototoxic medications, for example, iron chelator deferoxamine or 
deferasirox, should be monitored more carefully and in a short period of time.

Hearing assessment, including behavioral procedures such as pure tone audiom-
etry and immitanciometry, should be requested at the beginning of literacy, even for 
participants without auditory signs or symptoms, since studies have shown that the 
presence of mild impairments may be associated with school difficulties. And when 
possible, an evaluation with ABR should be performed to monitor the central audi-
tory pathway in order to detect damage that may manifest with advancing age.

3. Conclusions

There is a higher prevalence of SNHL in patients with SCD compared to the 
general population. This is likely due to the pathophysiology of the disease and the 
hematologic effects on the labyrinthine microvasculature. The otorhinolaryngologist 
must be aware of the otological manifestations of SCD such as SNHL and request 
periodic assessment of the auditory function of patients with SCD.
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Abstract

Sickle cell disease (SCD) is a major public health challenge. It is a common cause of 
acute and chronic illness and death, which results from a single amino acid substitu-
tion (glutamic acid to valine) at position 6 of the beta (β) chain of the hemoglobin 
molecule. The pathophysiology is based on the polymerization of deoxygenated 
hemoglobin S (HbS) and production of irreversibly sickled red cells and vaso-occlu-
sive crisis (VOC). The disease is associated with recurrent episodes of acute pain and 
organ damage. This chapter highlights the role of SES on the predisposition to VOC 
and mortality among SCD patients. Findings from this review will enable the devel-
opment and implementation of policies that can facilitate the effective management 
of SCD in the region. More awareness and education of parents of children and adults 
living with SCD are needed to identify factors that predispose patients to VOC and 
common-sense measures to prevent these triggers. SCD patients should be protected 
against malaria. The need for nutritional intervention, proper hydration, avoidance of 
dietary intake of sodium, strenuous physical activity, and extreme weather to reduce 
the incidence of VOC cannot be overemphasized. Protective immunization and access 
to effective prophylactic and therapeutic agents should be implemented.

Keywords: sociodemography, economy, vaso-occlusive crisis, mortality, SCD,  
sub-Saharan Africa

1. Introduction

Sickle cell disease (SCD) is of major public health challenge globally, with major-
ity of affected patients residing in sub-Saharan Africa [1]. It is a genetic disorder 
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resulting from the inheritance of abnormal gene (HbS) from both parents [2]. The 
difference between the abnormal hemoglobin S (HbS) and the normal adult hemo-
globin A is a single amino acid substitution of valine for glutamic acid in the sixth 
position in the β-globin chain. In sub-Saharan Africa, about 300,000 infants are 
born with major hemoglobin disorders and about 2% of all children have SCD [3]. 
The frequency of the trait is between 15 and 30% in West Africa [4]. SCD dispro-
portionately affects people in the African continent compared to other parts of the 
globe. The United Nations estimates that 12–15 million of the world’s 25 million SCD 
patients live in the African continent [5], while an insignificant 10% live in high-
income countries (HICs) [6]. The mortality rate from the disease in children under 
5 years of age is estimated to exceed 50% in the African continent where healthcare 
infrastructure is suboptimal and the population are significantly impoverished [7]. 
Recurrent and random episodes of vaso-occlusive crisis (VOC) are the hallmark of 
sickle cell disease. The pathophysiology of vaso-occlusive crisis lies in the fact that 
upon deoxygenation, the mutant HbS molecule polymerizes and attains a charac-
teristic sickle shape. The sickle-shaped red cells adhere to leukocytes immobilized 
to the endothelium, causing microvascular occlusion and vaso-occlusive crisis 
(VOC), tissue ischemia, and resultant pain. The actual causes of VOC are unknown. 
However, factors including exposure to cold (hypothermal), dehydration, infec-
tion, malaria infection, and stress may play a role [8]. Painful vaso-occlusive 
crisis (VOC) is the commonest cause of hospital admission in patients with SCD. 
Socioeconomic status (SES) and demographic variables seem to play a key role in 
the prevalence, development of complications, and mortality in several diseases 
including sickle cell disease (SCD) and particularly in low-income developing 
countries. The aim of this chapter is to review the several sociodemographic and 
socioeconomic variables that can predispose to vaso-occlusive crisis among sickle 
cell disease patients.

