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Abstract

:

The appearance, over a decade ago, of continuous glucose monitoring (CGM) devices has triggered a patient-centred revolution in the control and management of diabetes mellitus and other metabolic conditions, improving the patient’s glycaemic control and quality of life. Such devices, the use of which remains typically restricted to high-income countries on account of their elevated costs, at present show very limited implantation in resource-constrained settings, where many other urgent health priorities beyond diabetes prevention and management still need to be resolved. In this commentary, we argue that such devices could have an additional utility in low-income settings, whereby they could be selectively used among severely ill children admitted to hospital for closer monitoring of paediatric hypoglycaemia, a life-threatening condition often complicating severe cases of malaria, malnutrition, and other common paediatric conditions.
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1. Introduction


The advent of technological developments has allowed, in recent years, a significant improvement in the management of diabetes mellitus (DM) globally, including the development of a plethora of point-of-care (PoC) and point-of-need technologies. These have, on account of their simplicity, immediateness of results, precision, and reliability, simplified and democratized the screening, management, and follow-up of this condition. Examples of these devices include improved blood glucose meters, glycated haemoglobin A1c PoC tests, blood betahydroxybutyrate analysers, full lipid panel biochemical PoC, and semi-quantitative urine dipstick or fully automated urinalysis PoC methods [1]. Continuous glucose monitoring (CGM) devices, and the possibility of linking them to new “wearable” insulin delivery systems or pumps, have revolutionized the management of DM, allowing for more patient-centred and intensive monitoring of glycaemia values and trends, improving the knowledge-based capacity to adjust therapeutic dosing.



The CGM approach presents some additional interesting advantages. Current recommendations for assessing glycaemic control involve the periodic monitoring of glycated haemoglobin (HbA1c), a method reflecting average plasma glucose over the preceding 8–12 weeks [2]. This is a relatively simple laboratory-based method, not requiring any special preparation such as fasting. This method can be performed at any time of the day. However, HbA1c levels only reflect average glycaemia concentrations, and cannot characterize day-to-day glycaemic fluctuations or particular excursions (hypoglycaemia, postprandial hyperglycaemia) that may be at the root of acute events or potential diabetes-associated complications. CGM devices could address, at least partially, some of the limitations related to self-monitoring of blood glucose and HbA1c testing, outperforming HbA1c as the sole marker of glycaemic control and thus also facilitating a real-time evaluation of time spent in the target glucose range [3]. CGM devices have also partially removed the nuisance of continuous blood-pricking, providing an uninterrupted and close evaluation of interstitial glucose levels, an acceptable proxy measurement of real glycaemia [4]. Although their use requires the initial insertion of the sensor under the skin (which is a relatively simple and automatized procedure using the commercial products available), the devices can provide continuous and real-time readings for up to a week at a time [3,5].



For all of the aforementioned reasons, the uptake of CGM devices in high-income countries (HICs) is swiftly increasing, with good acceptability and favourable evaluation from end-users [6,7], and an overall impression that they empower patients and contribute to a better control of the disease. The high costs associated with using these devices, particularly if having to privately purchase them, remain a major barrier to wider use.




