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Abstract: Sickle cell disease (SCD) imposes a significant health burden, particularly in low- and
middle-income countries where healthcare professionals and resources are scarce. This opinion
paper delves into the management strategies employed for vaso-occlusive crises (VOCs) in pediatric
patients with SCD, advocating for the adoption of a transformative strategy. We explore the inte-
gration of functional assessment approaches into existing procedures, highlighting the potential of
technology-assisted rehabilitation, including wearable sensors and digital biomarkers, to enhance
the effectiveness of managing and preventing VOCs. Rehabilomics, as a comprehensive framework,
merges rehabilitation-related data with biomarkers, providing a basis for personalized therapeutic
interventions. Despite the promising advantages of these approaches, persistent obstacles such
as the limited availability of rehabilitation programs, especially in resource-limited settings, pose
challenges. This paper underscores the importance of a collaborative strategy to effectively address
the unique obstacles faced by patients with SCD. This collaborative approach involves improving
accessibility to rehabilitation services, incorporating technology-supported therapy, and fostering
focused research endeavors. The primary objective of this comprehensive approach is to enhance the
overall care of SCD patients, with a specific focus on preventing VOCs, as well as providing tailored
(neuro)rehabilitation services in resource-limited settings. By examining the current state of SCD
management and proposing transformative strategies, this opinion paper seeks to inspire collective
action and collaboration to improve outcomes for pediatric SCD patients globally.

Keywords: sickle cell disease; vaso-occlusive crisis; low- and middle-income countries (LMICs);
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1. Introduction

Sickle cell disease (SCD) is a hereditary disorder characterized by the deformation
of erythrocytes into a sickle-shaped morphology [1]. This genetic condition manifests as
chronic hemolytic anemia, intermittent vaso-occlusive events, and extreme susceptibility
to infections. Vaso-occlusive events lead to tissue ischemia, resulting in acute and chronic
pain, as well as organ damage that can affect various organ systems, including the bones,
spleen, liver, brain, lungs, kidneys, and joints [2]. The Democratic Republic of Congo (DRC)
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is positioned as the third-most impacted nation on a global scale, with an estimated annual
occurrence of 39,700 newborns affected by SCD, trailing after Nigeria and India [3,4]. The
variability in the clinical manifestation of SCD can be attributed to a complex interplay of
environmental and genetic factors. These factors include the presence of both a-triplication
and a-homozygous deletion, which contribute to milder symptoms and manifestations of
the disease [5].

At the cerebral level, SCD increases the vulnerability of affected children to cerebrovas-
cular accidents, with an estimated stroke incidence rate 220 to 300 times greater compared
to their healthy peers of the same age. According to existing research, the prevalence of
strokes in SCD ranges from 3.7% to 7% [6]. Moreover, approximately two-thirds of patients
experience recurrent cerebral infarctions within 2-3 years following their initial stroke [7].
The subsequent occurrence of microvascular injury and limited vasoreactivity plays a role
in the development of silent infarcts, which have been associated with delayed cognitive
development. A stroke in children or adolescents with SCD is characterized by the endur-
ing presence of localized neurological impairment lasting for a period exceeding 24 h [8].
In some cases, a stroke may be the clinical manifestation suggestive of the diagnosis of
SCD, as brain lesions appear early, associated with cognitive deficits.

At the pulmonary level, hyperalgesic vaso-occlusive crises can be complicated by
acute chest syndrome, a major complication of SCD associated with significant morbidity
and mortality. Recurrence of intraerythrocyte polymerization of hemoglobin S promotes
ischemia—-reperfusion injury and hemolysis, causing permanent sterile inflammation. This
results in the progressive establishment of pulmonary vaso-occlusive lesions following the
aggregation of neutrophils and platelets. These aggregates arise from the intravascular
migration of neutrophil extracellular traps from the liver to the lungs [9]. This inflammatory
pulmonary environment predisposes the patient to an alteration of pulmonary function,
often associated with hypoxemia and restrictive lung disease, even though there is no
formally established link between this alteration and functional capacities, as well as low
oxygen saturation in sickle cell hemoglobin at a steady state [10-12].

