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ABSTRACT  

Background: The main recommendations for people living with diabetes are: optimally 

adhere to glucose lowering medications, frequently monitor their blood glucose levels, 

regularly engage in physical activity, and avoid the consumption of an unhealthy diet. 

Suboptimal adherence to these recommendations is associated with experiencing poor 

glycemic control which results in micro- and macro-vascular complications, poor quality of 

life, and a higher risk of premature death. Therefore, patients with diabetes require an 

evidence-based medical treatment coupled with effective self-management interventions to 

maintain a healthy lifestyle and increase disease management capability. Digital health has a 

strong potential to improve patient outcomes by facilitating diabetes self-management 

education and personalizing clinical, behavioral, and self-management goals. This dissertation 

discusses the role of digital health for improving diabetes self-management and outcomes. 

More broadly, the main aspects of digital health solutions and what it may offer to healthcare 

and public health, in general, are also discussed.  

Methods: A systematic review and meta-analysis was conducted to determine the 

effectiveness of digital interventions for improving glycemic control in persons with poorly 

controlled type 2 diabetes. Multivariable meta-regression was also used to identify the 

effective components of digital interventions. Three meta-analytic methods, namely, Analysis 

of Covariance (ANCOVA), Simple Analysis of Change Scores (SACS) and Simple Analysis 

of Final Values (SAFV) were used to compare the effectiveness of digital interventions. In 

addition, two empirical studies were conducted to identify popular diabetes application (apps) 

and investigate the role of diabetes mobile app use for glycemic control and self-care behavior 

among the digital community of persons with diabetes. Facebook groups, targeted Facebook 

advertisements (ads) and diabetes-specific patient forums were used to collect data from 1682 

respondents.    

Results: A statistically significant reduction of glycated haemoglobin (HbA1c) levels 

favoring participants of digital interventions was found after pooling the effect estimates. This 

was confirmed by all of the three different meta-analytic methods although there was a slight 

difference in the estimates and their confidence intervals. Higher baseline HbA1c-levels and 

Behavior Change Techniques (BCTs), such as ‘problem solving’ and ‘self-monitoring 

outcomes of behaviour’, were significantly associated with reduced HbA1c-level. More than 
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half of the respondents with type 1 (n=549, 52.2%) and more than one-third of those with type 

2 diabetes (n=210, 33.3%) reported using diabetes apps for self-management. One hundred 

forty-five different diabetes apps were reported by respondents. Of these apps, “mySugr” was 

the most popular app. Continuous glucose monitor (CGM) apps, such as “Dexcom”, 

“Freestyle Libre”, and “Xdrip+”, were also popular, particularly among respondents with type 

1 diabetes. The use of diabetes apps for self-management was associated with reduced the 

odds of experiencing hyperglycaemia in persons with type 2 diabetes (by 37%, AOR = 

0.63(95% confidence interval (CI): 0.41 - 0.96)). In both persons with type 1 and type 2 

diabetes, the use of diabetes apps for self-management was also independently associated with 

an increased cumulative self-care behavior scores.  

Conclusions: The results of this dissertation indicate that digital health augments diabetes 

self-management and is associated with improving clinical (HbA1c, hyperglycaemia and 

hypoglycaemia) and behavioral (self-care behavior) outcomes. Hence, it looks reasonable to 

endorse the use of diabetes apps for self-management. However, to date, many of these apps 

are faulty and only a small minority of them meets clinical recommendations for diabetes 

care. Clinicians should therefore consider prescribing evidence-based and regulatory body-

approved diabetes apps. National and international regulatory bodies need to further regulate 

diabetes apps and ensure clinical safety and effectiveness. 
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ZUSAMMENFASSUNG 

Hintergrund: An Diabetes erkrankten Menschen wird empfohlen blutzuckersenkende 

Medikamente zu nehmen, ihre Blutzuckerwerte regelmäßig zu kontrollieren, sich ausreichend 

körperlich zu bewegen und eine ungesunde Ernährung zu vermeiden. Eine ungenügende 

Einhaltung dieser Empfehlungen ist mit einer schlechten glykämischen Kontrolle verbunden, 

welche wiederum Probleme am Herz-Kreislaufsystem, verringerte Lebensqualität und das 

Risiko eines verfrühten Todes mit sich bringt. Um ihre Krankheit bewältigen zu können und 

eine gesunde Lebensweise aufrecht zu erhalten, benötigen Diabetespatienten daher sowohl 

evidenzbasierte Behandlungsmethoden als auch Instrumente für ein effektives 

Selbstmanagement. Digital Health hat das Potential Behandlungsergebnisse zu verbessern, 

indem es ermöglicht sich über das Selbstmanagement der Diabeteserkrankung zu informieren 

und sich personalisierte klinische und behaviorale Ziele zu setzen, sowie konkrete Ziele in 

Bezug auf Selbstmanagement.  Diese Dissertation behandelt die Frage, welche Rolle Digital 

Health in der Verbesserung des Selbstmanagements und der damit verbundenen 

Behandlungsergebnisse spielt. Im Weiteren werden wichtige Aspekte von Digital Health 

Anwendungen und ihre Möglichkeiten in Bezug auf Gesundheitsversorgung und Public 

Health generell diskutiert.  

Methoden: Um die Effektivität digitaler Interventionen zur Verbesserung der glykämischen 

Kontrolle bei Typ 2 Diabetes Patienten mit einem schlecht eingestellten Blutzucker zu 

bestimmen, wurde eine systematische Übersichtsarbeit und Metaanalyse durchgeführt. Zur 

Bestimmung der jeweiligen effektiven Komponenten wurde zudem eine multivariable Meta-

Regression durchgeführt.  Die folgenden drei metaanalytische Methoden wurden angewandt, 

um die Effektivität der Interventionen zu bestimmen: Analysis of Covariance (ANCOVA), 

Simple Analysis of Change Scores (SACS) und Simple Analysis of Final Values (SAFV). 

Darüber hinaus wurde eine Querschnittsstudie unter Menschen mit Diabeteserkrankung 

durchgeführt, die sich für digitale Interventionen interessieren. Ziel dieser Studie war, beliebte 

Diabetes Apps zu identifizieren und die Bedeutung von solchen Apps für die glykämische 

Kontrolle und das Fördern einer gesunden Lebensweise herauszufinden. 1682 Teilnehmer 

wurden für diese Studie in Facebook Gruppen, speziellen Diabetes-Foren und gezielten 

Facebook Anzeigen rekrutiert. 
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Ergebnisse: In dem zusammengefassten Schätzwert zeigte sich eine statistisch signifikante 

Reduzierung der durchschnittlichen Blutzuckerwerte (HbA1c) unter Patienten, die digitale 

Interventionen nutzten. Dies wurde durch alle drei verwendeten metaanalytischen Methoden 

bestätigt. Leichte Abweichungen zeigten sich nur in den Schätzwerten und 

Konfidenzintervallen. Höhere HbA1c-Werte und Strategien zur Verhaltensänderung (BCT = 

Behavior Change Techniques), wie z.B. ‚Problemlösen‘ (‘Problem solving’) und 

‚Monitorierung von Auswirkungen des Verhaltens‘ (‘Self-monitoring outcomes of 

behaviour‘) waren signifikant mit einem niedrigeren HbA1c-Wert assoziiert. 

Mehr als die Hälfte aller Teilnehmer und Teilnehmerinnen mit Diabetes Typ 1 (n=549, 

52.2%) und mehr als ein Drittel derer mit Typ 2 (n=210, 33.3%) berichteten, dass sie Diabetes 

Apps zum Selbstmanagement nutzen. Es wurden 145 verschiedene Apps angegeben. Die 

beliebteste darunter war “mySugr”. Apps, um die Blutzuckerwerte kontinuierlich zu 

kontrollieren (CGM = continuous glucose monitoring), waren besonders unter Patienten mit 

Diabetes Typ 1 beliebt, hier vor allem “Dexcom”, “Freestyle Libre” und “Xdrip+”. Unter 

Patienten mit Diabetes Typ 2 war die Nutzung von Apps zum Selbstmanagement assoziiert 

mit einer reduzierten Chance eine Überzuckerung zu erleiden (37%, AOR = 0.63(95% 

Konfidenzintervall (KI): 0.41 - 0.96). Unter beiden Patientengruppen war die Nutzung von 

Apps zum Selbstmanagement unabhängig assoziiert mit einem erhöhten kumulierten Wert für 

eine Verhaltensänderung.  

Schlussfolgerungen: Die Ergebnisse dieser Dissertation weisen darauf hin, dass Digital 

Health das Selbstmanagement von Diabetikern über verbesserte klinische (HbA1c, Über-

/Unterzuckerung) und Verhaltensparameter positiv beeinflussen kann. Daher kann die 

Nutzung von Diabetes Apps zum Selbstmanagement empfohlen werden. Es gilt allerdings zu 

beachten, dass derzeit die meisten Apps noch nicht fehlerfrei funktionieren und nur sehr 

wenige die klinischen Empfehlungen einer Diabetesbehandlung voll berücksichtigen. Es 

sollten von Ärzten daher nur solche Apps empfohlen oder sogar verschrieben werden, die 

aufgrund evidenzbasierter Studien zugelassen wurden. Entsprechende nationale und 

internationale Zulassungsbehörden sollten hier tätig werden, um Patientensicherheit und 

Behandlungseffektivität zu gewährleisten.  
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PREFACE 

This thesis is organized in several chapters from “Introduction” to “Conclusion”. The doctoral 

thesis is a cumulative summary of four thematically interrelated research papers published in 

international peer-reviewed journals. The first article determined the effectiveness of digital 

interventions for improving glycemic control in persons with poorly controlled type 2 

diabetes. The second one explored methodological issue for synthesizing the effects of digital 

interventions. The third and fourth articles investigated the role of diabetes applications use in 

improving glycemic control and self-care behaviour in both persons with type 1 and type 2 

diabetes. In addition to the four core articles, four additional articles were published and seven 

conference abstracts were produced during the doctoral journey. These conference abstracts 

were presented at national and international conferences such as the Annual Meeting of the 

German Society of Epidemiology (DGEPI), American Diabetes Association (ADA), Johanna 

Briggs Institute conferences, 55th European Association of Studies in Diabetes (EASD) 

conferences. The core research articles and the additional articles are outlined below.  

Core papers 

I. Kebede MM, Zeeb H, Peters M, Heise TL, Pischke CR. Effectiveness of digital 

interventions for improving glycemic control in persons with poorly controlled type 2 

diabetes: a systematic review, meta-analysis, and meta-regression analysis. Diabetes 

Technology & Therapeutics, 20(2), 10.1089/dia.2018.0216 

II. Kebede MM, Peters M, Heise TL, Pischke CR. Comparison of three meta-analytic 

methods using data from digital interventions on type 2 diabetes. Diabetes Metab 

Syndr Obes 2019;12:59-73, 10.2147/DMSO.S180106 

III. Kebede MM, Schuett C, Pischke CR. The role of continuous glucose monitoring, 

diabetes smartphone applications, and self-care behavior in glycemic control: results 

of a multi-national online survey. J Clin Med 2019;8(1), 10.3390/jcm8010109 

 

 

 

https://doi.org/10.1089/dia.2018.0216
https://dx.doi.org/10.2147%2FDMSO.S180106
https://doi.org/10.3390/jcm8010109
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IV. Kebede MM, Pischke CR. Popular diabetes apps and the impact of diabetes app use 

on self-care behaviour: a survey among the digital community of persons with 

diabetes on social media. Front Endocrinol (Lausanne) 2019;10:135, 

10.3389/fendo.2019.00135  

Miscellaneous papers  

I. Kebede MM, Liedtke PT, Möllers T, Pischke RC. Characterizing active ingredients of 

eHealth interventions targeting persons with poorly controlled type 2 diabetes mellitus 

using the Behavior Change Techniques Taxonomy: Scoping Review. J Med Internet 

Res 2017;19(10):e348, 10.2196/jmir.7135.  

II. Kebede M, Christianson L, Khan Z, Heise TL, Pischke CR. Effectiveness of 

behavioral change techniques employed in eHealth interventions designed to improve 

glycemic control in persons with poorly controlled type 2 diabetes: a systematic 

review and meta-analysis protocol. Syst Rev 2017;6(1):21, 10.1186/s13643-017-0609-

1. 

III. Kebede M, Steenbock B, Helmer SM, Sill J, Mollers T, Pischke CR. Identifying 

evidence-informed physical activity apps: content analysis. JMIR mHealth uHealth 

2018;6(12):e10314, 10.2196/10314. 

IV. Jemere AT, Yeneneh YE, Tilahun B, Fritz F, Alemu S, Kebede M. Access to mobile 

phone and willingness to receive mHealth services among patients with diabetes in 

Northwest Ethiopia: a cross-sectional study. BMJ Open 2019;9(1):e021766, 

10.1136/bmjopen-2018-021766.  

Conference abstracts 

I. Kebede MM, Liedtke TP, Möllers T, Pischke CR, Characterizing active ingredients of 

eHealth interventions targeting persons with poorly controlled type 2 diabetes mellitus 

using the Behavioral Change Technique Taxonomy, ISBNPA 2017 Annual Meeting, 

Victoria, Canada, June 8-10, poster presentation.  