2. Effects of sociodemographic and economic factors in VOC in SCD

Sociodemographic variables play a role in hospitalization of SCA children. The 
level of educational attainment of parents has a significant role in the incidence and 
presentation to hospital with VOC. A previous report in Sokoto, North Western 
Nigeria, indicated that majority of the parents of children presenting to the children 
emergency unit with vaso-occlusive crisis were either educated up to secondary 
school or had no formal education. Also, a SCD child’s position in a family had a 
role in presentation in emergency unit with VOC. Majority of the subject presenting 
to hospital in VOC were ≥ 6th position [9]. Higher levels of education and income 
mitigate the deleterious effects of the psychosocial consequences (anxiety and 
depression) associated with SCD. Parents of SCD children with higher education or 
income are more likely to make better informed decision about nutritional require-
ments and use of insecticide-treated mosquito nets to protect their children from 
malaria. They are also able to afford the medication and the various treatment options 
required for the effective management of their SCD children [10]. There are several 
factors that play a role in an individual’s socioeconomic status (education, profession, 
and income). SES of an individual can play a role in the development, complications, 
negative outcome, and increased mortality of patients with SCD [11]. The effects 
of these factors often begin in the prenatal stages before a child is born and tend to 
continue through life [12]. A study that investigated the influence of SES factors on 
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hematological and clinical parameters in children with SCD in Saudi Arabia [13] indi-
cated that a significant number of children affected with the SCD were from the low 
socioeconomic class on <5000 SAR. The prevalence of VOC, adverse events, and more 
deranged hematological indices was more prevalent among patients in the lowest SES.

2.1 Role of poverty on incidence of VOD in SCD patients

Inability to pay for healthcare can have a significant effect on accessibility and 
promptness of assessing care for many indigent patients. Many SCD patients do not 
access care on time until complications have developed. This can potentially result in 
longer lengths of stay for the treatment of complications of their underlying disease 
[14]. A previous report in Sokoto, North Western Nigeria, indicated that majority 
of the parents of children in vaso-occlusive crisis had income of < N36,000 naira 
(equivalent of <$75) monthly [9]. The management of SCD patients is not cheap. In 
the United States, the estimated total healthcare cost per year for children and adults 
with SCD stand at USD1.1 billion [15]. Children from low socioeconomic status (SES) 
with and without chronic disease have been reported to have worse health outcomes 
and higher utilization of health resources compared to those who are more advan-
taged [16]. They are more likely to be admitted to the hospital, have longer lengths 
of hospital stay, and generate more healthcare-associated costs particularly in the 
first 10 years of life compared to children from higher SES [17]. However, a previous 
report that examined the association between socioeconomic status and length of 
hospital stay for children with sickle cell disease observed that SES has no clinically 
important effect on the length of hospital stay [18]. Efforts are being made to bet-
ter understand the pathophysiology, prevent and ameliorate the consequences, and 
ensure the effective management of VOC in sickle cell disease using novel targeted 
therapies [19]. The major challenge that may limit the access to these therapies in 
developing countries where this disease is more prevalent is cost [20]. Managing 
patients with SCD comes with a huge cost [21]. In 2004 alone, more than 80,000 
hospitalizations were attributable to adult SCD patients in the United States, costing 
nearly $500 million, with majority of the cost arising from inpatient hospitalization 
associated with VOC [8, 22]. Managing chronic illness like SCD in low- and middle-
income countries (LMICs) can incur very high out-of-pocket (OOP) payments for 
healthcare. Many households do not have the necessary money. Some are left with no 
other option than to adopt one or more “coping strategies,” such as borrowing money 
often times at outrageous interest rates, or selling assets like land, farm produce, 
and jewelleries [23]. Out-of-pocket expenditure can prevent a number of SCDs from 
accessing care promptly due to unaffordability, and this can affect the delivery of a 
prompt and efficient management of patients with sickle cell disease [24]. There is 
need for government across sub-Saharan Africa to provide universal access to quality 
care for patients with SCD as well as to improve the awareness among patients on the 
need to promptly access care to prevent complications. These implementations can 
potentially help improve health outcomes.

