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ABSTRACT 

 

Background  

Hypoglycaemia is a well-recognised concern in the management of individuals with Type 1 

diabetes (T1D) and continues to be a limiting factor in achieving optimal glycaemic control. 

Hypoglycaemia can have neurological and psychological consequences and is associated 

with significant morbidity. Furthermore, individuals with impaired awareness of 

hypoglycaemia (IAH) are at increased risk of severe hypoglycaemia.  Therefore, it is vital to 

address this clinical problem as a component of diabetes management. The last two 

decades have experienced a paradigm shift in the management of T1D through the 

availability of improved insulin analogues, continuous subcutaneous insulin infusion and 

advent of continuous glucose monitoring with algorithms incorporated in sensor-

augmented pump therapy to reduce hypoglycaemia.    

Aims 

The aims of this research were to identify individuals at highest risk of hypoglycaemia and to 

determine the efficacy and safety of technological interventions designed to reduce and 

prevent hypoglycaemia in children and adolescents with T1D. 

Methods 

Three studies were designed to address the aims of the research proposal. Study 1 was a 

cross-sectional survey of a population-based cohort to determine the prevalence of IAH in 

children ≥ 12 years of age attending the diabetes clinics at the tertiary paediatric diabetes 
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centre in Western Australia. This was compared with a cross-sectional survey in 2002 which 

used the same questionnaire to determine the change in prevalence of IAH with time.   

Having assessed the burden of hypoglycaemia, the next step was to use technological 

innovations in reducing hypoglycaemia exposure. An algorithm designed to suspend basal 

insulin infusion with the prediction of hypoglycaemia was used as an investigational system 

under standardised in-clinic conditions in children and adults in Study 2. This algorithm was 

tested in conditions predisposing to hypoglycaemia viz moderate-intensity exercise, excess 

subcutaneous insulin bolus and increased insulin basal rate. In each of these three 

hypoglycaemia-inducing scenarios, participants were randomly assigned to either the 

control group with sensor-augmented pump therapy (SAPT) alone or intervention group 

with the predictive algorithm (Predictive Low Glucose Management or PLGM).  

These in-clinic studies were followed by Study 3, a six-month multicentre randomised 

controlled home trial which tested the predictive algorithm under free-living conditions in 

adolescents prone to hypoglycaemia. The control group was on SAPT alone while the 

intervention group used PLGM.   

Results 

The IAH questionnaire was administered to 413 children in 2002 and to 444 children in 2015 

with similar baseline characteristics. The prevalence of IAH in the population-based 

adolescent cohort was 33% in 2002 and 21% in 2015 (p < 0.001). Although the rates of 

severe hypoglycaemia had reduced in the 2015 cohort, IAH increased the risk of severe 

hypoglycaemia in both cohorts (52 vs 16 events/100 patient years in 2002 and 8 vs 2 

events/100 patient years in 2015). 
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The Predictive Low Glucose Management System, designed to prevent hypoglycaemia, 

reduced the need for hypoglycaemia treatment in the in-clinic studies. With excess 

subcutaneous insulin bolus, hypoglycaemia treatment was required in 24 of the 28 

participants (86%) with SAPT alone compared to five of the 28 participants (18%) with PLGM 

(p ≤ 0.001). Likewise, with increased overnight basal rates, hypoglycaemia treatment was 

required in only one of the eight participants with PLGM while treatment was required for 

all on SAPT alone. With moderate-intensity exercise, only six of the 19 participants (32%) 

required treatment for hypoglycaemia with PLGM compared to 17 participants (89%) on 

SAPT (p = 0.003).   

Similarly, during the home study, PLGM resulted in a reduction in hypoglycaemia compared 

to SAPT (percent time sensor glucose <3.5mmol/l: SAPT vs PLGM: 2.6 vs 1.5; p < 0.0001). 

Hypoglycaemic events (sensor glucose <3.5mmol/l for >20 mins) also declined with PLGM 

(SAPT vs PLGM: events/patient-years 227 vs 139; p < 0.001).  There was no difference in 

glycated hemoglobin at six months (SAPT 7.6 ± 1.0% vs PLGM 7.8 ± 0.8%; p = 0.35).  

Conclusions 

Although the prevalence of IAH has declined, it continues to be a concern in individuals with 

T1D. PLGM can be used as an intervention to reduce hypoglycaemia exposure in individuals 

at risk of hypoglycaemia. In this era of rapid technological advancements and improved 

insulin delivery systems, it is vital to ensure continued education and support, and to 

provide platforms and guidelines to both health care professionals and people with T1D to 

use these systems effectively.  
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CHAPTER 1: INTRODUCTION 
 

1.1       Overview 

 

Type 1 diabetes (T1D) is one of the most common chronic diseases in childhood. It is an 

autoimmune disease characterised by loss of insulin-producing pancreatic beta-cells with 

exogenous life-long insulin therapy as the only currently available management. If not 

adequately managed, chronic hyperglycaemia can lead to long-term complications. In 1993, 

the Diabetes Control and Complications Trial (DCCT) showed that maintenance of near-

normal glycaemia with intensive diabetes therapy reduces the risk of microvascular 

complications (1).  Since T1D is characterised by absolute insulin dependence, the current 

diabetes management revolves around insulin replacement and the need to calculate the 

required insulin under various circumstances. This can at times lead to a mismatch between 

food intake, physical activity and the administered insulin, thereby increasing the risk of 

glycaemic fluctuations. Hypoglycaemia is therefore a common and inevitable occurrence in 

people with T1D.  

Hypoglycaemia and the fear of hypoglycaemia are major physiological and psychological 

barriers to the improvement of glycaemic control that impose significant emotional morbidity 

not just on the child with T1D but also on the caregiver and the family (2).  Symptoms of 

hypoglycaemia can be embarrassing; the need for hypoglycaemia treatment can interrupt 

school, work or leisure activities and if prolonged and untreated can lead to more severe 

consequences like coma and seizures. The fear of hypoglycaemia can therefore lead to the 

acceptance of high glucose levels by families despite the knowledge of the long-term 

implications of chronic hyperglycaemia.  
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Recurrent hypoglycaemia can also lead to impaired awareness of hypoglycaemia (IAH) with 

increased risk of severe hypoglycaemia(3). Recurrent episodes of mild hypoglycaemia 

contribute to the development of defective counterregulatory hormone responses to a 

subsequent fall in blood glucose level. These individuals have reduced awareness of their 

hypoglycaemia symptoms and hence are more likely to miss hypoglycaemia with delay in 

treatment. These episodes, if unrecognised and prolonged, can lead to seizures (4). ‘Dead in 

bed’ syndrome is also more prevalent in people with T1D (5) and has been hypothesised to 

be secondary to severe nocturnal hypoglycaemia(6). Identifying this cohort of at-risk 

individuals with recurrent hypoglycaemia is therefore of paramount importance. This will 

provide an opportunity to review measures taken to reduce hypoglycaemia and introduce 

therapies to reduce the burden of hypoglycaemia. Hence, this is an area of research which 

needs to be focussed on newer interventions designed to reduce and prevent hypoglycaemia. 

The last two decades have experienced a paradigm shift in the management of T1D through 

the availability of improved insulin analogues, continuous subcutaneous insulin infusion (CSII) 

therapy and advent of continuous glucose monitoring (CGM). CSII mimics the normal 

physiological pattern of insulin secretion, providing a continuous basal insulin infusion with 

additional insulin boluses for food or correction of hyperglycaemia. CGM measures glucose in 

the interstitial fluid every five minutes via a short, thin subcutaneous probe (sensor). CGM 

devices provide valuable information on glucose levels in the intervals between self-

monitored capillary blood glucose testing (7). Sensor-augmented pump therapy (SAPT) 

utilises real-time CGM (RT-CGM) and further enhances insulin pump therapy. Algorithms or 

mathematical equations have been developed which incorporate CGM data with the ability 
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to adjust basal insulin delivery depending on sensor glucose readings with the potential in 

reducing hypoglycaemia, an identified area of concern. 

One of the first algorithms was the Low Glucose Suspend (LGS) algorithm designed to 

automatically suspend basal insulin delivery for up to two hours in response to sensor-

detected hypoglycaemia thereby reducing the duration of hypoglycaemia(8). Furthermore, 

this function reduced moderate and severe episodes of hypoglycaemia in individuals with IAH 

(9) and was found to be safe with no rebound hyperglycaemia and ketosis (8, 9). While this 

system reduces the depth and duration of hypoglycaemia, the capacity to suspend insulin 

delivery when hypoglycaemia is predicted offers the additional advantage of preventing 

hypoglycaemia. This system with predictive algorithms incorporated in SAPT to prevent 

hypoglycaemia is called the Predictive Low Glucose Management (PLGM) system. If effective 

and safe, this system is an important tool and has the potential to reduce the burden of 

hypoglycaemia in day-to-day life and thereby permits more intensive attempts to improve 

glycaemic control.  

The overarching aim of this research is to determine the prevalence of the high-risk cohort of 

adolescents with IAH and to determine if hypoglycaemia exposure can be reduced with a 

predictive algorithm in SAPT in children and adolescents with T1D.   

1.2       Specific Research Aims 

1. To determine the prevalence and change in prevalence of IAH in a population-based 

cohort of adolescents with T1D. 

2. To determine the efficacy and safety of a predictive algorithm in the prevention of 

hypoglycaemia under controlled in-clinic conditions. 
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3. To determine the effectiveness and safety of a predictive algorithm in the prevention 

of hypoglycaemia under free-living conditions. 

Three studies are undertaken to address these aims.  

Study 1: Prevalence of Impaired Awareness of Hypoglycaemia 

Study 1 is a cross-sectional study to determine the prevalence of IAH in youth with T1D in 

2015 and compare it to the cohort in 2002.  

Study 2: Predictive Low Glucose Management In-clinic study 

Study 2 is a series of in-clinic studies in children and adults to test the efficacy and safety of a 

predictive algorithm in the prevention of hypoglycaemia under conditions predisposing to 

hypoglycaemia. 

Study 3: Predictive Low Glucose Management Home study 

Study 3 is a randomised controlled home trial in youth to test the effectiveness and safety of 

the predictive algorithm in the prevention of hypoglycaemia under free-living conditions. 

1.3      Thesis approach  

This thesis is presented as a series of eight related published papers that explore the project 

aim.  The chapters demonstrate the progress of the development of research aims examined 

in this thesis. The current chapter (Chapter 1) provides an outline of the introduction, aims 

and thesis approach. 

Chapter 2 presents a broad review of the current literature on hypoglycaemia that is relevant 

to the research presented in this thesis. This chapter focusses on the definition and incidence 
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of hypoglycaemia along with the neurological and psychological sequelae of hypoglycaemia. 

A review is also provided of the literature on IAH as this group of individuals is an identified 

high-risk cohort. Finally, the chapter concentrates on the treatment and prevention of 

hypoglycaemia which is of specific relevance to this research. Parts of this chapter appear in 

an invited chapter, for which I was the first author of the 2018 Clinical Practice Consensus 

Guideline for the International Society of Paediatric Adolescent Diabetes (ISPAD) and titled, 

“Assessment and management of hypoglycemia in children and adolescents with diabetes” 

(Appendix 1). 

Chapter 3 describes the general overarching aim and specific aims of the three studies in the 

research project. 

Chapter 4 describes the methods undertaken to achieve these aims. This chapter is divided 

into three sections; each section describing the methods for each of the three aims. To avoid 

repetition, this section provides a brief overview of the methods for each of the three studies 

with a detailed description in the subsequent results section of the study. 

Chapters 5, 6, 7, 8 comprise the results section of this research. The chapters are structured 

around the publications. Each of these chapters includes published journal articles in its 

edited format. The numbering of tables, figures and references in the publications has been 

modified to fit with the flow of the entire text and to enable a single bibliography to be 

included at the end of the thesis. In the thesis, the manuscript of the publications has been 

adapted to Australian English to maintain consistency (although the titles of the published 

papers, the names of the journals and organisations have been unchanged). The language has 

been modified to maintain the flow of the text with no change in the context and content. 
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Blood glucose values are reported in mmol/l in Australia and hence this is the default 

reporting throughout the thesis. However, chapters 6.2 and 7.2 are publications which 

required the reporting of glucose in mg/dl. These sections have been expressed in dual 

reporting (except tables and figures) to maintain consistency in the thesis.  The original PDF 

version of each publication is included in the Appendix.   

Chapter 5 relates to the first aim, which is to describe the prevalence of IAH in youth in 

Western Australia. The chapter details the current prevalence and the change in prevalence 

of IAH across two cross-sectional population-based cohorts of children >12 years in Western 

Australia during 2002 and 2015. This chapter consists of the publication titled “Reduced 

prevalence of impaired awareness of hypoglycemia in a population-based clinic sample of 

youth with type 1 diabetes” (Appendix 2). 

Chapter 6 relates to the second specific research aim and describes results from the in-clinic 

studies of the Predictive Low Glucose Management System with excess insulin. 

Hypoglycaemia was induced under two insulin excess scenarios: excess insulin bolus and 

increased overnight basal rates. The efficacy of the system in prevention of hypoglycaemia 

was tested under these conditions. This chapter consists of the publication tilted, “Prevention 

of insulin-induced hypoglycemia in Type 1 diabetes with Predictive Low Glucose Management 

System” (Appendix 3).  

Chapter 7 again relates to the second specific research aim and describes the results from the 

in-clinic studies of the Predictive Low Glucose Management System with moderate-intensity 

exercise. Moderate-intensity exercise was the hypoglycaemic trigger and the efficacy of the 

system in preventing hypoglycaemia was determined.  
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This chapter is divided into sections. The first section of chapter 7 is the preface followed by 

the second section which demonstrates the effectiveness of the system in the prevention of 

hypoglycaemia with moderate-intensity exercise. This chapter consists of the publication 

tilted, “Effectiveness of a predictive algorithm in the prevention of exercise-induced 

hypoglycemia in Type 1 diabetes” (Appendix 4) while the third section of chapter 7 is a sub-

study as the methodology used provided an opportunity to review the plasma glucose profiles 

when moderate-intensity exercise is performed under similar conditions. This is a publication 

titled, “Reproducibility of the plasma glucose response to moderate-intensity exercise in 

adolescents with type 1 diabetes” (Appendix 5). 

Chapter 8 relates to the third specific research aim and describes the home trial of the 

Predictive Low Glucose Management System. This chapter is divided into sections. The first 

section is the preface with the results in the subsequent sections.  

Chapter 8.2 provides the study design of the randomised controlled home trial and is a 

publication titled, “Safety and efficacy of the Predictive Low Glucose Management System in 

the prevention of hypoglycaemia: Protocol for randomised controlled home trial to evaluate 

the Suspend before Low function” (Appendix 6). 

Chapter 8.3 describes the results from the randomised controlled home trial which tested the 

effectiveness and safety of the system under free-living conditions. This chapter consists of a 

publication titled, “Reduction in hypoglycemia with the Predictive Low Glucose Management 

system: a long term randomized controlled trial” (Appendix 7). 

Chapter 8.4 describes the characteristics of automated responses and plasma glucose profile 

following pump suspension initiated by the PLGM system. This chapter consists of a 
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publication titled, “Characteristics of automated insulin suspension and glucose responses 

with the Predictive Low Glucose Management system” (Appendix 8). 

Chapter 8.5 describes some of the challenging behaviours unveiled in adolescents using 

sensor-augmented pump therapy. The chapter consists of a publication titled, “Unexpected 

management behaviors in adolescents with type 1 diabetes using sensor-augmented pump 

therapy” (Appendix 9). 

The final chapter, Chapter 9 is the synopsis and brings together the research findings 

presented in chapters 5 to 8 and discusses them in relation to the findings in other studies. 

The discussion revolves around the available strategies to reduce and prevent hypoglycaemia 

and the significance of PLGM in addressing hypoglycaemia; especially as a treatment 

approach in high-risk cohorts of individuals exposed to recurrent hypoglycaemia. The various 

strengths and limitations of the studies are discussed, as well as the steps taken to minimise 

the effect of these limitations. The challenges with wearing an additional device and the 

barriers to uptake are further addressed. The synopsis also discusses the related studies and 

technological advancements during the thesis candidature setting a stage to understand the 

future directions. This chapter, and thus the thesis overall, concludes with the reflection of 

knowledge created and the insights gained during this study period.  

1.4        Recognition of thesis studies  

The research from this thesis has been presented at various national and international 

conferences and has received awards and recognitions. The research is also published in peer-

reviewed journals. 
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1. Abraham MB, Gallego P, Brownlee W, Smith G, Davis EA, Jones TW Reduced prevalence of 

impaired awareness of hypoglycaemia in a population-based clinic cohort of adolescents 

with type 1 diabetes. (Oral) Child and Adolescent Health Research Symposium Perth 2015, 

Australasian Paediatric Endocrine Group (APEG) Conference Alice Springs 2016, ISPAD 

Valencia 2016 
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2. Abraham MB, Davey R, O’Grady M, Ly T, Paramalingam N, Keenan B, Ambler G, Fairchild 

J, Cameron, F, King B, Jones T, Davis E (Oral) Can new generation insulin pumps prevent 

exercise-induced hypoglycemia using Predictive Low Glucose Management System? Child 

and Adolescent Health Research Symposium Perth 2013 (awarded Royal Australasian 
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investigators meeting) 

3. Abraham MB, Davey R, O’Grady M, Ly T, Paramalingam N, Keenan B, Ambler G, Fairchild 

J, Cameron, F, King B, Jones T, Davis E (Oral) Can insulin pumps with Predictive Low Glucose 

Management System prevent exercise-induced hypoglycaemia in patients with Type 1 
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4. Abraham MB, deBock M, Davey R, O’Grady M, Ly T, Paramalingam N, Keenan B, Ambler 

G, Fairchild J, Cameron, F, King B, Davis E, Jones T (Oral) Performance of predictive 

algorithm in sensor-augmented therapy in the prevention of hypoglycaemia. Child and 
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T on behalf of the PLGM study group Reduction in hypoglycemia with the Predictive Low 

Glucose Management system: a long term randomized controlled trial (Oral) Child and 

Adolescent Health Research Symposium 2017, APEG Hobart 2017 (presented at young 

investigators meeting) 

8. Abraham MB, Smith G, Nicholas JA, Fairchild J, King B, Ambler G, Cameron F, Davis E, Jones 

T Characteristics of automated insulin suspension and glucose responses with Predictive 

Low Glucose Management System (Oral) Child and Adolescent Health Research 

Symposium 2018, APEG Hobart 2017 
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Publication Award 2018 for the publication, “Reduction in hypoglycemia with the 

Predictive Low Glucose Management system: a long-term randomized controlled trial” 
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1. Chapter 6 published as a paper in Diabetes Therapeutics and Technology “Prevention of 

insulin-induced hypoglycemia in Type 1 diabetes with Predictive Low Glucose 
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2. Chapter 8.2 published as a paper in Diabetes Care titled, “Reduction in hypoglycemia with 

the Predictive Low Glucose Management system: a long-term randomized controlled trial” 
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a) Cited and informed the recommendations in the 2018 Clinical Practice Consensus 

Guideline for the International Society of Paediatric Adolescent Diabetes (ISPAD) 

within the Chapter “Technology and Diabetes”. 

b) Inclusion in the Advanced Technologies and Therapeutics for Diabetes 2018 Yearbook 

which presents a concise summary of the most important articles on selected topics 

in the year. 
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CHAPTER 2: LITERATURE REVIEW 
 

2.1 Preface 

Hypoglycaemia is a common and inevitable occurrence in the lives of people with Type 1 

diabetes. Although this is a very broad topic, this chapter focusses on an overview of the 

literature relevant to the thesis. The aim of presenting this information is to provide an 

adequate background to highlight the problem of hypoglycaemia in people living with 

diabetes and to provide evidence for the need of further interventions to reduce the burden 

of hypoglycaemia in their day-to-day lives.  The review is divided into subsections, to facilitate 

reading in order to highlight the relevant areas to the undertaken thesis. Some sections of 

this literature review have been directly taken from the journal article published in Pediatric 

Diabetes, of which I was the first author for the Chapter on hypoglycaemia in the International 

Society for Pediatric and Adolescent Diabetes (ISPAD) 2018 Consensus Guidelines.  A PDF copy 

of the original journal article is included in the Appendix (Appendix 1).  

2.2 Overview of Type 1 diabetes 

Type 1 diabetes (T1D) is a chronic autoimmune disease which occurs due to the destruction 

of beta cells of the pancreas by autoantibodies with resultant insulinopenia requiring life-long 

exogenous treatment with insulin. Although T1D can occur at any age, it is more common in 

childhood and adolescence. Almost two in three (63%) people diagnosed with T1D are under 

the age of 25 years, with the peak age of diagnosis at 10-14 years (33 cases per 100,000 
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population)(10). The incidence of T1D in children has also been increasing by approximately 

3% per year (11), particularly in children younger than 5 years (12).  