 

 

https://doi.org/10.3389/fendo.2019.00135
https://doi.org/10.2196/jmir.7135
https://doi.org/10.1186/s13643-017-0609-1
https://doi.org/10.1186/s13643-017-0609-1
https://doi.org/10.2196/10314
https://doi.org/10.1136/bmjopen-2018-021766
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1. INTRODUCTION 

1.1 Historical perspectives of diabetes  

Diabetes is one of the oldest diseases. Its recognition traced back to the ages of antiquity. In 

the history of diabetes, there are several milestones that fundamentally changed the clinical 

picture of diabetes. Ancient Greek physician, Galen, described that he had seen the disease 

twice and named it “diarrhea urinosa” to mean diarrhea of the urine. Although the history of 

diabetes dated back to many thousand years, the first accurate description of diabetes was 

introduced by the “the distinguished physician Aretaeus of Cappadocia” in the second century 

(150 AD). Aretaeus introduced the term diabetes into medical nomenclature after the Greek 

verb “diabino”, translated as “a condition that fluid runs through” (1-3). 

Historically, diabetes was diagnosed by detecting sugar in the urine. Ancient civilizations of 

the Greeks, Egyptians, Chinese and the Indians diagnosed diabetes by tasting sweet urine or 

by investigating whether insects are attracted to it (4-6). The word “Mellitus” which means 

“honey” was added in 1675 by Thomas Willis to recognize the “sweet” taste of urine from 

persons with diabetes and to distinguish it from the excessive non-sweet polyuria which 

occurs in diabetes insipidus (7, 8). Until 18th century, diabetes was believed to be “disease of 

the kidneys” (8, 9). In 1776, Mathew Dobson conducted a diagnostic experiment that led to a 

conclusion that diabetes is a systemic disorder rather than a disorder of the kidneys (4, 7, 9). 

Dobson boiled and evaporated urine to detect a brown precipitate tasting like sugar. In 

addition, he revealed that patients with diabetes have sweet blood (4, 9).  

The first clinical test for glycosuria was introduced in 1841 by Karl Trommer. He treated 

urine samples with strong acid and hydrolysed disaccharides into monosaccharides. He then 

neutralized the acid with alkali, copper sulphate, and boiled it to detect if brick-red cuprous 

oxide precipitate is formed that indicates the presence of glucose in the urine (6). In 1850, 

Herman von Fehling who was inspired by Trommer’s experiment developed the first test to 

quantify glucose in the urine and established the degree of hyperglycaemia and glycosuria (6). 

These historical glycosuria diagnosis milestones were important for the development of 

“stick” or “strip” tests, as well as enzymatic approaches to detect and quantify glycosuria 

(10). Glycated haemoglobin (HbA1c), the now surrogate marker and the standard of diabetes 

care, was first isolated by Huisman and colleagues (11). It was later characterised as a 

glycoprotein (12). However, its link with diabetes was unclear until Samuel Rahbar revealed 
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the unusually elevated levels of HbA1c in patients with diabetes (13, 14). In 1976, Koenig 

and colleagues introduced HbA1c as a key biomarker for monitoring blood glucose levels in 

patients with diabetes (15).  

In 1910, Sharpey-Schafer revealed that people with diabetes have a deficiency of a substance 

produced by the islets of the pancreas (now called Islets of the Langerhans after their 

discovery by Langerhans in 1869). Sharpey-Schafer called the substance “insulin” (8). More 

than a century after Dobson’s experiment on glycosuria, Minkowski and von Mering (in 

1889) demonstrated the causal link between pancreatomised dogs and the development of the 

symptoms of diabetes (16). That led to the link between diabetes and a specific organ for the 

first time (8, 17).  With that, the causal link between insulin deficiency and diabetes was 

revealed for the first time. Frederick Banting and John Macleod, the winners of the 1923 

Nobel Prize, discovered insulin in the early 1920s.  In 1922, Banting, Best and Macleod 

extracted purified substance from the islets (insulin) of a healthy dog and intravenously 

administered it to the pancreatomised dogs which resulted in the reduction of glucose levels 

and glycosuria (16).  The first insulin dose which was administered to a 14-year-old boy 

Leonard Thompson is hailed as one of the most dramatic events in the history of treatment of 

diseases (18). The discovery of insulin remains one of the most important events in the history 

of diabetes. It is certainly one of the most notable achievements of modern medicine (2) 

which significantly changed our knowledge of diabetes (19). Few years after the discovery of 

insulin, the first commercial production of insulin was started.   

After John Rollo discovered the relationship between the foods eaten and the quantity of 

sugar excreted in the urine, diabetes treatment was mainly through diet support. He advocated 

consuming low carbohydrate, and high protein foods and foods that are rich in fat. Albeit 

unsuccessful, low carbohydrate diet was the only treatment available for nearly two thousand 

years, until the discovery of insulin in 1922 (4, 6, 20). 

In 1936, Himsworth differentiated insulin-sensitive and insulin-insensitive types of diabetes 

(21). This became more evident during the 1950s after a reliable radioimmunoassay insulin 

measurement technique helped distinguishing insulin-dependent and non-insulin dependent 

types of diabetes (22).  Only few decades later (1979), the American National Diabetes Group 

developed a new classification system for diabetes in 1979: type 1, type 2, gestational 

diabetes and diabetes associated with other syndromes or conditions.  In 1995, the first drug, 

metformin, became available in the United States. Another important event in the history of 
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diabetes was the recognition of prediabetes.  In 1995, the American Diabetes Association 

(ADA) defined prediabetes as “as impaired fasting glucose (IFG) and/or impaired glucose 

tolerance (IGT)” (23).  

Recent research revealed that type 2 diabetes could be a potentially reversible condition (24, 

25). Todate, technological advancements for the prevention, diagnosis and treatment of 

diabetes continues to progress (26-28). However, the causes of diabetes are yet to be further 

explored and, of course, the cure for diabetes remains the most important question in diabetes 

research and once discovered, it will be one of the greatest achievements in the history of 

medicine.  

1.2 Pathophysiology and classifications of diabetes  

           “I'm not ill, my pancreas is just lazy” 

                                                            Anonymous (Source: Healthline)  

Diabetes mellitus is a group of chronic metabolic diseases which affect beta-cells of the 

pancreas resulting in impaired carbohydrate, lipid and protein metabolism (29-31). In 1999, 

the World Health Organization (WHO) defined diabetes as “a metabolic disorder of multiple 

etiology characterized by chronic hyperglycemia with disturbances of carbohydrate, fat and 

protein metabolism resulting from defects in insulin secretion, insulin action, or both” (32). 

Insulin and glucagon are two very important antagonistic hormones for carbohydrate 

metabolism (33). These hormones, produced by the alpha- and beta-cells of the pancreas, 

regulate glucose levels circulating in the blood. The circulating glucose is from three main 

sources: intestinal absorption during the fed state, glycogenolysis (formation of glucose from 

glycogen during short fasting), and gluconeogenesis (formation of glucose from fats and 

protein during starvation). Both gluconeogenesis and glycogenolysis are hepatic processes 

which are mainly regulated by glucagon. Following ingestion of a meal, insulin is secreted by 

beta-cells of the pancreas to regulate glucose metabolism. Insulin facilitates glucose 

metabolism by binding with its specific receptors in cells of the body and helps glucose to 

enter the cells (19).  When insulin secretion, action or both are impaired, circulating glucose 

levels will be high (32). For this reason, diabetes is characterized by consistent high glucose 

levels in the circulatory system: a characteristic known as hyperglycemia. Consistent 

hyperglycemia is associated with macrovascular and microvascular complications and organ 

failures affecting the eyes, kidneys, nerves, blood vessels, and the heart (29-31).   
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Although insulin is the most important agent in glucose metabolism, recent discoveries 

indicate that additional hormones such as incretin and glucocorticoid steroid hormones also 

play a role in glucose homeostasis (19). The interplay among additional hormones, such as 

incretin, amylin, and glucagon governing glucose metabolism has led to the understanding of 

diabetes as a multi-hormonal disorder of glucose metabolism (19, 34).        

There are two main types of diabetes: type1and type 2 diabetes. Type 1 diabetes is mainly due 

to an absolute insulin secretion deficiency caused by autoimmune disease damaging the beta-

cells of the pancreatic islets (29-31) whereas type 2 diabetes is due to resistance to insulin 

action and an inadequate compensatory insulin secretory response (29-31).  

Type 1 diabetes is now considered a T-cell mediated autoimmune disorder characterized by 

destruction of insulin producing cells of the pancreas (β-cells) (35-37). The level of 

autoimmune destruction of β-cells and the onset of the type 1 diabetes is not yet clear.  

Literature suggests that after the destruction of 85-90% of the β-cells, the symptoms of the 

disease start to manifest and with complete destruction of these cells, the process of the 

autoimmunity is considered completed and from the point onwards, insulin medication is an 

absolute necessity for survival (37). There was a general long-standing dogma of type 1 

diabetes: β-cells are eventually eliminated in patients who have type 1 diabetes for long time. 

However, recent discoveries suggest that subjects with long standing diabetes actually have β-

cells. The reason for this is unknown but the hypotheses are that some of the β-cells may 

escape the autoimmune attack or that there is a process during which these cells are and 

subsequently destroyed again (36). These conditions partly justify the period which is 

commonly referred to as “honeymoon period” or the extremely rare remission of Type 1 

diabetes (38-41). However, efforts to delay the progression of type 1 diabetes or remission 

have failed to a large extent (36). Very recently (June, 2019), Herold KC and colleagues 

demonstrated Teplizumab (antibody) for reducing the actions of CD8+ T lymphocytes cells in 

β-cells destruction (42). This is by far one of the very few encouraging developments to delay 

the progression of type 1 diabetes in high-risk persons.   

What triggers the autoimmune destruction of β-cells is unknown, but, may include 

environmental determinants, both in-utero and during the first decades of life (36, 43).  There 

are heterogeneities within type 1 diabetes in terms of onset, autoimmune reaction and 

treatment efficacy. Two main subtypes of type 1 diabetes are known: type A and type B. Type 

A accounts for more than 90% of type 1 diabetes and the autoimmune nature of the disease is 

serologically detectable. Type B is rather idiopathic and the hormonal autoimmunity remains 
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unclear (8, 44, 45). However, there is no clear-cut demarcation between the two subtypes of 

type 1 diabetes (8).  

As mentioned earlier, type 2 diabetes results from insulin resistance and/or an inadequate 

compensatory insulin secretory response (29-31). Several risk factors playing a significant 

role in insulin resistance have been extensively investigated. These risk factors include 

unhealthy lifestyles, such as a high calorie intake and sedentary lifestyles, genetic 

predispositions and other factors affecting incretin hormones (8, 46, 47). People with obesity 

and their first-degree relatives are at an increased risk for insulin resistance. The initial stages 

of insulin resistance are compensated by hyper secretion of insulin by β-cells of the pancreas 

that leads to hyperinsulinemia (8). Over a period of time, this increased compensatory 

production of insulin by β–cells to maintain glucose homoeostasis declines. This eventually 

leads to a β–cell dysfunction and the body is no longer able to produce enough insulin, 

resulting in the onset of type 2 diabetes (8, 48). This period of abnormal insulin sensitivity 

until the onset of type 2 diabetes may take up to 15 years (49). This might explain why type 2 

diabetes is not common during adulthood.   However, the traditional thought that type 2 

diabetes occurs at a later stage of life and type 1 diabetes during childhood is no longer 

accurate because both forms of diabetes have occurred in both stages of life (50). Using the 

Global Burden of Diseases (GBD) data visualization tool and displaying the relationship 

between the age and the onset of diabetes shows a bell-shaped relationship between age and 

the onset of diabetes, i.e.,  an increasing level of type 1 diabetes prevalence among the 

younger age groups until it peaks in the age group of 40-49 years (Fig 1)(51). For type 2 

diabetes, however; the increase in prevalence reaches its maximum at an older age group, 

displaying a J-shaped relationship (85-89) (Fig 2).  
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Figure 1: Global type 1diabetes prevalence across age groups for both sexes (prevalence 

on the y-axis, and age in years on the x-axis, source: https://vizhub.healthdata.org/gbd-

compare/) (51)  

 

Figure 2: Global type 2 diabetes prevalence across age groups for both sexes (prevalence 

on the y-axis, and age in years on the x-axis, source: https://vizhub.healthdata.org/gbd-

compare/) (51)  

 

https://vizhub.healthdata.org/gbd-compare/
https://vizhub.healthdata.org/gbd-compare/
https://vizhub.healthdata.org/gbd-compare/
https://vizhub.healthdata.org/gbd-compare/
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1.3 Diagnosis of diabetes 

Diabetes can be diagnosed by using HbA1c criteria or by determining levels of plasma 

glucose using fasting glucose or oral glucose tolerance test (OGTT) (50).  The criteria for 

diabetes diagnosis are an HbA1c level above 6.5% performed by a certified laboratory, or a 

fasting plasma glucose level above 126 mg/dl or a 2-hour plasma glucose value of more than 

200 g/dl during the OGTT. In the absence of any unambiguous hyperglycaemia, the tests 

should be repeated to confirm the results (50). The HbA1c test may be more advantageous 

because fasting is not needed, has greater pre-analytical stability and it is less susceptible to 

day-to-day glycemic fluctuations that may result from stress or illness (50). However, it is not 

widely available. In addition, it has a lower sensitivity and has problematic correlation with 

average glucose values in some individuals with diseases (50) such as sickle cell anaemia, 

chronic liver disease, and iron deficiency anaemia (52).  If diagnosis is based on glucose 

levels, the clinician should be highly confident before confirming a diagnosis of diabetes and 

it should never be based on one single glucose value (32), unless the patient is having classic 

symptoms, is in hyperglycaemic crisis and has a random plasma glucose value of more than 

200 mg/dl (50).   