The ultimate progression of this vaso-occlusion in the lung leads to the occurrence
of pulmonary hypertension, increasing the mortality associated with SCD [13]. Vaso-
occlusive events in SCD also lead to bone complications, the most common of which are
avascular necrosis of the femoral head, bone infarction, and spinal cord necrosis. These bone
complications worsen the morbidity of the disease and expose patients to the occurrence
of disabling complications. In the context of Lubumbashi, where access to imaging and
biomarker testing is extremely limited, the early identification of patients at risk of these
complications is a major challenge.

The management of SCD continues to provide significant challenges, particularly
in regions such as the DRC and other low- and middle-income countries (LMICs), as
SCD management is impeded by socioeconomic vulnerability, a limited availability of
essential therapies such as hydroxyurea [14], and an inadequate supply of appropriate
blood products [15]. This study argues that in order to tackle these issues, it is necessary
to reassess the assessment and management of these patients, with a specific emphasis on
vaso-occlusive crises (VOCs). This can be achieved by integrating functional evaluation
methodologies into current practices. Such evaluations are integral to the rehabilitation
process, and they have demonstrated their beneficial effects in managing the complications
of SCD even in the context of personalized endurance exercise [16,17].

This paper argues for the adoption of a transformative approach to optimize patient
outcomes and improve the quality of life for patients with SCD by exploring the possibility
of utilizing functional evaluation for alleviating the impact of motor and cognitive deficits
particularly in the context of cerebrovascular problems [18].

2. Epidemiology of Vaso-Occlusive Crises in SCD Patients

Due to genetic and environmental factors, the region of Katanga in the DR of Congo is
the most severely affected by SCD. It is estimated that in the region of Katanga (Lubum-
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bashi), between 30 and 40% of the population has at least one drepanocyte trait, and 1-2%
of the population will develop a severe form of the disease [19]. The management of these
patients—particularly when they suffer from frequent VOCs—poses significant challenges
in the DRC.

The most common VOC-associated complications are presented in Figure 1.
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Figure 1. Most common clinical manifestations of SCD: in pink are those in the chronic phase; in
orange are those in the acute phase [20].

Many studies classify VOCs based on various criteria, with location and intensity being
the most commonly used for typing since large multicenter studies have demonstrated that
qualifying VOCs based on the combination of their location and intensity constitutes an
essential foundation that assists clinicians in planning efficient patient management [21,22].

To evaluate the magnitude of this problem and to determine which type of crisis was
most prevalent, we conducted a retrospective analysis, examining pediatric and adolescent
patients at the Sickle Cell Reference Center (CRDL) in Lubumbashi, part of the Institute of
Research in Health Sciences.

At the CRDL, VOCs are categorized into three locations: osteoarticular (when ischemic
pain is localized to the bone), abdominal (if ischemic pain is situated in the abdomen), and
mixed (if ischemic pain affects both previously mentioned compartments) [23]. Painful
crises were classified according to symptom severity into three categories: mild, moderate,
and severe.
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Pain was assessed using two scales: the Faces Pain Scale (FPS) and the Numerical Pain
Scale (NPS) [24]. The FPS was used as a hetero-assessment in children under 6 years of age,
or in those who did not have sufficient schooling for self-assessment. For children over 6,
self-evaluation was performed with the FPS or the NPS. Pain is defined as mild when the
score obtained from the assessments is less than 4, moderate when the score is 4 or 5, and
severe when the pain score is equal to or greater than 6.

Our focus is on understanding the incidence and dynamics of VOCs within this patient
cohort. In total, 838 patients were included in this study (433 female and 405 male), with a
median age of 10 years old [p25 = 5-p75 = 17].

During the follow-up period, 2910 VOCs were monitored. Amongst these, the majority
were classified in relation to pain as mild (46.7%, n = 1360) and moderate (45.2%, n = 1316);
severe crises were found in 8.0% of the cases (n = 234). These results align with earlier
findings in the adult population, which showed that 40% of SCD patients experience
neuropathic pain [25]. Another study conducted in the USA reported an average pain
intensity of 4.5 on a scale of 10 using the Visual Analog Scale (VAS); however, it is important
to note that this study specifically targeted an adult population [26].

Concerning the localization, the vast majority of the crises were osteoarticular (59.5%,
n = 1730), followed by mixed (27.2%, n = 793); the abdominal type was found in only 13.2%
of the crises (1 = 387). These results align with findings from other studies, indicating that
osteoarticular crises are the most prevalent. Specifically, 42.6% were knee/shin crises, 42%
were low back crises, and 33.8% were hip crises. Abdominal crises were found in 16.2% of
the reported cases [26].