Although this is an ancient disease, major breakthrough in treatment occurred with the 

discovery of insulin in the 20th century which allowed life-saving treatment for individuals with 

T1D (13). Management of T1D involves life-long administration of insulin, however; 

exogenous insulin replacement does not always provide the metabolic regulation which is 

required to prevent hyperglycaemia-related macrovascular and microvascular complications. 

Individuals with T1D have increased morbidity and mortality due to nephropathy, 

retinopathy, neuropathy, cardiovascular disease and mental health issues. In an attempt to 

reduce the burden of disease, the management of diabetes was intensified to improve 

glycaemic control. The Diabetes Control and Complication Trial (DCCT) in 1982 to 1993 and 

the follow-up Epidemiology of Diabetes Interventions and Complications (EDIC) trial 

demonstrated a significant improvement in glycated haemoglobin (HbA1c) with intensive 

management as compared to conventional treatment and strongly concluded that an 

intervention aimed to achieve near normal glycaemia reduced microvascular and 

cardiovascular complications (14). However, with improvement in glycaemic control, there 

was an increase in hypoglycaemia with intensive treatment. This was first noticed as a three-

fold increase in severe hypoglycaemia in the intensive group than in the conventional group 

in the post DCCT era (15).  

2.3 Hypoglycaemia in Type 1 diabetes 

Hypoglycaemia is common in the lives of individuals with T1D. It can interfere with activities 

of daily living and poses a constant threat to people with diabetes and their families. 

Hypoglycaemia can have neurological and psychological consequences and can be associated 
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with significant morbidity and may even be fatal. Hypoglycaemia and the fear of 

hypoglycaemia continue to be barriers in improving glycaemic control (2) and affect quality 

of life (16).  Real-world epidemiological studies continue to show significant burden of 

hypoglycaemia (17). Therefore, it is vital to address this important clinical problem during 

diabetes education and management. Minimising hypoglycaemia in diabetes is an important 

objective of management and this can be achieved by acknowledging the problem, evaluating 

the risk factors and applying the principles of intensive glycaemic management (18).  The last 

two decades have witnessed a major shift in the management of T1D with the availability of 

improved insulin analogues, insulin pump therapy and continuous glucose monitoring 

systems. Despite these advances, only a quarter of children and adolescents achieve the 

internationally established recommended HbA1c target of <7.5% (19, 20). Therefore, the 

need of the hour is to improve glycaemic control and simultaneously reduce hypoglycaemia.  

2.4 Definition and incidence of hypoglycaemia  

2.4.1 Definition  

Hypoglycaemic events include all episodes of a plasma glucose concentration low enough to 

cause symptoms and/or signs, including impaired brain functioning and expose the individual 

to potential harm. However, the glycaemic thresholds for hypoglycaemia symptoms shift to 

lower plasma glucose concentrations in individuals with well-controlled diabetes (21) and to 

higher plasma glucose concentrations in those with poorly controlled diabetes (21, 22). 

Hence, it is difficult to assign a numerical value to hypoglycaemia. Nonetheless, it is important 

to identify and record a level of hypoglycaemia that needs to be avoided because of its 

immediate and long-term danger to the individual. The definitions as below are from the 2018 
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ISPAD guidelines, intended to guide clinical care, clinical trial reporting and to align with the 

definitions of hypoglycaemia in the adult population. They are based on glucose values 

detected by self-monitoring of blood glucose, continuous glucose monitoring (for at least 20 

minutes), or a laboratory measurement of plasma glucose. 

1. Clinical hypoglycaemia alert: A glucose value of ≤3.9 mmol/l is an alert value that requires 

attention to prevent hypoglycaemia. The alert is used as the threshold value for identifying 

and treating hypoglycaemia in children with diabetes because of the potential for glucose 

levels to drop further and hence this level is intended to guide clinical care.  

2. Clinically important or serious hypoglycaemia: A glucose value of <3.0 mmol/l indicates 

serious, clinically important hypoglycaemia. Recurrent exposure to these low levels can 

predispose to defective counterregulatory hormone responses (23) with increased risk of 

severe hypoglycaemia.  Hence, this level is recommended for reporting in clinical trials of 

interventions directed towards reducing hypoglycaemia (24).  

3. Severe hypoglycaemia is defined as an event associated with severe cognitive impairment 

(including coma and convulsions) requiring external assistance by another person to actively 

administer carbohydrates, glucagon, or take other corrective actions. This aligns with 

definition of severe hypoglycaemia in adult population (25). However, as young children 

require assistance to correct even mild hypoglycaemia, the event requires an assessment by 

the caregiver and clinician as to the presence or not of hypoglycaemia-induced cognitive 

dysfunction. A subgroup of severe hypoglycaemia is severe hypoglycaemic coma which is 

described as a severe hypoglycaemic event resulting in coma or convulsion requiring 
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parenteral therapy. These events are to be recorded independently as these events are 

unequivocal and significant in outcome. 

However, according to the 2009 ISPAD guidelines, severe hypoglycaemia in children was 

defined as an episode of coma or convulsion which required parenteral therapy while all other 

episodes which required the assistance of third-party for the treatment of hypoglycaemia 

were classified as moderate (26). This research project uses the 2009 definition of severe 

hypoglycaemia through the thesis.  

2.4.2 Incidence 

The exact incidence of hypoglycaemia is difficult to ascertain but mild hypoglycaemia is 

common. Asymptomatic events are more likely to be unrecognised and underreported (27) 

while symptomatic hypoglycaemia occurs on an average of two episodes per week with 

multiple such episodes in the lifetime.   

 High rates of severe hypoglycaemia were recorded in the post DCCT era in participants on 

intensive glycaemic therapy. In the whole cohort, there was a 3-fold increased risk of severe 

hypoglycaemia requiring assistance in those randomised to intensive management compared 

to those who were conventionally treated (61 per 100 patient-years vs 19 per 100 patient-

years). Likewise, there was a three times higher risk of coma and/or seizure in intensive 

therapy group (16 per 100 patient-years vs 5 per 100 patient-years) (15).  Furthermore, 

adolescents had higher rates of severe hypoglycaemia compared to adults (86 per 100 

patient-years with intensive management vs 28 per 100 patient-years with conventional 

treatment)(15). High rates were also reported in observational studies in large paediatric 

cohorts with the incidence of significant hypoglycaemia (severe and moderate) of 17.9 per 
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100 patient-years (with higher rates of severe hypoglycaemia in children under 6 years of age) 

in Western Australia (28) and 19 per 100 patient-years in Colorado (29). Historically, these 

high rates of severe hypoglycaemia were associated with lower glycated hemoglobin (15, 30, 

31). In the last two decades, a decline in the rates of severe hypoglycaemia has been 

observed. A 12% annual rate of decline of severe hypoglycaemia from 2000 to 2009 was 

observed in a population-based cohort of Western Australia (32) while severe hypoglycaemia 

rate halved nationwide in a Danish cohort between 2008 and 2013 (33), but with no 

association of severe hypoglycaemia with glycaemic control (32, 33). A similar decline was 

also noted in youth aged <20 years in Germany and Austria, between 1995 and 2012 despite 

simultaneous improvements in glycaemic control. The mean rates of severe hypoglycaemia 

requiring treatment assistance declined from 42 per 100 patient-years in 1995 to 18 per 100 

patient-years in 2012, and mean rates of hypoglycaemia coma (unconsciousness or 

convulsions) declined from 14 per 100 patient-years in 1995 to 2 per 100 patient-years in 

2012 (34).  

The former strong association of low HbA1c with severe hypoglycaemia is not as evident and 

low HbA1c is no longer a strong predictor of severe hypoglycaemia in young people with T1D 

(35). This observation was further confirmed across a cross-sectional analysis of three 

international paediatric diabetes registries with a severe hypoglycaemia rate per 100 patient-

years of 7.1, 3.3, and 6.7 in the American (T1D Exchange), German/Austrian (DPV) and 

Western Australian Childhood Diabetes Database (WACDD), respectively with no association 

with glycaemic control (36). This trend was also demonstrated in the Nordic countries (37). 

This decline in severe hypoglycaemia can be attributed to a number of factors including 

increased use of improved insulin analogues and insulin pump therapy (33, 38, 39), and 
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improved hypoglycaemia education (40). However, the frequency of hypoglycaemia in 

developed countries may not be reflective of populations in other parts of the world.  

Furthermore, although severe hypoglycaemia has reduced, non-severe hypoglycaemia 

continues to be a well-recognised problem in individuals living with T1D and the burden is 

under-estimated negatively impacting the well-being of an individual (41-43).  

2.5 Morbidity and Mortality with hypoglycaemia 

2.5.1 Mortality 

It has been known for some time that hypoglycaemia can kill experimental animals (44) and 

is potentially life-threatening(45). There have been many reports of deaths associated with 

hypoglycaemia in both type 1 and type 2 diabetes. There has been debate as to whether these 

associations reflect causality (46) and there is only one case report which directly links 

hypoglycaemia to death in an adult (47). Primary brain death may occur with profound and 

prolonged hypoglycaemia but a more likely mechanism of death is through the induction of 

arrhythmias since hypoglycaemia is known to be pro-arrhythmogenic (6, 48-50). Mortality 

rates due to hypoglycaemia have been reported in cohorts of people with diabetes. In the pre 

and immediate post-DCCT period up to more than a decade ago, hypoglycaemia was assigned 

as the cause of death in 4% (5 of the 134 deaths) (51), 7% (8 of the 108 deaths) (52) and 10% 

(10 of the 103 deaths) (53) in population-based cohorts and international registries of 

childhood-onset diabetes, with most deaths in adults. In a recent report from Wales, 

hypoglycaemia was difficult to ascertain with certainty as the cause of death, although 6 out 

of the 30 deaths were thought to be the result of hypoglycaemia based on clinical judgement 

and death certification (54). Similarly, hypoglycaemia was certain in 8 and considered 
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probable in 12 of the total 20 hypoglycaemia-related deaths in a Norwegian study with 241 

deaths (55).  

 Hypoglycaemia is also proposed to play a role in the ‘dead-in-bed’ syndrome (56), which is 

more prevalent in people with T1D than in the general population. In a coroner's case series, 

dead-in-bed syndrome accounted for ~15% of deaths in young adult males (≤ 40 years) with 

diabetes (5). Although the aetiology is not well established, it has been postulated that it may 

be secondary to prolongation of QT interval caused by number of factors; acute 

hypoglycaemia (6) on the background of autonomic neuropathy (57) and possible genetic 

influences (58). These changes in cardiac repolarisation can lead to fatal ventricular 

arrhythmias and may contribute to the sudden nocturnal death of young individuals with T1D 

(59).  

2.5.2 Morbidity  

Psychological impact of hypoglycaemia 

Hypoglycaemic episodes tend to have negative psychosocial consequences and undesirable 

compensatory behaviours arising from hypoglycaemia (60). Moreover, the symptoms of 

hypoglycaemia can be distressing and embarrassing to the individual potentially 

compromising academic, social and physical activities. This fear can induce anxiety and 

although in some cases, this anxiety can be adaptive leading to appropriate caution in glucose 

management. However, in many individuals and their families, significant levels of anxiety can 

lead to disruptions in daily activities and suboptimal diabetes management (61).  

Nocturnal hypoglycaemia continues to cause significant anxiety and morbidity for the families 

of children with T1D (62, 63).  Earlier studies reported a high prevalence of prolonged, 
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nocturnal hypoglycaemia, up to 40% on any given night in children and adolescents with T1D 

(64-66) although recent studies report 15 to 25% of episodes on any given night (67, 68). 

Almost half of these episodes are undetected by caregivers or individuals with diabetes (64, 

69). The Juvenile Diabetes Research Foundation (JDRF) Continuous Glucose Monitoring study 

group described frequent prolonged nocturnal hypoglycaemia on 8.5% of nights in both 

children and adults but more prolonged in children(70). In this study, the time spent in 

nocturnal hypoglycaemia (<60 mg/dl or <3.3 mmol/l) was 81 (mean) and 53 (median) minutes 

with 47% of nights having at least one hour of hypoglycaemia, 23% for at least two hours and 

11% for at least three hours.  This is significant as prolonged nocturnal hypoglycaemia for two 

to four hours has been associated with seizures (4). The counterregulatory responses to 

hypoglycaemia are attenuated during sleep (71, 72) and individuals with T1D are much less 

likely to be awakened by hypoglycaemia than individuals without diabetes (71).  The concern 

of seizures, coma and death induces significant fear of nocturnal hypoglycaemia. Given the 

negative consequences associated with hypoglycaemic episodes, especially those that are 

severe in nature, it is not unexpected that individuals with T1D and their parents are at risk 

for increased anxiety, poor sleep and reduced quality of life (16, 73-76). This fear could lead 

families and/or physicians to the acceptance of high glucose levels with behaviours directed 

towards avoiding hypoglycaemia leading to suboptimal glycaemic control (16, 77-79).  

Neurological sequelae of hypoglycaemia 

Previous studies have consistently shown that early onset of diabetes predicts poorer 

cognitive function and most researchers made the assumption that hypoglycaemia played a 

critical role in the initiation of brain dysfunction (80). Transient cognitive dysfunction occurs 

with both hypoglycaemia (81, 82) and hyperglycaemia (81) in school-aged children with 
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diabetes although the long term implication of severe hypoglycaemia on cognitive function 

seems unlikely. This is best demonstrated during the EDIC follow-up study, approximately 18 

years after the DCCT trial. Despite relatively high rates of severe hypoglycaemia, 

cognitive function did not decline over an extended period of time in the youngest cohort of 

patients (83). Likewise, similar neurocognitive outcomes were found in a cross-sectional (84) 

and longitudinal follow-up study in Western Australia (85). A history of early severe 

hypoglycaemia was reassuringly not associated with a decline in full scale intelligence 

quotient (IQ) scores although there may be subtle deficits in executive function and fluid 

intelligence (85). Another study showed that multiple severe hypoglycaemic episodes 

specifically affect spatial memory function, particularly when these episodes began before 

the age of 5 years (86) and are associated with lower Wechsler Intelligence Scale for Children 

(WISC) processing speed, full-scale IQ score, working memory, and perceptual reasoning  (87).  

Likewise, the association of brain abnormalities with severe hypoglycaemia has received 

significant attention although there is increasing evidence of neurological abnormalities 

demonstrated even without significant hypoglycaemia in young individuals with T1D. 

Neuropathological data in animals suggest that severe hypoglycaemia may preferentially 

harm neurons in the medial temporal region, including the hippocampus (88). Neuronal 

apoptosis and gliosis were shown following just one episode of hypoglycaemia in nondiabetic 

rats. Mesial temporal sclerosis was reported in 16% of children with early-onset T1D (89) 

although this was seen irrespective of the history of severe hypoglycaemia.  Larger 

hippocampal volumes (90) and reduced grey and white matter volumes have been reported 

in children who experienced hypoglycaemic seizures (87). However, studies have shown that 

neurological changes are not seen only with hypoglycaemia, but also in those with 
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hyperglycaemia. In a large sample of young people with T1D using voxel-based morphometry, 

regional brain volume differences were associated with both a history of hypoglycaemia and 

hyperglycaemia (91). Furthermore, widespread effects on both the grey and white matter are 

also evident in children with early onset diabetes whose blood glucose levels are well within 

the current treatment guidelines for the management of diabetes (92) advocating the need 

for tighter glucose control and reducing glycaemic excursions.  

Recent studies have also shown an association of recurrent hypoglycaemia with an increased 

risk of epilepsy later in life (93, 94) and although the causative mechanisms remain largely 

unknown, metabolic brain adaptations to recurrent hypoglycaemia have been postulated to 

be a cause (95). It has also been recently recognised that hypoglycaemic episodes in 

individuals with good glycaemic control are associated with increased inflammatory markers 

(96) and these proinflammatory changes may promote a sustained inflammatory state (97). 

2.6 Hypoglycaemia Awareness 

2.6.1 Symptoms of hypoglycaemia 

Hypoglycaemia is often accompanied by signs and symptoms of autonomic (adrenergic) 

activation and/or neurological dysfunction from glucose deprivation in the brain 

(neuroglycopenia)(98). As the blood glucose level falls, the initial symptoms result from 

activation of the autonomic nervous system and include shakiness, sweating, pallor and 

palpitation.  In healthy individuals with no diabetes, these symptoms occur at a blood glucose 

level of approximately 3.9 mmol/l in children and 3.2 mmol/l in adults (99). However, this 

threshold in individuals with diabetes will depend on their glycaemic control (21, 22, 100, 

101). The glycaemic threshold for symptom onset occurs at a higher glucose level with chronic 
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hyperglycaemia and at a lower glucose level with chronic hypoglycaemia.  Neuroglycopenic 

symptoms result from brain glucose deprivation and include headache, difficulty 

concentrating, blurred vision, difficulty hearing, slurred speech and confusion.  Behavioural 

changes such as irritability, agitation, quietness, stubbornness and tantrums may be the 

prominent symptom particularly for the preschool child, and may result from a combination 

of neuroglycopenic and autonomic responses (102).  

2.6.2 Impaired Awareness of Hypoglycaemia  

In individuals without diabetes, endogenous insulin release is shut down and 

counterregulatory hormones like glucagon, epinephrine and norepinephrine are released in 

response to hypoglycaemia (103). However, glucagon responses to insulin-induced 

hypoglycaemia are lost almost in all children by 5 years (104) although this loss of response 

has been demonstrated as early as twelve months after the onset of disease (105). As a result, 

they are primarily dependent on epinephrine response to negate the hypoglycaemic effect of 

insulin. Hypoglycaemia begets hypoglycaemia (106) and recurrent episodes of mild 

hypoglycaemia contribute to the development of defective counterregulatory hormone 

responses with blunted epinephrine release to subsequent reductions in blood glucose levels.  

Impaired awareness of hypoglycaemia (IAH) is a syndrome in which the ability to detect the 

onset of hypoglycaemia is diminished or absent (103). The syndrome has been reported to 

affect approximately 25% of adults with T1D. Earlier studies of children and adolescents have 

similarly shown a significant proportion of youth to have IAH with a prevalence of 19% to 37% 

(16, 107, 108).   
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IAH is associated with lowering of glycaemic thresholds for the release of counterregulatory 

hormones and generation of symptoms. A two to three-fold reduction in the epinephrine 

responses contributes to the impaired adrenergic warning symptoms during hypoglycaemia 

(109).  Clinically, this is manifested as loss of some of the symptoms of hypoglycaemia over 

time. The loss of autonomic symptoms precedes the neuroglycopenic symptoms and they are 

less likely to seek treatment for low blood glucose levels. As the awareness of low blood 

glucose level is impaired, hypoglycaemia is prolonged. These episodes, if unrecognised and 

prolonged over 2 to 4 hours can lead to seizures (4). People with IAH have a six-fold increase 

in episodes of severe hypoglycaemia (3). Glycaemic threshold for cognitive dysfunction may 

be triggered before autonomic activation and hence are the symptoms of hypoglycaemia 

more likely to be associated with IAH.  

The blood glucose threshold for activation of autonomic signs and symptoms is related to 

glycaemic control, antecedent hypoglycaemia, antecedent exercise and sleep. Tight 

glycaemic control leads to adaptations that impair counterregulatory responses (110) with a 

lower glucose level required to elicit an epinephrine response (21).  An episode of antecedent 

hypoglycaemia may reduce the symptomatic and autonomic response to subsequent 

hypoglycaemia, which in turn further increases the risk of subsequent severe hypoglycaemia 

(111). Likewise, moderate-intensity exercise also blunts the hormonal response to subsequent 

hypoglycaemia (112). Most of the severe episodes of hypoglycaemia occur at night as sleep 

further impairs the counterregulatory hormone responses to hypoglycaemia in people with 

diabetes and no diabetes (71).  On the other hand, the blood glucose threshold for 

neuroglycopenia does not appear to vary as much with the level of glucose control or with 

antecedent hypoglycaemia (99, 113, 114). 
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 IAH is not an “all or none phenomenon”, but reflects a continuum in which differing degrees 

of impaired awareness can occur and can vary over time in any one individual. More recently, 

IAH has also been proposed to be a result of intracellular and extracellular physiological 

adaptations to recurrent hypoglycaemia that are in essence survival responses designed to 

protect the cell from subsequent exposure to glucose deprivation (115). This adaptive process 

is referred to as habituation (116). A habituated response can also be, at least temporarily, 

reversed by the introduction of a novel (heterotypic) stimulus (dishabituation). Preliminary 

results of a recent study demonstrated that a single burst of high-intensity exercise restored 

counterregulatory responses to hypoglycaemia induced the following day in a rodent model 

of IAH (117).  