2.2 Effect of malnutrition on the incidence of VOC in SCD

There seems an interconnection between nutritional state, host defense, sus-
ceptibility, and disease outcomes. Previous report indicates that micronutrient 
deficiencies are associated with signs of poor growth, increased susceptibility to 
infection, and recurrent occurrences of VOC in patients with SCD and outcomes [25]. 
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The important role nutrition plays in the health-related quality of life of patients 
cannot be overemphasized. A previous report indicated that the health-related quality 
of life of a cohort of SCD patients improved significantly after tailored micronutri-
ent program was initiated among the patients [26, 27]. Qualitative malnutrition seen 
among SCD tends to be multifactorial and often results from suboptimal intake or 
uptake of macro- or micronutrients. SCD-related increased nutritional demands, 
presence of attendant chronic gastrointestinal diseases and infections, socioeconomic 
status, and lifestyle factors tend to predispose SCD patients to frequent hospitaliza-
tions primarily due to vaso-occlusive crises and other SCD-related complications 
[28]. Zinc and omega-3 fatty acid supplementation have been associated with limited 
reduction in vaso-occlusive crises [29]. The disparity in SES, migrations, food inse-
curity, fast-food habits, and social and cultural patterns seem to be the main causes 
of altered nutrition in individuals throughout the globe [30]. Suboptimal intake of 
macro- and micronutrients has been shown to be associated with predisposition and 
negative outcomes in SCD patients. Micronutrient deficiencies, including zinc, cop-
per, folic acid, pyridoxine, vitamin E, B6, and B12, omega-3 fatty acids, vitamin D, and 
arginine have been shown to play a role [31–34]. Similarly, the use L-glutamine has 
been shown to be beneficial in decreasing the incidents of SCD-related vaso-occlusive 
(VOC) pain events without significant safety concerns [35]. Zinc supplementation 
has been associated with decreased incidence of infections, number of hospitaliza-
tions, and vaso-occlusive pain crisis among SCD patients [36]. The serum copper, 
selenium, RBC, HCT, HGB, MCV, MCH, and MCHC were significantly lower among 
sickle cell disease patients compared to controls. It is recommended that trace ele-
ments (copper and selenium) and hematological parameters are monitored routinely 
among sickle cell disease children to optimize the care offered to these individuals 
[9]. Vaso-occlusion is understood to be the root cause of sickle cell pain. Nitric oxide 
(NO) is a potent vasodilator [37] that plays a role in the vaso-occlusive complications 
of SCD [38]. Recent findings indicate that one of the pathophysiological pathways of 
sickle cell disease (SCD) lies on the role of red cell hemolysis and nitric oxide (NO) 
depletion on the occurrence of acute and chronic complications including VOC. 
Nitric oxide is produced in the endothelium from its obligate substrate L-arginine, 
which is converted to citrulline by a family of enzymes, the NO synthases (NOS). P. 
falciparum malaria is a common trigger of VOC in SCD patients. P. falciparum malaria 
is associated with hypoarginaemia among preschool children of African descent [39]. 
Arginine is a safe and inexpensive intervention with narcotic-sparing effects that 
may be a beneficial adjunct to standard therapy for sickle-cell-related pain in children 
[40–42]. SCD children have lower values of antioxidant enzymes compared to con-
trols. Superoxide dismutase (SOD) and glutathione peroxidase (GPX) levels in sickle 
cell disease patient in vaso-occlusive crisis are significantly lower compared to that of 
non-sickle cell controls [43]. There seems a justification to urgently develop dietary 
reference intakes (DRIs) and recommended dietary allowances (RDAs) for patients 
with SCD and integrate nutritional intervention as a vital adjunct in the prevention of 
VOC and the treatment of patients [44].

2.3 Socioeconomic disparity in access to health

SES is defined as a complex combination of several factors including occupation, 
income, knowledge, education, and power in a society that affect an individual’s 
well-being [45]. The quality of healthcare delivery is on a decline in many develop-
ing economies and limits access to health products particularly for those with low 
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SES [46]. Abnormal growth, stunting, and a low BMI are commoner in children 
with SCD of lower socioeconomic class [47]. Data from the United Kingdom shows 
that SCD children from low SES constitutes the majority of those hospitalized. The 
hospital admissions were majorly due to episodes of VOC [18]. The need for govern-
ment particularly in low-income settings to address the issue of inequalities in access 
to health products cannot be overemphasized. There is disparity in access to care in 
SCD in urban setting compared to those in rural settings. Reports from the island of 
Jamaica and the United States indicate that SCD patients with more severe genotypes 
tend to live in higher poverty-stricken rural settings and tend to travel longer distance 
to access healthcare services and advocate that government particularly in developing 
countries ensure that better access to healthcare services is provided for SCD patients 
residing in rural settings [48–50].