2. Glycaemia-Associated Problems in Low-Income Countries


2.1. The Problem of Diabetes Mellitus in Resource-Constrained Settings


The escalating global diabetes epidemic that the 21st century is witnessing is one of the major tribulations of the global health community. The burden and impact of diabetes mellitus (DM) in resource-constrained settings is far from being adequately characterized, but recent estimates suggest that DM has increased faster there than in more industrialized settings, both in terms of its general prevalence and also in the overall number of adults affected [8], possibly as a result of the inadequacies and shortfalls of current prevention and control programs. Indeed, the number of adults living with DM, which has quadrupled in the last quarter of a century globally, appears to be now rapidly increasing not only in rich settings, where this disease has traditionally found a niche, but also among those populations in low and middle-income countries (LMICs) progressing through a demographic transition, and is directly linked with other risk factors associated with poor health outcomes. One of the major caveats of the new technological revolution in regards to DM care is, despite its enormous potential, the slow penetration of new PoC devices and diagnostic and therapeutic aids in LMICs, possibly in relation to their current prohibitive costs. In rural areas of low-income countries, and particularly in Sub-Saharan Africa, where qualified human resources in the health system are scarce and laboratory infrastructures and diagnostic tool availability are very limited, challenges for DM prevention and control become dramatically blatant, as standard management of diabetes is poor or non-existent. Thus, in these settings, and recognizing that many other pressing health priorities and access inequities still need to be resolved, urgent action is required to increase the availability of DM therapeutics and diagnostic aids, and also to expose the huge uncovered burden of metabolic disease, allowing more feasible and targeted policy recommendations which can be implemented to impact the burden and prognosis of DM.




2.2. The Burden, Impact, and Risk-Factors for Hypoglycaemia in Low-Income Settings


In LMICs, hypoglycaemia appears as a significant albeit poorly recognized public health problem. The definition of hypoglycaemia implies the detection in an individual of an abnormally low level of blood sugar. Hypoglycaemia thresholds in children, as defined by the World Health Organization, depend on nutritional status, and usually entail a glycaemia level <2.5 mmol/L (45 mg/dL) in an adequately-nourished child, or <3 mmol/L (54 mg/dL) in a severely malnourished child [9]. Current screening of hypoglycaemia at the bedside of the patient is generally conducted by means of simple and relatively inexpensive bedside glucometers, which provide an immediate and actionable measurement at any given point of interest. Their generalized use, including in low-income settings, has allowed for the characterization of hypoglycaemia as a major and increasingly acknowledged risk factor for morbidity and mortality, particularly in developing settings. As a paradigmatic example, the prevalence of hypoglycaemia among paediatric admissions in Sub-Saharan Africa has been estimated to range between 1.8% and 7.3% [10,11]. The consequences of severe or prolonged hypoglycaemia are dreaded, as this condition can result in significant morbidity, for example recurrent seizures, neurological deficits, or even mental retardation [12,13]. Indeed, the appearance of hypoglycaemia in the course of any severe condition is often considered a proxy of the severity of illness, and a harbinger of an adverse outcome, although it is still not well understood how proactive preventive strategies for hypoglycaemia could impact the risk of death. Hypoglycaemia may affect both children and adults (including pregnant women) [14,15,16], with newborns and malnourished children being the most vulnerable groups [17,18,19]. A study describing the prevalence and incidence of hypoglycaemia for all-cause admissions among a large cohort of nearly 50,000 children admitted to a rural Mozambican hospital during a 13-year long period reported an overall high prevalence of hypoglycaemia (3.2%), rising to 8.8% when considering the neonatal period alone. Particularly worrying was the excessive and unacceptable risk of death associated to hypoglycaemia, considering this complication is easily and readily treatable, with nearly one of every five patients affected dying. Importantly, such results are likely an underestimation of the true burden of impact, as glycaemia in this cohort was only detected through a single screening upon admission, and not throughout the rest of the hospitalization [20,21]. Unfortunately, this a common strategy in resource-constrained settings where one aims to make best use of the few tests available.



In resource-constrained settings, hypoglycaemia typically appears in the context of specific conditions such as malaria, diarrhoea, or malnutrition, or as a result of other life-threatening conditions (including meningitis and sepsis) or situations (i.e., the neonatal period) often associated with glycaemia homeostasis disturbances [11,22,23,24,25,26,27].



In the neonatal period, hypoglycaemia is a significant cause of disease and death, and lack of detection or improper management can lead to severe neurological sequelae or lethal outcomes [17,18]. As newborns rely on their mothers for feeding, any common neonatal health problem, including prematurity, birth asphyxia, or infection, may hinder the newborn’s capacity to feed, thus impairing proper nutrition. Newborns are therefore highly vulnerable to blood glucose homeostasis impairments, although the true burden of hypoglycaemia among newborns from developing settings remains enigmatic as routine control of glycaemia is seldom assessed.