More importantly, there is evidence that IAH can be reversed by complete avoidance of 

hypoglycaemia for two to three weeks, (118) but this may be difficult to accomplish and 

challenging in a clinical setting with current therapies. Therapeutic options are limited 

although some individuals gain benefit from structured education (119). Technological 

advances could potentially have a role to play with the use of continuous glucose monitoring 

(CGM) or sensor-augmented pump therapy (SAPT) with suspend functions by reducing 

hypoglycaemia exposure as further highlighted in the section below. 

2.7  Minimising hypoglycaemia  

The goal of treatment of T1D is to maintain good glycaemic control and to delay or prevent 

long-term microvascular and macrovascular complications (14). However, it is also vital to 

acknowledge that optimal HbA1c should be achieved with preferably with little or no 

symptomatic and asymptomatic hypoglycaemia (120). A multidisciplinary team approach, 
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newer insulin analogues and insulin delivery systems, and technological advancements in 

monitoring glucose and in delivery of insulin have provided avenues in reaching these goals 

to improve the immediate and long-term outcomes of children living with T1D. 

The core action to achieve these goals is through the delivery of structured education and 

often re-education, to reduce hypoglycaemia and appropriate management of 

hypoglycaemia. The individual should be educated in identifying risk factors and in 

understanding the insulin action profile to empower them with tools to prevent 

hypoglycaemia and to make adjustments to their treatment. Those at risk should be taught 

to appreciate the symptoms of hypoglycaemia to enable them to take immediate remedial 

action including testing and ingesting carbohydrates if hypoglycaemia is confirmed. Dose 

Adjustment for Normal Eating (DAFNE) for adults with T1D which promotes flexible insulin 

therapy has demonstrated improved glycaemic control with reduced rates of severe 

hypoglycaemia with improvement in hypoglycaemia awareness in half the cohort (121). Some 

people, especially those with long standing IAH, need more than education alone as they have 

motivational and cognitive barriers to hypoglycaemia avoidance. An intervention using 

motivational interviewing and cognitive behavioural theory targeted these barriers. Psycho-

educational course (Hypoglycaemia Awareness Restoration Training HART) was added to the 

diabetes management (DAFNE) which helped them with their motivation and improved 

hypoglycaemia awareness in a pilot study (122). Behavioural interventions (cognitive 

behavioural therapy) and psychoeducation have been shown to reduce this fear in adults but 

no studies have focussed on children and adolescents although this intervention may be of 

benefit in older children (61).  
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Insulin analogues such as glargine and detemir (123) due to their less pronounced peak effect, 

have reduced overnight hypoglycaemia.  Newer insulin analogues like the ultralong-acting 

basal insulin degludec also have the potential to provide similar glycaemic control while 

reducing the risk of nocturnal hypoglycaemia in children with T1D (124). The occurrence of 

severe nocturnal hypoglycaemia has reduced with insulin pump therapy (125). This effect is 

likely to result from the ability to adjust basal insulin delivery with the use of pump therapy.    

2.8  Technology in reduction of hypoglycaemia 

There has been an increasing use of technology in the management of T1D especially in the 

last two decades. Continuous subcutaneous insulin infusion (CSII) or insulin pump therapy 

aims to mimic the normal physiological pattern of insulin secretion, providing a continuous 

basal insulin infusion with additional insulin boluses for food or correction of hyperglycaemia. 

The dawn of insulin pump therapy dates back to the late 1970s but clinical utilisation 

commenced since the start of the 21st century. Although real world data from registries 

support the use of insulin pump therapy in children in improving HbA1c and reducing 

hypoglycaemia (126-128), this has not been consistently shown in randomised controlled 

trials (RCT) (129-131) further highlighting the need for newer interventions in improving 

outcomes. Technological advancements in management through the availability of 

continuous glucose monitors; especially with improved accuracy have provided an avenue in 

achieving the goal of improving HbA1c and minimising hypoglycaemia. Innovations in pumps, 

CGM and control algorithms provide opportunities to empower individuals with T1D to 

further address and reduce hypoglycaemia.  The section specifically deals with CGM and its 

innovations in communicating with insulin pump which forms the crux of the intervention in 

this thesis project.  
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2.8.1 Continuous Glucose Monitoring (stand-alone or with pumps) 

A biosensor is an analytical device which is designed to detect the presence and concentration 

of a specific substance in a given analyte. A glucose biosensor is designed to measure glucose 

in interstitial fluid. The currently approved devices utilise glucose-oxidase based 

subcutaneous sensors to measure the electric current which is generated in an 

electrochemical reaction of glucose oxidation by sensor. This electric current generated in the 

interstitial fluid is then send to a receiver (132). This generated data also typically includes a 

small background current that is unrelated to the glucose level. This ‘noise’ is filtered during 

calibration and in the processing of subsequent glucose levels with a glucose value provided 

every 1-5 minutes (133).  

There are two types of sensors that are available: Blinded CGM and Real-time (RT) CGM. The 

blinded CGM systems store the information in the transmitter and provide the user with 

retrospective data when this is downloaded later. The use of blinded CGM is now limited with 

the increasing availability of RT-CGM.  The transmitter sends signals to either an insulin pump 

or a receiver and provides real-time continuous display of these glucose readings which 

provide a continuous display of glucose levels. This minimises the need for frequent finger 

pricks to measure glucose levels which are commonly perceived as inconvenient and painful 

by people with diabetes. The real-time display of glucose levels also provide insight into the 

trend and fluctuations of glucose levels which are not appreciated with the conventional self-

monitoring of blood glucose (SMBG). The availability of continuous glucose display with real-

time trends and alerts provides the user with information of actual or pending glycaemic 

excursions. This provides the user an adequate platform to initiate timely actions in diabetes 

management.  CGM systems can be used by individuals on insulin injections and insulin pump 
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therapy. These are available as either stand-alone systems which monitor glucose or are 

integrated with insulin pumps which monitor glucose and have the capacity to control insulin 

delivery.  When sensors are integrated with insulin pumps, this is referred to as sensor-

augmented pump therapy (SAPT). 

The effectiveness of CGM devices in improving glycaemic outcomes like HbA1c and 

hypoglycaemia have been studied in research trials.  Most RCTs in children and adults on 

insulin pump therapy or injection therapy have mainly used glycaemic control as the primary 

outcome and have shown an improvement in HbA1c; however, these trials did not 

demonstrate a reduction in hypoglycaemia (134-137). Even with the use of CGM, nocturnal 

hypoglycaemic events were frequent (8.5%) and prolonged (median duration 53 minutes)(70) 

Importantly, RCTs which looked at hypoglycaemia reduction as the primary outcome 

documented a reduction in hypoglycaemia with CGM in children and adults (138, 139). The 

SWITCH study in children and adults on pump therapy (140) and DIAMOND study in adults on 

multiple daily injections (141) conclusively demonstrated not only a reduction in HbA1c but 

also reported a significant reduction in time spent in hypoglycaemia with CGM use.   

Importantly, there was no increase in the rate of severe hypoglycaemia in any of the RCTs, 

regardless of the age, even when a significant decrease in HbA1c was achieved. As the 

baseline number of severe hypoglycaemic events was small in these RCTs, these studies did 

not provide adequate insight into reduction of severe hypoglycaemia with CGM although a 

trend in decline in severe hypoglycaemia was noted in the JDRF follow-up study (142). A 

multicentre observational before and after CGM study showed a reduction in severe 

hypoglycaemia in children on SAPT (143).  A reduction in severe hypoglycaemia was also 
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observed in adults with IAH in a retrospective audit (144) and a larger RCT (145) supporting 

the use of CGM in this high-risk group. 

 To summarise, although CGM has demonstrated benefit in hypoglycaemia reduction, several 

factors may explain the inconsistency in findings. Firstly, patients especially adolescents, have 

a high acoustic arousal threshold from sleep. With 75% of alarms occurring in sleep, they do 

not respond to the low alarms and sleep through 71% of alarms (146) and therefore are at 

risk of severe event. Secondly, apart from the low hypoglycaemia rate among participants in 

the trials, some trials also excluded those with problematic hypoglycaemia. Thirdly, the delay 

in interstitial and capillary glucose levels and the overall inaccuracy of the system particularly 

at night could also play a role (147).  

2.8.2 Sensor-Augmented Pump Therapy with Control Algorithms 

A vision of a completely automated insulin delivery system (or artificial pancreas) to improve 

glycaemic control has been a well-established and long-sought goal of the diabetes 

researchers. An initiative to accelerate the development of these systems was established 

with collaborations and partnerships (148). The first-generation artificial pancreas device 

systems are partially automated and include low glucose and predictive low glucose suspend 

devices in the pursuit of a fully automated closed loop system (149).  This section focusses on 

the first-generation systems. 

Sensor-Augmented Pump Therapy with Low Glucose Suspension 

Alerts require active intervention by the user and hence these can be missed as these alerts 

may be switched off or not heard in sleep. Hence, an algorithm was incorporated in insulin 

pump that would enable switching off basal insulin delivery when sensor detects 
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hypoglycaemia. This Low Glucose Suspension (LGS) algorithm (Medtronic Veo, Northridge, 

CA) automatically suspends basal insulin delivery for up to two hours in response to sensor-

detected hypoglycaemia and was first trialled under in-clinic conditions followed by home 

studies.  

The Automation to Simulate Pancreatic Insulin Response (ASPIRE) in-clinic study 

demonstrated that the mean duration of hypoglycaemia was shorter with LGS-On and the 

nadir glucose was slightly higher (150). This was followed by the ASPIRE home study, a 3-

month RCT in hypoglycaemia prone adults. 247 participants were randomly assigned to either 

the control group on SAPT or the intervention group who used the suspend feature in the 

Medtronic Paradigm pump.  The suspend function resulted in a 37% reduction in 

hypoglycaemia, especially at night without increasing HbA1c (8). However, this study had 

excluded people with a history of severe hypoglycaemia. This was further evaluated in a high-

risk group of 95 children and adults with IAH in a 6-month RCT. The study demonstrated a 

reduction in the incidence of moderate and severe episodes of hypoglycaemia in this cohort 

with IAH (9). A subgroup of 30 participants underwent a hyperinsulinemic hypoglycaemic 

clamp to evaluate the counterregulatory hormone responses. The study did not demonstrate 

an improvement in the epinephrine levels with LGS and this could be as the system only 

reduces but does not completely abolish hypoglycaemia (9). Both these studies did not report 

a difference in fear of hypoglycaemia between the control and intervention groups (8, 9). 

Reduction in hypoglycaemia exposure was further confirmed through a retrospective analysis 

of real-world data in individuals using the LGS feature (151). Furthermore, LGS was not 

associated with deterioration in glycaemic control or ketosis (136, 152).   
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Sensor-Augmented Pump Therapy with Predictive Algorithms  

The next step to further reduce hypoglycaemia is through the addition of a predictive 

algorithm designed to prevent hypoglycaemia. The addition of a predictive algorithm that 

anticipates impending hypoglycaemia based on CGM and suspends basal insulin before 

occurrence of the set hypoglycaemic threshold offers additional advantage of preventing 

hypoglycaemia and further reduction in time spent in hypoglycaemia.  

Buckingham et al demonstrated the effectiveness of predictive algorithms in preliminary in-

clinic and home studies. Modified linear prediction alarm, Kalman filtering, adaptive hybrid 

infinite impulse response (HIIR) filter, statistical prediction and numerical logical algorithm 

were the different algorithms used in the earlier in-clinic studies and the system shut down 

insulin delivery if two or three of the algorithms predicted hypoglycaemia(153, 154). These 

studies used an investigational device with the algorithm incorporated in it. The predictive 

algorithms demonstrated a reduction in nocturnal and day-time hypoglycaemia induced by 

increased basal rates (153, 155). This was followed by overnight home studies with a laptop-

based Kalman filter predictive model controlling insulin delivery by Medtronic Veo system to 

assess the effect of the system on nocturnal hypoglycaemia (67, 156). The system was also 

found to be safe with no increase in ketosis following overnight pump suspension (157). In 

the decade of evolving technology, various models have been used in the development of 

newer predictive algorithms in an attempt to reduce and prevent hypoglycaemia exposure in 

individuals on SAPT. 

Predictive Low Glucose Management 

Predictive Low Glucose Management (PLGM) System is one such predictive algorithm which 

predicts the sensor glucose based on a modified Holt’s predictor with noise attenuating filter 

and determines the rate of change in sensor glucose. The PILGRIM study evaluated the PLGM 
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function in 100 virtual patients with subcutaneous insulin bolus and in 22 real-life participants 

with exercise (158). The study used computer simulation under in-silico conditions and 

demonstrated a significant reduction in the time spent in hypoglycaemia with PLGM 

compared to LGS when virtual participants were administered a manual insulin bolus to 

induce hypoglycaemia. The study also tested the algorithm with exercise in individuals with 

T1D and concluded that the system prevented a blood glucose <63 mg/dl (<3.5 mmol/l) in 12 

of the 15 participants (80%) after exercise. The limitations of the study were the absence of a 

control arm, variable exercise duration, and the use of capillary glucose monitoring as a 

secondary end point. In the absence of a control arm, it is difficult to determine the efficacy 

of the algorithm.  

Hence, this research program evaluates further the efficacy of the predictive algorithm 

(PLGM) under in-clinic conditions with participants randomly assigned to either a control or 

intervention arm. This study is then followed by a larger RCT to determine the safety and 

effectiveness of the system in real-life conditions. If found to be safe and successful in further 

reducing hypoglycaemia, PLGM will be an important tool in the current armamentarium of 

available treatment options. 

Sensor-Augmented Pump Therapy with Closed Loop Algorithm  

Automated insulin delivery, with continuous glucose sensing and insulin delivery without 

patient intervention, offers the potential to reduce the significant glycaemic excursions 

associated with conventional therapy. In-clinic and short-term outpatient studies have 

demonstrated that closed loop insulin delivery reduces overall time spent in hypoglycaemic 

range (159, 160).  Numerous algorithms have been used for the closed loop systems and 

clinical studies have ranged from overnight to one year, from a clinical research centre to 

outpatient studies in a restricted and protected environment with close monitoring, to free- 
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living conditions, diabetes camps, and skiing expeditions (161), to more recently the launch 

of the first commercial hybrid closed loop system (162). 

2.9 Summary 

Hypoglycaemia and the fear of hypoglycaemia are major physiological and psychological 

barriers to the improvement of glycaemic control in people with T1D and impose significant 

emotional morbidity not just on the individual but also on the caregiver (26). The burden of 

hypoglycaemia needs to be minimised and this is an area of ongoing need.  Technological 

advancements in SAPT provide an opportunity to reduce and prevent hypoglycaemia. With 

diabetes technologies on the rise in various stages of development, it is vital to understand 

the effectiveness and safety of these systems in real-life to help clinicians and health care 

providers to understand the pros and cons of each system and to enable the person with T1D 

to make an informed choice in deciding the treatment strategies best suited. Hence, this 

thesis aims to assess the effectiveness of PLGM as a tool in the prevention of hypoglycaemia. 
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CHAPTER 3: AIMS AND OBJECTIVES 
 

3.1  Introduction and General Aim 

This chapter describes the general and specific aims and objectives of the research presented 

in this thesis. The intention of this chapter is to provide an overview and the rationale for 

these research questions.  

The thesis focusses on the prevention of hypoglycaemia in children and adolescents with Type 

1 diabetes (T1D). It specifically aims to determine the at-risk population and to also determine 

the effectiveness of technological interventions designed specifically to reduce and prevent 

hypoglycaemia. To answer these questions, the research project is divided into three studies 

and the specific aims will be addressed in each of the studies. 

3.2 Specific Aims 

Study 1: Prevalence of Impaired Awareness of Hypoglycaemia 

Management of T1D has improved especially in the last couple of decades; with improved 

insulin analogues, insulin delivery systems, dietary input and structured education with a 

multidisciplinary team approach. However, hypoglycaemia continues to be a problem 

although severe hypoglycaemia has reduced in paediatric clinical practice. As it is difficult to 

quantify hypoglycaemic events on a day-to-day basis, we chose to identify the at-risk 

population, the cohort at highest risk of hypoglycaemia and at increased risk of severe 

hypoglycaemia (3). This group of individuals with ‘impaired awareness of hypoglycaemia’ 

(IAH) needs to be identified as it also provides an opportunity to introduce targeted 
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approaches in the delivery of interventions to individuals at highest risk. Hence, the first aim 

of this study is to determine the prevalence of IAH in youth with T1D.  A survey determining 

the prevalence of IAH was also conducted in 2002 in the same clinic cohort and this provided 

an opportunity to review the change in prevalence with time and this formed the second aim 

of this first study.  

The specific aims of Study 1 are: 

1. To determine the prevalence of impaired awareness of hypoglycaemia in a 

population-based cohort of youth with T1D. 

2. To determine the change in the prevalence of impaired awareness of hypoglycaemia 

in a population-based cohort of youth with T1D. 

Study 2: Predictive Low Glucose Management In-clinic Study 

This era of rapid technological advancements has provided an opportunity to improve 

diabetes care in people living with T1D. The PILGRIM study evaluated an algorithm designed 

to suspend basal insulin delivery with the prediction of hypoglycaemia under in-silico 

conditions and demonstrated a significant reduction in the time spent in hypoglycaemia with 

Predictive Low Glucose Management (PLGM) system than with Low Glucose Suspension when 

virtual participants were administered a manual subcutaneous insulin bolus to induce 

hypoglycaemia (158). This thesis research proposal aims to utilise the same algorithm in real 

participants under controlled in-clinic conditions to test the safety and efficacy of the 

algorithm in prevention of hypoglycaemia.  Previous studies have utilised increased basal 

insulin delivery (153-156) or moderate-intensity exercise (158) as a method of inducing 

hypoglycaemia, in our study, however, we utilise three approaches to induce hypoglycaemia: 
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moderate-intensity exercise, excess subcutaneous insulin bolus and overnight increased basal 

rate. These three triggers reflect common scenarios causing hypoglycaemia in the day-to-day 

lives of people with T1D. These in-clinic studies are designed to inform us the safety and 

efficacy of the system in the prevention of hypoglycaemia and to provide insight into the 

parameters required to be set up to conduct the randomised controlled home trial.  

The primary aim of study 2 is  

1. To determine the need for hypoglycaemia treatment with PLGM (intervention) versus 

sensor-augmented pump therapy (SAPT) alone (control) in each of the three scenarios 

known to increase the risk of hypoglycaemia (moderate-intensity exercise, excess 

subcutaneous insulin bolus and overnight increased basal rate). 

 The secondary aim is  

2. To evaluate post pump-suspend hyperglycaemia and ketosis in participants on PLGM. 

The hypothesis is that the system will reduce the need for hypoglycaemia treatment and will 

not result in post pump-suspend hyperglycaemia or clinical ketosis. 

Study 3: Predictive Low Glucose Management System: Home Study 

The in-clinic studies will lead on to a randomised controlled home trial after having informed 

some of the parameters for insulin infusion suspension and resumption. The study will 

establish the effectiveness and tolerability of this integrated system when challenged by ‘real 

life’ variables over a longer period of time. The primary rationale is to quantify glycaemia with 

the use of the PLGM system versus standard SAPT with suspend functions turned off. The 
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hypothesis is that the PLGM system will reduce the time spent in hypoglycaemia during six 

months of therapy as compared to SAPT alone in people with T1D. 

The primary aim of study 3 is to compare the average percentage of time spent in 

hypoglycaemia (sensor glucose (SG) level <3.5 mmol/l) during six months of therapy with the 

PLGM vs SAPT alone in youth with T1D. 

The secondary aims are: 

1) To compare the rates of hypoglycaemia, defined as 20 minutes or more with SG < 3.5 

mmol/l, during six months of therapy with PLGM vs SAPT. 

2) To compare the average percentage of time spent in hypoglycaemia (SG <3.0 mmol/l) 

during six months of therapy with PLGM vs SAPT. 

3) To compare the average percentage of time spent in hyperglycaemia (SG >10 mmol/l 

and 10-15 mmol/l) during six months of therapy with PLGM vs SAPT 

4) To evaluate the time spent in hypoglycaemia (SG <3.5 mmol/l, SG <3.0 mmol/l) during 

the day and night.  

5) To determine the number of ketosis events (blood ketones >0.6 mmol/L)  

6) To assess glycaemic control as measured by glycated haemoglobin (HbA1c) at the end 

of six months.  