2.4  Lack of education and awareness on the management of patients at home to 
prevent the risk of VOC

Painful crises are the causes of 50–60% of emergency visits and 60–80% of hospi-
talizations in children with SCD [51]. Triggers for VOC vary and can include inflam-
mation, stress, increased viscosity, decreased flow, hemolysis, infection, exposure to 
cold, hypoxia, acidosis, dehydration, physically demanding activity, emotional stress, 
and malaria, or a combination of factors [19, 52]. A previous report from Nigeria indi-
cates that malaria (76.7%) and bacterial infection (60%) were common trigger of VOC 
among SCD subjects [9]. A significant association has been observed between the 
parents’ awareness of VOCs and a better disease outcome in their children, as they had 
fewer attacks and hospital admissions [53]. The need to provide information required 
to enable parents of children and adults with SCD effectively manage themselves at 
home to reduce the incidence VOC and need for hospitalization cannot be overem-
phasized. There are a number of commonsense measures that can be implemented to 
reduce the risk of VOC-related admissions. Parents of children and adult patients with 
SCD must take the issue of optimal hydration seriously. Poorly hydrated erythrocytes 
lead to increased viscosity and may contribute to the vaso-occlusive crisis in SCD [54]. 
It is crucial for SCD patients to promote proper hydration by frequent intake of water, 
avoidance of dietary intake of sodium, and avoidance of strenuous physical activ-
ity and extreme weather that result in excessive sweating [55, 56]. Majority of SCD 
patients live in Plasmodium falciparum endemic African countries [57]. SCD patients 
are highly vulnerable to malaria infection as a result of impaired splenic function 
which is a common feature in SCD patients [58]. Infection with Plasmodium falciparum 
in SCD patients can trigger painful vaso-occlusive crisis, increase the severity of 
anemia, and contribute to early childhood mortality [59]. Efforts must be made to 
keep SCD patients safe from malaria infection by providing them with antimalarial 
chemoprophylaxis and insecticides-treated mosquito nets, and the implementation 
of vector control measures [60, 61]. Evidence from the UK indicates that environ-
mental factors including increased wind speed and low humidity have a significant 
effect on acute pain in SCD. Others indicates that low levels of carbon monoxide and 
nitric oxide were associated with increased numbers of VOC-related hospital admis-
sions [62, 63]. Parents of children with SCD and adult patients have a duty of care to 
ensure that these preventive measures are implemented. Sickle cell disease (SCD) is 
characterized by recurrent vaso-occlusive crisis (VOC). Patients with SCD tend to 
have impaired immunity due to splenic infarction which predisposes them to recurrent 
infections [64]. Other infection predisposing factors in SCD include abnormalities of 
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opsonization, suboptimal antibody production, impaired leukocyte functions, and 
cell-mediated immunity [65]. The clinical course of the disease is characterized by 
periodically painful vaso-occlusive crisis, which can be triggered by psychological, 
physical, and infective factors [66]. Hyposplenism predisposes SCD patients to severe 
infections with malaria and encapsulated organisms, including Haemophilus influenza, 
Mycoplasma pneumoniae, Salmonella typhimurium, Staphylococcus aureus, Escherichia 
coli, and Streptococcus pneumoniae [64, 67]. Respiratory tract infections are common in 
SCD and vary and range from mild upper tract infection to moderately severe uncom-
plicated pneumonia that can be managed with appropriate antibiotics. Respiratory 
tract infection if poorly managed can predispose patients to acute chest syndrome 
(ACS) which is a serious and potentially fatal complication. There is the need to reduce 
the burden of infection on SCD patients by ensuring that patients are administered the 
relevant protective immunization, have access to effective prophylactic and therapeu-
tic use of antimicrobial, keep their environment, clean and are provided with barrier 
protection [68]. There is need for governments across the sub-Saharan Africa to take 
realistic steps to eradicate  poverty and illiteracy as enshrined in the United Nations’ 
millennium development goals for underdeveloped countries. This will go a long way 
in reducing the high incidence of infection among SCD patients in particular and 
improving the quality of life of patients.

