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Abstract
Sickle cell anemia (SCA) is a progressive, systemic disorder that can lead to multi-organ 
dysfunction. While it has traditionally been most prevalent in regions where malaria is 
endemic, recent epidemiological studies have shown an increasing disease prevalence in non-
endemic areas, primarily attributed to global human migration patterns. The severity of SCA 
typically worsens with age. In early childhood, affected individuals may present with renal 
hyperfiltration, neurocognitive delays, cardiac remodeling, and skeletal fragility. The presence 
of these early manifestations often predicts the development of chronic complications later in 
life, including splenic atrophy, neurodegeneration, and impaired cerebral perfusion. Adequate 
management of SCA begins with universal newborn screening programs, enabling early 
detection and the initiation of appropriate interventions. Therapeutic advancements, ranging 
from disease-modifying agents such as hydroxyurea to curative options including gene 
therapy and stem cell transplantation, have significantly improved clinical outcomes; however, 
long-term morbidity remains a significant challenge. This review aimed to explore the effect 
of aging on pathophysiological changes and the onset of organ-specific complications in 
SCA patients. It highlights the importance of age-tailored monitoring and a multidisciplinary 
approach to detect early signs of organ damage, prevent irreversible complications, and 
consequently improve overall quality of life.

Introduction

Sickle cell anemia (SCA) is a severe inherited blood disorder transmitted in an autosomal 
recessive pattern, caused by a single-nucleotide point mutation in the β-globin gene on 
chromosome 11p15.5, resulting in a monogenic defect that alters the structure and function 
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of hemoglobin [1]. This mutation results in the production of abnormal hemoglobin S 
(HbS), in which the amino acid glutamic acid (a hydrophilic residue) is replaced by valine (a 
hydrophobic residue) at the sixth position of the beta-globin chain [2]. Under deoxygenated 
conditions, HbS undergoes abnormal hydrophobic interactions that promote pathological 
polymerization of red blood cells (RBCs). This process reduces RBC flexibility, leading to the 
adoption of the distinctive sickle shape [3, 4].

SCA affects multiple organ systems, with complications often evolving progressively 
over time. In childhood, early signs of renal, cardiac, neurological, and skeletal involvement 
may be present. As patients age, the disease burden typically worsens, and complications 
become more pronounced during adolescence and adulthood. This progressive decline 
may significantly contribute to morbidity and mortality, driven by splenic atrophy, 
neurodegeneration, and cardiopulmonary deterioration [5].

This review provides a comprehensive overview of the age-related effects of SCA across 
various organ systems, emphasizing that organ damage often begins in early childhood and 
worsens over time. It underscores the importance of implementing continuous and targeted 
monitoring of affected organs from a young age. Such an approach is crucial for reducing 
long-term complications and enhancing patient outcomes.

Review Methodology

This narrative review was conducted by searching electronic databases including 
PubMed, Scopus, ScienceDirect, and Google Scholar. The search covered studies published 
from January 2000 to August 2025 using combinations of the following keywords: “sickle cell 
disease,” “sickle cell anemia,” “aging,” “organ dysfunction,” “pediatric,” “adult,” and “long-term 
complications.”Inclusion criteria were original studies, systematic reviews, and meta-analyses 
in English that addressed organ-specific effects or age-related pathophysiological changes 
in SCA. Exclusion criteria included single-case reports, non-English publications, and 
articles not focusing on age-specific or organ-related outcomes. Reference lists of selected 
articles were also screened for additional relevant publications to ensure completeness and 
transparency.

Epidemiology

Sickle cell anemia and its variants are the most common inherited blood disorders, 
affecting millions of individuals worldwide [6]. While estimates vary, approximately 4.4 
million people are affected by SCA globally, and around 300, 000 infants are born with the 
condition each year, with approximately 3, 000 of those cases occurring in the United States 
[7]. In the United States, it is estimated that more than 3 million Americans are genetic 
carriers of SCA and that 80, 000-100, 000 individuals have the disease [8, 9]. According to 
the Centers for Disease Control and Prevention, SCA predominantly affects individuals of 
African ancestry, with an incidence of 1 in 365 among Black Americans and 1 in 13, 600 
among Hispanic Americans [10]. Although the burden of SCA is global, the disease exhibits 
marked regional variations. More than 75% of the worldwide burden of SCA occurs 
in sub-Saharan Africa [11]. These geographical differences in prevalence support the 
epidemiologic evidence that the sickle cell trait confers a survival advantage against malaria. 
In malaria-endemic regions, individuals who are heterozygous for the sickle cell gene have 
a greater likelihood of surviving to reproductive age, perpetuating the gene within affected 
populations and increasing resistance to malaria. Consequently, SCA is more prevalent in 
other malaria-endemic regions, including India, the Middle East, the Eastern Mediterranean, 
and the Arabian Peninsula [12, 13]. However, global human migration has altered disease 
prevalence; for example, migration from countries with high SCA prevalence has contributed 
to the introduction and spread of SCA into new populations, such as South Africa, Europe, 
and the Americas [14].
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Despite its widespread geographic distribution, SCA is often underdiagnosed and poorly 
managed in non-endemic areas, exacerbating disparities in care [15]. Notably, SCA was 
recognized as a public health priority by the World Health Organization (WHO) in 2006 [16].