Malaria is a well-known cause of hypoglycaemia. The underlying mechanisms for it are multifactorial, including, among others, an excessive consumption of glucose by the Plasmodium parasite, the hyperinsulinaemic adverse effect resulting from the use of certain antimalarials (for instance quinine, typically in pregnancy), and the insufficient or inadequate supplementation/oral intake in cases of severe disease, particularly in cerebral malaria cases [24,27,28,29]. Indeed, hypoglycaemia is a defining feature of severe malaria [9], often accompanying other complications such as acidaemia/hyperlactataemia [30]. In severe malaria patients, it is also a treatable cause of coma and convulsions [9]. The prevalence of malaria-associated hypoglycaemia seems to vary in different parts of the world, but can occur in up to a quarter of hospitalized malaria patients [31]. The prognostic implications of hypoglycaemia as part of severe malaria can be easily understood when comparing the mortality risk in patients with (associated case fatality rates (CFR) of 24–61.5%) or without (CFR 8–13.4%) this complication [32,33,34].



Another condition typically associated to an increased risk of hypoglycaemia is severe malnutrition. It has been estimated that malnutrition significantly contributes to at least one third of all global child deaths and the presence of hypoglycaemia is potentially a major contributing factor to such a poor prognosis [19]. In these patients, several factors may compromise glucose homeostasis, such as for instance a shortage in the exogenous nutritional intake, the reduced absorption of sugars resulting from intestinal villous atrophy, or a generalized augment in oxidative stress. The rigorous application of the WHO management of malnutrition guidelines significantly improves the prognosis in these patients, likely in relation to the fact that these guidelines take into special consideration the prevention and early treatment of sepsis and hypoglycaemia [35].




2.3. Continuous Glucose Monitoring for Hypoglycaemia Detection in Severely Ill Hospitalized Children in Low-Income Settings


Very little research has been conducted in LMICs specifically exploring the utilization of continuous glucose monitoring for the screening and monitoring of hypoglycaemia. This is not a surprise as bedside glucometers remain much more cost-effective to screen for this complication, and current costs do not support the routine use of CGM in these settings. However, these devices have been used for research purposes, with the aim of better characterizing the burden of recurrent hypoglycaemia among severely ill children during hospitalization. A study among 74 malaria paediatric patients in Southern Mozambique concluded that CGM was a reliable and clinically accurate tool to evaluate blood glucose levels in paediatric malaria patients, and that hypoglycaemia episodes beyond admission in such patients appeared to occur significantly more commonly than previously considered. In this study, the insertion of a CGM device during the initial and most critical days of admission allowed for enhanced detection of low glycaemia episodes, in addition to a more robust and continuous characterization of the dynamics and evolution of blood glucose. The CGM instrument could thus be selectively utilized to better monitor those severely ill patients at higher risk of developing life-threatening hypoglycaemia episodes, allowing for more precise targeting of glucose supplementation and closer observation to improve prognosis during the hospital stay. Studies among other vulnerable populations in low-income settings are now underway, with the aim of assessing the utility of CGM systems among sick neonates and severely malnourished children, two high-risk populations for developing hypoglycaemic episodes.



It will be important to determine whether the particularities of these two populations in terms of fat tissue body composition will allow for the correct functioning and accuracy of the sensors, and therefore reliable monitoring of the outcome. Additionally, the use of CGM in LMIC faces other limitations, including the potential interactions between CGM and certain drugs such as acetaminophen [36], the fact that CGM transmitters can be damaged during computerized tomography/Magnetic Resonance Imaging studies, and the challenges of using such devices in situations of hemodynamic instability.