Regrettably, none of these patients underwent rehabilitation services.

3. Functional Evaluation as a More-Multidimensional Diagnostic Tool

As previously highlighted, we observed that the majority of the VOCs were osteoartic-
ular. In this context, rehabilitation strategies play a pivotal role in ameliorating functionality
and reducing impairment in individuals grappling with chronic diseases such as SCD [27].
Rehabilitation is defined by the World Health Organization as “a set of interventions de-
signed to optimize functioning and reduce disability in individuals with health conditions
in interaction with their environment” [28]. Person-centered rehabilitation underscores
the importance of tailoring therapies based on individual goals and preferences. Reha-
bilitation interventions are administered in diverse settings, ranging from inpatient or
outpatient hospital environments to private clinics and community spaces like a patient’s
home [29]. A cadre of rehabilitation professionals, including physiotherapists, occupational
therapists, speech and language therapists, audiologists, orthotists and prosthetists, clinical
psychologists, physical medicine and rehabilitation physicians, and rehabilitation nurses,
collaboratively work to optimize patient outcomes.

In recent decades, the profound impact of the advancement of technology and com-
puter science on numerous facets of human existence has become increasingly evident. The
use of advanced technologies to enhance and optimize physiotherapy and rehabilitation
procedures is commonly known as technology-supported rehabilitation [30]. This novel
methodology not only utilizes pre-existing technology to provide advantages for both
patients and clinicians, but also exhibits significant potential in the specific domain of
preventing and handling VOCs in individuals diagnosed with SCD.

An important benefit of incorporating technology into the rehabilitation framework is
its capacity to measure a wide range of functional parameters such as balance, gait, ranges
of motion, strengths, spasticity, coordination, etc. throughout interventions targeted at
managing VOCs. Continuous monitoring plays a crucial role in dynamically monitoring
the progress of patients who are undergoing targeted interventions such as high-intensity
training, stretching, and balance training [31]. This monitoring allows for the adapta-
tion of rehabilitation plans based on the real-time needs of each patient and the specific
characteristics associated with various forms of SCD: i.e., precision rehabilitation [32].
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4. The Role of Functional Evaluation in Improving Vaso-Occlusive Crisis Management

The increasing prevalence of affordable and portable technologies integrated with
wearable sensors in rehabilitation holds significant relevance in the context of VOC manage-
ment. These systems have the capability to be smoothly incorporated into routine clinical
practices for the purpose of quantifying essential parameters like upper limb motion, hand
function, and gait. This integration provides significant insights into the physiological reac-
tions that occur during the implementation of techniques for managing VOCs. Significantly,
these devices facilitate the continuous monitoring and functional follow-up of patients
during the rehabilitation process [33]. This capability allows for a comprehensive and
nuanced evaluation of the effectiveness of therapies. In the specific case of acute thoracic
syndrome, incentive spirometry plays a key role in the therapeutic arsenal, emphasizing
the importance of rehabilitation. More generally, pulmonary function assessments and
functional capacity testing in routine clinical practice would enable the early identification
of patients at risk of hypoxemia-related complications [10]. This identification will pave
the way for the implementation of a treatment plan to prevent the consequences of hypox-
emia, such as improving arterial oxygen levels [34]. Gait and balance assessments are also
crucial, especially in cases of aseptic necrosis. They can facilitate the collection of clinical
parameters likely to identify patients in the pre-clinical phase of necrosis, or at least at the
very beginning of the clinical phase. This early identification will streamline the initiation
of prompt management. In patients who have already been affected, these assessments
remain equally important, as they allow us to evaluate post-treatment functional results in
relation to the initial abnormalities [35,36].

As demonstrated earlier, effectively managing VOCs, and preventing strokes repre-
sents a significant therapeutic challenge in the realm of SCD care. Hence, the significance
of technology-assisted rehabilitation becomes more pronounced. The concept of “biomark-
ers”, which comprises a wide range of medical indicators that represent different biological
and pathologic processes, can be utilized to assess the real-time efficacy of therapies [37,38].
The application of biomarkers in the context of SCD rehabilitation presents a focused and
individualized method for therapy. This allows for prompt modifications to the specific
kind, dosage, and intensity of interventions.