Pathophysiology

Sickle RBCs are structurally fragile and exhibit a significantly shortened lifespan, 
decreasing from 120 days to 10-20 days [17]. Consequently, this reduced lifespan results 
in chronic anemia due to hemolysis and the release of free hemoglobin, which scavenges 
nitric oxide (NO), a vital vasodilator and anti-inflammatory mediator. This process promotes 
vasoconstriction, endothelial dysfunction, oxidative stress, and platelet activation, leading to 
a hypercoagulable state [18].

In addition to hemolysis, sickled RBCs exhibit abnormal adhesion to the vascular 
endothelium, resulting in microvascular obstruction and ischemia, which cause vaso-
occlusive crises (VOCs), unpredictable and painful episodes primarily affecting the bones, 
joints, chest, or abdomen, that can be triggered by dehydration, infection, cold exposure, or 
emotional stress [19]. Recurrent VOCs significantly impair quality of life and are a significant 
cause of hospital admissions among SCA patients. The chronically heightened inflammatory 
state of SCA, along with recurrent episodes of vascular damage, contributes to the progression 
of multi-organ damage [20].

Pediatric to Adult Transition in Sickle Cell Anemia

Renal and Hepatic Complications
SCA often leads to dysfunction of major organs (Table 1, Fig. 1), with the kidneys 

and liver being the most susceptible to impairment due to their high perfusion rates and, 
consequently, high vulnerability to microvascular occlusion. Structural changes detected by 
imaging and biochemical markers of renal dysfunction can be observed in pediatric patients 
with SCA [21].

Evaluation of renal and hepatic biochemical markers revealed significantly lower serum 
urea and creatinine levels, along with elevated uric acid levels, in adolescents and young 
adults (aged 14-26) with SCA compared to healthy controls [22], indicating impaired renal 
and hepatic functions likely attributed to glomerular hyperfiltration and chronic hemolytic 

Table 1. Age-Related Clinical Impact of Sickle Cell Anemia on Major Organ Systems 

 Early Age (≤ 20 years) Later Age (> 20 years) 

Kidney Renal enlargement [21] Persistent low urea/creatinine [22] 

Liver No evident structural changes Biochemical stress (elevated uric acid) [22] 

Cognition Low IQ and delayed processing [25, 27] Hippocampal loss and cognitive decline [29, 30] 

Perfusion Elevated cerebral blood flow, perfusion abnormalities [28] Altered oxygen-flow dynamics [28] 

Heart Cardiac remodeling in children [35, 36] Data lacking 

Spleen Functionally intact in childhood Autosplenectomy in the majority of adults [38] 

Bone Reduced mandibular bone complexity [40] Less pronounced changes [40] 
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stress [23]. Renal enlargement, 
particularly of the left kidney, is a 
significant early sign of nephropathy 
in children with SCA and appears to 
represent compensatory hypertrophy 
due to glomerular hyperfiltration [21].

In addition to renal and 
hepatic manifestations, other organ 
complications include pulmonary 
infiltrates and the development of 
gallstones, which result from ongoing 
hemolysis and increased bilirubin 
turnover [24].