1.4 Epidemiology of diabetes  

In 2017, about 425 million people across the globe were affected by diabetes (53). The 

number of people with diabetes is projected to rise to about 629 million by 2045 (54). Due to 

the global rise of overweight and obesity, the prevalence of type 2 diabetes has substantially 

increased over the past decades (55). Separate estimates of global type 1 and type 2 diabetes 

prevalence are not available because differentiating the two forms of diabetes requires 

laboratory sophistications (56). However, evidence indicates that more than 90% of the 

people with diabetes are affected by type 2 diabetes (54, 55, 57). Moreover, the global 

prevalence of type 2 diabetes has increased over the last two decades. The Global Burden of 

Diseases data visualization (GBD compare) shows an increasing trend of type 2 diabetes 

prevalence in all GBD super regions (Fig 3) while type 1 diabetes (Fig 4) follows a fairly 

similar pattern across all GBD super regions. Evidence suggests a greater increase in the 

prevalence of type 2 diabetes in China and the United States, compared to other regions, has 

been observed. Many factors, including an unhealthy diet and the rise of obesity contributed 

to this rise of type 2 diabetes in both countries. A recent investigation revealed Coca-Cola’s 

deep involvement in shaping Chinese obesity policy and maneuvering the emerging market in 
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China. The report revealed that Chinese obesity policy primarily advocates for physical 

activity while being silent regarding the restriction of sales and consumption of sodas (58). 

This and other factors must have contributed to the “worst ever” rise of obesity and type 2 

diabetes prevalence in China.  

 

 

Figure 3: Trend of diabetes type 1 diabetes prevalence in all GBD super regions (Source: 

https://vizhub.healthdata.org/gbd-compare/ ) (51) 

https://vizhub.healthdata.org/gbd-compare/
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Figure 4: Trend of diabetes type 2 prevalence in high burden countries (Source: 

https://vizhub.healthdata.org/gbd-compare/ ) (51) 

Diabetes, therefore, remains one of the most challenging health problems of the 21st century 

(54). In 2015, the three leading causes of years of potential life loss in the world were 

ischemic heart disease, stroke, and diabetes (59). From 2005 to 2015, diabetes was the 

seventh leading cause of death and death attributed to diabetes had increased by 32% (59).   

Type 2 diabetes was the second highest cause for obesity related deaths, accounting for more 

than half a million deaths and 30.4 million disability adjusted life years in 2015 (60). In 2012, 

there were about 3.7 million deaths related to diabetes, of which 1.5 million were directly 

caused by diabetes and the remaining 2.2 million deaths were due to complications related to 

hyperglycemia (56).  More than 43% these deaths occurred before reaching the age of 70 (56). 

This indicates that diabetes is one of the epidemiologically most relevant diseases reducing 

life expectancy.  Because of this, diabetes has become one of the four main non-

communicable disease of global health importance (56). 

Regarding the cost of healthcare, diabetes is also one of the most expensive diseases in the 

world (61). In 2016, the direct annual cost of diabetes was about US$825 billion (62). A year 

later (2017), US$850 billion USD were spent to cover the direct cost of diabetes (53). This 

rising healthcare expenditure for diabetes will continue to grow (63). Considering its impact 

https://vizhub.healthdata.org/gbd-compare/
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on national economies across the world, the direct and indirect economic impacts of diabetes 

were estimated to reach to US$1.7 trillion from 2011 to 2030 (56, 64).  

As noted previously, the exact cause of type 1 diabetes is unknown (65-69). Evidence shows 

type 1 diabetes has substantially increased over the last decades especially among children. 

This increase cannot be explained mainly by genetic factors. Factors such as life style changes 

and environmental factors must be playing their role at a population level in changing 

susceptibility for type 1 diabetes (65). Therefore, it is hypothesized that type 1 diabetes may 

result from complex interactions of environmental factors with genes (65-69).  Rowers and 

colleagues suggested “environmental triggers” occurring in prenatal and postnatal periods, as 

well as factors promoting progression may be linked with islets autoimmunity and 

progression to type 1 diabetes (70). Some groups of enteroviruses causing gastroenteritis 

among children such as rotavirus infection was associated with diabetes related antibodies 

(71). In mice studies, rotavirus infection was associated with widespread apoptosis of 

pancreatic cells reducing pancreas mass, reduced insulin production and transient 

hyperglycemia (72). Most surprisingly, a recent epidemiological study showed unexpected 

and off-target benefit of rotavirus vaccination, i.e., reducing incidence of type 1 diabetes (73). 

A surface protein expressed by rotavirus called VP7 structurally looks similar to pancreatic β-

cell autoantigens: a phenomenon called molecular mimicry. This may enhance autoimmune 

attack and it may explain the association and the probably preventive benefit of rotavirus 

vaccination in type 1 diabetes (74).  Despite growing evidence suggesting that enteroviruses 

infection in pregnancy (75) or early childhood (76-80) are prime candidates triggering islet 

autoimmunity, no specific environmental risk factor has been recognized for direct causal link 

(70, 81). Preventing type 1 diabetes is therefore not possible, at least, with currently available 

knowledge (44, 56).    

In contrast, risk factors of type 2 diabetes are relatively well-established and is mainly 

determined by interaction of metabolic and genetic factors. These factors include 

demographic factors, such as ethnicity and age, behavioral factors such as smoking, as well as 

overweight and obesity resulting from physical inactivity and an unhealthy diet (56, 82-87). 

Among these factors, evidence shows that excess body fat is the strongest risk factor (56, 88-

90). In addition, genetic predisposition also affects susceptibility to type 2 diabetes. Several 

genome wide association studies have shown TCF7L2 to be the most strongly associated risk 

gene (86, 91-94). Additional candidate genes were also identified to be potentially related 

with type 2 diabetes (86, 95, 96).  Current available knowledge offers effective approaches to 
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prevent or potentially reverse type 2 diabetes.  These approaches include regular physical 

activity, healthy eating, avoiding smoking, controlling blood pressure and triglycerides (56, 

82-85).   
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2. DIABETES SELF-MANAGEMENT IN THE DIGITAL AGE  

According to the American Diabetes Association guideline, persons with type 2 diabetes are 

required to have optimal adherence to glucose lowering medications, frequently monitor their 

blood glucose levels (e.g., fasting, before/after meals) (97, 98), engage in at least 150 

min/week of moderate aerobic physical activity spread over two to three days, and avoid the 

consumption of sugary beverages and low-fat or non-fat products with refined grains and 

added sugars (99-102).  Suboptimal adherence to these recommendations is tied to 

experiencing multiple episodes of hyper- and hypoglycemia (101, 103, 104) resulting in 

micro- and macro-vascular complications, poor quality of life and a higher risk of premature 

death (105, 106). Therefore, patients with diabetes require an evidence-based medical 

treatment coupled with effective self-management interventions that assist patients in 

engaging in healthy lifestyle and empower patients for disease management capability (100, 

101, 107). Effective diabetes self-management education (DSME) enables patients to 

regularly monitor their blood glucose levels, track their physical activity and nutrition as well 

as monitor their emotional health (108, 109). Achieving tight or reasonable glycemic targets, 

the recommended level of physical activity and nutrition and weight management goals are 

integral to DSME (110). Therefore, all patients with diabetes are recommended to take part in 

DSME at diagnosis, when complicating factors arise or during transitions of diabetes care 

(110). The American Association of Diabetes Educators (AADE) developed seven self-care 

behaviour components (AADE7) to guide DSME interventions. DSME should, therefore, 

address the seven self-care behavior components: healthy eating, glucose monitoring, being 

active, taking medication, problem solving, reducing risks and healthy coping (111).   

Effective communication between patients and providers has improved patient satisfactions, 

treatment adherences and disease outcomes (112-115). For this reason, patient-provider 

communication and partnership is evidently a key determinant of successful diabetes self-

management (115). Collaboratively establishing treatment and behavioral goals, involving 

patients in medical decision making can improve patients’ knowledge about their disease and 

improve their self-confidence, autonomy and enhance their capacity to manage their disease 

(115). Therefore, re-organizing chronic care from prescriptive to a more collaborative 

paradigm has been important during the last two decades (116, 117). One of the models that 

successfully led to this paradigm shift was the Chronic Care Model (CCM) (118, 119).  This 
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model (Fig 5) provided a fundamental framework for planning productive interactions 

between patients and care providers. According to this model, productive patient-provider 

interactions improve chronic illness care by informing and activating patients, as well as by 

establishing a well-prepared, proactive and pragmatic healthcare provider teams (120). As 

highlighted in the CCM, productive patient-provider interactions can be facilitated by 

behaviorally sophisticated self-management systems and information systems that support 

tracking patients’ behaviour, providing reminders and giving feedbacks regarding 

performance (120). Such systems improve the knowledge, confidence, and skills of patients 

and empower patients to ultimately be able to manage their diseases (115, 120).  

 

Figure 5: Edward H Wagner’s Chronic Care Model (120)  

2.1 Digitalising diabetes self-management 

Evidence indicates that positive patient outcomes were gained after restructuring medical care 

with CCM (118, 119).  The model has been an important framework for restructuring medical 

care and presenting it as an interplay among the key components of the health system (118). 

However, the increasingly important role of digital health in chronic disease self-management 

was not adequately represented in CCM. A modified chronic care model was therefore 

necessary (121) which was recently developed by Gee and colleagues, the eHealth Enhanced 

Chronic Care Model (eCCM) (122). This model (Fig 6) summarizes how eHealth applications  

such as clinical decision support systems, clinical information systems, self-management 
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support communication tools and eHealth education facilitate productive interactions between 

informed patient and proactive providers and eventually improve clinical and behavioral 

outcomes of patients (122).   

  

Figure 6: eHealth Enhanced Chronic Care Model (eCCM) (122) 

Looking at diabetes through the lens of the eCCM implies clinical and behavioral outcomes of 

diabetes can be improved through digital health applications such as eHealth enhanced 

diabetes self-management support, clinical decision support systems (CDSS), clinical 

information systems and electronic DSME. These applications facilitate patient-provider 

communications, improve patients’ knowledge of diabetes and self-management skills (122). 

In addition, eHealth applications may deepen the knowledge, skills and preparedness of 

healthcare providers, and simplify patient-providers bi-directional data sharing for improving 

knowledge and ultimately creating a “collective wisdom” to improve health outcomes (122, 

123). Therefore, adopting digital health in diabetes care has attracted the attention of patients, 

providers, payers, developers, and other stakeholders of healthcare systems. Demand from 

patients is central to the transformation of the traditional diabetes care and it is a key driving 

force for digitalization (124, 125). Digital health technologies facilitate patient-centric care 

service provisions and behavioral transformations (126, 127).  

The American Association of Diabetes Educators (AADE) developed the Technology 

Enabled Framework (Fig 7) (128) to highlight the need for expansion and leveraging 

technology and the connected health environment as a strategy to involve diabetes 

stakeholders and advance diabetes care. In this framework, patients, the health care team and 
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the community are central to consumer/patient connected health and health system 

connectivity providing services such as digital health, e-visits, social media and face-to–face 

visits. Security, privacy and regulation are also important within the loop of the framework 

(128).  

 

Figure 7: Technology Enabled Framework from the AADE 2016 technology working 

group (128)  

The physiological response to glucose-lowering medications, glycemic dynamics, dietary 

patterns, lifestyle, and other characteristics vary widely among individual patients with 

diabetes.  Hence, diabetes self-management management goals, DSME, and interventions 

targeted at improving AADE7 self-care behaviour need to be tailored to the specific problems 

and characteristics of individual patients (108, 129, 130). Evidence suggest that tailoring is 

linked with improvements in self-management skills and adoption of healthy behaviour (131-

134). Tailoring also facilitates patient provider partnership towards shared decision making 

and patient centered diabetes care (135).   

Digital health has a strong potential for personalizing clinical, behavioral and self-

management goals and feedbacks. Achieving these goals may require multi-faceted 
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interventions which can potentially be tailored by mechanisms such as rule engine algorithms 

or other machine learning techniques. For example, in a CDSS-based u-health care systems 

showcased in Fig 8 (136), a patient may be instructed to measure blood glucose, and to track 

physical activity and dietary intake. These data can then fed into a smartphone application 

(app) to transmit patient-specific data to a u-healthcare center. Based on patient specific data, 

rule-based algorithms instantly generate and send real-time messages specific to the 

individual patient. These messages help patients react quickly and enable clinicians to respond 

to critical values that need timely intervention (136, 137). Such systems were shown to be 

effective for improving glycemic control and other clinical and behavioral indicators of 

diabetes (136-138)  

 

Figure 8: Clinical Decision Support System (CDSS)-based uHealth care system (136)  

Digital health can be provided to patients via two main communication archetypes: one-way 

or two-way. One-way communication may typically be about providing educational materials 

to a patient with diabetes (139). Evidence indicates that this form of communication has no or 

minimal impact in improving participant outcomes (140). Whereas, in two-way 

communication both the sender and the receiver of the message are engaged. Both parties 

provide feedback reacting to the received messages. In technology enabled diabetes self-

management (141) (Fig 9), tailored messages are provided to patients by healthcare providers 

and the patients provide feedbacks. Both patients and providers engage in the continuous flow 

of the communication loop by providing feedback to each other (141). Results of two 

systematic reviews indicated that the majority of studies with two-way communication 

demonstrated improved patient outcomes, including glycemic control (142, 143).  
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Figure 9: Technology-enabled self-management (TES) feedback loop (141).  