3. Conclusions


The uptake and implementation of CGM devices has significantly altered the management and control of DM wherever it has been implemented, and up-scale of their use for this purpose will likely be beneficial and cost-effective globally, although it is foreseeable that their use in LMICs in the short term will remain anecdotal. In these settings, however, additional public health benefits could be expected if such devices were to be selectively utilized for the monitoring, during hospitalization, of severely ill patients at high risk of developing hypoglycaemia, a common but insufficiently recognized complication of many frequent paediatric conditions which is associated with an excessive and unacceptable risk of death. High quality research evaluating the specific cost-effectiveness of these continuous monitoring devices for altering the prognosis of this life-threatening complication is needed, particularly in relation to their current prohibitive costs, which make them unaffordable for wider general use in settings with many other pressing needs. International consensus recommendations on the use of CGM [3], currently very much focused on their use for DM control, should widen their scope so as to also consider in the future their potential contributing role to the monitoring of hypoglycaemia among severely ill children from LMICs, as this is a common complication that can significantly alter the prognosis of many common conditions in these settings.







Conflicts of Interest


The authors declare no conflict of interest.




References


	



Matteucci, E.; Giampietro, O. Point-of-care testing in diabetes care. Mini. Rev. Med. Chem. 2011, 11, 178–184. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization. Glycated Haemoglobin (HbA1c) for the Diagnosis of Diabetes; World Health Organization: Geneva, Switzerland, 2011. [Google Scholar]

	



Danne, T.; Nimri, R.; Battelino, T.; Bergenstal, R.M.; Close, K.L.; DeVries, J.H.; Garg, S.; Heinemann, L.; Hirsch, I.; Amiel, S.A.; et al. International Consensus on Use of Continuous Glucose Monitoring. Diabetes Care 2017, 40, 1631–1640. [Google Scholar] [CrossRef] [PubMed]

	



Cengiz, E.; Tamborlane, W.V. A tale of two compartments: Interstitial versus blood glucose monitoring. Diabetes Technol. Ther. 2009, 11, S-11–S-16. [Google Scholar] [CrossRef] [PubMed]

	



Medtronic®. A Practical Guide to Continuous Glucose Monitoring. Available online: http://www.medtronicdiabetes.com.au/wcm/groups/mdtcom_sg/@mdt/@ap/@au/@diabetes/documents/documents/contrib_107974.pdf (accessed on 2 September 2016).

	



Barnard, K.D.; Kropff, J.; Choudhary, P.; Neupane, S.; Bain, S.C.; Kapitza, C.; Forst, T.; Link, M.; Mdingi, C.; DeVries, J.H. Acceptability of Implantable Continuous Glucose Monitoring Sensor. J. Diabetes Sci. Technol. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Messer, L.H.; Johnson, R.; Driscoll, K.A.; Jones, J. Best friend or spy: A qualitative meta-synthesis on the impact of continuous glucose monitoring on life with Type 1 diabetes. Diabet. Med. 2017, 35, 409–418. [Google Scholar] [CrossRef] [PubMed]

	



NCD Risk Factor Collaboration. Worldwide trends in diabetes since 1980: A pooled analysis of 751 population-based studies with 4.4 million participants. Lancet 2016, 387, 1513–1530. [Google Scholar]

	



World Health Organization. Pocket Book for Hospital Care of Children: Guidelines for the Management of Common Illness with Limited Resources, 2nd ed.; World Health Organization (WHO): Geneva, Switzerland, 2013. [Google Scholar]

	



Sigauque, B.; Roca, A.; Mandomando, I.; Morais, L.; Quinto, L.; Sacarlal, J.; Macete, E.; Nhamposa, T.; Machevo, S.; Aide, P.; et al. Community-acquired bacteremia among children admitted to a rural hospital in Mozambique. Pediatr. Infect. Dis. J. 2009, 28, 108–113. [Google Scholar] [CrossRef] [PubMed]

	



Osier, F.H.; Berkley, J.A.; Ross, A.; Sanderson, F.; Mohammed, S.; Newton, C.R. Abnormal blood glucose concentrations on admission to a rural Kenyan district hospital: Prevalence and outcome. Arch. Dis. Child. 2003, 88, 621–625. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, T.; Takahashi, T.; Sato, A.; Tanaka, H.; Igarashi, S.; Fujita, N.; Kuwabara, T.; Kanazawa, M.; Nishizawa, M.; Shimohata, T. Predictors of outcome in hypoglycemic encephalopathy. Diabetes Res. Clin. Pract. 2013, 101, 159–163. [Google Scholar] [CrossRef] [PubMed]