7) To evaluate the impact of PLGM on the individual’s quality of life, fear of 

hypoglycaemia, satisfaction of the system and hypoglycaemia awareness using 

validated questionnaires. 
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CHAPTER 4: METHODS 
 

4.1 Introduction  

The thesis comprises three main studies undertaken to address the study aims. This chapter 

provides a general overview of the study design and methods used in this research; which are 

provided in further detail in the results section of the following chapters. 

4.2 Ethics approval 

Ethics approval for all studies undertaken as part of the research presented in this thesis was 

undertaken by the appropriate ethics committee.  

4.2.1 Study 1: Prevalence of Impaired Awareness of Hypoglycaemia 

The study was a cross-sectional survey. The project received approval for the study and 

publication from GEKO (Governance, Education, Knowledge and Outcomes) at Child and 

Adolescent Health Service (CAHS) (PRN 8923). 

4.2.2 Study 2: Predictive Low Glucose Management In-clinic Study 

The in-clinic studies testing the predictive algorithm received ethics and governance approval 

from the CAHS Human Research Ethics Committee (HREC 1956EP) and UWA (RA/4/1/7634). 

As this was a multicentre study, study approvals were also obtained from the Institutional 

Review Board of collaborating sites which included The Children’s Hospital at Westmead 

(HREC 12/SCHN/25) and Royal Children’s Hospital, Melbourne (HREC 33026A). 

4.2.3 Study 3: Predictive Low Glucose Management Home Study 
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This was a multicentre, home trial conducted at five tertiary paediatric diabetes centres in 

Australia. Ethics approval was received at each site. The trial was approved by CAHS, Perth 

(HREC/2013121EP) and UWA (RA/4/1/7635); The Children’s Hospital at Westmead, Sydney 

(HREC/13/SCHN/405); John Hunter Children’s Hospital, Newcastle (HREC/13/HNE/506); Royal 

Children’s Hospital, Melbourne (HREC/13/HME/506); and Women’s and Children’s Hospital, 

Adelaide (HREC/13/WCHN/172). The trial was prospectively registered with the Australian 

New Zealand Clinical Trials Registry (ACTRN12614000510640). 

4.3 Methods 

This section reviews the broad methods used in each of the three studies. Further details are 

provided in the specific chapters. 

Study 1: Prevalence of Impaired Awareness of Hypoglycaemia 

True identification of impaired awareness of hypoglycaemia (IAH) is limited by the availability 

of tools to measure awareness. The gold standard is to measure the adrenergic responses 

during a hyperinsulinemic hypoglycaemic clamp; however, this is not practical in in large 

population groups. Questionnaires have been developed as surrogate to answer this 

important clinical question. Few questionnaires are available to screen for IAH (3, 163-166). 

These have been validated for use in adults although the use of these questionnaires in the 

paediatric age group is less well defined.  The 8-question Clarke (163) and the single question 

Gold (Do you know when your hypos are commencing?) (3) are widely used in research 

purposes. Geddes et al documented concordance with the use of Clarke’s and Gold’s 

questionnaire in adults and established both methods could be used either separately or in 

combination to identify people with IAH for clinical and research purposes (167). However, 
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Graveling et al reported a greater proportion of children as having IAH with Gold score than 

with the Clarke questionnaire (68.4 vs 22.4 %) but found the Clarke questionnaire a useful 

screening tool in identifying children at risk of requiring third party assistance or hospital 

admission to treat hypoglycaemia (103). The IAH prevalence rates are varied and dependent 

on the questionnaire used and the population sampled highlighting its limitations. 

Clarke developed an 8-question system designed to characterise the participant’s exposure 

to episodes of moderate and severe hypoglycaemia and to also examine the glycaemic 

threshold for, and symptomatic responses to hypoglycaemia.  A score of ≥ 4 implies IAH (163). 

Modified version of the Clarke questionnaire has been used at our centre (9, 16, 108, 168) 

and has six questions which evaluate the glycaemic threshold and symptomatic responses to 

hypoglycaemia. It differs from the original Clarke’s questionnaire by eliminating the question 

on moderate hypoglycaemia as it is difficult to ascertain episodes of moderate hypoglycaemia 

in children. It also provides graded responses to the questions to determine the extent of IAH. 

A score of ≥ 4 is defined as indicative of IAH. 

Modified Clarke Questionnaire 

 
 

1 
2 
3 
4 
5 

 

1. In the last month how many times have you had a blood glucose level 
(BGL) of less than 3.5 mmol/l? 

 None   
 One to three times in the last month  
 Once a week   
 Two to three a week   
 More than 3 times a week 

 
 
 

0 
1 
2 

2. In the last month, how many times have you tested and found a BGL less 
than 3.5 mmol/l without realising your BGL was low? 

 
 None  
 1 to 4 times   
 Greater than 4 times 
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0 
1 
2 
 2 

3. Tick the box that best describes you? (tick only one) 
 

 always   
 sometimes  
 never  
 no longer  
have signs when my BGL is low. 
 

 
 

 2 
1 
 0 
 0 

4. How low does your BGL fall before you notice any signs? 
 
 Less than 2.5   
 2.5 – 3.0   
 3.0 – 3.5   
 Greater than 3.5 
 

 
 

2 
2  
1 
 1 
 0 

5. Can you tell your BGL is low by certain signs or behaviour? 
  
 Never  
 Rarely  
 Sometimes   
 Usually    
 Always    
                 
6. Have you lost some of the signs and symptoms that used to occur when 

your BGL was low? 
2 
0 

 Yes        
 No          

 

Princess Margaret Hospital is the sole tertiary paediatric centre for diabetes in Western 

Australia. All diagnosed children in the state are registered and receive multidisciplinary care. 

Previous studies from Western Australia have reported a 99% case ascertainment rate of 

children with T1D. In our study, we used the Modified Clarke questionnaire to screen for IAH. 

This questionnaire was used in the screening of the clinic in 2002 and this provided an 

opportunity to review the current prevalence and the change in prevalence of IAH with time 

in a similar cohort of adolescents with T1D. Hence, this study was a cross-sectional survey of 

a population-based cohort in 2015. 
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Study 2: Predictive Low Glucose Management In-clinic Study 

Study 2 and Study 3 were designed to test the predictive algorithm under in-clinic conditions 

followed by free-living conditions respectively. These studies were investigator-led studies 

conducted across five tertiary paediatric diabetes centres in Australia with funding support 

from JDRF Australia and equipment and devices support from Medtronic. Medtronic had no 

role in the study design, conduct of the study, data collection, analysis or interpretation. 

Study 2 was a multicentre randomised controlled cross-over trial conducted under in-clinic 

conditions with the predictive algorithm tested under three conditions; a) Moderate-intensity 

exercise b) Excess subcutaneous insulin bolus c) Increased overnight basal rates.  These 

conditions were chosen as individuals with T1D experience hypoglycaemia when exposed to 

either excess insulin or exercise. Excess insulin delivery could occur due to an inappropriately 

excess insulin bolus or due to increased basal rates. As increased basal rates result in 

hypoglycaemia more commonly at night, this was conducted as a night-study while studies 

using exercise and excess subcutaneous insulin bolus as hypoglycaemic triggers were 

conducted as day studies. While the exercise studies were done in children and adolescents, 

the insulin studies included both children and adults. Excess insulin bolus studies were done 

at three centres (Princess Margaret Hospital, Perth, The Children’s Hospital at Westmead and 

Royal Children’s Hospital, Melbourne). PLGM in-clinic studies with increased overnight basal 

rate and exercise were conducted as a single centre study at Princess Margaret Hospital, 

Perth. Figure 4.1 provides an overview of the study design.  
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Figure 4.1 Schematic representation of the PLGM in-clinic studies testing the predictive 

algorithm in the prevention of hypoglycaemia. 

 

 

 

 

 

 

 

 

Participants in the study were aged between 12 and 50 years (for insulin studies) and between 

12 and 25 years (for exercise studies), diagnosis of T1D for at least a year, glycated 

haemoglobin (HbA1C) of less than 10% (86 mmol/mol) and on insulin pump therapy for at 

least six months. They were randomly assigned to either control group with Sensor-

Augmented Pump Therapy (SAPT) alone with Predictive Low Glucose Management (PLGM) 

off or to the intervention group with PLGM on. 

Predictive Low Glucose Management System 

This was an investigational device which comprises the commercially available Medtronic Veo 

pump, Enlite 2 sensor and the Mini-Link glucose transmitter. A Blackberry smartphone houses 

the PLGM algorithm and a translator establishes communication between the Veo pump and 
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the translator. The algorithm is a series of mathematical equations which is designed to 

predict the sensor glucose based on the decline in sensor glucose values. The hypoglycaemic 

threshold is the predicted sensor glucose at which the pump suspends basal insulin infusion 

and the prediction horizon is the time to reach the hypoglycaemic threshold.  These 

parameters were fixed for the study. The pump suspends basal insulin infusion when the 

predicted sensor glucose reaches the set hypoglycaemic threshold in 30 minutes and resumes 

insulin delivery after a fixed suspend period of two hours or earlier if the auto-resumption 

parameters are met.  A more detailed description of the device is provided in chapter 6. 

Study 3: Predictive Low Glucose Management Home Study 

This was a randomised controlled multicentre trial testing the predictive algorithm under 

free-living conditions in youth with T1D. Figure 4.2 provides an overview of the study design.  

Figure 4.2 Schematic representation of the PLGM home studies testing the predictive 

algorithm in the prevention of hypoglycaemia. 

 

 

 

Participants with T1D aged between 8 and 20 years on insulin pump therapy for at least six 

months with HbA1c less than 10% (86 mmol/mol) were eligible for the study.  All participants 

were required to use CGM for >80% of the time during the run-in period and demonstrate 

hypoglycaemia or risk of hypoglycaemia following which eligible participants were randomly 

assigned to control group with SAPT alone (PLGM off) or intervention group with PLGM for a 

Children and 

adolescents with 

T1D 

PLGM off 

PLGM on 

five centres six months 
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duration of six months. The predictive algorithm is incorporated in the Medtronic 

MiniMed®640G pump used in conjunction with its compatible sensor and transmitter. A more 

detailed description of the methodology is provided in Chapter 8.2. 
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CHAPTER 5: IMPAIRED AWARENESS OF HYPOGLYCAEMIA 

IN ADOLESCENTS 
 

5.1 Preface 

Impaired awareness of hypoglycaemia (IAH) increases the risk of 

severe hypoglycaemia. Determining the prevalence of IAH in a 

clinic population helps identify the cohort at highest risk and can 

help introduce targeted management approaches to reduce 

hypoglycaemia exposure and improve awareness.  

In 2002, the prevalence of IAH was determined in a population-

based cohort of children and adolescents with T1D in Western Australia (WA). This study 

included the entire clinic cohort between 6 months and 19 years with parents reporting 

awareness for children less than 12 years. IAH was present in 29% of the cohort (108). 

However, in the interim, the rates of severe hypoglycaemia in the paediatric cohort in WA 

have declined (32, 38). This trend is also largely demonstrated in other international registries 

(33, 35, 169). With reduction in severe hypoglycaemia in the last two decades, we aimed to 

review the prevalence of IAH on contemporary management to provide an insight into the 

proportion of youth who are currently at high risk of recurrent hypoglycaemia.  

This section describes the current prevalence and change in prevalence of IAH in a population-

based cohort of WA. It details the prevalence of IAH in two cross-sectional population-based 

cohorts of children older than 12 years with T1D in WA during 2002 and 2015. A modified 

Clarke questionnaire was used to determine prevalence of IAH in 2002. The same screening 



52 

 

questionnaire was therefore used for this study. The prevalence of IAH from the 2002 cohort 

was reanalysed specifically for children >12 years of age and compared with the prevalence 

from the cross-sectional analysis of the 2015 cohort. We chose to survey children older than 

12 years as they are expected to be able to self-report awareness.  

This section of the chapter consists of the publication titled “Reduced prevalence of impaired 

awareness of hypoglycemia in a population-based clinic sample of youth with Type 1 

diabetes.”   

[This section 5.2 is an edited version of the journal article published in Pediatric Diabetes. A 

PDF copy of the original article is included in Appendix 2] 

5.2 Prevalence of impaired awareness of hypoglycaemia in adolescents 

5.2.1 Abstract  

Background 

 Impaired awareness of hypoglycaemia (IAH) is associated with an increased risk of severe 

hypoglycaemia. However, reduced rates of severe hypoglycaemia raise the question as to 

whether there has been a reduction in IAH. The aim of this study was to determine the change 

in prevalence of IAH in a population-based cohort of adolescents with Type 1 diabetes (T1D). 

Methods 

 Children older than 12 years of age with T1D documented their responses to hypoglycaemia 

based on the modified Clarke questionnaire. The prevalence of IAH was also analysed in a 

similar population-based cohort using the same questionnaire in 2002. The clinical details of 
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the participants and the number of severe hypoglycaemic events in the preceding year were 

determined from the Western Australian Diabetes Database. 

Results 

The questionnaire was administered to 413 children in 2002 and to 444 children in 2015 with 

similar baseline characteristics. The prevalence of IAH was 33% in 2002 and 21% in 2015 (p < 

0.001). A lower HbA1c, younger age at diagnosis and longer duration of diabetes correlated 

with IAH in 2002 but not in 2015. There was a significant decline in the rates of severe 

hypoglycaemia in 2015 compared to 2002 (p < 0.001) despite a reduced HbA1c in 2015. IAH 

increased the risk of severe hypoglycaemia in both cohorts (52 vs 16 events/100 patient years 

in 2002 and 8 vs 2 events/100 patient years in 2015). 

Conclusions 

 Although IAH has reduced, IAH is still prevalent in a substantial minority of adolescents and 

continues to be associated with an increased risk of severe hypoglycaemia. 

5.2.2 Introduction 

Hypoglycaemia is a major complication in the management of Type 1 diabetes (T1D) which 

when prolonged and severe can cause seizures and coma. Severe hypoglycaemia  is more 

likely to occur in individuals who have reduced awareness of hypoglycaemia (3).  Impaired 

awareness of hypoglycaemia (IAH) is a syndrome in which the ability to detect the onset of 

hypoglycaemia is diminished or absent (103). Most hypoglycaemic events are asymptomatic 

and undetected with increase in further hypoglycaemia (27). Recurrent episodes of 

hypoglycaemia contribute to the development of defective symptomatic and 
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counterregulatory hormone responses (109) leading to the syndrome of IAH and a 

substantially increased risk of severe hypoglycaemia. Therefore, it is vital to identify these at-

risk individuals to enable management strategies aimed to reduce hypoglycaemia because 

prevention of hypoglycaemia can restore awareness (118). 

The identification of IAH is dependent on questionnaires that have been developed to answer 

this important clinical question (3, 163, 164). IAH has been reported to affect approximately 

25% of adults with T1D (167, 170-172). Earlier studies of children and adolescents have 

similarly demonstrated a significant proportion of youth to have IAH with a prevalence of 19 

to 37% (16, 107, 108). The paediatric and adult studies were all cross-sectional studies and 

used different questionnaires in a selective sample or clinic cohort. In contrast, this study aims 

to compare the prevalence of IAH measured using the same questionnaire at two time points 

in a population-based sample of children and adolescents with T1D above 12 years of age. 

Although a recent cross-sectional adult study concluded that IAH prevalence has not changed 

over the last 20 years (171), a reduction in the rates of severe hypoglycaemia in T1D in the 

last decade raises the question as to whether there has been a reduction in the prevalence of 

IAH over a period of time. The novelty of this study is in its ability to examine the change in 

prevalence of IAH in a population-based cohort. 

5.2.3 Research Design and Methods 

Children and adolescents with T1D from a clinic cohort; aged between 12 and 19 years and 

with duration of diabetes of at least six months, were enrolled. Approval for this study was 

obtained from Governance, Education, Knowledge and Outcomes (GEKO) at Child and 

Adolescent Health Service (PRN 8923). Princess Margaret Hospital is the sole tertiary 
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paediatric centre for diabetes in Western Australia. All diagnosed children in the state are 

registered and receive multidisciplinary care. Previous studies from Western Australia have 

reported a 99% case ascertainment rate of children with T1D (173). Children with T1D are 

registered on the Western Australian database and attend diabetes clinic once every three 

months. They have ongoing prospective documentation from diagnosis, at 3-month intervals, 

of glycaemic control measured by HbA1c, anthropometric data, insulin regimen, episodes of 

diabetic ketoacidosis and moderate and severe hypoglycaemic events. This information is 

recorded on the Western Australian Children’s Diabetes Database. The clinical details of the 

participants and the number of severe hypoglycaemic events in the year preceding the survey 

were obtained from the database. Severe hypoglycaemia was defined as an episode of loss of 

consciousness or seizure (26). 

The modified Clarke questionnaire was administered to children older than 12 years who 

filled them at their scheduled clinic visit. Clarke developed an 8-question system designed to 

characterise the patient’s exposure to episodes of moderate and severe hypoglycaemia and 

to also examine the glycaemic threshold for, and symptomatic responses to hypoglycaemia 

(163). A modified version of Clarke’s questionnaire has previously been used at our centre (9, 

16, 108). This was designed to be simple to administer to children. This comprised a 6-

question system aimed at evaluating the glycaemic threshold and symptomatic responses to 

hypoglycaemia. It differed from the original Clarke’s questionnaire by eliminating the 

patient’s exposure to moderate hypoglycaemia as it is difficult to ascertain episodes of 

moderate hypoglycaemia in children. It also provides graded responses to the questions to 

determine the extent of IAH. A score of ≥ 4 was defined as indicative of IAH. We used the 

modified Clarke questionnaire to compare the prevalence of IAH with the previously 
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conducted survey using the same questionnaire administered to a similar group of 

participants in 2002. If the child was not able to understand the questions and fill the 

questionnaire or if any of the questions were not attempted by the participant, they were 

excluded from analysis. 

Statistical analysis: Prevalence of IAH was calculated for each cohort (2002 and 2015) and 

compared using a z-test. Clinical characteristics of the study groups were compared using the 

Mann-Whitney U test (median ± interquartile range (IQR)). A chi square test was performed 

to compare dichotomous and categorical variables. Rates of severe hypoglycaemia were 

compared using a Poisson test. 

5.2.4 Results 

The modified Clarke questionnaire was administered to 413 participants in 2002; of these 390 

had complete data. In 2015, the questionnaire was administered to 444 participants and of 

these, data were complete in 402. 

Clinical characteristics: The clinical characteristics of the two cohorts are demonstrated in 

Table 5.2.1. There was no difference in age, gender and diabetes duration between the 2002 

and 2015 samples. There was a significant difference in the rates of severe hypoglycaemia 

between the two cohorts. There were 110 events of severe hypoglycaemia in 2002 compared 

to 12 events in 2015, giving an overall incidence of 28 events/100 patient years and 3 

events/100 patient years respectively (p < 0.001). There was a reduction in HbA1c from 8.3% 

(67 mmol/mol) to 7.9% (63 mmol/mol) (p < 0.001) between 2002 and 2015. Insulin pump 

therapy usage had increased from 12% to 46%. Adolescents in 2015 cohort were also leaner 

than their 2002 cohort.   
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Table 5.2.1 Clinical characteristics of the cohort in 2002 and 2015. 

 
 

2002 2015 p value* 

n  390 402  

Sex (male %) 48 51 0.303 

IAH (n, %) 129 (33%) 86 (21%) < 0.001 

Age at questionnaire (years) 15.4 (13.9-16.9) 15.4 (13.8-16.7) 0.431 

Age at diagnosis (years) 9.0 (5.9 -11.6)      8.8 (5.7-11.5)  0.294 

Duration of diabetes (years)       6.0 (3.1 -10.0) 6.4 (3.4-9.9) 0.474 

HbA1c at last visit (%) 8.6 (8.0-9.3) 7.8 (7.3-8.3)    <0.001 

BMI (kg/m2)    22.9 (20.8-25.8) 21.8 (19.7-24.6)   0.000  

Pump therapy (%) 12 46   <0.001 
  
 

BD insulin (%) 61 4 

MDI insulin (%) 27 50 

Patients with SH (n, %)             68 (17) 11 (2.7)   <0.001 

SH (events/year) 109 13    
<0.001   SH (events/100 patient years) 28 3 

BMI, body mass index; HbA1c, glycated haemoglobin; IAH, impaired awareness of hypoglycaemia; IQR, 
interquartile range; SH, severe hypoglycaemia.  