Tailoring that is based on technology is often viewed as the most sophisticated form of 

automated communication (144). It can be simplified through applications of machine 

learning algorithms, artificial intelligence and internet of things (145-148). In addition, the 

advanced mobile computing applications in the form of m- and e-Health enable tailoring 

DSME, and increasing the uptake of AADE7 self-care behavior (149-154). In the advanced 

form, avatars or bots may be used to simulate real-world patient behaviors and enhance 

engagement of patients in virtual DSME (155). Collectively, these tools are exciting prospects 

that are trending the ecosystem of digital and personalized diabetes care as well as 

revolutionizing it (156).  

Digitalization of diabetes care has attracted several stakeholders of diabetes including 

patients, providers, developers and pharmaceutical companies. A report on mHealth app 

economics revealed that diabetes is the leading therapy field for digital solutions (157). More 

than 135 million patients with diabetes have access to smart devices capable of running 

diabetes apps. This indicates that an estimated one-third of the total global population with 

diabetes is potentially reachable with diabetes apps (158). Additionally, approximately 34% 

of the global diabetes expenditure can also be addressed via diabetes app services and 

products (159). For this reason, diabetes is considered the greatest market opportunity for 
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digital health innovation (157).  In total, the diabetes app market is projected to reach a worth 

of $742 million by 2022 (160).  

Besides the data analytics and tech companies, health insurance and giant pharmaceutical 

companies are becoming more powerful taking their stake in the digital health market. The 

future channels of diabetes app distribution are likely to be health insurance companies (157). 

Pharma companies have also strongly embarked their vested interest in digital health solutions 

(157, 161) geared towards population-level data acquisition. Data is currently the most 

expensive item and its values will likely grow further in the future (162). As personalized 

medicine continues to advance, digital health offers pharmaceutical companies to fetch real-

world data from millions of patients than from small study subjects enrolled in the 

traditionally expensive and under-powered RCTs (161). Together with the current staggering 

development of digital health innovation, concerns regarding data ownership, privacy, 

security and confidentiality are increasing.  

2.2 The role of digital health in artificial pancreas 

Understanding the glucose-insulin dynamics is important for advancing the treatment of 

diabetes and maintaining tight glycemic control (163). Achieving tight glycemic control 

without increasing the risk of hypoglycemia is a lifelong problem for patients with diabetes. 

In fact, treatment of diabetes is conceptualized as “a trade-off between glycemic control and 

iatrogenic hypoglycemia” (164). Both people with type 1 and type 2 diabetes generally 

require daily insulin to balance carbohydrate intake and insulin demand and in turn avoid 

hyperglycemic crisis. In patients with type 1 diabetes, exogenous insulin injection is 

absolutely necessary. In type 2 diabetes, medications that amplify insulin secretion or lower 

insulin resistance, basal and prandial insulin injections might be needed. In type 1 diabetes, 

external insulin can be provided either by multiple daily injections or continuous 

subcutaneous delivery using insulin pumps. However, this mode of insulin administration is 

not as effective and efficient as human body producing insulin for itself (endogenous insulin 

secretion). Acute events such as hypoglycemia expose patients to diabetic ketoacidosis. To 

solve this, a continuous administration of insulin via insulin pumps coupled with continuous 

glucose monitoring was proposed (163). This led to the birth of artificial pancreas in the 

1970s (165, 166).  
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The potential of artificial pancreas is predominantly tested in type 1 diabetes although recent 

advances also indicate the benefits of the system in insulin-treated poorly controlled type 2 

diabetes (167, 168). The advanced form of artificial pancreas system encompasses a wearable 

CGM monitor, an insulin pump and smartphone or computer that run the control algorithm 

(169). This is commonly referred to as “closed-loop” system (170). The CGM monitor is 

connected wirelessly to the insulin pump and the digital controller (algorithm run by a 

smartphone or computer) acts as a brain of the three-part system. The CGM monitor sends 

glycemic data (measuring every 5 to 10 minutes) to the control algorithm which analyzes the 

data and makes decisions to make insulin dose adjustments (170).  This system is one of the 

most promising developments of diabetes treatment embracing patients using the digital 

treatment ecosystems (171). By running the control algorithms and acting as a communication 

hub connecting all the closed-loop devices, digital health plays a pivotal role in advancing the 

benefits of artificial pancreas systems: from simple remote monitoring to control, and alerting 

patients for upcoming hyper- or hypoglycemic events (172). More excitingly, recent 

developments suggest that equipping artificial pancreas with more advanced learning control 

algorithms could prevent hypoglycemia via automatically shutting off insulin pumps (173).   

Future advances in digital health and control algorithms of the artificial pancreas may help 

track, learn and predict routines of patient behavior, and integrate it for personalized diabetes 

care. This will mark the foundation of precision diabetes medicine. 

2.3 Patient initiatives in the digitalization of diabetes care and self-management 

Patients are the key driving force of digitalization (124, 125). With increasing internet 

connectivity, smartphone ownership and availability of several networking opportunities, 

patients are taking their own initiative to benefit from digital health. Diabetes smartphone 

apps, connected devices, coaching devices, online forums and social media groups are some 

of the most commonly used digital health utilities available to diabetes patients’ community. 

International surveys reported that more than half of German and U.S. American adults who 

were using mobile phones also downloaded health apps (174, 175). Of all participants of the 

survey from Germany, more than 84% reported using diabetes apps (175). Particular to 

diabetes aps, studies from developed countries also indicated a significant proportion of 

patients with diabetes are already using diabetes apps.  More than one-fifth  of patients with 

diabetes in Australia (176)  and New Zealand (177) reported using diabetes apps.  At the end 

of 2017, about 325,000 health apps were available with astounding 3.7 billion download rates. 
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In 2016, about 1800 diabetes apps were available in typical stores for patients and providers 

(178). Global diabetes applications use had also increased from 2.2% in 2014 to 3.3% in 2016 

(178).  

Patients’ initiative to benefit from digital health is not also limited to using diabetes apps. The 

use of the internet to search diabetes-related information is increasing (179, 180). In 2011, 

searching health related information was the third most common use of the internet among 

U.S. adults (181). With this increased internet use, several virtual patient communities have 

also emerged. In 2014, there were several diabetes online forums and more than 1000 diabetes 

Facebook groups (182).  These patient forums enhance self-management capabilities (183) by 

enabling patients to learn from the experience of others or to receive virtual psychological and 

social support from fellow patients with similar conditions (184-186). These diabetes online 

communities are also involved in advocacy efforts (182). Online forums such as the well-

researched TuDiabetes.org, PatientsLikeMe and many Facebook groups have been used by 

patients to receive virtual support from fellow patients (187-190). With more than two billion 

registered users (191), Facebook offers its special feature called “Facebook Group” to connect 

people with similar interests or health conditions (189). Depending on the groups’ interests, 

there are three options for these groups: public, closed, or secret Facebook groups (192).  

Evidence indicates that involvement in online forums or Facebook groups was tied to 

improving glycemic control, diabetes knowledge, self-care behavior, the adoption of healthy 

behavior, and quality of life (182, 193-196).  

All of these digital diabetes solutions empower patients’ capability to have a good knowledge 

of their disease and ultimately to be able to self-manage it. However, there appear to be 

disparities by age, race/ethnicity, socioeconomic status, health and digital literacy limiting 

digital health opportunities (197-200). As patients and health systems grow to rely on the 

internet and technology, the factors resulting in the digital divide may further escalate already 

existing health inequalities (201-204). This affects patients who are at risk for poor diabetes 

outcomes to fall further behind due to the poor access or exposure to digital health 

opportunities (201). Therefore, investments in digital health innovation must take patients 

with social disparities into consideration (205). In this regard, bridging the gap in digital 

literacy is of paramount importance (204, 206). This may be done via building partnership 

between health system actors and local digital health advocates to screen patients for digital 
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health literacy and provide low-cost internet services, device support and skills training to 

those who needs it (207).   

Evidence also suggest concerns about app functionalities, lack of interoperability, clinical 

significance, data privacy and safety that need to be addressed (208-212). Almost none of the 

600 apps available in the US received the Food and Drug Administration (FDA) clearance 

(209, 213). Only 11 of the self-management apps abundantly available in typical stores were 

studied for clinical effectiveness and safety, with only one app verified to lead to clinically 

significant glycemic control (214). Nearly all of the 46 insulin dose calculators provide 

erroneous insulin dose calculations (215).  Therefore, with the increasing pace of innovation, 

the evaluation and clinical regulation of diabetes apps are essential (209, 216). In addition, 

prescription or recommendation by healthcare providers is important before patients use 

unapproved or perhaps clinically unsafe apps (215, 217, 218).  

2.4 The role of digital health for improving diabetes patient outcomes  

HbA1c reductions of at least 0.3% are considered clinically significant (219, 220).   Several 

randomized controlled trials (RCTs) examining the effects of digital health interventions in 

persons with type 2 diabetes demonstrated clinically and statistically significant reductions of 

glycated hemoglobin levels (221-225). Improvements in other clinical and behavioral patient 

outcomes such as achieving glycemic control targets without incidents of hypoglycemia (136, 

226), knowledge about anti-hyperglycemic medications (227), self-efficacy, and medication 

adherence (228) were also reported. Particular to diabetes apps in type 2 diabetes, numerous 

RCTs reported improvements in glycemic control after use of diabetes self-management apps 

(229-231).    

Systematic reviews and meta-analyses on the effects of participation in smartphone-based 

(232), interactive self-management (233) and all information technology-based (234) 

interventions in persons with type 2 diabetes suggest reductions in HbA1c-levels. Similarly, 

authors of three pooled analyses of RCTs investigating the effects of smartphone-based 

diabetes self-management apps reported clinically significant HbA1c reductions, 0.49% 

(235), 0.55% (236) and 0.67% (237). Besides glycemic control, meta-analyses show that 

diabetes apps improve self-efficacy, quality of life and self-care activities (236).  These 

interventions work by enhancing patients’ knowledge and skills to adopting healthy 
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behaviours and improve self-management competencies which collectively result in improved 

patient outcomes (208, 211, 238-242).  

Although there is plenty of pooled evidence indicating the effectiveness of digital 

interventions for improving glycemic control as measured by the surrogate marker, HbA1c, 

the current literature has several limitations. These limitations mainly originate from 

challenges in identifying the components of interventions reported in published RCTs and 

heterogeneity that arises from the complexity of these interventions. In addition, due to the 

nature of the outcome (HbA1c) or the design of the some RCTs, statistical challenges that 

emanate from baseline imbalance and pre-post correlations limit the precession of the effect 

size estimates reported in the currently available pooled analyses. However, determining the 

precise effect size estimates is important for informing clinical and public health practice. 

Hence, robust systematic reviews and meta-analyses that address these limitations and 

evaluate the meta-analyses methods are timely.  

The heterogeneity of these interventions can be tackled via exploring the components of these 

complex interventions by using the Behavioural Change Techniques Taxonomy (BCTs) tool 

(243).  The effect of each component can then be measured with robust statistical techniques.  

In addition, advanced methodological guidance is available to deal with the challenges that 

arise from baseline imbalance and pre-post correlations.   

Moreover, despite the availability of several RCTs and pooled evidence indicating the 

effectiveness of diabetes app use on glycemic control and self-care behaviour, evidence from 

real-world settings in observational studies is, however; still limited. Additionally, some 

studies explored the contents of some of the diabetes apps available in typical stores (211, 

240, 244, 245).   Thus far, evidence regarding the use of the most popular diabetes apps and 

the association of use with glycemic control and self-care behavior in the digital community 

of patients with diabetes is lacking. 
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3. OBJECTIVES 

3.1. General objective 

To assess the role of digital health for improving glycemic control and self-care behaviour.  

3.2 Specific objectives 

i. To determine the effectiveness of digital interventions among patients with poorly 

controlled type 2 diabetes.  

ii. To identify and investigate BCTs associated with reducing HbA1c levels among 

patients with poorly controlled type 2 diabetes.  

iii. To estimate and compare the effectiveness of digital interventions in patients with 

poorly controlled type 2 diabetes using three meta-analytic methods. 

iv. To investigate the role of diabetes app use, self-care behaviour and other factors for 

glycemic control among the online community of patients with type 1 and type 2 

diabetes. 

v. To identify popular diabetes apps among patients with type 1 and type 2 diabetes. 

vi. To investigate the association of diabetes app use and other factors with cumulative 

self-care behavior in persons with type 1 and 2 diabetes. 
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4. FRAMEWORK OF THE DISSERTATION 

The overall flow of the papers included in this dissertation is conceptualized in Fig 10. The 

framework presents the core research objectives and the respective designs, data sources as 

well as the core publications produced. Additional papers are also presented on the right side 

of the figure. On the left side of the figure, the core research objectives are marked with 

different colors. Objectives addressed in one study are displayed in a similar color. The colors 

also correspond with the colors of the methodologies followed, core research papers and 

related additional papers produced during the doctoral process.  
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5. METHODS  

This chapter summarizes the methods utilized for developing the core research articles that 

answered the core research objectives. The description of the methods utilized in the 

respective core studies (study I-IV) are highlighted below. The full description of the methods 

can be accessed in the respective articles (annex).  