	



Fong, C.Y.; Harvey, A.S. Variable outcome for epilepsy after neonatal hypoglycaemia. Dev. Med. Child. Neurol. 2014, 56, 1093–1099. [Google Scholar] [CrossRef] [PubMed]

	



Pisarchik, A.N.; Pochepen, O.N.; Pisarchyk, L.A. Increasing blood glucose variability is a precursor of sepsis and mortality in burned patients. PLoS ONE 2012, 7, e46582. [Google Scholar] [CrossRef] [PubMed]

	



Badawi, O.; Waite, M.D.; Fuhrman, S.A.; Zuckerman, I.H. Association between intensive care unit-acquired dysglycemia and in-hospital mortality. Crit. Care Med. 2012, 40, 3180–3188. [Google Scholar] [CrossRef] [PubMed]

	



Hirshberg, E.; Larsen, G.; Van Duker, H. Alterations in glucose homeostasis in the pediatric intensive care unit: Hyperglycemia and glucose variability are associated with increased mortality and morbidity. Pediatr. Crit. Care Med. 2008, 9, 361–366. [Google Scholar] [CrossRef] [PubMed]

	



Altman, M.; Vanpee, M.; Cnattingius, S.; Norman, M. Neonatal morbidity in moderately preterm infants: A Swedish national population-based study. J. Pediatr. 2011, 158, 239–244. [Google Scholar] [CrossRef] [PubMed]

	



Tam, E.W.; Haeusslein, L.A.; Bonifacio, S.L.; Glass, H.C.; Rogers, E.E.; Jeremy, R.J.; Barkovich, A.J.; Ferriero, D.M. Hypoglycemia is associated with increased risk for brain injury and adverse neurodevelopmental outcome in neonates at risk for encephalopathy. J. Pediatr. 2012, 161, 88–93. [Google Scholar] [CrossRef] [PubMed]

	



Black, R.E.; Allen, L.H.; Bhutta, Z.A.; Caulfield, L.E.; de Onis, M.; Ezzati, M.; Mathers, C.; Rivera, J. Maternal and child undernutrition: Global and regional exposures and health consequences. Lancet 2008, 371, 243–260. [Google Scholar] [CrossRef]

	



Krinsley, J.S. Glycemic control in the critically ill—3 domains and diabetic status means one size does not fit all! Crit. Care 2013, 17, 131. [Google Scholar] [CrossRef] [PubMed]

	



Rattarasarn, C. Hypoglycemia in sepsis: Risk factors and clinical characteristics. J. Med. Assoc. Thai. 1997, 80, 760–766. [Google Scholar] [PubMed]

	



Achoki, R.; Opiyo, N.; English, M. Mini-review: Management of hypoglycaemia in children aged 0–59 months. J. Trop. Pediatr. 2009, 56, 227–234. [Google Scholar] [CrossRef] [PubMed]

	



Elusiyan, J.B.; Adejuyigbe, E.A.; Adeodu, O.O. Hypoglycaemia in a Nigerian paediatric emergency ward. J. Trop. Pediatr. 2006, 52, 96–102. [Google Scholar] [CrossRef] [PubMed]

	



Kawo, N.G.; Msengi, A.E.; Swai, A.B.; Chuwa, L.M.; Alberti, K.G.; McLarty, D.G.; Orskov, H. Hypoglycaemia and cerebral malaria. Lancet 1990, 336, 1128–1129. [Google Scholar] [CrossRef]

	