Data are presented in Median (IQR) and percentage. * p <0.05 is statistically significant 

2002: BD (twice a day) insulin regimen comprised isophane human insulin and regular/short acting insulin before 
breakfast and dinner while MDI (multiple daily insulin) comprised regular/short acting insulin at breakfast, lunch 
and dinner with isophane human insulin at dinner 

2015: BD insulin regimen comprised isophane human insulin and short acting insulin (aspart or lispro) 
prebreakfast and detemir with short acting insulin predinner. MDI comprised fixed/flexible insulin therapy with 
short acting insulin before breakfast, lunch and dinner with glargine at bed-time. 

 

Impaired Awareness of Hypoglycaemia: As shown in Table 5.2.1, the prevalence of IAH was 

significantly reduced in 2015 compared to 2002 (z = 3.703, p < 0.001). In 2002, of the 390 with 

complete data, IAH was present in 33% and in 2015, of the 402 participants with complete 

data; the prevalence of IAH was 21%. Table 5.2.2 shows the clinical characteristics of 

participants with IAH in the two cohorts. There was no difference in IAH based on age at 

questionnaire, insulin regimen or BMI in 2002 and 2015. In contrast, although younger age at 
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diagnosis, longer duration of diabetes and lower HbA1c correlated with IAH in 2002, these 

variables did not have any association with IAH in 2015.   

Table 5.2.2 Clinical characteristics in adolescents with normal and impaired awareness based 

on modified Clarke in 2002 and 2015. 

Year 2002 (n=390) 2015 (n=402) 
 

Status Aware IAH p value* Aware IAH p value* 
 

n  261 129 (33%)  316 86 (21%) 
 

 

Sex  
(males) 

124 62 0.918 173 34 0.015* 

Age at questionnaire  
(years) 

         15.4  
     (13.8-17) 

15.2  
(13.9-16.9) 

0.799 15.5 
(13.9-16.7) 

14.8 
(13.4-16.4) 

0.060 

Age at diagnosis  
(years) 

 9.1  
(6.4-11.6) 

8.0 
(5.0-11.4) 

0.007* 8.8 
(5.8-11.7) 

9.5 
(5.0-11.0) 

0.461 

Duration of diabetes  
(years) 

5.4  
(1.9-9.6) 

7.2  
(4.2-10.1) 

0.006* 6.5 
(3.4-9.9) 

6.2 
(3.1-9.5) 

0.750 

HbA1c at last visit 
 (%) 

8.3  
(7.4-9.1) 

7.9 
(7.0-8.5) 

0.001* 7.8 
(7.3-8.4) 

7.9 
(7.3-8.3) 

0.934 

BMI 
(kg/m2) 

        23.0 
   (20.8-25.8) 

22.6 
(20.7-25.4)  

0.757          22.0 
  (19.8-24.7) 

21.2  
(19.7-24.2) 

0.366 

CSII 
(n, %) 

 31 (12) 16 (12) 0.138 142 (45) 41 (47) 0.816 

MDI 
(n, %) 

134 (51) 53 (41) 162 (51) 41 (48) 

BD 
(n, %) 

96 (37) 60 (47) 12 (4) 4 (5) 

Patients with SH 
(n, %) 

      32 (12) 
 

36 (28) 
 

0.000*  6 (1.6) 
 

 5 (5.8) 
 

0.048* 

SH  
(events/year) 

42 67  6 7  

SH  
(events/100 pt years) 

16          52 2 8 

BMI, body mass index; BD, twice a day insulin; MDI, multiple daily insulin (basal-bolus); CSII, continuous 
subcutaneous insulin infusion; SH, severe hypoglycaemia 
Data are presented in Median (IQR) and percentage, *p <0.05 is statistically significant 

 

Severe hypoglycaemia: IAH was associated with an increased risk of severe hypoglycaemia in 

both cohorts. Participants with IAH and severe hypoglycaemia had a relative risk of 2.33 in 
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2002 and 3.63 in 2015 (Table 5.2). There were 109 events in 2002 as compared to 13 events 

in 2015 (IAH vs aware: 52 vs 16 events/100 patient years in 2002 and 8 vs 2 events/100 patient 

years in 2015). The insulin regimen in adolescents with and without severe hypoglycaemia is 

shown in Table 5.2.3. 

Table 5.2.3 Insulin management in adolescents with and without severe hypoglycaemia in 

both cohorts.  

 
 

2002 2015 

 No SH  SH No SH  SH 

BD 135 (86.5) 21 (13.5) 14 (87.5) 2 (12.5) 

MDI 148 (79) 39 (21) 200 (98.5) 3 (1.5) 
CSII 39 (83) 8 (17) 177 (96.7) 6 (3.3) 
Total 322 68 392 11 

BD: twice a day insulin; MDI: multiple daily insulin (basal-bolus); CSII: continuous subcutaneous insulin infusion; 
SH: severe hypoglycaemia. Values are in n and (%). 
 

5.2.5 Discussion 

This study highlights the reduction in prevalence of IAH over time in a clinic-based cohort of 

adolescents attending a tertiary paediatric diabetes centre. A striking feature is the significant 

reduction in the rates of severe hypoglycaemia with time in a cohort with similar demographic 

characteristics analysed in 2002 and 2015.  The change in hypoglycaemia outcomes could be 

due to a number of factors including increased use of insulin analogues, insulin pump therapy 

and improved diabetes education. Hypoglycaemia education is a part of front line 

management and has been found to effective in reducing severe hypoglycaemia (174). 

Diabetes education has been more focused on empowering people with T1D to manage 

diabetes and adjust insulin doses. In 2002, there was an increased proportion of children using 

BD (twice a day) regimen with fixed doses of intermediate-acting and regular insulin. In 

contrast, in 2015, the use of BD regimen had declined with an almost equal proportion of 
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children on insulin pump therapy and basal-bolus regimen. The improved glycaemic 

outcomes have been facilitated by flexible insulin dosing with carbohydrate counting and the 

use of carbohydrate ratios and insulin sensitivity factor to manage blood glucose levels 

appropriately. Although IAH still persists, individuals with IAH have demonstrated a significant 

reduction in severe hypoglycaemia. This may be attributed to improved patient and parental 

awareness of this increased risk and institution of appropriate measures to prevent significant 

hypoglycaemia. Regular day-time testing coupled with overnight testing (19), adjusting insulin 

doses appropriately and also, at least in some youth, the use of continuous glucose 

monitoring systems and automated insulin suspensions (26) could have helped in preventing 

moderate and severe hypoglycaemia, although the relative importance of these factors to the 

reduction of severe hypoglycaemia cannot be determined. 

 It is important to note that despite the overall reduction in prevalence of IAH, affected 

individuals still remain at higher risk of severe hypoglycaemia and hence identification of IAH 

is vital to implement targeted management strategies. This study found that younger age at 

diagnosis, longer duration of diabetes and lower HbA1c predicted IAH in the 2002 cohort but 

were not found to be predictors in the 2015 cohort. Duration of diabetes may not stand out 

as a predictor in this age group in 2015 although it may be more relevant in the older age 

group as in most adult studies; people with IAH are older and have a longer duration of 

diabetes. Previous studies have demonstrated a link between lower HbA1c and severe 

hypoglycaemia (28); however this relationship is weaker in subsequent studies (32, 35).This 

is also reflected in this report with a relationship of lower HbA1c with IAH in the 2002 cohort 

but not in the 2015 cohort and in other recent studies (171, 175). 
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It is worth noting that although rates of severe hypoglycaemia have reduced significantly, the 

magnitude of reduction is not paralleled by a similar reduction in IAH prevalence. We have 

previously addressed the risk factors for severe hypoglycaemia in our cohort between 2000 

to 2011(38). There was no difference in the risk of severe hypoglycaemia between age groups 

and glycaemic control although when compared with patients on injection regimens, subjects 

aged 12–18 years on pump therapy were at reduced risk of severe hypoglycaemia with an 

incidence rate of 6.2 events/100 patient-years in 2011. The rates of severe hypoglycaemia 

have reduced further to 3 events/100 patient-years in 2015. The small sample size in this 

current cohort makes it difficult to analyse the predictors of severe hypoglycaemia; although 

children on BD insulin are at highest risk as seen in Table 5.2.3. 

The strength of this study is in its ability to compare a demographically similar clinic 

population using the same questionnaire across two time points providing an insight into the 

change in prevalence of IAH over time. Although this study demonstrates a reduction in IAH 

with improvement in management, IAH is still prevalent in a substantial minority of the clinic 

population and it is vital to identify these individuals in clinical practice as this group is at a 

significantly higher risk of severe hypoglycaemic events. Identification of these individuals 

with IAH is an important component of T1D management. 

5.3 Summary 

This chapter focussed on identification of a high-risk clinic cohort of children and adolescents 

with T1D. Although IAH has decreased in the last two decades, youth with IAH continue to 

have an increased risk of severe hypoglycaemia. Assessing and monitoring for IAH is therefore 
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vital in clinical practice. It is essential to target this high-risk group and to introduce strategies 

and therapies to reduce hypoglycaemia. 

5.4 Student contribution to the work 

The candidate was involved in the study design, approval, data collection, statistical analysis, 

wrote the manuscript and incorporated feedback from all co-authors. Patricia Gallego was 

involved in the data collection of 2002 while Wade Brownlee assisted the candidate in data 

collection and storage of this study. Grant Smith provided statistical advice. The candidate 

developed and planned the thesis outline in consultation with Professor Jones and Professor 

Davis. They approved the study design, provided clinical input and supervised the study. 

 

 

 

 

 

  



63 

 

CHAPTER 6: PREDICTIVE LOW GLUCOSE 

MANAGEMENT SYSTEM UNDER IN-CLINIC 

CONDITIONS WITH EXCESS INSULIN  
 

6.1 Preface 

Hypoglycaemia prevention is the focus of this research as hypoglycaemia continues to be a 

significant barrier in improving glycaemic control. It is also important to reduce 

hypoglycaemia exposure as recurrent hypoglycaemia can blunt epinephrine responses to 

subsequent hypoglycaemia and place an individual at increased risk of severe hypoglycaemia. 

Technological advancements have provided a platform for improving insulin delivery systems 

focussed on hypoglycaemia reduction.  Hence, this study addresses the second research aim 

i.e. to determine the efficacy of a predictive algorithm in sensor-augmented pump therapy in 

the prevention of hypoglycaemia under controlled in-clinic conditions. Excess insulin and 

moderate-intensity exercise were used as hypoglycaemia triggers in these studies.  These 

triggers were used as they represent the common causes of hypoglycaemia in the lives of 

people with T1D.  While this chapter (Chapter 6) deals with the efficacy of the system in 

prevention of insulin-induced hypoglycaemia, Chapter 7 deals with the efficacy of the system 

in prevention of exercise-induced hypoglycaemia under controlled in-clinic conditions. 

This chapter specifically deals with the prevention of hypoglycaemia with predictive algorithm 

under conditions of insulin excess (increased subcutaneous insulin bolus and increased basal 

rates overnight).  Increased subcutaneous insulin bolus replicates the scenario of 
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miscalculated insulin while increased overnight basal rate reproduces the common cause of 

nocturnal hypoglycaemia in individuals on insulin pump therapy.  

6.2 Effectiveness of a predictive algorithm in the prevention of insulin-induced 

hypoglycaemia under in-clinic conditions 

This section describes the efficacy and safety of a predictive 

algorithm in hypoglycaemia prevention when hypoglycaemia is 

induced by excess insulin and includes the publication titled, 

“Prevention of Insulin-induced hypoglycemia in Type 1 diabetes 

with Predictive Low Glucose Management System.” The article 

was published in the journal of Diabetes Technology and 

Therapeutics and the findings from this study were also chosen 

for the editorial column in the same edition. “Implications of Predictive Low-Glucose 

Management System in Hybrid of Full Closed Loop System.” 

[This section is an edited version of the journal article published in Diabetes Technology and 

Therapeutics. A PDF copy of the original article is included in Appendix 3]. 

6.2.1 Abstract 

Background 

Sensor-augmented pump therapy (SAPT) with algorithms to predict impending low blood 

glucose and suspend insulin delivery has the potential to reduce hypoglycaemia exposure. 

The aim of this study was to determine whether Predictive Low Glucose Management System 

(PLGM) is effective in preventing insulin-induced hypoglycaemia in controlled experiments.  
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Methods 

Two protocols were used to induce hypoglycaemia in an in-clinic environment (A) Insulin 

bolus: Insulin was administered as a manual bolus through the pump; the dose dependent on 

participant’s insulin sensitivity factor. (B) Increased basal insulin: Hypoglycaemia was induced 

by increasing basal rates overnight to 180%.  For both protocols, participants were 

randomised and studied on 2 separate days; a control day with SAPT alone and an 

intervention day with SAPT and PLGM activated. The predictive algorithm was programmed 

to suspend basal insulin infusion when sensor glucose was predicted to be <80 mg/dl (4.4 

mmol/l) in 30 minutes. The primary outcome was the requirement for hypoglycaemia 

treatment (symptomatic hypoglycaemia or plasma glucose <50 mg/dl or 2.8 mmol/l) and was 

compared in both control and intervention arms.  

Results 

With insulin bolus, 24/28 participants required hypoglycaemia treatment with SAPT alone 

compared to 5/28 participants when PLGM was activated (p ≤ 0.001). With increased basal 

rates, all the eight SAPT alone participants required treatment for hypoglycaemia compared 

to only one with SAPT and PLGM. There was no post pump-suspend hyperglycaemia with 

insulin bolus (p = 0.4) or increased basal rates (p = 0.69) in participants with 2-hour pump 

suspension on intervention days.  

Conclusions 

SAPT with PLGM reduced the requirement for hypoglycaemia treatment following insulin-

induced hypoglycaemia in an in-clinic setting.  
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6.2.2 Introduction 

Hypoglycaemia is one of the important barriers to the achievement of optimal glycaemic 

control in people with Type 1 diabetes (T1D). The symptoms of hypoglycaemia are distressing 

and, if prolonged, these episodes can lead to seizures, coma and even death (4, 47).  Fear of 

hypoglycaemia experienced by the individual with T1D or their caregiver detrimentally affects 

quality of life, and leads to hypoglycaemia avoidance behaviours that promote 

hyperglycaemia along with the associated risk of long term diabetes complications (76). 

Recent advancements in management through the availability of sensor-augmented pump 

therapy (SAPT) have led to interventions directed towards reducing hypoglycaemia and 

improving glycaemic control. Continuous glucose monitoring (CGM) and control algorithms 

have increased the number of devices available to people with T1D. The Low Glucose Suspend 

(LGS) algorithm automatically suspends basal insulin delivery for up to two hours in response 

to sensor-detected hypoglycaemia thereby reducing the duration of hypoglycaemia (150, 

176). This function reduces moderate and severe episodes of hypoglycaemia in individuals 

with impaired awareness of hypoglycaemia (9) and suspension of insulin delivery is not 

associated with rebound hyperglycaemia and ketosis or significant changes in glycated 

haemoglobin (8, 152).  The development of an algorithm that predicts impending 

hypoglycaemia based on CGM and suspends basal insulin before sensor glucose falls to a set 

hypoglycaemic threshold offers the additional potential advantage of preventing 

hypoglycaemia. Buckingham et al demonstrated the effectiveness of predictive algorithms in 

preliminary in-clinic and home studies (67, 153, 155, 156, 177). We trialled an investigational 

Medtronic Predictive Low Glucose Management (PLGM) system that employs an algorithm 

which is different from the algorithm used in the above studies. A slightly modified version of 
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this algorithm is now embedded in the commercially available Medtronic MiniMed® 640G 

pump (Medtronic MiniMed, Northridge, CA). If effective and safe, the PLGM system is likely 

to reduce the burden of diabetes care as well as allow more intensive attempts to improve 

glycaemic control. Although this function is now available commercially, there are as yet few 

controlled studies to document its safety and effectiveness. 

We aimed to trial the PLGM system in a controlled in-clinic environment under two scenarios 

that mimic common clinical precipitants of hypoglycaemia: excessive insulin bolus during the 

day and excessive basal insulin delivery overnight. We elected to use the need for 

hypoglycaemia treatment as the primary outcome measure due to its clinical relevance.  

6.2.3 Research Design and Methods 

The insulin bolus study was a multicentre randomised controlled cross-over trial designed by 

tertiary paediatric diabetes centres in Australia. Randomisation to study order was computer-

generated using www.sealedenvelope.com. Participants were studied on two non-

consecutive days; a control day with SAPT alone and an intervention day with SAPT and PLGM 

activated. The inclusion of the control group in the study design was to assess the efficacy of 

the hypoglycaemic trigger in inducing hypoglycaemia and to provide a platform to compare 

the ability of the PLGM system in the prevention of hypoglycaemia. To ensure clean data, LGS 

was switched off in the control group. Studies were conducted during the day at three centres 

(Princess Margaret Hospital, Perth, The Children’s Hospital at Westmead and Royal Children’s 

Hospital, Melbourne). The protocol was approved by the institutional review board of each 

centre. The increased basal rate study was conducted as a single centre trial with studies 

conducted at night in Princess Margaret Hospital, Perth. 

http://www.sealedenvelope.com/
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Predictive Low Glucose Management System (PLGM) 

The PLGM system was an investigational device which consisted of a commercially available 

Medtronic Paradigm Veo™ insulin pump, Enlite™ glucose sensor with MiniLink™ REAL-Time 

transmitter (Medtronic MiniMed, Northridge, CA) which transmits sensor glucose at five 

minute intervals, a BlackBerry® Storm smartphone (Waterloo, ON, Canada) which contained 

the PLGM algorithm and a Medtronic custom-built radiofrequency translator which 

established communication between the insulin pump and the BlackBerry phone (Figure 6.1 

A).  

Linear prediction and statistical prediction models were used to prevent hypoglycaemia in the 

day studies (155) while a combination of algorithms using a voting scheme were used for the 

night studies to manually suspend the pump (153). This was followed by a pilot and larger RCT 

home study using a laptop-based Kalman filter predictive model controlling insulin pump 

delivery to assess feasibility of the system in preventing nocturnal hypoglycaemia (67, 156). 

The algorithm in the PLGM system is different from the above algorithms and predicts the 

sensor glucose based on a modified Holt’s predictor (178) with a custom-built sensor noise 

attenuating filter. The model uses simple exponential smoothing to allow forecasting of data 

with a trend to determine the rate of change in sensor glucose. The glucose predictor was 

tuned by using thousands of retrospective patient-data to maximise the sensitivity and 

specificity of the algorithm. The modifiable parameters were the hypoglycaemic threshold 

and the prediction horizon which were fixed for the study. The hypoglycaemic threshold is 

the predicted sensor glucose reading below which pump suspension occurs and the 

prediction horizon is the time taken to reach the hypoglycaemic threshold. In the study, a 30-
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min prediction horizon was used with sensor hypoglycaemic threshold set at 80 mg/dl (4.4 

mmol/l).  

The device automatically suspended basal insulin infusion if the difference between current 

sensor glucose and hypoglycaemic threshold was less than 50 mg/dl (2.8 mmol/l) and sensor 

glucose was predicted to be less than the set threshold in 30 minutes. With hypoglycaemic 

threshold at 80 mg/dl, insulin delivery suspended if sensor glucose was <130 mg/dl or 7.2 

mmol/l (80 + 50 mg/dl or 4.4 + 2.8 mmol/l) and was predicted to be <80 mg/dl in 30 minutes.  

Figure 6.1B demonstrates the zones of insulin suspension.  Insulin delivery occurred in Zone 

0 but following suspension, insulin delivery suspended initially for a fixed period of 30 minutes 

(Zone 1). Basal insulin remained suspended for up to a maximum period of another 90 

minutes based on current and predicted sensor glucose readings (Zone 2) and thereafter 

resumed insulin delivery for a minimum of 30 minutes following the end of the suspend 

period (Zone 3). Resumption of insulin delivery occurred after a maximum suspend period of 

two hours or earlier if the auto-resumption parameters were met. Auto-resumption occurred 

once the current sensor reading was 20 mg/dl (1.1 mmol/l) more than the set hypoglycaemic 

threshold and was predicted to be 40 mg/dl (2.2 mmol/l) more than the set hypoglycaemic 

threshold in 30 minutes. 
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Figure 6.1 

 

 

 

 

                              

 B:  Schematic overview of the zones of insulin infusion with PLGM system  
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Subjects: Participants fulfilling the following criteria were recruited: age 12 to 50 years, 

diagnosis of T1D for at least one year, glycated haemoglobin (HbA1C) of less than 10% 

(86mmol/mol) and on insulin pump therapy for at least six months. Exclusion criteria included 

medical conditions predisposing to hypoglycaemia other than diabetes and severe 

hypoglycaemia (coma or convulsion) in the preceding three months. Written informed 

consent was obtained from participants aged 18 years and above and written parental 

consent and participant assent for those younger than 18 years. 