5.1. Study I - Effectiveness of Digital Interventions for Improving Glycemic Control 

in Persons with Poorly Controlled Type 2 Diabetes: A Systematic Review, Meta-

analysis, and Meta-regression Analysis 

A systematic review, meta-analysis and meta-regression analysis were conducted by 

following the Preferred Reporting Items for Systematic review and Meta-Analysis (PRISMA) 

2015 guideline (246), and a registered (PROSPERO registration number: 42016049940) and 

published protocol (247). To identify the relevant papers fulfilling the key inclusion criteria, a 

comprehensive electronic search was carried out in MEDLINE, Web of Science, and 

PsycINFO. Studies were included if they were RCTs investigating the effectiveness of any 

form of digital intervention among patients with poorly controlled type 2 diabetes (HbA1c 

level > 7.0%), included control groups receiving usual care, were published in English before 

the end of June 2017 and HbA1c was reported as an outcome. Based on the definition of the 

American Diabetes Association (ADA), HbA1c-levels above 7.0% were considered poorly 

controlled diabetes (248).   

The titles and abstracts of articles retrieved from the databases were screened for the inclusion 

criteria. To semi-automate the process of title and abstract screening, full-text screening and 

quality assessment, Covidence (the Cochrane collaboration web-based tool) was used (60). 

The quality of articles included in the review was assessed by using the Cochrane Risk of 

Bias Assessment tool for Randomized Control Trials (249).  

Details of each study including author names, titles, journals, and years of publications, 

objectives, study populations and type of digital interventions were extracted. From the 

description of the intervention, the type of digital intervention, targeted AADE7 self-care 

behaviour and included BCTs were documented for each arm of the RCTs.  The BCTs 

included in each intervention were identified using the Behavioural Change Techniques  

http://www.crd.york.ac.uk/PROSPERO/display_record.asp?ID=CRD42016049940
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Taxonomy. This taxonomy includes 93 behavior change techniques organized in 16 

hierarchical clusters (243).   

Additionally, data on whether interventions were tailored or individualized, or whether the 

design of interventions were informed by behavioral science models or theories were 

extracted. Details of baseline and follow-up data about subjects of interventions and outcome 

data such as sample size, standard errors (SE), standard deviations, 95% confidence intervals, 

p-values were extracted from each study. Missing data were calculated from the reported 

summary statistics, or obtained by contacting the authors or imputed by using appropriate 

statistical methods.  

Because the studies were not adequately balanced, adjusting for baseline imbalance and pre-

post correlation was important. Hence, the “black-belt” Analysis of Covariance (ANCOVA) 

approach for synthesizing continuous outcomes was applied. Using ANCOVA, the estimation 

of the effect sizes was modelled by using this equation, 

.  In this equation, Yint and Yctr were the 

follow-up HbA1c values for intervention and control groups respectively, while Xint and Xctr 

represent the baseline HbA1c values for intervention and control groups. β is a regression 

coefficient calculated from pooled SD of the treatment (  and control groups (  using 

this formula  (250, 251). Correlation values were estimated using 

 (251) or   (252).  

In STATA version, overall and subgroup random-effects meta-analyses were performed using 

studies and relevant arms that were considered combinable. Sensitivity analyses were also 

performed to investigate the effect of the dimensions of study quality on the pooled effect size 

estimate. Heterogeneity was assessed by Cochrane Chi-square(x2) statistics and quantified by 

using the using I2  statistics (253). To investigate the effect of BCTs and other intervention 

features on the overall effect size estimate, a series of univariate and multivariate meta-

regression analyses were performed following the recommendation by Borenstein et.al (254).  

Finally, publication bias was assessed visually by inspecting the funnel plot(eye-ball test) and 

statistically using Egger’s test (255). The quality of evidence generated with this meta-

analysis was graded using the GRADE approach (256, 257) in the GRADEpro online tool 

(258).   
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5.2. Study II - Comparison of three meta-analytic methods using data from 

digital interventions on type 2 diabetes  

Study II is based on the extended analysis of data from study I. Therefore, study II shares the 

methodology for study I as described before. Here, methods only particular to study II are 

emphasized. In study II, ANCOVA, change scores (SACS), final values (SAFV) meta-

analyses approaches were implemented to look deeper into differences across the pooled 

effect size estimates and investigate the effects of baseline imbalance and pre-post 

correlations.   

Mean difference, standardized mean difference and ratio of means are the most commonly 

used effect size metrics for continuous outcomes. If the measurements of the underlining 

continuous outcome are similar across all studies, mean difference is the appropriate metric. 

In addition, effect sizes of continuous outcomes with inherently similar scale of measurement, 

such as in HbA1c, can be computed using three effect size estimators: SAFV, SACS and 

ANCOVA (250-252, 259). All of these methods produce comparable estimates if the outcome 

data are balanced at the baseline and the pre-post correlations is low.  For studies, with high 

baseline imbalance and high pre-post correlations, ANCOVA is known to produce a relatively 

more precise and unbiased effect estimate, compared to SACS and SAFV (250-252, 259). 

Three effect size estimates were computed both at individual studies and at a pooled level to 

facilitate comparison across effect size estimators. ANCOVA adjusted mean differences were 

computed using the equation described for study I. Mean differences for SAFV and SACS 

were computed using  and , 

respectively. To check whether there is statistically significant difference across the mean 

difference values computed by the three methods at individual studies level, the multivariate 

test of means was used. Finally, meta-analyses were performed using the three meta-analytic 

methods and whether there are differences in the pooled effect sizes and confidence intervals 

were investigated. The differences in publication bias across the three methods were explored 

by constructing funnel plots and implementing Egger’s test for funnel plot symmetry in Stata.  

Sensitivity analyses were performed to investigate the effect of baseline imbalance and pre-

post correlations on the pooled effect size estimates. Studies with high baseline difference 

(baseline mean difference ≥+/-0.2, or ≥+/-0.3) and with high pre-post correlation values (>+/-

0.7, and >+/-0.6) were excluded from the meta-analyses. Then, the pooled effect sizes and 

confidence intervals were compared. 
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5.3. Study III: The Role of Continuous Glucose Monitoring, Diabetes Smartphone 

Applications, and Self-Care Behavior in Glycemic Control  

The data for studies III and IV were obtained by conducting a web-based survey from 

November 2017 to March 2018 among the online community of persons with diabetes. The 

recruitment procedure, the development and content of the online-questionnaire and the 

analysis strategy are summarized as follows.  

5.3.1 Questionnaire design, sources of respondents and recruitment    

A web-based cross-sectional survey was conducted among persons with diabetes. The survey 

questions were prepared in two languages (English and German) and were designed using 

Lime survey (260). Data on demographic characteristics, self-reported diabetes status, type of 

diabetes, use of glucose lowering medication, self-reported blood glucose levels, continuous 

glucose monitoring (CGM) device use, self-reported confidence on diabetes self-management, 

and perceived metabolic control levels were collected. In addition, the questionnaire includes 

variables related to diabetes app use for self-management, and self-care behaviour. The items 

for diabetes app-related questions were adopted from the Mobile App Rating Scale (MARS) 

(107) which was validated for diabetes app rating in a study from New Zealand (177).  Self-

care behaviour data were collected using a licenced version of Summary of Diabetes Self-

Care Activities (SDSCA) questionnaire which was previously validated in both English (261) 

and German languages (262). SDSCA is an 11-item questionnaire measuring self-care 

activities about diet, physical activity, blood glucose monitoring, foot care and smoking.   

Respondents of the survey were recruited via three different channels: Facebook groups, 

diabetes-specific patient forums, and targeted Facebook advertisements (ads). Using key-

words in English and German, type 1 and type 2 diabetes Facebook groups were 

systematically searched on Facebook.  After identification of the groups, requests to join the 

groups were submitted to admins and moderators of the groups. The “join group” requests 

include informed consent, explanations about the authenticity and purpose of the survey, the 

survey URL, the minimum time required to complete the questionnaire. Once approval to join 

a group and to post the survey was received from admins or moderators, the survey URL was 

posted on the Facebook group page. Periodically, comments were added to bump up the 

Facebook posts so that they can appear in the newsfeed of group members and to enhance 

engagement of respondents who might have not seen the original post.  
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About ten targeted Facebook ads were also placed which reached about 30,000 persons 

potentially having diabetes. Demographic characteristics (age and country) and interest in 

diabetes-related terms on Facebook were utilized for tailoring the Facebook ads. The ads 

contain pictures, emoticons, short descriptions and the URL of the survey. 

Additionally, English and German diabetes specific online patient forums were systematically 

searched on Google. After identifying the relevant diabetes patient forums, two investigators 

registered to be a member of each identified group. Applications to post the survey in the 

forum website were submitted to forum admins and moderators. The survey URL was then 

posted on the forums once approval was secured.  

In all of the recruitment channels, information about the survey included an explanation that 

responding to the survey was voluntarily and anonymous. Information about incentives which 

were given to randomly selected participants was also included. In addition, respondents were 

informed that they could stop answering questions at any stage of the survey or could skip any 

question they were not comfortable with.  Each respondent was required to electronically sign 

to confirm their agreement for participating in the survey before answering any of the 

questions.      

5.3.2. Data analysis 

The outcome variable was self-reported glycemic levels. The combined self-reported HbA1c 

and capillary blood glucose level data were used to categorize glycemic data into 

normoglycemia, hyperglycaemia and hypoglycaemia following the ADA definitions (263-

265). By adjusting for potential confounders, the association of diabetes app use, CGM device 

use and self-care behaviour with the glycemic control categories was investigated using 

multinomial logistic regression analyses. The analysis was stratified by type of diabetes.    

5.4. Study IV: Popular Diabetes Apps and the Impact of Diabetes App Use on Self-

Care Behaviour  

Study IV was conducted by using the data collected during the web-based survey described 

for study III. Here, only the analysis strategy is summarized. After retrieving the data, self-

care days for the five self-care behavior components were calculated. The cumulative self-

care behavior score was also calculated by adding up the scores for each self-care behavior.  

To investigate differences in the scores for individual or cumulative self-care behavior 

between diabetes app users and non-users, two-sample t-tests were conducted. The 
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associations of diabetes app use and other factors with the cumulative self-care behaviour 

were investigated by using multiple linear regression analyses stratified by type of diabetes. 

The regression models for both types of diabetes were evaluated visually by examining 

linearity of residuals and checking for assumptions of linear regression (266).  

To identify the popular diabetes apps, the names of the apps reported by each respondent was 

retrieved and counted. The frequency of each diabetes app was then calculated for both types 

of diabetes.  All analyses were performed using R version 3.5.1 (267) via R studio IDE. 
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6. SUMMARY OF RESULTS  

In this chapter, the key results of each study are described. The results are summarized in 

subsections designated for respective studies. The detailed description of results of each study 

can be read in the respective articles (annex).  

6.1. Results of study I - Effectiveness of Digital Interventions for Improving 

Glycemic Control in Persons with Poorly Controlled Type 2 Diabetes: A Systematic 

Review, Meta-analysis, and Meta-regression Analysis 

From the three databases, 1669 titles and abstracts were retrieved. Only 22 studies (221-223, 

228, 268-285) that were published from 2009 to 2017 fulfilled the inclusion criteria and were 

included in the qualitative and quantitative syntheses. A total of 3787 subjects and twenty-

three arms of twenty-one RCTs were included in the meta-analysis.  

The mean intervention duration was 7.29 months (SD=3.05). More than half (1991) of the 

total subjects were assigned to the intervention group. On average, about 84 (SD=62.1) and 

83 (SD=62.7) subjects per RCT were assigned to intervention and control groups, 

respectively. The mean treatment retention rate at the completion of the studies was 89.4%. 

The majority of the interventions (n=15) were web-based, five were telehealth and three were 

text message interventions  

The pooled estimate suggests a statistically significant reduction of HbA1c, -0.39 (95%CI: -

0.51, -0.26) favouring digital interventions. The subgroup analysis indicates that statistically 

significant reductions of HbA1c after participation in text-message and web-based 

interventions, with pooled HbA1c mean difference estimates of -0.52% (95%CI: [-1.04, 

0.00]) and -0.41% (95%CI: -0.55, -0.27), respectively.  

The results of the multivariable meta-regression analysis revealed a higher baseline HbA1c 

levels, β=-0.44 (95%CI: [-0.81, -0.06]), BCTs such as ‘problem solving’ (β=-1.30 (95%CI: [-

2.05, -0.54])), and ‘self-monitoring outcomes of behaviour’ (β=-1.21(95%CI: -1.95, -0.46)) 

significantly reduced HbA1c levels.  
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6.2. Results of study II - Comparison of three meta-analytic methods using data 

from digital interventions on type 2 diabetes  

In this study, the baseline HbA1 difference between intervention and control groups ranged 

from –0.2% (274, 282) to 0.64% (268), with only two interventions reporting perfect baseline 

balance (222, 270). The pooled HbA1c baseline difference was 0.14% (95%CI: [–0.31, 0.59]).  

The pre-post correlation values ranged from 0.06 to 0.74.  