Wagner’s concept of rehabilomics presents a comprehensive framework that combines
the methodical gathering of data on rehabilitation-related characteristics with a transdisci-
plinary examination of biomarkers [39,40]. By using the physiologically based conceptual
framework, rehabilitation procedures can be tailored to individual needs, considering the
biomolecular perspective. This approach aims to enhance the recovery of individuals,
particularly during crucial periods characterized by VOCs, and more importantly, tries to
sooner identify risk factors and patients at increased risk.

The use of mobile health technology, such as wearable sensors and home-integrated
devices, is increasingly being recognized as highly valuable for independent assessments
of mobility in everyday activities [41]. This aspect holds significant importance in the
effective management of SCD patients. The use of these technologies allows for ongoing
collection of data, which offers a thorough understanding of the patient’s condition. This
enables the detection of tiny variations that may indicate either progress or decline, a
crucial element in customizing therapies for the management of crises. The incorporation
of non-invasive and wearable sensors into remote health monitoring serves to augment
patient safety by providing ongoing insights into patients” actions during the intervals
between clinical appointments.

In summary, the implementation of technology-assisted rehabilitation, guided by the
principles of rehabilomics and digital biomarkers, presents a transformative approach to a
better understanding of the factors driving VOCs and the treatment of SCD, as presented
in Figure 2.
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5. Challenges and Opportunities

Enhancing the management of VOC of children with SCD encounters significant
obstacles.

As highlighted by the WHO, the lack of access to essential rehabilitation services,
encompassing healthcare professionals, infrastructures, and financial resources, constitutes
a substantial barrier in some countries [42]. In Lubumbashi, where healthcare resources are
often constrained, the scarcity of rehabilitation services equipped with new technologies
exacerbates the burden of children with SCD. This shortage underscores the imperative
need for concerted efforts to enhance the availability of skilled professionals, establish
robust infrastructures, and secure funding for comprehensive rehabilitation services.

In the context of VOC management, a multifaceted approach is imperative. Indeed, it
has been established that a medical approach alone does not facilitate optimal management,
and that non-medicinal adjuvants make it possible to reduce the time to remission after
a crisis and the quantity of opiates used [43,44]. Against this backdrop, establishing
(neuro)rehabilitation programs geared towards children becomes not only a necessity but a
pivotal aspect of preventing and improving therapeutic efficacy during acute crises [1,27].
By addressing these challenges head-on, we would not only alleviate the burden on the
affected children and their families, but also pave the way for a comprehensive strategy
that integrates stroke prevention and tailored neurorehabilitation programs.

The primary goal in the field of pediatric stroke rehabilitation is to improve the quality
of life and functional capacities of children affected by this condition. Although post-stroke
rehabilitation is the main focus, we argue that the importance of prevention should not
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be disregarded. Preventive measures implemented by proficient rehabilitation experts are
crucial in reducing the probability of recurring strokes [45].

After a first stroke, rehabilitation programs have proven effective in reducing the risk
of recurrence, notably by encouraging increased levels of physical activity. In children
with sickle cell disease, early rehabilitation combined with appropriate management,
including transfusion exchange programs and hydroxyurea, has been shown to be crucial
in improving outcomes and reducing morbidity and mortality [46].

Currently, there are biomarkers such as the Brain-Derived Neurotrophic Factor (BDNF)
whose elevated levels are associated with the risk of stroke and silent cerebral infarction,
even in children with SCD [47]. However, their measurement is not feasible in countries
with limited resources. In this context, functional assessments remain a better option. In-
deed, the early detection of children with elevated velocimetry on transcranial echo Doppler
scans [48], coupled with disturbances in cognitive function assessments, would make it
possible to identify patients with silent cerebral infarction and, consequently, facilitate the
introduction of appropriate management likely to prevent the onset of clinical stroke.

Tablets equipped with cognitive assessment software therefore appear to be an ideal
solution [49], especially given the scarcity of specialists capable of carrying out cognitive
assessments using conventional clinical examinations.

We strongly support the adoption of a proactive strategy, where we argue for the
deployment of systematic functional assessments specifically designed for juvenile patients.
This methodology would allow us to pinpoint individuals who are at the greatest risk of
experiencing VOCs. This, in turn, would enable us to implement focused interventions
that are customized to mitigate the specific risk factors linked with recurring incidents in
this susceptible population.