Study Protocol 

In the weeks before the first study day, the participant’s glucose profile based on self-

monitoring capillary blood glucose testing and/or sensor glucose, if available, was reviewed 

for optimisation of basal rates and insulin sensitivity factor. Participants were advised to 

maintain similar diet and activity prior to both study days. Female participants were studied 

in the follicular phase of the menstrual cycle. Insulin pump sites were changed on the day 

before the study. Sensor was inserted on the day before the study and real-time continuous 

glucose monitoring (RT-CGM) was commenced. The first calibration was after two hours of 

sensor insertion and the second calibration within six hours of the initialisation. A repeat 

calibration was performed in the morning before the study. However, alarms were turned off 

during the study and the participants were discouraged from observing the pump screen 

monitor. The two study days were at least a week apart. 

A) Insulin bolus 

The participant was fasted from midnight on the study day. The study was cancelled and 

rescheduled if the participant had capillary blood glucose <63 mg/dl (3.5 mmol/l) on the 
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morning of the study. If the capillary blood glucose was >63 mg/dl (3.5 mmol/l), the 

participant arrived at the centre at 8 am. Two intravenous catheters were each placed in a 

prominent vein of the forearm or dorsum of the hand for blood sampling and for 

administration of insulin or glucose if necessary during the initial stabilisation phase. 

Intravenous insulin was administered if plasma glucose was above 144 mg/dl (8 mmol/l) and 

intravenous glucose was administered if plasma glucose was below 108 mg/dl (6 mmol/l). 

Hypoglycaemic induction with manual insulin bolus began after 90 minutes of parental insulin 

administration and once plasma glucose was maintained between 108 and 144 mg/dl (6-8 

mmol/l) for at least 30 minutes on their basal SC insulin infusion alone. The insulin bolus was 

administered as a manual bolus through the pump using the participant’s insulin sensitivity 

factor with the aim to induce hypoglycaemia and achieve target plasma glucose of 54 mg/dl 

(3 mmol/l).  The same insulin sensitivity factor was used for the subsequent study.  

B) Increased overnight basal insulin 

The participant arrived at the research centre at 8 pm after dinner at 6 pm. The stabilisation 

phase as described above was commenced at least three hours after the last meal and was 

aimed at maintaining plasma glucose between 108 and 180 mg/dl (6-10 mmol/l). This was 

followed by hypoglycaemia induction which was achieved by increasing the basal insulin rate 

to 180%.  

After the administration of the hypoglycaemic stimulus (insulin bolus or increased basal rate), 

participants were asked to report symptoms of hypoglycaemia. Plasma glucose was 

monitored every 10 minutes until the glucose concentration fell below 63 mg/dl (3.5 mmol/l), 

thereafter plasma glucose was measured every five minutes.  On both study days, participants 
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were treated with 15 to 20 grams of oral carbohydrate (179) if plasma glucose was ≤ 50 mg/dl 

(2.8 mmol/l) or if they reported symptoms of hypoglycaemia with a glucose value below 72 

mg/dl (4 mmol/l). If the above end points were not met on the control day, the plasma glucose 

nadir was monitored and the study stopped once two consecutive plasma glucose values 

trended upwards. Hypoglycaemia treatment was also provided if plasma glucose was <72 

mg/dl at the end of the study.  

For both the daytime bolus insulin and overnight increased basal rate studies, the PLGM 

hypoglycaemic threshold was set at 80 mg/dl (4.4 mmol/l) with a prediction horizon of 30 

minutes. Thus, with PLGM activated, the pump suspended basal insulin infusion when sensor 

glucose was predicted to be <80 mg/dl in 30 minutes. The plasma glucose profile was 

monitored during the entire period of pump suspension and for at least 30 minutes post pump 

resumption. Plasma glucose >180 mg/dl (10 mmol/l) was defined as hyperglycaemia following 

post pump suspend. Blood ketones were monitored during both control and intervention 

studies. In the control study, ketones were monitored before the hypoglycaemic stimulus and 

at the end of the study. In the intervention study, ketones were monitored before the 

hypoglycaemic stimulus and every 30 minutes following pump suspension. Blood was 

collected prior to hypoglycaemia induction and at the plasma glucose nadir on both days and 

assayed for free plasma insulin. Additional samples for free insulin were also taken at the time 

of pump suspension and resumption during the intervention study. The primary outcome 

measure was the need for hypoglycaemia treatment as referred above. The additional 

outcomes measured on the intervention study were the lowest plasma glucose (nadir), the 2-

hour plasma glucose post-pump suspend and blood ketones.  

Analysis 
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Plasma glucose was analysed during the study using the YSI 2300 STAT PLUS Glucose and 

Lactate Analyser (Yellow Springs Instrument, Yellow Springs, Ohio, USA). Plasma insulin was 

measured with a non-competitive chemiluminescent immunoassay (Architect i2000SR; 

Abbott Laboratories, Abbott Park, IL, USA). Ketones were monitored with Abbott Diabetes 

Care Optium Xceed meter with Freestyle ketone test strips. 

Dichotomous variables were analysed using McNemar's test  and continuous variables were 

analysed using a two-way (time x treatment) repeated measures ANOVA with Fisher’s least 

significance difference test for a posteriori analysis using SPSS software (SPSS, Chicago, IL). 

Statistical significance was accepted at p < 0.05. Unless otherwise stated, all results are 

expressed as mean ± SD. 

6.2.4 Results 

A) Hypoglycaemia induced by insulin bolus 

Thirty two participants (19 males and 13 females) were studied. The (mean ± SD) age was 16.2 

± 6.2 years, duration of diabetes was 7.7 ± 3.9 years, BMI was 21.7 ± 2.7 kg/m2, HbA1C  was 

7.7 ± 0.9 % (61 mmol/mol) and total daily insulin was 0.8 ± 0.2 units/kg/day. Three participants 

were excluded from the data analysis. In two participants, the pump suspended prior to the 

insulin bolus due to an inadequate stabilisation phase, and one participant was excluded as 

the decline in plasma glucose was not sufficient to reach the predicted hypoglycaemic 

threshold of 80 mg/dl (on both days) to cause pump suspension. This left 28 participants for 

analysis.  

Hypoglycaemia treatment: Hypoglycaemia treatment was required in 24 of the 28 subjects 

(86%) with SAPT alone compared to five of the 28 subjects (18%) with SAPT and PLGM 
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activated (p ≤ 0.001). Four participants with SAPT alone and one participant with PLGM 

reached a plasma glucose level below 50 mg/dl (2.8 mmol/l). With the PLGM system, the 

plasma glucose nadir in the 28 participants was 67 ± 9 mg/dl (3.7 ± 0.5 mmol/l). In contrast, 

the plasma glucose nadir on the control day in these participants was lower at 60 ± 8 mg/dl 

(3.3 ± 0.4 mmol/l) (p ≤ 0.001). Table 6.1 demonstrates the need for hypoglycaemia treatment 

with and without PLGM at the defined study end points.  The plasma glucose profile for the 

28 participants is shown in Figure 6.2 and demonstrates the recovery of plasma glucose 

following pump suspension. There was a significant difference between the plasma glucose 

in both groups at time points 150, 165 and 180 (p < 0.05).  

Table 6.1  Hypoglycaemia treatment with and without PLGM with insulin bolus 

Plasma glucose, mg/dl 
 

PLGM off PLGM on 

< 50 4 1 

<72 and symptomatic 10 4 

<72 at end of study 10 0 

Treatment required 24 5 

Treatment not required (>72) 4 23 

 
Hypoglycaemia treatment provided when plasma glucose was (a) <50 mg/dl, (b) 50–72mg/dl, and participant 

symptomatic of hypoglycaemia or (c) <72 mg/dl at the end of the study. The need for hypoglycaemia treatment 
was reduced in participants with PLGM on than with PLGM off (p<0.001). PLGM, predictive low glucose 

management. 
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Figure 6.2  Insulin bolus: Plasma glucose profile with and without PLGM.  
 
 

 
 
 
 

The figure demonstrates the mean ± SD plasma glucose profile on the primary axis at each time point in the 28 
participants. The plasma glucose at the time of hypoglycaemia treatment was excluded if hypoglycaemic 

endpoint was reached on either of the 2 study days. The secondary axis provides the insulin bolus administered 
at time 0 after a stable euglycaemic phase. *Significant difference between mean plasma glucose levels at the 

time points 150, 165, and 180. SD, standard deviation 
 
 
 

Pump suspension and resumption: The mean time to pump suspension was 79 ± 5 minutes 

after insulin administration. The pump resumed basal infusion after a fixed suspend period of 

two hours in 20 of the 23 participants in whom hypoglycaemia treatment was not required 

on the intervention day.  In three participants, the pump resumed before two hours based on 

the auto-resumption parameters. There was no post-pump suspend hyperglycaemia with no 

significant increase in plasma glucose at 2-hour pump resumption compared to pump 
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suspension (p = 0.4) as demonstrated in Table 6.2.  The maximum plasma glucose at the time 

of pump resumption was 129 mg/dl (7.2 mmol/l). 

Ketonemia: The ketone level at the end of the study, on the control day was 0.2 ± 0.07 mmol/l 

while on the intervention day, the ketone level at the time of pump suspension (baseline) and 

pump resumption was 0.15 ± 0.09 mmol/l and 0.4 ± 0.28 mmol/l respectively (p < 0.001). Four 

participants had ketosis >0.6 mmol/l with the highest recorded of 1.2 mmol/l though the 

baseline ketone level in these participants was no different from those with no ketosis (p = 

0.47). No participants were hyperglycaemic or symptomatic of ketosis.  

Plasma glucose at induction and SC insulin bolus: The mean time to stabilise glucose between 

108 and 144 mg/dl (6-8 mmol/l) was 113 ± 19 minutes on the control day and 88 ± 13 minutes 

on the intervention day (p = 0.24). Participants had a similar baseline plasma glucose prior to 

administration of insulin bolus on both control and intervention days. The plasma glucose was 

117 ± 19 mg/dl (6.5 ± 1.1 mmol/l) and 123 ± 17 mg/dl (6.8 ± 0.9 mmol/l) on the control and 

intervention days respectively (p = 0.21).  Insulin bolus administered on both days was similar 

with 1.75 ± 0.72 units on the control day and 1.90 ± 0.76 units on the intervention day (p = 

0.49). 

Plasma Insulin level:  There was no difference in the baseline plasma insulin values on the 

control day (147 ± 70 pmol/l) and intervention day (155 ± 93 pmol/l) respectively (p = 0.73). 

Mean plasma insulin at pump suspension was 204 ± 112 pmol/l and at pump resumption was 

95 ± 54 pmol/l (p = 0.03). 

B) Hypoglycaemia induced by increased overnight basal rates 
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Ten participants (3 males and 7 females) were studied. The (mean ± SD) age was 21.5 ± 12 

years, duration of diabetes was 9.7 ± 4.6 years, BMI was 24 ± 3.1kg/m2, HbA1C was 8 ± 1.1 % 

(64 mmol/mol) and total daily insulin was 0.8 ± 0.35 units/kg/day. Two studies were excluded 

from analysis as the participants did not have a stable euglycaemic phase before 

hypoglycaemia was induced leaving eight studies for analysis.  

Hypoglycaemia treatment:  Hypoglycaemia developed in all participants with SAPT alone and 

hypoglycaemia treatment was required in all participants. However, with SAPT and PLGM 

activated, only one of the eight participants required treatment for hypoglycaemia (plasma 

glucose <50 mg/dl or 2.8 mmol/l). With the PLGM system, the plasma glucose nadir in the 

eight participants was 90 ± 49 mg/dl (5 ± 2.7mmol/l). However, the nadir on the control day 

was lower at 53 ± 18 mg/dl or 2.9 ± 1 mmol/l (p = 0.12). The plasma glucose profile at various 

time points with and without the system is demonstrated in Figure 6.3. There was no 

significant difference between the plasma glucose at various time points across the two 

groups. 

Pump suspension and resumption: The mean time to pump suspension was 215 ± 35 minutes 

after increase in basal rates. The pump resumed basal insulin infusion after a fixed suspend 

period of two hours in 6 participants while resumption occurred based on the auto-

resumption parameters in one participant at 60 minutes. There was no post-pump suspend 

hyperglycaemia with no significant increase in plasma glucose at 2-hour pump resumption 

compared to pump suspension (p = 0.69) as demonstrated in Table 6.2. 

Ketonemia: The ketone level at the time of pump suspension and pump resumption was 0.1 

± 0.04 mmol/l and 0.2 ± 0.23 mmol/l respectively (p = 0.2). 
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Figure 6.3 Basal rates: Plasma glucose profile with and without PLGM.  

 

The figure demonstrates the mean ± SD plasma glucose profile on the primary axis at each time point in the 
eight participants. The plasma glucose at the time of hypoglycaemia treatment was excluded if hypoglycaemic 

endpoint was reached on either of the 2 study days. 

 

Table 6.2 Mean glucose at pump suspension and pump resumption with Predictive Low 

Glucose Management System in participants not requiring treatment 

 
Glucose value in mean ± SD (range) 

aPump resumption in participants who had 2-h of pump suspension. There was no postpump suspend 
hyperglycaemia with any significant increase in plasma glucose at 2-h pump resumption compared to pump 

suspension with insulin bolus (p = 0.4) or with increased basal rates (p = 0.69). 
 

Hypoglycaemic  
stimulus 

Plasma glucose, mg/dl Sensor glucose, mg/dl 

Pump 
suspension 

Pump 
resumptiona 

Pump 
suspension 

Pump 
resumptiona 

Insulin bolus 89 ± 13 (65-123)   88 ± 16 (61-129)   88 ± 9 (66-105) 83 ± 17 (59-113) 

Basal rates  91 ± 19 (63-111) 101 ± 35 (65-147) 85 ± 8 (73-92) 77 ± 10 (50-114) 
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Plasma glucose at induction: The plasma glucose was 135 ± 34 mg/dl (7.5 ± 1.9 mmol/l) and 

158 ± 22 mg/dl (8.8 ± 1.2 mmol/l) on the control and intervention days respectively (p = 0.12). 

Plasma insulin levels: There was no difference in the baseline plasma insulin values on the 

control day (501 ± 436 pmol/l) and intervention day (414 ± 400 pmol/l) respectively (p = 0.7). 

Mean plasma insulin at pump suspension was 380 ± 355 pmol/l and at pump resumption was 

198 ± 210 pmol/l (p = 0.02). 

6.2.5 Discussion 

These in-clinic studies have demonstrated that PLGM system reduces the need for 

hypoglycaemia treatment during conditions of daytime excess insulin bolus and increased 

overnight basal rates in controlled conditions. Over bolus of insulin (for meal ingestion or 

correction for hyperglycaemia) and excessive overnight basal insulin delivery are both 

common causes of hypoglycaemia and the study design incorporated these two common 

clinical scenarios. The system did not abolish hypoglycaemia exposure in all subjects but 

significantly reduced the need for hypoglycaemia treatment in conditions of relative insulin 

excess. If trials in ambulant at home patients confirm the same degree of efficacy, then the 

system has the potential to reduce the fear of hypoglycaemia and the burden of disease. 

The in-clinic studies have provided a platform to evaluate the performance of the predictive 

algorithm in the prevention of hypoglycaemia. The PLGM system in this study is the same 

system as used in the PILGRIM study (158). The PILGRIM study used computer simulation 

under in-silico conditions and demonstrated a significant reduction in the time spent 

hypoglycaemic with PLGM than with LGS when virtual participants were administered a 

manual insulin bolus to induce hypoglycaemia. The study also demonstrated the effect of the 
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algorithm with exercise in real participants under in-clinic conditions albeit in the absence of 

a control arm. Though our study utilises the same algorithm, we studied the system in real 

participants as a randomised controlled trial in conditions of relative insulin excess. The PLGM 

system suspended basal insulin infusion when sensor glucose was predicted to be <80 mg/dl 

(4.4 mmol/l) in 30 minutes. This threshold was determined after preliminary studies 

demonstrated that a threshold of 70 mg/dl (3.9 mmol/l) was ineffective in the prevention of 

hypoglycaemia.  However, even with this threshold of 80 mg/dl, plasma glucose was below 

80 mg/dl in eight of the 28 (28.6%) participants at the time of pump suspension. This could 

be due to a combination of various factors and can be attributed to the plasma and sensor 

glucose discrepancy either due to the inherent lag between the plasma and sensor glucose 

values, lower accuracy of sensor glucose at low glucose readings (180) or inherent sensor 

issues. Nevertheless, in standardised conditions, this threshold of 80 mg/dl appears to be 

effective as it reduced the need for hypoglycaemia treatment. A threshold of 80 mg/dl was 

also used and found to be effective in the PILGRIM study (158). It is also noteworthy that the 

same threshold was reasonably effective with both the hypoglycaemic stimuli even though 

the rate of decline in plasma glucose differed. Thus, the hypoglycaemic threshold of 80 mg/dl 

is effective in reducing the need for hypoglycaemia treatment under in-clinic standardised 

conditions.  

Although the study has shown a reduction in hypoglycaemia treatment with the PLGM 

system, its effect in real-life conditions remains to be ascertained. The bolus insulin 

administered was small in the order of 1.7 to 1.9 units as hypoglycaemia was induced from 

baseline glucose of 108 to 144 mg/dl (6 to 8 mmol/l) in a fasting state. In real life, the boluses 

may be larger and would encompass both carbohydrate and correction boluses and could 
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potentially lead to a larger magnitude of decline dependant on the pre-bolus glucose value 

and the background basal insulin.  On the other hand, the increase in basal rate to 180% is a 

relatively large increase as overnight basal rates can exhibit significant variability up to 100% 

in closed loop studies (181). In addition, hypoglycaemia was induced in a non-fasting state 

and hence could be a true reflection of the efficacy of the system in real life. Although the in-

clinic studies demonstrated a reduction in the need for hypoglycaemia treatment with PLGM 

with increase in overnight basal rates, the plasma glucose nadir and the plasma glucose at 

time points following pump suspension were not significantly different between the two 

groups, possibly due to small sample size. The true ability and efficacy of the system to 

function in real-life conditions with conditions of relative insulin excess will be further 

deciphered in a large randomised home trial. 

Suspension of insulin delivery has the potential to cause hyperglycaemia and even ketosis. 

However, there was no significant increase in plasma glucose after two hours of pump 

suspension in both insulin scenarios. Although there was an increase in ketones from baseline 

at pump suspension to pump resumption in the insulin bolus arm, this increase was not 

clinically significant with the mean ketone level at the time of resumption being 0.4 mmol/l. 

The increase in ketones could be due to pump suspension and fasting (mean 12 hours). In 

contrast, there was no increase in ketones with increased basal rates. This may be as 

participants were not fasted. A recent home trial with a laptop-based home algorithm trialling 

the efficacy of the system in reducing overnight hypoglycaemia reported a higher overnight 

mean glucose in the morning although there was no increase in ketosis(177) Similarly, 

although our study was primarily analysing the efficacy of the system, the absence of post 
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pump-suspend hyperglycaemia and clinical ketosis is noteworthy. Hence, PLGM system 

appears to be safe in in-clinic conditions.  

The strength of our study is in the ability to compare the need for hypoglycaemia treatment 

with and without the PLGM system and to provide clinical insight about the potential of its 

use in free-living situations. The study is also the first to determine the efficacy of the system 

with excess of insulin bolus in in-clinic conditions as previous studies have utilised increase in 

basal rates as the hypoglycaemic trigger.  A limitation of the study is that we were not able to 

compare the duration of hypoglycaemia in both groups as our study participants were of 

necessity treated for hypoglycaemia when end points of the study were met. The study was 

also not blinded and there is a potential of bias in reporting symptoms of hypoglycaemia in 

the daytime studies.  

To conclude, SAPT with PLGM reduced hypoglycaemia treatment in two scenarios of insulin-

induced hypoglycaemia in an in-clinic setting. The in-clinic studies have provided us with 

information to design larger long-term outpatient trial using the commercially available 

Medtronic MiniMed 640G pump which has the modified PLGM algorithm housed in it with 

the feature referred to as “suspend before low”. This will provide further insight into the 

capacity of the system to prevent hypoglycaemia in real-life situations and in its ability to 

reduce the fear of hypoglycaemia and improve the quality of life. 

6.3 Student contribution to work 

The candidate was involved in the study design of the multicentre trial, approvals, recruited 

participants and conducted the subcutaneous insulin bolus studies in Western Australia. The 

candidate was responsible for coordinating with the other two centres, collected their data, 
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completed the analyses, disseminated study results at conferences, wrote the manuscript and 

incorporated feedback from co-authors. 