Neurological Complications
Neurological complications 

in SCA manifest early in life and 
progress throughout the lifespan. 
Extensive research has revealed that 
neurocognitive impairments can occur 
even in the absence of overt structural 
abnormalities on imaging. Despite 
normal MRI findings, children with SCA exhibit significantly lower IQ scores, which may 
suggest that functional deficits occur prior to visible brain changes [25]. However, a later 
decrease in gray matter volume in pediatric patients was identified, indicating delayed 
development of structural changes [26]. In addition, children with SCA exhibit cognitive 
performance impairments, manifested by delayed processing speed, particularly in males, 
which is associated with a deterioration of white matter volume. This finding supports the 
predictive role of brain volume changes in determining neurocognitive outcomes in young 
children with SCA [27]. Furthermore, advanced imaging techniques, such as arterial spin 
labeling, have revealed alterations in cerebral blood flow and bolus arrival times in pediatric 
patients (aged 8-18) with SCA, suggesting age-dependent cerebrovascular adaptations that 
aim to maintain adequate oxygen delivery to the brain [28]. However, these compensatory 
adaptations appear insufficient to prevent long-term cerebral damage. With advancing age, 
the initial functional and structural deficits observed in pediatric SCA patients often progress 
to more pronounced neurological impairments. In young adults, significant structural 
degeneration, including hippocampal atrophy and reduced intracranial volume, has been 
reported [29, 30]. Importantly, pediatric patients with SCA are at greater risk for developing 
silent cerebral infarctions or overt stroke [31]. Vasculopathy of large vessels is a common 
underlying cause of stroke in pediatric patients, whereas silent infarctions are associated 
with long-term cognitive impairment [32, 33]. Transcranial Doppler ultrasound is widely 
used as a noninvasive screening tool to assess and prevent stroke risk in children [34].

Cardiovascular Complications
Cardiovascular changes in individuals with SCA are evident during childhood. 

Assessment of cardiac function in pediatric patients using M-mode, Doppler, and tissue 
Doppler echocardiography has revealed cardiomegaly and altered myocardial velocities 
secondary to chronic anemia, which causes volume overload, elevated cardiac output, and 
early myocardial stress. This cardiac remodeling is likely a compensatory adaptation to the 
altered hemodynamic demands of SCA in children [35, 36]. However, data on cardiovascular 
outcomes in adults remain scarce. This significant gap in the literature should prompt 
longitudinal studies to determine whether the early cardiac changes observed in pediatric 
patients persist, worsen, or develop into significant clinical complications later in life.

Fig. 1. The impact of aging on organ systems in Sickle 
Cell Diseases.
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Spleen Complications
The spleen may develop various complications. It commonly remains functional during 

early childhood; however, repeated episodes of vaso-occlusion and infarction over time 
often lead to autosplenectomy by adulthood [37]. Ultrasonographic evaluation of splenic 
morphology in SCA patients aged 10-52 years showed that 55.4% of adult patients had 
either nonvisible or severely atrophied spleens [38]. The functional asplenia frequently 
observed in adults with SCA significantly increases the risk of severe infections, highlighting 
the critical need for infection prevention strategies [39].

Skeletal Complications
Skeletal complications in SCA often emerge early in life. Patients with SCA below the age 

of 20 years demonstrate significantly reduced mandibular bone complexity, indicating early 
osteopenia or impaired bone remodeling [40]. Interestingly, mandibular bone abnormalities 
are less pronounced in older patients, likely due to a plateau in bone remodeling or reduced 
marrow activity over time [40]. The underlying causes of these skeletal changes may include 
medullary hyperplasia, bone marrow expansion, and reduced bone mineral density, which 
are common features of chronic hemolytic anemia. Moreover, SCA is associated with bone 
infarctions, which can lead to serious complications such as avascular necrosis, most 
commonly affecting the head of the femur [41].

Diagnosis and Prevention

SCA can be diagnosed at various stages of life, from preconception to adulthood, using a 
variety of clinical, laboratory, and genetic techniques.

Preembryonic Diagnosis
Preembryonic diagnosis begins even before conception, through the detection of 

maternal sickle cell alleles using polymerase chain reaction (PCR) analysis of the first and 
second polar bodies of oocytes. This approach allows for the selection of mutation-free 
oocytes prior to fertilization [42].

For couples undergoing in vitro fertilization, preimplantation genetic diagnosis can be 
performed on 8-cell embryos from heterozygous parents to identify and select embryos 
free of the sickle cell mutation [43]. Ethical and moral concerns regarding the discarding of 
affected embryos have increased interest in pre-embryonic screening techniques to avoid 
post-implantation decisions [44].

Diagnosis During Pregnancy
During pregnancy, noninvasive prenatal diagnosis is possible through the analysis of 

cell-free fetal DNA circulating in maternal plasma. This approach enables the detection of 
paternally inherited mutations and mutation dosage. Techniques such as high-resolution 
melting allow genotyping without the use of labeled probes, while more complex genomic 
regions can be analyzed using unlabeled hybridization probes [45].