Efforts to enhance access to rehabilitation services in Lubumbashi must be approached
comprehensively, involving strategic measures for the placement of healthcare profession-
als, the establishment of dedicated rehabilitation infrastructures, and the mobilization of
essential financial resources [50]. This initiative necessitates collaborative efforts, engaging
governmental bodies, non-governmental organizations, and the international community
to build a sustainable framework [51]. Such concerted endeavors are imperative to ensure
ongoing and comprehensive rehabilitation support, particularly for pediatric SCD patients
on the path to recovery from strokes [52].

In the future, it is imperative to conduct economic evaluations to assess the cost-
effectiveness of both rehabilitation interventions and functional assessments to further
support this change of paradigm.

In resource-limited countries, the implementation of rehabilitation strategies for SCD
presents intricate challenges, as succinctly outlined in the aforementioned concerns. The
hurdles associated with the expense and accessibility of suitable sensors, along with the
imperative need for comprehensive patient education within home environments, under-
score the formidable barriers faced when introducing rehabilitation in regions like the DRC.
The acknowledgment of limited skilled personnel in these areas emphasizes the urgent
requirement for a robust argument on achieving cost-effectiveness. It becomes imperative
to incorporate strategies that optimize resource utilization and ensure effective patient
outreach, especially in regions where fundamental necessities like hydroxyurea and blood
for transfusion are scarce. Addressing these intricacies is not only vital for reinforcing the
overarching case for rehabilitation but also for establishing it as a viable and sustainable
option in regions grappling with significant resource constraints.

The challenges hindering the management of children with SCD who have suffered a
VOC necessitate a comprehensive and concerted effort. Improving access to rehabilitation
services and tailoring strategies to the distinctive needs of pediatric populations are funda-
mental steps. By addressing these challenges, we would not only enhance the rehabilitation
journey of affected children but also contribute significantly to stroke prevention efforts,
underscoring the vital role of neurorehabilitation programs in comprehensive SCD man-
agement. Through such targeted efforts, the feasibility and effectiveness of rehabilitation
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strategies in resource-limited settings can be maximized, contributing to improved patient
outcomes and overall SCD management.

6. Conclusions

In summary, this perspective highlights the significant obstacles and potential advan-
tages associated with evaluating and controlling VOCs in pediatric patients diagnosed with
SCD, particularly in relation to the prevention of strokes and the process of neurorehabilita-
tion. The high occurrence of SCD, exacerbated by the intricate interaction of hereditary and
environmental elements, presents a significant challenge in areas such as the DRC and other
nations with limited economic resources. The obstacles experienced by pediatric patients
with SCD are intensified by the lack of rehabilitative programs, as well as socioeconomic
vulnerabilities and the restricted availability of important therapies.

We propose an innovative strategy that focuses on integrating functional evaluation
approaches to effectively address the distinct requirements of these patients, particularly
with regard to VOCs. A significant proportion of VOC incidents were found to primar-
ily affect the osteoarticular system, underscoring the necessity for focused rehabilitative
interventions and evaluation.

The utilization of technology-supported rehabilitation has emerged as a potential
approach in effectively controlling these crises.

Despite the potential advantages of using technology in rehabilitation, there are
notable obstacles that continue to exist, particularly in areas with little resources. The lack
of access to rehabilitation services continues to be a significant obstacle, necessitating the
need for cooperation among healthcare practitioners, infrastructure improvements, and
financial investments. Moreover, addressing the existing knowledge deficit in the field of
pediatric stroke rehabilitation necessitates a deliberate redistribution of resources towards
the exploration of the distinct intricacies of SCD in the pediatric population. This endeavor
will ultimately contribute to the development of evidence-based rehabilitation approaches
that are specifically designed to cater to the distinctive requirements of children affected by
this condition.

In conclusion, effectively managing VOCs in SCD patients requires a comprehen-
sive and collaborative approach. Enhancing access to rehabilitation services, integrating
technology-supported therapy, and expanding targeted research are crucial measures for
improving the rehabilitation process for children in need. By implementing such mea-
sures, it is possible to not only mitigate the challenges faced by individuals and their
families, but also to formulate comprehensive approaches that incorporate stroke preven-
tion and customized neurorehabilitation initiatives. This would greatly enhance the overall
management of SCD in resource-limited environments.
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