Madrid, L.; Acacio, S.; Nhampossa, T.; Lanaspa, M.; Sitoe, A.; Maculuve, S.A.; Mucavele, H.; Quinto, L.; Sigauque, B.; Bassat, Q. Hypoglycemia and Risk Factors for Death in 13 Years of Pediatric Admissions in Mozambique. Am. J. Trop. Med. Hyg. 2016, 94, 218–226. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Solomon, T.; Felix, J.M.; Samuel, M.; Dengo, G.A.; Saldanha, R.A.; Schapira, A.; Phillips, R.E. Hypoglycaemia in paediatric admissions in Mozambique. Lancet 1994, 343, 149–150. [Google Scholar] [CrossRef]

	



White, N.J.; Warrell, D.A.; Chanthavanich, P.; Looareesuwan, S.; Warrell, M.J.; Krishna, S.; Williamson, D.H.; Turner, R.C. Severe hypoglycemia and hyperinsulinemia in falciparum malaria. N. Engl. J. Med. 1983, 309, 61–66. [Google Scholar] [CrossRef] [PubMed]

	



White, N.J.; Miller, K.D.; Marsh, K.; Berry, C.D.; Turner, R.C.; Williamson, D.H.; Brown, J. Hypoglycaemia in African children with severe malaria. Lancet 1987, 1, 708–711. [Google Scholar] [CrossRef]

	



Madrid, L.; Lanaspa, M.; Maculuve, S.A.; Bassat, Q. Malaria-associated hypoglycaemia in children. Expert Rev. Anti-Infect. Ther. 2015, 13, 267–277. [Google Scholar] [CrossRef] [PubMed]

	



Krishna, S.; Waller, D.W.; ter Kuile, F.; Kwiatkowski, D.; Crawley, J.; Craddock, C.F.; Nosten, F.; Chapman, D.; Brewster, D.; Holloway, P.A.; et al. Lactic acidosis and hypoglycaemia in children with severe malaria: Pathophysiological and prognostic significance. Trans. R. Soc. Trop. Med. Hyg. 1994, 88, 67–73. [Google Scholar] [CrossRef]

	



Jallow, M.; Casals-Pascual, C.; Ackerman, H.; Walther, B.; Walther, M.; Pinder, M.; Sisay-Joof, F.; Usen, S.; Abubakar, I.; Olaosebikan, R.; et al. Clinical features of severe malaria associated with death: A 13-year observational study in the Gambia. PLoS ONE 2012, 7, e45645. [Google Scholar] [CrossRef] [PubMed]

	



Bassat, Q.; Guinovart, C.; Sigauque, B.; Aide, P.; Sacarlal, J.; Nhampossa, T.; Bardaji, A.; Nhacolo, A.; Macete, E.; Mandomando, I.; et al. Malaria in rural Mozambique. Part II: Children admitted to hospital. Malar. J. 2008, 7, 37. [Google Scholar] [CrossRef] [PubMed]

	



Ogetii, G.N.; Akech, S.; Jemutai, J.; Boga, M.; Kivaya, E.; Fegan, G.; Maitland, K. Hypoglycaemia in severe malaria, clinical associations and relationship to quinine dosage. BMC Infect. Dis 2010, 10, 334. [Google Scholar] [CrossRef] [PubMed]

	



Willcox, M.L.; Forster, M.; Dicko, M.I.; Graz, B.; Mayon-White, R.; Barennes, H. Blood glucose and prognosis in children with presumed severe malaria: Is there a threshold for ‘hypoglycaemia’? Trop. Med. Int. Health 2009, 15, 232–240. [Google Scholar] [CrossRef] [PubMed]

	



Collins, S.; Dent, N.; Binns, P.; Bahwere, P.; Sadler, K.; Hallam, A. Management of severe acute malnutrition in children. Lancet 2006, 368, 1992–2000. [Google Scholar] [CrossRef]

	



Basu, A.; Veettil, S.; Dyer, R.; Peyser, T.; Basu, R. Direct Evidence of Acetaminophen Interference with Subcutaneous Glucose Sensing in Humans: A Pilot Study. Diabetes Technol. Ther. 2016, 18, S2-43–S2-47. [Google Scholar] [CrossRef] [PubMed]







© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  biosensors-08-00043


  
    		
      biosensors-08-00043
    


  




  