Invasive methods, including chorionic villus sampling at 8-12 weeks or amniocentesis 
at 16 weeks, can be employed, followed by amplification-refractory mutation system PCR 
to detect the characteristic β-globin gene mutation (GAG→GTG) [46]. However, due to 
associated risks such as fetal loss, noninvasive methods are increasingly preferred [47].

At Birth Diagnosis
At birth, newborn screening programs are crucial for early detection before symptoms 

appear. Selective screening is typically limited to newborns whose parents originate from 
areas with a high prevalence of SCA [48, 49]. Universal screening techniques, including high-
performance liquid chromatography, isoelectric focusing, and confirmatory DNA analysis, 
are preferred for the detection of SCA due to their cost-effectiveness and wide accessibility 
[50].
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SCA should be suspected in patients presenting with characteristic features such 
as chronic hemolytic anemia and frequent VOCs [51]. The diagnosis can be supported by 
laboratory investigations. Most patients with SCA exhibit chronic anemia, with baseline 
hemoglobin levels often ranging from 6 to 9 g/dL [52]. Laboratory findings demonstrated 
elevated reticulocyte counts, high lactate dehydrogenase levels, increased unconjugated 
bilirubin, and low haptoglobin levels, all of which are hallmarks of ongoing hemolysis 
[53]. Hemoglobin electrophoresis is the standard confirmatory test and can distinguish 
homozygous SCA from other hemoglobinopathies, such as HbSC or HbS-β+ thalassemia [50]. 
Molecular genetic testing provides further precision when needed [50].

Treatment

Although a single-point mutation causes SCA, the disease often manifests as a complex, 
multisystem disorder that requires a comprehensive, multidisciplinary approach. Effective 
management often involves hematologists, nephrologists, cardiologists, pain specialists, and 
mental health professionals [54].

Patients with SCA in high-income countries have experienced improved life expectancy 
due to advancements in early detection, prophylactic care, and emerging therapies. However, 
in low-income countries, mortality in early childhood remains high due to limited access 
to healthcare services [55, 56]. Despite improvements in survival, many patients continue 
to experience long-term morbidity from chronic complications, multi-organ dysfunction, 
and psychological stressors, which collectively diminish quality of life [57]. While existing 
therapies have extended survival, there is a pressing global need to improve access to 
curative treatments and ensure healthcare equity [58].

Routine management strategies for SCA include folic acid supplementation, prophylactic 
penicillin in children, and immunization to reduce the risk of infection [59].

Painful VOCs are managed with hydration [60, 61] and non-opioid analgesics for mild 
to moderate episodes, while more severe cases require opioid analgesics for effective pain 
control [59]. Blood transfusions can be life-saving for patients with acute severe anemia and 
may be administered for stroke prevention and perioperative care [62].

Several disease-modifying therapies effectively reduce the burden of SCA. Hydroxyurea 
increases fetal hemoglobin levels, decreasing the frequency of VOCs and acute chest 
syndrome, thereby improving overall survival [63, 64]. L-glutamine reduces oxidative stress 
and lowers the frequency of VOCs [65], while voxelotor inhibits HbS polymerization and 
increases hemoglobin levels [66-69].

Efforts to cure SCA are making significant progress. Hematopoietic stem cell 
transplantation is the only established cure, with the best outcomes observed in pediatric 
patients who have matched sibling donors [70, 71]. Additionally, gene therapy is a rapidly 
progressing field that may offer promising curative potential [72]. Techniques such as gene 
addition, gene editing (e.g., CRISPR/Cas9), and reactivation of fetal hemoglobin are under 
active investigation in clinical trials [73-75].

Future research should focus on advancing personalized treatment strategies and global 
health initiatives to transform SCA care and ensure accessibility to life-saving interventions 
for all patients.

Conclusion

SCA follows a progressive, age-dependent course characterized by multi-organ 
dysfunction that begins in childhood and intensifies over time. Early signs, such as changes 
in kidney function, neurocognitive development, heart structure, and bone health, often 
evolve into severe complications, including splenic atrophy, neurodegeneration, and chronic 
organ failure. This progression is driven by chronic hemolytic anemia and recurrent vaso-
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occlusive events, leading to cumulative tissue damage. The evidence underscores the need 
for early, individualized interventions and continuous multi-organ monitoring. Age-specific 
surveillance is critical for identifying subclinical changes before irreversible damage occurs. 
However, the lack of long-term data, particularly in adults and elderly patients, highlights 
the urgent need for longitudinal studies to improve long-term care and quality of life in SCA.
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