2.5 Psychosocial realities of vaso-occlusive crisis in SCD

A previous report indicated that sociodemographic characteristics and quality 
of life play a major role in SCD, and these have serious psychosocial consequences, 
especially anxiety and depression, on SCD patients [69]. Vaso-occlusive pain crises 
(VOC) is the most common cause of emergency department visits and hospitaliza-
tions in patients with sickle cell disease [70]. Sickle cell disease (SCD) patients with 
VOC may experience a broad range of mental health disorders. Pediatric patients 
with SCD and a history of a mental health diagnosis have longer length of stay (LOS) 
and higher admission rates for the management of VOC. Ultimately, these findings 
suggest that mental health pose a challenge to the management of VOC-related pain in 
patients with SCD [71]. Pediatric patients diagnosed with a psychiatric disorder, spe-
cifically mood or anxiety disorders, have longer LOS for VOC. These findings suggest 
that future interventions aimed at managing VOC may need to consider adjunctive 
psychiatric assessment and intervention [72]. Comorbid depression is significantly 
associated with longer LOS, more severity of illness, and higher hospital charges 
[73]. Healthcare providers caring for adults with SCD should consider screening and 
managing the mental health of SCD patients to improve the health-related quality 
of life. SCD patients with depression had a higher prevalence of acute vaso-occlusive 
pain and acute chest syndrome visits per year, developed more complications related 
to organ damage, and incurred significantly higher outpatient and inpatient total 
healthcare costs compared to controls [74]. VOC-related acute pain and fatigues 
resulting from anemia are major hallmarks of SCD. These factors predispose patients 
to psychological disorders, depression, anxiety, and a negative impact on their qual-
ity of life (QoL) [75]. Previous report indicates that the rates of depression in SCD 
patients (18–46%) are similar to those seen in other chronic diseases [76]. Depression 
seems prevalent in patients with SCD and may be correlated with demographic and 
social factors. A previous study investigated the prevalence of depression and anxiety 
among SCD patients from different sociodemographic groups in Jeddah, Saudi Arabia. 
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Finding indicated that there was a significant association between depression rate 
and the two variables of patient employment status (49.3%; p = 0.047) and a family 
history of SCD (51%) [77]. A depression rate of 48.2% was reported among the SCD 
patients in Qitaf, Eastern Province of Saudi Arabia [78]. Depression among SCD 
patients in sub-Saharan African may even be higher for a number of reasons; apart 
from the fatigue and VOC-associated pain, many SCD patients have to grapple with 
paying for their healthcare cost which tends to be funded out of pocket, and patients 
also worry about the availability of safe blood transfusion (lack of effective screening 
for TTIs, risk of possible hemolytic transfusion reaction, and alloimmunization to 
foreign donor red cells antigens). Many blood transfusion laboratories in sub-Saharan 
African countries lack facilities for routine alloantibody screening and extended red 
cell phenotyping. There is also the risk of iron overload and the cost implication of 
iron chelation therapy [79]. There are a number of factors that may be responsible 
for the increased incidence of depression among patients with SCD particularly in 
low-income settings in sub-Saharan Africa; the higher the rate of healthcare utiliza-
tion, there are higher costs of out-of-pocket medical care and the challenge associated 
with the effect of the VOC crisis-related pain [80, 81]. There is need to routinely 
examine the health-related quality of life and mental health status of SCD in relation 
to VOC-related pain during hospital admissions and target appropriate psychological 
interventions for the effective management of pain in these patients [82].

3. Conclusion

This review indicates that socioeconomic and demographic factors play a key role 
in the prevalence of VOC, development of complications, and mortality in sickle cell 
disease (SCD) particularly in low-income developing countries.

4. Recommendations

1. Governments across sub-Saharan Africa need to take realistic steps to eradicate 
poverty and illiteracy as enshrined in the United Nations’ millennium develop-
ment goals for underdeveloped countries. This will go a long way in reducing the 
high incidence of VOC among SCD and improving the quality of life of patients.

2. There in need for more awareness and education of parents of children and adult 
living with SCD on the factors that predispose patients to VOC and common-
sense measures that can be taken to prevent these triggers.

3. There is need to invest significantly on tackling Goal 10 of the Sustainable 
Development Goals (SDGs) with the hope of reducing the growing inequalities 
and closing the widening inequality in access to SCD-related care as well as relative 
income inequality within and among countries.

4. Efforts must be made by government of sub-Saharan African countries to keep 
SCD patient safe from malaria infection by providing them with antimalarial 
chemoprophylaxis, insecticides-treated mosquito nets, and implementation of 
vector control measures.
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5. SCD patients should be encouraged to ensure proper hydration by frequent 
intake of water, avoidance of dietary intake of sodium, and avoidance of strenu-
ous physical activity and extreme weather that result in excessive sweating to 
reduce the incidence of VOC.

6. There seems a justification to urgently develop dietary reference intakes (DRIs) 
and recommended dietary allowances (RDAs) for patients with SCD and inte-
grate nutritional intervention as a vital adjunct in the prevention of VOC and the 
treatment of patients.

7. There is the need to reduce the burden of infection on SCD patients by ensuring 
that patients are administered the relevant protective immunization, have 
access to effective prophylactic and therapeutic use of antimicrobial, keep their 
environment clean, and are provided with barrier protection.

8. Government of sub-Saharan African countries should ensure that there is 
improved access to healthcare services for SCD patients particularly those 
residing in rural settings.

9. There is need to routinely examine the health-related quality of life, mental 
health status of SCD in relation to VOC-related pain during hospital admissions 
and target appropriate psychological interventions for the effective management 
of pain in these patients.
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