Dr Martin de Bock and Dr Carly George conducted the overnight basal studies in Western 

Australia. The candidate was involved in the study design with Professor Jones and Dr Martin 

de Bock. The candidate collected, stored the data and performed the analysis.  

Anirban Roy and Glenn Spital, from Medtronic developed the investigational device and 

provided technical support for the study. 

Dr Sophie Korula and Kristine Heels conducted the subcutaneous insulin bolus studies at 

Children’s Hospital Westmead and Rebecca Gebert conducted the study at Royal Children’s 

Hospital, Melbourne.   

Niru Paramalingam, Dr Trang Ly, Dr Michael J O’Grady were involved in providing input to the 

study design.   

Professor Geoff Ambler (Children’s Hospital Westmead), Dr Janice Fairchild (Women’s and 

Children’s Hospital, Adelaide), Professor Bruce King (John Hunter, Newcastle), Professor 

Fergus Cameron (Royal Children’s Hospital, Melbourne), Professor Davis (Princess Margaret 

Hospital) were the Principal investigators who collaborated in the PLGM study. Professor 

Timothy Jones was the coordinating principal investigator.  

All authors provided feedback for the published abstracts and manuscripts.  
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CHAPTER 7: PREDICTIVE LOW GLUCOSE MANAGEMENT 

SYSTEM UNDER IN-CLINIC CONDITIONS WITH 

MODERATE-INTENSITY EXERCISE 
 

7.1 Preface 

Physical activity is an important component of growth and development, fitness and is also 

important in the management of Type 1 diabetes.  Dysglycaemia, during and after exercise, is 

one of the barriers to engaging in exercise (182) especially hypoglycaemia which occurs with 

moderate-intensity exercise. Technological interventions can be used to address this barrier 

and to help encourage individuals exercise more freely.  

Chapters 6 and 7 address the second research aim i.e. to determine the efficacy of a predictive 

algorithm in the prevention of hypoglycaemia under controlled in-clinic conditions. Excess 

insulin and moderate-intensity exercise were used as hypoglycaemia triggers in these studies. 

While the previous chapter (Chapter 6) dealt with the efficacy of the system in prevention of 

insulin-induced hypoglycaemia, this chapter deals with the efficacy of the system in 

prevention of exercise-induced hypoglycaemia under controlled in-clinic conditions (chapter 

7.2).  

As the study is conducted under highly standardised conditions, it also provided an 

opportunity to determine the plasma glucose profile with moderate-intensity exercise on two 

study days. This is discussed in chapter 7.3. 
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7.2 Effectiveness of a predictive algorithm in the prevention of exercise-induced 

hypoglycaemia under in-clinic conditions 

This section describes the efficacy and safety of a predictive algorithm in prevention of 

hypoglycaemia when hypoglycaemia is induced by moderate-intensity exercise and includes 

the publication titled, “Effectiveness of a Predictive Algorithm in the Prevention of Exercise-

Induced Hypoglycemia in Type 1 Diabetes”.  

 [This section is an edited version of the journal article published 

in Diabetes Technology and Therapeutics. A PDF copy of the 

original article is included in Appendix 4]. 

7.2.1 Abstract  

Background 

Sensor-augmented pump therapy (SAPT) with a predictive algorithm to suspend insulin 

delivery has the potential to reduce hypoglycaemia, a known obstacle in improving physical 

activity in people with Type 1 diabetes. The Predictive Low Glucose Management (PLGM) 

system employs a predictive algorithm which suspends basal insulin when hypoglycaemia is 

predicted. The aim of this study was to determine the efficacy of this algorithm in the 

prevention of exercise-induced hypoglycaemia under in-clinic conditions.  

Methods 

This was a randomised controlled cross-over study in which 25 participants performed two 

consecutive sessions of 30 minutes of moderate-intensity exercise while on basal continuous 

subcutaneous insulin infusion on two study days; a control day with SAPT alone and an 
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intervention day with SAPT and PLGM. The predictive algorithm suspended basal insulin when 

sensor glucose was predicted to be below the pre-set hypoglycaemic threshold in 30 minutes. 

We tested pre-set hypoglycaemic thresholds of 70 and 80 mg/dl (3.9 and 4.4 mmol/l). The 

primary outcome was the requirement for hypoglycaemia treatment (symptomatic 

hypoglycaemia with plasma glucose <63 mg/dl or 3.5 mmol/l or plasma glucose <50 mg/dl or 

2.8 mmol/l) and was compared in both control and intervention arms.  

Results 

Results were analysed in 19 participants. In the intervention arm with both thresholds, only 

six participants (32%) required treatment for hypoglycaemia compared to 17 participants 

(89%) in the control arm (p = 0.003). In participants with 2-hour pump suspension on 

intervention days, the plasma glucose was 84 ± 12 mg/dl (4.7 ± 0.7 mmol/l) and 99 ± 24 mg/dl 

(5.5 ± 1.3 mmol/l) at thresholds of 70 mg/dl and 80 mg/dl respectively. 

Conclusions 

SAPT with PLGM reduced the need for hypoglycaemia treatment following moderate-

intensity exercise in an in-clinic setting. 

7.2.2 Introduction 

It is challenging to maintain euglycemic levels with exercise in individuals with Type 1 diabetes 

(T1D). Exercise has variable effects on blood glucose levels and increases the risk of 

hypoglycaemia and hyperglycaemia (183). In general, the symptoms of hypoglycaemia are 

distressing, and if hypoglycaemia is severe, it can lead to seizures (4) and can be potentially 

life threatening (45, 56). Fear of hypoglycaemia leads to avoidance of exercise, deprives 
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individuals of the cardiovascular health benefits and acts as a barrier in the improvement of 

glycaemic control. The advent of continuous glucose monitoring (CGM) has offered the 

promise to reduce hypoglycaemia through the incorporation of algorithms in sensor-

augmented pump therapy (SAPT) that automatically suspend basal insulin delivery based on 

the sensor glucose values. 

Sensor-augmented pump therapy with low glucose suspension (Medtronic® Paradigm Veo™ 

system) suspends basal insulin infusion when the pre-set sensor hypoglycaemic threshold is 

reached and reduces the depth and duration of nocturnal hypoglycaemia (8, 176) without an 

increase in ketosis (8). The system was also tested with exercise in the In-Clinic ASPIRE study 

(150) with a reported reduction in the duration of hypoglycaemia following exercise. The 

development of algorithms that predict impending hypoglycaemia based on CGM and 

suspends basal insulin before sensor glucose falls below the set hypoglycaemic threshold 

offers the additional potential advantage of preventing hypoglycaemia. Predictive algorithms 

were tested earlier on by Buckingham et al in insulin-induced hypoglycaemia and are different 

from the algorithm tested in the investigational predictive algorithm tested in our study (67, 

153, 155, 156, 177). We trialled an investigational device with Predictive Low Glucose 

Management (PLGM) system which has been since incorporated into the Medtronic 

MiniMed®640G pump (Medtronic MiniMed, Northridge, CA). Despite commercial availability 

of the pump, there are only a few studies addressing the effectiveness of predictive 

algorithms in real clinical situations.  

The purpose of this study was to evaluate the efficacy of a predictive algorithm in the 

prevention of hypoglycaemia with moderate-intensity exercise under in-clinic conditions. The 

need for hypoglycaemia treatment was chosen as the primary outcome measure due to its 
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clinical relevance. In participants not requiring hypoglycaemia treatment with pump 

suspension, there was the opportunity to review the safety of the system by monitoring 

plasma glucose and ketones after pump suspension. We hypothesise that the system will 

reduce the need for hypoglycaemia treatment and will not result in post pump-suspend 

hyperglycaemia or clinical ketosis. 

7.2.3 Research Design and Methods  

The protocol was designed by the tertiary clinical paediatric diabetes centres involved in the 

study and was approved by the centres’ institutional review board. The exercise studies were 

conducted at the Children’s Clinical Research Facility at Princess Margaret Hospital, Perth as 

a randomised controlled cross-over study. 

Predictive Low Glucose Management System 

To test the predictive algorithm, an investigational device was used comprising commercially 

available Medtronic Paradigm Veo™ insulin pump, EnliteTM glucose sensor with MiniLink™  

REAL-Time transmitter (Medtronic MiniMed, Northridge, CA) which transmitted sensor 

glucose at 5-min intervals, a BlackBerry® Storm smartphone (Waterloo, ON, Canada) which 

contained the PLGM software and a Medtronic custom-built radiofrequency translator which 

established communication between the insulin pump and the BlackBerry phone. This is 

referred to as the Predictive Low Glucose Management (PLGM) system. The modifiable 

parameters were the hypoglycaemic threshold and the prediction horizon and these were set 

by the investigator for the study. The hypoglycaemic threshold is the predicted sensor glucose 

reading at which pump suspension occurs and the prediction horizon is the time taken to 

reach the hypoglycaemic threshold. In the study, the prediction horizon was set at 30 minutes 
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and the sensor hypoglycaemic threshold was studied at two values: 70 mg/dl (3.9 mmol/l) 

and 80 mg/dl (4.4 mmol/l). 

 The device suspended basal insulin infusion when the difference between sensor glucose and 

hypoglycaemic threshold was less than 50 mg/dl (2.8 mmol/l) and sensor glucose was 

predicted to reach the set threshold in 30 minutes. The insulin delivery suspended initially for 

a fixed period of 30 minutes (Zone 1). Basal insulin remained suspended for up to a maximum 

period of 90 minutes based on current and predicted sensor glucose readings (Zone 2) and 

thereafter resumed insulin delivery (auto-resumption) for a minimum of 30 minutes following 

the end of the suspend period (Zone 3). Resumption of insulin delivery occurred after a 

maximum suspend period of two hours or earlier if the auto-resumption parameters were 

met. Auto-resumption occurred once the current sensor reading was 20 mg/dl (1.1 mmol/l) 

more than the set hypoglycaemic threshold and was predicted to be 40 mg/dl (2.2 mmol/l) 

more than the set hypoglycaemic threshold in 30 minutes.  

Subjects 

Twenty-five participants fulfilling the following criteria were recruited: age 12–25 years, 

diagnosis of T1D for at least one year, HbA1c less than 10% (86 mmol/mol) and using 

continuous subcutaneous insulin pump therapy for at least six months. Exclusion criteria 

included medical conditions predisposing to hypoglycaemia, severe hypoglycaemia 

(coma/convulsion) in the preceding three months or a history of known or suspected coronary 

artery disease. Written informed consent was obtained from participants aged 18 years and 

above and written parental consent and participant assent for those younger than 18 years.  

Study Protocol 
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This was a randomised controlled cross-over study with participants studied on two separate 

days: a control day with SAPT alone and an intervention day with SAPT and PLGM activated. 

Randomisation to the order of study was computer generated using 

www.sealedenvelope.com  

Preliminary testing 

At least three days before their first study, the participants completed an exercise test to 

determine their peak rate of oxygen consumption (VO2 peak).  This involved cycling on a 

stationary bike (Corival, Lode BV, Groningen, the Netherlands) while breathing through a 

mouthpiece connected to an indirect calorimetry system. The participants cycled against a 

resistance that increased every three minutes until they could no longer maintain the 

required workload. The VO2 peak was determined from the calorimetry data.  

In the week prior to the first study day, the participant’s glucose profile based on self-

monitoring capillary blood glucose testing and/or sensor glucose if available, was reviewed 

for optimisation of basal rates. This involved skipping breakfast and monitoring hourly blood 

glucose levels to mid-morning to adjust basal rate as necessary.  Participants were advised to 

maintain similar diet and activity prior to both study days. They were instructed to avoid 

rigorous physical activity in the 24-hour period leading to the study. Female participants were 

studied in the follicular phase of the menstrual cycle. The interval between two study days 

was greater than 72 hours. Insulin pump sites were changed on the day before the study. An 

Enlite sensor was inserted in the gluteal region on the day before the study and real-time 

continuous glucose monitoring (RT-CGM) was commenced. The first calibration was after two 

http://www.sealedenvelope.com/
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hours of sensor insertion and the second calibration within six hours of the initialisation. A 

repeat calibration was performed in the morning before the study. 

Testing sessions 

The participant was fasted from midnight on the study day to reduce glycaemic excursions 

related to food. The study was cancelled and rescheduled if the participant had capillary blood 

glucose below 63 mg/dl (3.5 mmol/l) on the morning of the study.  Participant arrived at the 

centre at 8 am. Two intravenous catheters were placed in a vein of the forearm or dorsum of 

the hand for blood sampling and for administration of insulin or glucose if necessary. 

Intravenous insulin correction bolus was administered if plasma glucose was above 126 mg/dl 

(7 mmol/l) and exercise began after 90 minutes of insulin administration and if plasma glucose 

remained stable during this period. Similarly, if plasma glucose was <90 mg/dl (5 mmol/l), 

bolus intravenous glucose was administered and exercise began at least 30 minutes after 

infusion with stable glucose levels. Once euglycemia was achieved with plasma glucose 

between 99 and 117 mg/dl (5.5 - 6.5 mmol/l) for at least 30 minutes only on the participant’s 

basal subcutaneous insulin infusion (with no residual effect of parental insulin or glucose 

bolus), participant commenced moderate-intensity exercise.  

Moderate-intensity exercise comprised two 30-minute sessions of cycling with a rest phase 

of 30 minutes in between the two sessions. The participants cycled on the same ergometer 

used for VO2 peak testing at 55% of their previously determined VO2 peak.  55% VO2 peak 

corresponds to moderate-intensity exercise, a known hypoglycaemic stimulus (182) and this 

standardised exercise intensity was reproduced on both study days. This exercise design was 

chosen over the more prolonged continuous exercise sessions as in real life, many individuals 
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find it difficult to adhere to this exercise regime. Hence our study was designed to replicate a 

more real-life scenario to suit the average non-athletic individual but at the same time, based 

on our previous experience, be rigorous enough to induce hypoglycaemia. 

Sensor alarms were turned off during the study and the participants were discouraged from 

observing the pump screen monitor. During the study, participants were asked to report for 

symptoms of hypoglycaemia and plasma glucose was monitored every 10 minutes and every 

5 minutes once plasma glucose was < 63 mg/dl (3.5 mmol/l). Exercise was ceased and 

participants were treated with 15-20 grams of oral carbohydrate (179) if plasma glucose 

reached 50 mg/dl (2.8 mmol/l) or if they reported symptoms of hypoglycaemia with plasma 

glucose < 63 mg/dl. If the above end points were not met on the control day, the plasma 

glucose nadir was monitored and the study stopped once two consecutive plasma glucose 

values trended upwards following completion of exercise. Treatment with oral carbohydrate 

was provided if plasma glucose was <72 mg/dl (4 mmol/l) at the end of the study.  

The hypoglycaemic threshold was set at 70 mg/dl (3.9 mmol/l) for the first 10 studies and was 

set at 80 mg/dl (4.4 mmol/l) for the remaining studies. In the intervention arm, the pump 

suspended insulin infusion when the algorithm predicted that the sensor glucose would be 

below the set threshold in 30 minutes. The plasma glucose profile was monitored during the 

entire period of pump suspension and for at least 30 minutes post pump resumption. Plasma 

glucose >180 mg/dl (10 mmol/l) was defined as hyperglycaemia after postpump suspend. 

Blood ketones were monitored on both control and intervention days. On the control day, 

ketones were monitored before commencement of exercise and at the end of the study. On 

the intervention day, ketones were monitored before exercise and every 30 minutes following 

pump suspension. Blood was collected at the commencement of exercise and at the plasma 
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glucose nadir on both days and assayed for free plasma insulin. On the intervention day, 

additional samples for free insulin were also taken at the time of pump suspension and 

resumption.  

The primary outcome was the need for hypoglycaemia treatment with and without PLGM. 

This was defined as plasma glucose <50 mg/dl (2.8 mmol/l) with or without symptoms of 

hypoglycaemia, plasma glucose <63 mg/dl (3.5 mmol/l) with symptoms of hypoglycaemia or 

plasma glucose < 72 mg/dl (4 mmol/l) at the end of the study. The other outcomes measured 

were ketone levels and the 2-hour plasma glucose post pump suspension on the intervention 

day.  

Analysis 

During exercise, blood samples were collected at regular intervals for plasma glucose and 

lactate measurements, and the rates of oxygen consumption and carbon dioxide production 

were measured using an indirect calorimetry system (VMax Spectra; SensorMedics Corp, 

Yorba Linda, California). Plasma glucose and lactate were analysed during the study using the 

YSI 2300 STAT PLUS Glucose and Lactate Analyser (Yellow Springs Instrument, Yellow Springs, 

Ohio, USA). Plasma insulin was measured with a non-competitive chemiluminescent 

immunoassay (Architect i2000SR; Abbott Laboratories, Abbott Park, IL, USA). Ketones were 

monitored with Abbott Diabetes Care Optium Xceed meter with Freestyle ketone test strips. 

Dichotomous variables were analysed using McNemar’s test  and continuous variables were 

analysed using a two-way (time x treatment) repeated measures ANOVA with Fisher’s least 

significance difference test for a posteriori analysis using SPSS software (SPSS, Chicago, IL). 

Statistical significance was accepted at p < 0.05. Results are expressed as mean ± SD. 
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7.2.4 Results 

Twenty-five participants (13 males and 12 females) were studied. The age (mean ± SD) was 

15.7 ± 3.1 years, duration of diabetes was 8.5 ± 4.6 years, BMI was 24 ± 7.7 kg/m2, HbA1c was 

7.8 ± 0.7 % (62 mmol/mol) and total daily insulin was 0.9 ± 0.2 units/kg/day.  

In six participants, the predictive hypoglycaemic threshold for the system was not reached 

after exercise on the intervention day and these participants were excluded from analysis 

(both study days). In four of these participants, the decline in plasma glucose with exercise 

was not sufficient to reach the pre-set hypoglycaemic threshold. Although the remaining two 

participants required hypoglycaemia rescue treatment on the control day, problems with the 

insulin infusion site and an early upper respiratory tract infection caused higher plasma 

glucose levels on the intervention day and exclusion of these studies. The results provided are 

therefore, for the 19 participants who met the hypoglycaemic threshold with resultant pump 

suspension.  

Hypoglycaemia rescue treatment: The results of the need for hypoglycaemic treatment with 

both thresholds are summarised in Table 7.2.1. Evaluating both thresholds together, 

hypoglycaemia treatment was required in 17 of the 19 participants (89%) with SAPT alone 

compared to six of the 19 participants (32%) with SAPT and PLGM activated (p = 0.003). Of 

these six, four participants (two in each threshold) required treatment as plasma glucose 

reached <50 mg/dl (2.8 mmol/l) on the intervention day. On the control day, of the 17 

participants who required treated, 11 participants required treatment after exercise while six 

participants required treatment during exercise. On the intervention day, of the six 
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participants who required treatment, three participants required treatment during exercise 

and three after exercise. 

Table 7.2.1 Hypoglycaemia treatment with and without Predictive Low Glucose Management 

on both thresholds 

 
Hypoglycaemia 

treatment 

70 mg/dl 
(n=10) 

80 mg/dl 
(n=9) 

PLGM  
off 

PLGM  
on 

PLGM  
off 

PLGM  
on Plasma glucose, mg/dl 

<50 3 2 1 2 

50-63; symptoms 1 1 2 1 

50-63; no symptoms 6 0 4 0 

63-72 0 0 0 0 

Treatment 10 3 7 3 

No treatment 0 7 2 6 

 
Seventeen of the 19 participants (89%) with SAPT alone compared with 6 of the 19 participants (32%) with SAPT 
and PLGM activated (p = 0.003) required treatment for hypoglycaemia. PLGM, predictive low glucose 
management; SAPT, sensor augmented pump therapy. 
 