The mean differences obtained by using the three meta-analytic methods were plotted in a 

boxplot to visually inspect whether there was overlap. There was high degree of overlap of 

the three boxplots suggesting the estimates were close to each other. To statistically check this 

similarity, a multivariate test of means was conducted. The multivariate test of means 

suggested that there was no evidence of a significant difference (Hotelling T2 = 4.65, 

Hotelling, F (2, 21) = 2.22, Prob > F = 0.134).  

The pooled HbA1c mean differences (95%CI) estimated by ANCOVA, SACS, and SAFV 

were -0.39% (95%CI: [-0.51, -0.26]), -0.37% (95%CI: [-0.468, -0.268]), and -0.34% (95%CI: 

[-0.48, -0.19]), respectively. The heterogeneity statistics measured by I2 were 80.8%, 32.3% 

and 64.5%, for ANCOVA, SACS and SAFV, respectively. These results show some degree of 

difference across the three estimates and the confidence intervals. These differences became 

less prominent, when studies with high baseline difference or high pre-post correlation scores 

were removed from the meta-analyses. For instance, dropping studies with a high pre-post 

correlation scores (>+/- 0.7) resulted in -0.40% (95%CI: [-0.53, -0.27]), -0.40% (95%CI: [-

0.54, -0.26]) and -0.34% (95%CI: [-0.49, -0.19]) using ANCOVA, SACS and SAFV, 

respectively.  

Assessing publication bias, both with visual inspection of funnel plot and Egger’s test for 

funnel plot symmetry, did not suggest evidence of a publication bias for any of the methods.  

6.3. Results of study III: The Role of Continuous Glucose Monitoring, Diabetes 

Smartphone Applications, and Self-Care Behavior in Glycemic Control  

Data were collected via 78 Facebook groups, 8 online forums and 10 targeted Facebook ads. 

Data of 1052 patients with type 1 diabetes and 630 patients with type 2 diabetes were 

analysed for this study. More than half of the respondents with type 1 diabetes (n=549, 

52.2%) and more than one-third of respondents with type 2 diabetes (n=210, 33.3%) reported 
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using diabetes apps for self-management. After adjusting for potential confounders, the odds 

of experiencing hyperglycaemia among respondents with type 2 diabetes were reduced by 

37% (AOR = 0.63(95% confidence interval (CI): 0.41 - 0.96)). However, no association of 

diabetes apps use with experiencing hyperglycaemia and hypoglycaemia in type 1 diabetes 

was noted.  

Among respondents with type 1 diabetes, those reporting CGM use had a 76% (AOR = 

0.24(0.09 - 0.60)) lower odds of experiencing hypoglycaemia. In addition, CGM device use 

reduced the odds of experiencing hyperglycaemia by 34% (AOR = 0.66(0.44 - 1.00)).     

6.4. Results of study IV: Popular Diabetes Apps and the Impact of Diabetes App 

Use on Self-Care Behaviour  

Of the total 1682 respondents, more than 45% (n=759) mentioned using diabetes apps 

(n=759). The use of one hundred and forty-five different diabetes apps were reported by 

respondents who mentioned using diabetes apps for self-management. Of which, “mySugr” 

was the most popular app. In addition, “Dexcom”, “Freestyle Libre” and “Xdrip+” were also 

popular, particularly among respondents with type 1 diabetes (Fig 11).  
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Figure 11: Popular diabetes apps  

The cumulative self-care score was significantly higher among diabetes app users, both 

among respondents with type 1 and type 2 diabetes. In addition, compared to non-users, 

diabetes app users were observed to have significantly higher scores in all individual self-care 

components except for foot care and specific diet care. This result was consistent in in both 

with type 1 and type 2 diabetes.  
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After controlling for key confounders, the use of diabetes for self-management apps was 

independently associated with increasing the cumulative self-care score by a factor of 

1.08(95%CI: 0.46-1.7) units and by a factor of 1.18(95%CI: 0.26 – 2.09) units among persons 

with type 1 and type 2 diabetes, respectively. The variables adjusted in both models in type 

are displayed in Fig 12 and 13, respectively.  

 

 

                                               * Statistically significant at p< 0.05, ** statistically significant at p< 0.005, *** statistically significant at p< 0.001 

Figure 12: Forest plot of the coefficients with 95%CI for factors associated with self-care 

behaviour in persons with type 1 DM.  
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                                               * Statistically significant at p< 0.05, ** statistically significant at p< 0.005, *** statistically significant at p< 0.001 

Figure 13: Forest plot of the coefficients with 95%CI for factors associated with self-care 

behaviour in persons with type 2 DM.  
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7. DISCUSSION  

This chapter begins with the summary of the principal findings. After that, the findings are 

explained and compared with the existing literature. The chapter integrates the methods and 

main findings, outlines strengths and limitations and narrates the broader concept of digital 

health and its benefits for advancing patient outcomes as well as improving diabetes care.  

More broadly, it dives deeper into the main aspects of digital health solutions and what they 

may offer to healthcare and the field of public health, in general.  

7.1 Principal findings  

This dissertation focused on patient outcomes mainly HbA1c and glycemic abnormalities 

(clinical outcomes) and self-care behavioural outcomes to illustrate the impact of digital 

health for improving clinical and behavioural outcomes in patients with diabetes. The results 

of our systematic reviews and meta-analyses, as well as of the observational studies indicate 

that digital health improves glycemic and self-care behavioral outcomes of patients with 

diabetes. The results suggest that glycemic control and self-care behavior were improved via 

digital health solutions. The pooled analyses showed that web-based digital health 

interventions provided by mobile phones, Personal Digital Assistants (PDA) or computers 

provide clinically and statistically significant reductions of HbA1c in persons with type 2 

diabetes. The results of the comparative analyses based on three meta-analytic methods also 

yielded comparable effect sizes that were consistently statistically significant. However, there 

was some degree of differences across the heterogeneity statistics, pooled effect size estimates 

and respective confidence intervals. The difference was found to be lower when studies with 

higher baseline imbalance and/or pre-post correlation were removed from the meta-analyses. 

The results were all in favour of digital interventions.  

In addition, patient’s use of diabetes apps for self-management independently reduces the 

odds of experiencing hyperglycaemia in type 2 diabetes. Furthermore, diabetes app use is 

associated with improving self-care behaviour in both persons with type 1 and type 2 diabetes. 

Of all of the apps identified in the study, “mySugr”, “MyFitnessPal” and the CGM apps such 

“Dexcom”, and “Xdrip+” were popular.  
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7.2. Interpretations and comparisons with prior work   

The results are in line with results of existing studies that reported clinically and statistically 

significant HbA1c reductions via internet-based interactive self-management interventions 

(233, 234) and smartphone-delivered interventions (232). Although numerous studies have 

reported the effectiveness of digital interventions, the effective combination of specific 

components of behavioural interventions and their delivery mechanisms were unclear. Our 

results indicate that the effect of digital interventions was significantly higher among patients 

having higher baseline glycated haemoglobin levels and if the interventions included 

approaches of “problem solving” and performed “self-monitoring of outcomes of behaviour”. 

However, these results need to be confirmed by a larger number of studies because meta-

regression models are more stable and provide robust results if larger number of studies and 

fewer covariates are taken into account (286).  

Similar to previous studies (287-289), higher levels of glycated haemoglobin level reductions 

occurred among patients with higher HbA1c levels at the start the interventions. This is in line 

with previous evidence that patients with poorly controlled diabetes may benefit more from 

digital health opportunities (290).   

The effect size estimates pooled using the three different methods, ANCOVA, SACS and 

SAFV, suggest that digital interventions significantly reduce glycated haemoglobin levels. 

However, looking at the differences in pooled effect size estimate, confidence intervals and 

heterogeneity statistics, particularly in sensitivity analyses, the importance of accounting for 

baseline imbalance and correlation, at least for studies that are unbalanced and have high pre-

post correlations becomes clear. This is in line with previous methodological literature 

emphasizing the importance of adjusting for baseline imbalance and pre-post correlations 

(250, 251, 259). 

The results revealed a high prevalence of diabetes app use in both patients with type 1 and 

type 2 diabetes. Patients with type 2 diabetes who reported using diabetes apps for self-

management had lower odds of experiencing hyperglycaemia compared to those who did not 

use diabetes apps. Consistent with these results, patients with type 2 diabetes who were using 

diabetes app for self-management also reported having a lower risk of hyperglycaemia (291, 

292).  The benefits of diabetes self-management apps for improving glycaemic control of 

patients with type 2 DM have been demonstrated in several RCTs (229-231). These apps 
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improve glycemic control by advancing patients’ knowledge about diabetes, self-management 

competency, and adherence to medication and a healthy lifestyle (208, 211, 238-241). 

Contrary to persons with type 2 diabetes, for patients with type 1 diabetes, the association of 

diabetes app use with hyperglycaemia and hypoglycaemia disappeared after “CGM device 

use” variable was added into the model. Instead, CGM device use turned out to be an 

important determinant that significantly reduced the odds for experiencing both 

hyperglycaemia and hypoglycaemia.  A growing body of evidence from experimental and 

observational studies indicates that CGM technologies were successful in improving glycemic 

control (293-295). CGM coupled with its diabetes apps appears to help patients track their 

real-time glycemic levels and trends. CGM facilitates the timely counteraction of episodes of 

hyperglycaemia and hypoglycaemia (294, 295), especially if patients are capable of 

responding appropriately to these undesirable outcomes by adjusting medication doses in the 

short term and by changing physical activity and dietary habits in the long term (294, 296).   

The benefit of using diabetes apps for self-management was not limited to improving 

glycemic control. The results also show that using diabetes apps for self-management 

increases individual and cumulative self-care behaviours for both patients with type 1 and 

type 2 diabetes. This is consistent with the existing evidence base stemming from various 

RCTs and observational studies. Numerous studies reported that the use of diabetes apps for 

self-management increased scores of cumulative (297, 298) and individual self-care domains 

(299-302). Specifically, scores of blood glucose testing (298-301), physical activity (299, 

301), foot care (300, 302), general diet (298, 302) and specific diet (299-301) self-care 

domains were improved after the use of diabetes apps.  Importantly, diabetes apps facilitate 

tracking behavioural and glycemic patterns that ultimately improve patients’ knowledge of 

diabetes, self-management capability, knowledge of complications and self-care practices 

(303). These improvements eventually enhance quality of life and reduce premature mortality.  

Of all identified apps, “mySugr” was the most popular self-management app in both patients 

with type 1 and type 2 diabetes. Moreover, CGM apps such as “Dexcom”, and “Xdrip+”, 

“FreeStyle Libre” were also popular among patients with type 1 diabetes.  Continuous glucose 

monitoring apps connected with CGM sensors and insulin pump in a closed-loop system are 

the most promising developments of artificial pancreas in the digital diabetes care (170).   

Future advances in diabetes apps and learning control algorithms may help tracking, learning, 

and predicting routines of patients which ultimately help the artificial pancreas systems to be 
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able to predict upcoming out-of-range glycemic levels (169). These systems are expected to 

transform the traditional diabetes care into an automated, personalized and patient-centred 

care.      

7.3 Strengths and limitations 

Although we have applied state of the art meta-analyses methodologies and innovative survey 

designs, we cannot completely avoid limitations. Therefore, this dissertation is the result of a 

trade-off between strengths and limitations. 

7.3.1 Strengths  

The systematic reviews and meta-analyses parts of this dissertation were the first to report the 

effectiveness of digital interventions for reducing glycated haemoglobin levels in persons with 

poorly controlled type 2 diabetes. It was also the first meta-analysis in this area of research 

that adjusted for baseline imbalances and pre-post correlations using a robust meta-analyses 

methodology, ANCOVA. Our comparative analyses on meta-analytic methods show the 

effect size (both at an individual and pooled level) and heterogeneity differences across the 

three meta-analytic methods that are commonly applied in synthesizing continuous outcomes 

with similar scales of measurement. In addition, our analyses also implemented a reliable 

taxonomy (243) and the well-established AADE7 (111) to disentangle complex interventions 

and help us identify effective components. These tools evidently provide robust mechanisms 

to handle heterogeneity of multi-component behavioural interventions (141, 242, 304).  

7.3.2 Limitations  

The limitations mainly arise from two sources: internally from our narrow database search 

and application of complex methodology and externally from the limitations of the included 

studies. The search was limited to only three main databases. At the start, we checked whether 

this may have an impact on our search results. However, there were no noticeable differences. 

Considering the workload required for applying a more robust methodology, obtaining 

missing data by first contacting authors and otherwise imputing missing values from the 

reported data, we decided to focus only on three fundamental databases. We applied robust 

statistical methods to impute missing data and synthesized them using advanced meta-analytic 

methodology that helped account for baseline imbalance and correlations. With advanced 

analyses methods, we produced a more precise effectiveness estimate.  However, 

uncertainties still remain.  
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Our analyses were also affected by the limitations of the included studies. Identifying 

components of complex interventions in systematic reviews depends on the quality and detail 

of descriptions of the interventions. Missing data were calculated by using relevant imputation 

strategies. In addition, mapping and differentiating the intervention components requires 

systematic reviewers’ subjective judgement (305). We tried to minimize the impact of this 

limitation by taking online training for applying the BCTTv1 taxonomy and using two-

reviewer consensus rating and third reviewer arbitration for resolving any disagreements in 

the identification of BCTs.   

The two core studies that aimed to assess the impact of diabetes app use for improving 

glycemic control and self-care behaviour also have limitations. Broadly, these limitations 

emanate from three major themes: study setting, design, and measurement. These limitations 

are described as follows.  

Firstly, responses of the survey were collected using online platforms. Therefore, our sample 

might not be representative of people with diabetes who did not subscribe to Facebook and/or 

online forums and those who may have no or limited digital literacy. The role of Facebook 

and online forums in connecting patients with chronic diseases and promoting self-

management is ever increasing. For this reason, patients with diabetes on social media are an 

important segment of populations that requires attention. This dissertation, therefore, opens an 

important perspective for surveys in digital and global, but geographically super-diverse 

contexts.  

Due to the nature of the web-based survey, the researchers involved in the study did not have 

any face-to-face contacts for receiving responses regarding all questions, including those on 

biochemical parameters. The validity of the results might have been affected by biases that 

arise from self-report and self-selection. In addition, Facebook and most patient online forums 

are highly global. Hence, respondents of our study are from multiple countries, most of them 

from high-income English and German speaking countries. As a result, unobserved variation 

that arises from respondents’ differences in exposition to different healthcare systems and 

sociocultural and racial differences might have an effect on the generalizability of our results 

to other specific contexts. However, we did not observe any differences in stratified country-

level analyses.  
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Secondly, due to the cross-sectional design of the studies, causal relationships cannot be 

determined. Thirdly, only self-reported one-time capillary blood glucose levels combined 

with HbA1c levels were collected. This might have affected our effort to determine the 

glycemic abnormalities of our respondents. Future studies need to consider measuring these 

outcomes more than once in order to more accurately quantify the dynamics of glycemic 

control.  Moreover, we did not investigate psychometric properties of some of the questions, 

such as those assessing diabetes self-management concern and perceived confidence 

regarding diabetes self-management. In addition, the dichotomised Yes/No question on 

whether respondents were taking glucose lowering medication was too broad and did not 

adequately capture all the additional medications other than insulin prescribed to persons with 

type 2 diabetes. Interpretation of the results needs to consider these limitations that might 

collectively have an effect on the validity our results.  

7.4 Improving diabetes patient outcomes with digital health: promises and perils  

This dissertation focused on three main patient outcomes HbA1c, glycemic abnormalities, and 

self-care behaviour. These outcomes may broadly be categorized in two categories: clinical 

and behavioural outcomes. Our results demonstrate the benefits of digital health interventions 

and the use of diabetes apps for self-management and improving these outcomes. This is 

consistent with the existing evidence. 

In the current literature, although the surrogate marker, HbA1c has been extensively assessed 

to evaluate the impact or effectiveness of digital health in diabetes, improvements in 

outcomes other than HbA1c were also reported. A scoping review on eHealth literature in 

poorly controlled type 2 diabetes reported several outcomes that were improved after 

participation in digital interventions. This includes biological and clinical markers (e.g. blood 

pressure, change in incidence of hospitalization; emergency department utilization; self-

reported hypoglycaemia), and cognitive and psychosocial outcomes (e.g., diabetes 

knowledge, self-efficacy, depression, and diabetic distress). Furthermore, improvements in 

self-management behavioural outcomes (e.g. medication adherence, foot care, physical 

activity), body composition (e.g., weight loss, body mass index), and long-term outcomes 

(e.g. quality of life, incidence of diabetic complications) were reported (242). However, 

current literature on digital health interventions on diabetes mainly focus on short-term 

successes. Most of the interventions suffer from low power, poor randomization, short 

intervention durations and short-term outcome measures. Non-glucocentric, or long-term, 
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sustained and clinical changes in patient outcomes are still open question in digital diabetes 

research. Further research is required especially interventions that address these limitations.  

In general, digital health enables persons with diabetes to monitor their blood glucose level 

and other data with external devices or wearables. This supports patients in keeping track of 

their blood glucose, nutrition, physical activity and foot care. Tablet- or smartphone-based 

self-management apps enable patients to track and visualize their trends and detect out-of-

range glycemic values. Tracking glycemic or other behavioural and nutrition outcomes help 

patients understand their diseases and how their nutrition, physical activity and other 

behaviour interact to lead into their personal diabetes outcomes. This empowers patients’ 

capacity for appropriate and timely resilience which ultimately provides the key to 

augmenting diabetes self-management.   

Digital health offers persons with diabetes several opportunities and promises scalable and 

affordable intervention strategies. Despite these early promises, “we are still in the 1.0 days of 

success of digital health”(306), there are several issues that hamper its rapid and wide-spread 

adoption in the process of making it an integral part of diabetes care. These perils are 

summarized as follows.  

7.4.1 Data ownership, protection of privacy and confidentiality 

Diabetes apps or health apps in general produce a large amount of data. Data are currently the 

most expensive asset and its value will grow sharply (162).  This tremendous value of data 

provides companies investing in digital health to enjoy unprecedented successes.  The success 

of these companies, to large extent, relies on the value of data collected from users.  Yet, who 

owns the data, how they are used and how the privacy and confidentiality of the users are 

safeguarded remain unanswered questions. Concerns regarding privacy, security, and 

confidentiality are increasing as the “digital health tsunami” continues to expand. It is not 

uncommon that health apps breach these key ethical principles. For example: an LGBTQ 

dating app, “Grindr”, recently gave unencrypted HIV status and personal data to third parties 

(307). Very recently, several other incidents of data breaches and cyberattacks that affected 

millions of patients reverberated digital health (308). Specific to diabetes, a data security flaw 

that affected CGM and insulin pumps was detected in 2016. It was reported that a hacker 

could have possibly used a sophisticated equipment to decrypt the radio signals and remotely 

program catastrophic insulin doses to be pumped to victims (309).  Another security challenge 

may arise from mobile cloud computing services. Diabetes app developers may provide a 
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cloud storage system that allows large volumes of consumer data to be stored in the cloud. 

Both developers and healthcare providers need to ensure the cloud storage system has 

adequate security systems that protects consumers’ data from cyberattacks or loss as well as 

safeguard consumers from identity theft.   

Diabetes apps can also transmit sensitive medical data which breaches privacy and 

confidentiality. Many app users also do not read the privacy policies (if any) of the apps 

before installing them. A recent assessment reported that 81% of the 211 diabetes apps 

included in the analysis did not have any privacy policies. More than 80% of the apps 

collected user data and about 50% shared personal data with third parties. Of the 19% (41) of 

the apps that had privacy policies, more than 75% shared the data with third party users (310). 

Opting-in or -out consents for specific issues, informed and meaningful choices, users control 

over their data or autonomy for data ownership are non-existent (309). Patients might 

mistakenly believe personal medical data that is entered into an app is private (310). These 

situations suggest that digital health should embrace the fundamental ethical principles if trust 

from users is to be earned and long-term success is to be warranted. 

The American Health Insurance Portability and Accountability Act (HIPPA) requires de-

identification of 18 data elements that could be used to identify a user. Some digital health 

developers disclose that they abide by this policy with little or no description how this can be 

done. Without adequate transparency, it is not reasonable to suggest that the de-identification 

methods are effectively implemented (309).  

In May 2018, the European Union (EU) ratified the new General Data Protection Regulation 

(GDPR). Under this regulation, the code of conduct on mobile health apps to protect the 

safety of users and to control migration of users’ data outside the EU is set. Practical guidance 

for app developers regarding principles of the data protection including users consent, purpose 

limitation and data minimization, data retention, privacy, disclosure, data transfers and 

personal data breaches are outlined (311). This law seems to be the most comprehensive and 

it may be necessary to customize it to countries outside of the EU. Further research is required 

to evaluate mHealth apps, if not diabetes apps, to assess how the new EU data protection 

regulation is changing the privacy policies of the apps. It also needs continuous evaluation 

and follow up to ensure these apps continue to abide by this regulation.      
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7.4.2 Lack of evidence of clinical effectiveness and safety  

The International Diabetes Federation-Europe (IDF-Europe) recently suggested a “well-

suited” diabetes apps may transform ubiquitous mobile phones into a medical device that 

supports patients self-management practices (312, 313). An overwhelming level of evidence 

indicates that diabetes apps have a great promise for improving diabetes outcomes. However, 

there are safety concerns. Currently, there is a paucity of data that shows congruence between 

evidence-based clinical guidelines and diabetes apps functionalities (208-212, 314). Among 

600 diabetes apps that were available in the United States, only one received the US Food and 

Drug Administration (FDA) clearance (209, 213). In 2015, the performance of 65 diabetes 

self-management apps that were freely available in three stores were evaluated for tracking 

four major indicators: blood glucose levels, insulin therapy, diet and physical activity. The 

assessment found that 56 of these apps did not meet these basic criteria or did not function 

properly (315).   Most worryingly, the majority of the diabetes apps that calculate insulin 

doses were revealed to be faulty, with only one of the 46 insulin dose calculator apps proved 

to be clinically safe. These errors put users at risk for “catastrophic insulin overdoses” (215). 

Recent evidence that evaluated the literature in self-management apps also strengthened the 

safety concerns. Of all diabetes self-management apps that are abundantly available in typical 

stores, only 11 were studied for clinical effectiveness. Of these 11 apps evaluated for 

effectiveness, only one provided clinically significant HbA1c reductions (214). In sum, it is 

still a long way to go for diabetes apps in terms of clinical effectiveness and safety. The use of 

health apps without evidence of effectiveness has been labelled as using “pure snake oil” 

(316). Because of this, healthcare providers need to be cautious before prescribing or 

recommending the apps to their patients (215).  

Patients also need to be curious and ask recommendations from their physicians before taking 

the initiative to use these apps. Patients who download apps might be misled by download 

rates rather than safety and effectiveness recommendations. However, download rates do not 

suggest safety or clearance by any regulatory body. Most of the apps are free of charge and 

there is a fierce market competition which made the developers and digital health start-ups to 

struggle economically (314). There is a possibility that download rates could be manipulated. 

It was reported that app developers may recruit users for as little as 5$ to skew user ratings in 

favour of their app or negatively rate apps developed by competitors (317, 318).   Hence, 

independent international and national regulatory bodies are necessary to ensure formal 
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evaluation and clearance (209, 216). The American FDA considers mobile applications as a 

medical device if the mobile app 

1. connects one or more medical devices for the purpose of controlling the device(s), 

patient monitoring or analysing the data from the medical device(s),  

2. transforms a mobile platform into a regulated medical device by using attachments, 

display screens, sensors, or other such methods by including functionalities similar to 

those of currently regulated medical devices, 

3. becomes a regulated medical device (software) by performing patient-specific analysis 

and providing patient-specific diagnosis, or treatment recommendations. 

FDA considers these apps to be subject to regulatory approval and encourages developers of 

these apps to submit to the FDA regulatory process and perform safety and effectiveness 

testing. Based on these “non-binding recommendations” of the FDA, mobile apps that meets 

section 510(k) of the Food, Drug and Cosmetic Act can be marketed in the United States 

(319). However, it is difficult for app developers to meet the suggested recommendations 

because of the rapidly changing technology. One of the main challenges for these apps is the 

“kitchen-sink syndrome” or scope creeps. The apps continue to change/upgrade their features 

on a regular basis or be removed from stores (310, 314). The developers of the apps state that 

at this pace, conducting a traditional randomized controlled trial is almost impossible. For this 

reason, evaluation or re-evaluation to keep up with safety regulations is complicated (314).  

7.4.3. Digital health literacy, digital divide and health inequality  

The intersection of health and digital literacy led to the emergence of digital health literacy. 

Digital health literacy is a key success factor for the expansion and democratization of digital 

health in healthcare. A very comprehensive concept of digital health literacy was introduced 

by Norman and Skinner in 2006. They defined digital health literacy as “the ability to seek, 

find, understand, and appraise health information from electronic sources and apply the 

knowledge gained to addressing or solving a health problem”.  It consists of several literacy 

dimensions: health literacy, computer literacy, media literacy, science literacy, information 

literacy and traditional literacy and numeracy (320). Evidence suggests that digital health 

literacy is a crucial precondition for digital health adoption (321) and it affects health literacy 

by a sizable extent (322)  
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A growing number of patients and health systems are relying on the internet and related 

technology. However, factors such as age, race, and socioeconomic conditions that hinder 

patients and healthcare systems from adopting internet and its related technology create a 

digital divide (197-200). Digital divide that moderates digital health literacy deepens the 

existing health inequality (197-200, 323).  

On the other hand, the burden of diabetes and its complications is disproportionately higher in 

people with lower socioeconomic standards. However, their participation in innovative digital 

diabetes care, including CGM and artificial pancreas is unfairly low (324). Patients who do 

not have access to digital health opportunities or have low levels of digital health literacy are 

falling further behind (201). Digital health innovators must therefore understand the level of 

marginalized, low literacy level users (205) and perhaps offer services in plain-language and 

that are easier and motivating alternatives. In this context, Baldwin and colleagues 

recommended increasing digital health adoption using simplified data displays, easy log-in 

accesses and providing alerts or notifications in layman’s terms (325). Shelon and colleagues 

suggested screening patients for digital health literacy and then offering low-cost internet 

services, subsidizing devices and providing skills training for patients with low digital health 

literacy levels. In addition, building partnerships between healthcare systems, digital health 

innovators and local health advocates is important for larger digital health literacy screening 

(207). Improving access to smartphones is also important because the world has gone mobile 

and “mobile is where we can finally reduce digital divide” (326).   

7.4.4 Finding an app that perfectly suits the interest of patients is almost impossible  

In our study, 145 different diabetes apps were named by respondents who used Android, 

iPhone or Windows smartphones. There are diabetes apps that may be available only in one 

app store. The functionalities or design features across the apps also differ. These factors 

affect consumers’ choices and confidence with the technology. There is a growing lack of 

confidence with the app functionalities and their ease of navigation despite an increasing 

interest for acquiring apps for diabetes self-management (327). Although it is not possible to 

develop an app that offers “one-size fit all”, developers may consider adding basic services so 

that at least some of these basic functionalities are cross-cutting across the apps. This may 

also partly alleviate the existing challenges of interoperability. 

Systematically searching an app in the major stores is complex because the app search 

functionalities are not standardized. It is not possible to conduct searches with key words and 
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Boolean operators in all stores. It is not also clear whether search outputs are based on 

advertisements, relevance, download rates, user reviews or rating. It is speculated that android 

and apple are continually tweaking their app search algorithms which has an effect on 

consumers’ access and choices (328).   

7.5 The future of digital health  

7.5.1 Wearables and the transformation of healthcare and public health 

In the past few years, wearables have become popular in academia, industry and public health. 

They are advanced applications of digital health and the Internet of Things. Wearables are 

defined as “devices that can be worn or mate with human skin to continuously and closely 

monitor individual’s activities, without interrupting or limiting the user’s motions” (329).  It 

includes a wide range of devices or systems that are worn on various parts of the body. 

Sensors integrated as textiles, smart watches, motion trackers, belt-worn personal computers, 

or smart glasses are only few examples(330).  

Wearables can broadly be classified into three categories: mechanical, physiological and 

biochemical.  Wearable devices are being implemented in several settings including hospital 

care, metabolic, cardiovascular, gastrointestinal, sleep, neurology, mental health, maternal and 

neonatal care as well as in monitoring pulmonary health and tracking environmental health 

exposures (331). As described in earlier chapters, the CGM devices or artificial pancreas 

systems (closed loop) are important developments of wearable technology transforming and 

penetrating diabetes care at a very fast pace. Smart watches and motion trackers are the most 

popular wearable mechanical devices that have particular importance to precision public 

health.  

While the current development of wearable technologies is exciting, the future of wearables is 

uncertain because of several factors. First, the success of companies manufacturing wearables 

mainly relies on consumerism that affects long term device use. Second, the acceptability of 

the devices and the associated stigma against people using wearables may limit their use and 

expansion (332). Third, challenges related with calibration, accuracy of measurements, size of 

the device, and power capacity of the devices are causing future uncertainties (330, 331). 

Hence, further research and development is required to address these uncertainties and 

establish the benefits of these devices in healthcare and public health. There is also limited 

evidence regarding the acceptability of these devices in the patient community (333). 
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7.5.2 Social media and public health 

In this age of digitalization, social media has become a dynamic force in revolutionizing the 

wave of marketing and politics. In politics, it has been an incredibly powerful tool to engage a 

large population, target and change the attitude of individual voters, and possibly skew the 

results of elections and referendums. The recent revelation of the Facebook scandal that was 

led by the “Cambridge Analytica” is an important example to realize the power of social 

media in social manipulations and changing the attitudes of large-scale populations in a very 

short period of time. Although social media has been both a blessing and a curse for politics, 

its importance for changing political attitudes and free speech is uncontroversial. In 

marketing, influencing customer’s purchasing behaviour at a very individualized level by 

using digital profiling has been an impressive application of social media.  It is clear that 

politics and marketing are benefiting from the applications of digital profiling and targeted 

interventions. The question is why not public health?  

After 2013, new methods of predicting personality and demographics by using Facebook 

‘likes’ emerged (334, 335). Youyou and colleagues compared the accuracy of personality 

judgements by using 100-item self-rated personality questionnaire versus Facebook “likes” 

known as “generic digital footprint” left by users.  They demonstrated computers outsmarted 

humans in judging personality by just using Facebook “likes” (336). These novel methods 

demonstrated how the personality profiles of users can be traced using the data they leave 

behind their online activities. This is known as digital phenotyping or digital user profiling 

(337). Digital phenotyping coupled with targeted digital communication interventions has 

been successful in influencing purchasing and voting behaviours (338, 339).  

Digital profiling may also be used to target health behaviours. However, public health 

interventions are lagging behind marketing and politics and still continue with the traditional 

intervention methods. It is not too late for public health researchers to adopt these concepts in 

designing personalized digital interventions which will mark the foundations of precision 

public health. There is little evidence on applying these methods to design personalized large-

scale public health interventions. This lag is partly due to the limitation that social media 

platforms may produce a biased representation of location or demographics of different target 

groups and the traditionally conservative nature of public health interventions require 

validated models and ethical interventions. However, there is no reason to ponder digital 

profiling methods cannot be successful in public health. In fact, there are some early 
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evidences that demonstrated the success of personalized digital interventions which targeted 

health behaviours (339, 340). Early developments of this type of intervention are mainly 

remain in the area of mental health (339). This is an exciting prospect, but there is little 

certainty with respect to designing ethical interventions and formulating sound evaluation 

methods.  

In addition, digital profiling can be used as cost effective method for recruiting respondents or 

conducting public health surveys. In Australia, this method of recruitment was used to reach 

respondents who are in remote areas (341-343). In our research, we also demonstrated the 

potential of using targeted Facebook advertisements to conduct web-based surveys.  As 

mentioned earlier, persons potentially having diabetes were targeted by using applications of 

digital profiling methods. Demographic, location, interest in diabetes related terms on 

Facebook (likes) and other variables were used to build the digital profiling method and 

subsequently place the targeted advertisements. Although we were able to recruit our 

respondents, we did not evaluate the cost effectiveness of recruiting survey participants using 

targeted advertisements. We call for further research to evaluate the cost effectiveness of 

using targeted Facebook ads for recruitment and the validity of the data collected using this 

method.   

Facebook has also several tools which are already playing a role in public health. Worth 

mentioning is Facebook’s “community help” tool that was initiated in 2017 to support people 

in times of disasters. With this tool, users in crises affected areas can let their family and 

friends know about their safety using the “safety check” tool or creating fundraisers that 

facilitate donations, asking or providing community help and distribution of crisis messages 

through sharing articles, photos and videos so that people can learn more about crises and its 

magnitude (344).  This has been a powerful communication tool for enhancing the velocity of 

crises response, improving public awareness regarding the crisis situation and facilitating 

evacuations (345).   

While social media can be a powerful tool for raising awareness, promoting health behaviours 

and improving public health, it can also be used for misinformation and exposing vulnerable 

groups to unhealthy products. There is an overwhelming evidence that misinformation in 

social media is one of the key determinants of vaccine hesitancy and increasing polarized 

anti-vax stances (346-349). Countries have already indicated vaccination fake news is 

harming vaccination uptakes (346). Misinformation, especially on vaccines, has resulted in a 
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significance rise of vaccine hesitancy and drop of vaccination rates in the western world. For 

this reason, misinformation poses significant threats to public health. In addition, social media 

may be used to target vulnerable populations (350). Many countries ratified new laws banning 

advertisements of smoking, alcohol and other unhealthy products in the traditional media. 

Companies producing these products are increasingly turning their attention to social media 

because these media are not regulated and offer them a unique opportunity to associate 

customer’s personality with their brands (351, 352). These tools are increasingly being used to 

target vulnerable groups such as adolescents (352, 353). Evidence suggests that digital 

marketing of unhealthy products influences youth’s use and attitude of the products (354). 

Therefore, public health should be prepared to counteract misinformation in health, limit 

harmful contents from certain age groups and tackle unhealthy Facebook advertisements to 

protect the safety and health of vulnerable communities.  
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8. CONCLUSIONS AND FUTURE DIRECTIONS  

8.1. Conclusions  

This dissertation has demonstrated that digital health facilitates diabetes self-management and 

adoption of a healthier lifestyle that ultimately improves clinical and behavioural outcomes of 

patients with diabetes.  

• Digital interventions provide clinically significant reductions in HbA1c levels among 

patients with poorly controlled type 2 diabetes.  

• The effects of these interventions were larger among patients with higher baseline 

HbA1c levels and with mid-level (6 to 8 months) of intervention period.    

• Interventions including the BCTs ‘problem solving’ and ‘self-monitoring outcomes of 

behaviour’ were associated with a reduction of HbA1c-levels.  

• In addition, the use of diabetes apps for self-management was associated with 

reducing the odds of experiencing hyperglycaemia among patients with type 2 

diabetes while the use of CGM technology was associated with reducing the odds of 

experiencing both hyper- and hypoglycaemia among patients with type 1 diabetes.  

• Using diabetes apps for self-management positively influenced self-care behaviour in 

both patient groups with type 1 and type 2 diabetes.  

• Diabetes self-management apps such as “mySugar” and CGM apps mainly “Dexcom”, 

“Freestyle Libre” and “Xdrip+” were some of the most popular diabetes apps in the 

study population.  

• Future research on diabetes self-management needs to include information on patients’ 

use of diabetes apps as it may be an important care-moderating factor.  

8.2. Future directions  

Rigorous meta-analysis offers a fundamental method to estimate the effect of interventions to 

inform clinical and public health practice (355-357). However, synthesizing continuous 

outcomes reported from randomized controlled trials having a high baseline imbalance and 

pre-post correlations has been challenging. Baseline imbalance may result from chance 

especially in small trials, or bias that arises from selection, inadequate allocation concealment 

or poor randomization (358). Synthesizing continuous outcomes with similar scales of 

measurement that are reported from RCTs having a high baseline imbalance and pre-post 
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correlations requires adjustments of effect sizes. Adjustments for baseline imbalance and pre-

post correlations can be done by applying a more advanced meta-analytic approach, Analyses 

of Covariance (ANCOVA) (250-252, 259). Although there is an overwhelming literature with 

methodological guidance emphasizing the need to apply ANCOVA, none of the previous 

meta-analyses which we identified through scoping used this method in diabetes research. 

This is mainly due to the complexity of ANCOVA, unavailability of individual participant 

data or summary data necessary to calculate ANCOVA effect size estimates. We recommend 

that the authors of future meta-analyses consider applying this method for adjusting effect 

sizes at individual study levels, at least for studies having a high baseline imbalance and/or 

pre-post correlation. It is also important to conduct meta-analyses of the underlying outcome 

using the baseline difference data. If the pooled baseline difference is not close to zero, 

authors should consider applying ANCOVA. Researchers conducting future RCTs should also 

consider reporting adequate summary data or providing access to individual participant data. 

This will ease synthesis and estimation of the true effect of interventions.  

This dissertation applied an innovative data collection method. We used targeted Facebook 

advertisements, Facebook groups, and diabetes specific online forums to recruit respondents. 

Behavioural and public health research may consider applying these methods more frequently 

in the future. However, evidence regarding the cost effectiveness of this method for data 

collection, how to ensure the validity of the collected data, efficient mechanisms for running 

the targeted advertisements and engaging the majority of Facebook group members in a 

survey is almost non-existent. During the survey, we learned some of the most important 

strategies to increase response rates. These strategies were engaging group members as much 

as possible by collaborating with group champions (admins, moderators, and/or any 

influential members of the group) of Facebook groups, adding incentives, and posting 

comments to make the survey appear in the newsfeed of members. Running the ads on 

weekend days and bumping the Facebook post up during the evening hours were also quite 

successful in attracting a greater number of respondents.  

Using these method of data collection also posed challenges. For example, searching the 

groups on Facebook was challenging because many groups have informal names which made 

it difficult for us to find all relevant groups. This process could be simplified if Facebook 

implements indexing mechanisms. In addition, using social media for surveys mainly relies 
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on self-selection and self-reporting. Validation of the data, especially in a geographically 

super diverse population, is challenging. The members of the Facebook groups are also 

possibly from multiple countries which requires consideration of different time zones when 

running surveys on Facebook groups or targeted ads.  Ethical guidelines are also required to 

develop ethically sound strategies for recruiting survey participants via Facebook groups and 

targeted advertisements.    

To conclude, we demonstrated the effectiveness of digital interventions for improving 

glycemic control, identified popular diabetes apps, and investigated the effect of diabetes app 

use for increasing self-care behaviour and lowering the odds of experiencing hyperglycaemia 

and hypoglycaemia in type 1 and type 2 diabetes. Several diabetes apps are readily available 

in typical stores which makes them easily accessible to patients owning smartphones or 

tablets. Looking at the results of this dissertation, it is reasonable to endorse the use of 

diabetes apps for self-management as they may help patients achieve their behavioural and 

clinical goals. However, to date, many of these apps are still faulty and only a small minority 

of them meets clinical recommendations for diabetes care. National and international 

regulatory bodies need to further regulate diabetes apps and ensure clinical safety and 

effectiveness. Clinicians should therefore consider only prescribing the use of evidence-based 

and/or regulatory body-approved diabetes apps. 

In general, digital diabetes care improves diabetes self-management and supports patients in 

achieving individualized behavioral and glycaemic targets. Diabetes apps and CGM are 

laying the foundations of digital diabetes care. As digital diabetes care continues to evolve, 

personalized and precision diabetes medicine is moving to the forefront.   
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