Irrespective of the need for hypoglycaemia treatment, with the PLGM threshold of 70 mg/dl 

(3.9 mmol/l), the lowest plasma glucose (nadir) was achieved after 101 ± 53 minutes and 102 

± 41 minutes after commencement of exercise on the control and intervention days 

respectively (p = 0.96). Similarly, with the threshold of 80 mg/dl (4.4 mmol/l), the nadir was 

reached at 134 ± 51 minutes on the control day and 118 ± 36 minutes on the intervention day 

(p = 0.36). A nadir < 63 mg/dl (3.5 mmol/l) was reached in 95% of participants after exercise 

on the control day. On the intervention day, while 90% of participants with the threshold of 

70 mg/dl reached < 63 mg/dl, only 44% with threshold of 80 mg/dl had a plasma glucose < 63 

mg/dl. The plasma glucose profiles of participants on thresholds of 70 and 80 mg/dl are 

demonstrated in Figure 7.2.1 while Figure 7.2.2 demonstrates the recovery of plasma and 

sensor glucose following pump suspension on threshold of 80 mg/dl.  
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Figure 7.2.1 Plasma glucose profile with PLGM on and off 

 

Figures 7.2 1A and 1B show the mean plasma glucose profile on thresholds of 70 mg/dl (n=7) and 80 mg/dl 
(n=6). Participants who required treatment for hypoglycaemia on the intervention day were not included in this 
analysis. E1 and E2 symbolise the exercise sessions. Plasma glucose was significantly higher at time-point 140 

minutes only (* p <0.05) 
 

Pump suspension and resumption: The pump resumed basal infusion after a 2-hour fixed 

suspend period in 11 of the 19 participants. In two participants, the pump resumed before 

two hours based on the auto-resumption parameters. The plasma and sensor glucose levels 

after two hours of pump suspension are demonstrated in Table 7.2.2. Pump suspended at 

67 ± 34 minutes following commencement of exercise with the threshold set at 70 mg/dl. 

The plasma glucose at suspension was 68 ± 12 mg/dl (3.8 ± 0.7 mmol/l), resulting in a post 

suspension nadir of 56 ± 6 mg/dl (3.1 ± 0.3 mmol/l). The plasma glucose at pump 

B 

A 



98 

 

resumption was 84 ± 12 mg/dl (4.7 ± 0.7 mmol/l). With the threshold of 80 mg/dl, pump 

suspended at 62 ± 22 minutes following exercise resulting in a post suspension nadir of 63 ± 

12 mg/dl (3.5 ± 0.7 mmol/l). Plasma glucose was 99 ± 24 mg/dl (5.5 ±1.3 mmol/l) at pump 

resumption. 

Figure 7.2.2 Plasma and sensor glucose profile with PLGM on 

 

Mean time to pump suspension from commencement of exercise is 62 ± 22 minutes. Pump suspension is time 0 
and the graph shows recovery of plasma and sensor glucose following pump suspension. 

 E = commencement of exercise. 
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Table 7.2.2 Mean glucose at pump suspension and pump resumption with PLGM system 

 

Hypoglycaemic 
threshold 

Plasma glucose (mg/dl) Sensor glucose (mg/dl) 

      Pump 
suspension 

     Pump 
resumption 
 

*p  
 

     Pump 
suspension 

   Pump 
resumption 
 

*p  

70 mg/dl 
 

   68 ± 12 
  (51-94) 

  84 ± 12 
  (68-95) 

0.05    76 ± 5 
  (66-81) 

  78 ± 14 
  (60-97) 

0.83 

80 mg/dl   85 ± 30 
 (52-113) 

  99 ± 24 
 (72-144) 

0.44    87 ± 31 
  (63-105) 

   84 ± 20  
  (56-114) 

0.55 

 
Pump resumption data are from the 11 participants after the maximum 2-hour pump suspend. Glucose values 
are provided in mean ± SD (range). 
*p <0.05 significant 

 

Ketonemia: The ketone level (mean ± SE (range)) at the commencement of exercise on both 

study days was 0.11 ± 0.04 (0.1-0.2) mmol/l. At the end of the study, the ketone level on the 

control day was 0.28 ± 0.12(0.1-0.4) mmol/l (p = 0.002). On the intervention day, the ketone 

level at the time of pump suspension and pump resumption was 0.22 ± 0.17 (0-0.6) mmol/l 

and 0.69 ± 0.41(0.1-1.4) mmol/l respectively (p < 0.001). On the intervention day, four 

subjects had ketonemia between 1 and 1.5 mmol/l at the end of the study, with the 

corresponding plasma glucose level between 68 and 103 mg/dl. Five subjects had ketonemia 

between 0.6 and 1 mmol/L with corresponding plasma glucose between 95 and 115 mg/dl. 

None of these participants had any symptoms of ketosis and the ketone level was <0.5 mmol/l 

following two hours post pump resumption, and meal bolus.  

Pre-exercise plasma glucose: Participants had a similar baseline plasma glucose prior to 

commencement of exercise on both control and intervention days with both thresholds 

(control 70 mg/dl vs 80 mg/dl; p = 0.09, intervention 70 mg/dl vs 80 mg/dl; p = 0.15). On a 
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threshold of 70 mg/dl, the plasma glucose was 98 ± 10 mg/dl (5.4 ± 0.6 mmol/l) and 100 ± 14 

mg/dl (5.6 ± 0.8 mmol/l) on the control and intervention days respectively (p = 0.2) while the 

plasma glucose was 105 ± 11 mg/dl (5.8 ± 0.6 mmol/l) and 107 ± 13 mg/dl (5.9 ± 0.7 mmol/l) 

with a threshold of 80 mg/dl (p = 0.17). 

Plasma Insulin: Plasma insulin levels before the commencement of exercise and at the end of 

the first and second sessions of exercise on the control day were 227.4 ± 50.4, 260 ± 43.9 and 

279.6 ± 73.8 pmol/l, while on the intervention day were 219.1 ± 46.9, 252 ± 43.4 and 268.2 ± 

73.2 pmol/l. There were no differences between plasma insulin levels at any of these time 

points (p > 0.05). Plasma insulin at pump suspension was 225 ± 153.1 pmol/l and at pump 

resumption was 102.9 ± 98 pmol/l (p < 0.01). 

7.2.5 Discussion 

The Predictive Low Glucose Management System reduced the need for hypoglycaemia 

treatment following moderate-intensity exercise in a controlled setting under basal insulin 

conditions. Under such conditions, the system reduced the need for treatment of 

hypoglycaemia irrespective of the pre-set hypoglycaemic threshold. Furthermore, the system 

was not associated with hyperglycaemia or clinical ketosis on pump resumption. Although the 

system reduced exercise–induced hypoglycaemia, it did not prevent hypoglycaemia in all 

subjects. If home trials in free-living conditions confirm the same degree of efficacy, then the 

system has the potential to reduce the fear of hypoglycaemia and enable people with T1D to 

exercise more safely. 

The use of real-time continuous glucose monitoring (RT-CGM) to inform individuals with T1D 

on exercise-related glycaemic excursions has been promising. Fewer episodes of exercise-



101 

 

induced hypoglycaemia were reported with the use of low alerts with RT-CGM (184, 185) and 

the development of an algorithm to guide carbohydrate intake based on CGM readings (186). 

Automated insulin suspension with sensor-detected hypoglycaemia (≤ 70 mg/dl) was 

evaluated in the in-clinic ASPIRE study in adults and tested the Medtronic Paradigm Veo 

system with low glucose suspend function in the setting of non-standardised exercise and 

reported a 19% reduction in the time spent hypoglycaemic following exercise with LGS-on 

than with LGS-off. The participants exercised till the plasma glucose <85 mg/dl and were 

observed for four hours (hypoglycaemia treatment if plasma glucose <50 mg/dl) after the 

study (150). The PILGRIM study evaluated the PLGM function in virtual participants with 

subcutaneous insulin bolus and in real-life participants with exercise (158). The study used 

computer simulation under in-silico conditions and demonstrated a significant reduction in 

the time spent hypoglycaemic with PLGM than with LGS when virtual participants were 

administered a manual insulin bolus to induce hypoglycaemia. The study also tested the 

algorithm in real-life participants with exercise and concluded that the system prevented a 

blood glucose <63 mg/dl in 12 of the 15 participants (80%) following exercise. The limitation 

of the study was the absence of a control arm, variable exercise duration and the use of 

capillary glucose monitoring (Hemocue) as a secondary end-point. In the absence of a control 

arm, it is difficult to determine the efficacy of the algorithm. Hence, our study, which uses the 

same algorithm, was intended to design an exercise session which could induce 

hypoglycaemia and thereby was able to compare the effectiveness of PLGM in reducing 

hypoglycaemia. Our study is the first randomised controlled study to report the efficacy of 

the PLGM algorithm in the reduction of exercise-induced hypoglycaemia under standardised 

conditions. 
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The need for hypoglycaemia treatment was reduced with both thresholds of 70 mg/dl and 80 

mg/dl although prevention of hypoglycaemia was more likely with a threshold of 80 mg/dl. 

This is because even with PLGM, almost all participants had plasma glucose below 63 mg/dl 

with threshold of 70 mg/dl as compared with half the participants with threshold of 80 mg/dl. 

However, pump suspension prevented further decline in plasma glucose and the need for 

hypoglycaemia rescue treatment. The PILGRIM study published since this study was designed 

used the threshold of 80 mg/dl following hypoglycaemia with rapidly falling glucose levels 

with threshold of 70 mg/dl in the first two participants (158). We found that plasma glucose 

was already below 70 mg/dl at the time of pump suspension in 60% of participants when the 

sensor hypoglycaemic threshold was set at 70 mg/dl. This could be due to time delay in 

equilibrium between interstitial fluid and plasma glucose (187). The decline in plasma glucose 

with our standardised exercise regimen occurred in the latter half of the second phase of 

exercise. Although the sensor and plasma glucose were equivalent at the beginning of 

exercise, the sensor overestimated plasma glucose levels during the second phase of exercise. 

Hence, data from this study suggest setting a threshold of 80 mg/dl is more likely to reduce 

hypoglycaemia with exercise than a threshold of 70 mg/dl.  

This study did not demonstrate hyperglycaemia after two hours of pump suspension. 

Although ketonemia was demonstrated on the intervention days, this was not associated with 

high blood glucose level and was more likely to be the effect of starvation and prolonged 

duration of study along with insulin suspension. The mild ketonemia occurred after 14–18 

hours of fasting and two hours of pump suspension. Ketones cleared post pump resumption, 

after meals and meal bolus when tested after 2-3 hours. Beck et al also demonstrated the 

overnight safety of the Kalman filter-based predictive algorithm with no significant increase 
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in morning ketosis following pump suspension (157). Our study also contributes to the safety 

of the PLGM system with no significant hyperglycaemia or clinical ketosis after pump 

suspension. 

In this study, exercise was performed under euinsulinemic basal conditions and most 

participants reached their lowest glucose nadir either during second session of exercise or in 

recovery.  On the control day, most participants required treatment when symptomatic with 

plasma glucose between 50 to 63 mg/dl and were more likely to benefit from PLGM. However, 

participants who required treatment as plasma glucose was <50 mg/dl were more likely to 

require treatment even with PLGM on. Although the study was commenced when the 

participants were euglycaemic, some of the participants had a steeper decline which can be 

attributed to the exercise along with the possibly higher basal rates during exercise. This 

difference highlights that the rate of fall in plasma glucose will guide the PLGM efficacy. As 

this study addresses the efficacy of the algorithm under a controlled in-clinic state, the ability 

of the system to cope when exercise is performed under hyperinsulinemic conditions, will be 

more challenging and less likely to prevent hypoglycaemia even with higher hypoglycaemic 

thresholds. This can be further explored when the system is tested in home trials.  Another 

limitation of the study is that we were not able to compare the duration of hypoglycaemia in 

both groups as our study participants were treated for hypoglycaemia when end-points of the 

study were met. The study was not blinded to the participant and there is a potential of bias 

in reporting symptoms of hypoglycaemia. We are not able to comment on the effect of PLGM 

on late-onset post-exercise nocturnal hypoglycaemia as this was an in-clinic study but the 

system has the potential to reduce the risk of these events when used overnight in the real 

world. 
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The strength of this study is in the ability to compare the need for hypoglycaemia treatment 

with and without the PLGM system under controlled conditions and to provide clinical insight 

about the potential of its use in free-living conditions. The PLGM system improved plasma 

glucose profile with standardised moderate-intensity exercise under controlled in-clinic 

conditions. However, the ability of this system, in the setting of spontaneous exercise and 

pre-prandial meal boluses in real-life scenarios, remains to be determined. Larger randomised 

controlled home trials will shed further light on the efficacy and safety of this system when 

used in a real-life setting. The ability to individualise the hypoglycaemic threshold for each 

individual for different hypoglycaemic stimuli further enhances the potential of the system.  

To conclude, this is the first randomised controlled trial demonstrating the efficacy of the 

PLGM system with moderate-intensity exercise as a hypoglycaemic stimulus in an in-clinic 

setting. The system appears promising at this early stage with the potential to reduce the risk 

of immediate hypoglycaemia when exercise is performed under basal insulin conditions 

without significant hyperglycaemia or ketosis following pump suspension. 

7.3 Reproducibility of the plasma glucose response to moderate-intensity exercise in 

adolescents with Type 1 diabetes 

7.3.1 Preface 

Moderate-intensity exercise is a known hypoglycaemic trigger and prevention of exercise-

induced hypoglycaemia is of paramount importance to individuals with Type 1 diabetes. The 

glucose levels during and following exercise are challenging to anticipate in people with T1D 

given the number of factors that can influence the glucose response. However, if these 

variables are controlled and kept constant, the reproducibility of plasma glucose response to 
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the same exercise is less known. Studies in this field can therefore help inform the 

development of exercise guidelines for patient care.  

This study was not originally in the research program however the methodology of the in-

clinic randomised controlled study designed to test the predictive 

algorithm provided an opportunity to review the plasma glucose 

profile in individuals when conditions are standardised.  Hence, 

this study evaluated the reproducibility of the plasma glucose 

response to moderate-intensity exercise in adolescents with T1D.  

As the study was associated with cessation of insulin delivery with 

hypoglycaemia prediction on the day with PLGM on, only data prior to pump suspension was 

analysed. This provided data for comparison during the exercise period and not the recovery 

period which is most often the time of pump suspension. In other words, as the study looked 

at the reproducibility during exercise, this sub-study of the in-clinic studies included 

participants who did not experience hypoglycaemia and did not have pump suspension during 

the exercise sessions. 

This section describes the reproducibility of plasma glucose under conditions of moderate-

intensity exercise and includes the publication titled, “Reproducibility of the plasma glucose 

response to moderate-intensity exercise in adolescents with Type 1 diabetes”.  

[This section 7.3 is an edited version of the journal article published in Diabetic Medicine. A 

PDF copy of the article is included in Appendix 5] 
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7.3.2 Abstract 

Aims 

The aim of the study was to evaluate the reproducibility of the plasma glucose response to 

moderate-intensity exercise performed on different days under controlled conditions in 

people with Type 1 diabetes. 

Methods 

Eight adolescents with Type 1 diabetes on continuous subcutaneous insulin infusion 

completed two exercise sessions, each on two separate days, under basal insulin and fasting 

conditions. On each day, participants cycled twice for 30 minutes at 55% of their peak rate of 

oxygen consumption, with each exercise session separated by a 30-minute rest.  

Results 

Plasma insulin levels were similar between testing days and exercise sessions. The mean 

absolute drop in plasma glucose from the commencement to the end of exercise was 1.6 ± 

0.5 mmol/l on day 1 and 1.9 ± 0.7 mmol/l on day 2 (p = 0.3). In response to the first exercise 

session, plasma glucose levels relative to baseline did not change significantly (0.2 ± 0.6 and -

0.2 ± 0.5 mmol/l on days 1 and 2). In contrast, the change in plasma glucose during the second 

exercise session was -1.1 ± 0.7 and -1.3 ± 0.7 mmol/l on days 1 and 2, respectively. The mean 

absolute intraindividual difference in the change in plasma glucose between testing days were 

0.7 ± 0.5 (95% CI 0.4 - 1.0) and 0.7 ± 0.4 (95% CI 0.4 - 1.0) mmol/l, at the end of the first and 

second exercise sessions respectively. 
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Conclusions 

The plasma glucose response to moderate-intensity exercise under similar glycaemic and 

basal insulin conditions can be reproducible in adolescents with Type 1 diabetes. 

7.3.3 Introduction  

Regular physical activity is recommended for people with Type 1 diabetes (T1D) because of 

its multiple health benefits (188). However, moderate-intensity exercise increases the risk of 

hypoglycaemia and the associated fear of hypoglycaemia leads to lower participation in 

regular exercise and lower than average fitness levels (189-191). Individuals with T1D find it 

difficult to anticipate their blood glucose response to exercise as this response is affected by 

many factors including the duration, intensity and type of exercise, the time of day when 

exercise is performed, plasma glucose and insulin levels, and the availability of supplemental 

and stored carbohydrates (182). In real life, most people with T1D individualise their exercise 

regimens based on the education provided by their healthcare provider and their learned 

experiences. An important component for individuals with T1D planning to exercise is to be 

able to assess whether the glycaemic responses to similar exercise under similar conditions 

are reproducible. There is, however, limited information about the predictability of the 

plasma glucose response to exercise on repeated days if all the other factors are kept constant 

(192-194). The plasma glucose response to exercise in the post-prandial state has been 

reported to be reproducible (192), however this was not replicated in a subsequent study 

(193). The fall in plasma glucose level during moderate-intensity exercise was less 

reproducible in the post-prandial state but showed improved reproducibility in the fasted 

state (193). Others have also reported poor reproducibility in the plasma glucose response to 
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exercise when carbohydrates are ingested before or during exercise(194).This suboptimal 

reproducibility in the post-prandial state has been attributed, in part, to the poor matching 

of plasma glucose levels prior to exercise (exceeding a difference of 3 mmol/l)(193), an 

important confounding factor given that the rate of exercise-mediated fall in plasma glucose 

level increases with blood glucose concentration (195). Similarly, although Temple et al 

reported reproducibility, the plasma glucose at commencement of exercise was high (~18 

mmol/l) (192). Given these limitations, the aim of this study was to examine the 

reproducibility of the glycaemic response to moderate-intensity exercise where exercise is 

performed on different days in overnight fasted participants with matched pre-exercise 

plasma glucose and basal insulin levels.  

7.3.4 Research Design and Methods 

Adolescents with T1D on continuous subcutaneous insulin infusion completed two exercise 

sessions on two separate study days as part of a larger in-clinic (Predictive Low Glucose 

Suspension) PLGM study (196) that tested the efficacy of a predictive algorithm in the 

prevention of hypoglycaemia. Participants were randomised and studied on two non-

consecutive days. On the control day, they were on sensor-augmented pump therapy (SAPT) 

only, whereas on the intervention day, they were on SAPT and had PLGM activated, which 

resulted in pump suspension on the prediction of hypoglycaemia. On both study days, 

participants performed moderate-intensity exercise for a similar duration. The purpose of the 

exercise sessions was to induce hypoglycaemia. However, the design and data collection 

methods also provided an opportunity to evaluate the reproducibility of plasma glucose 

response to exercise between study days. This sub-study involved a cohort of participants 
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who did not experience hypoglycaemia during the exercise sessions and/or pump suspension 

secondary to PLGM. 

The participants first attended a familiarisation session. Peak rate of oxygen consumption 

(VO2 peak) of the participants was measured on the same cycle ergometer as that used for 

the subsequent study days (Corival, Lode BV, Groningen, The Netherlands).  In the week 

before the first study day, the participant’s glucose profile based on self-monitoring capillary 

blood glucose testing and/or sensor glucose, if available, was reviewed for optimization of 

basal rates. On two to three successive mornings, participants skipped breakfast and 

monitored hourly blood glucose levels to mid-morning to adjust basal rate as necessary. Intra-

participant diet was matched, with participants advised to follow a similar diet on the days 

preceding the two study days. They were also instructed to avoid strenuous physical activity 

for 24 h prior to each testing session. Testing was rescheduled if the participants experienced 

an episode of hypoglycaemia. The testing dates were at least 3 days apart because both 

antecedent exercise (197) and antecedent hypoglycaemia (198) affect the glucoregulatory 

responses to subsequent moderate-intensity exercise. Finally, female participants were 

studied during the follicular phase of their menstrual cycle.  

For both study days, the testing sessions were conducted in the morning under fasting 

conditions with only water after midnight. An intravenous correction insulin bolus was 

administered for participants in a hyperglycaemic state and exercise began after 90 minutes 

(~ 3 half-lives) of insulin administration. In participants with plasma glucose level < 5 mmol/l 

on arrival, intravenous glucose bolus was infused. The stabilisation period was aimed to 

achieve a target plasma glucose level between 5.5 and 6.5 mmol/l. Once the plasma glucose 

level was in target range for at least 30 minutes while insulin was delivered via the 
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participant’s pump at predetermined basal infusion rates, the participants cycled for two 

sessions of 30-min each at 55% VO2 peak with a 30-min rest phase in between. Participants 

were monitored for at least 30 minutes after completion of the second exercise session. Apart 

from 10-min plasma glucose measurements, blood samples were collected at regular 

intervals for lactate and insulin. The rates of oxygen consumption and carbon dioxide 

production were measured using an indirect calorimetry system (V Max Spectra; Sensor 

Medics Corp, Yorba Linda, California). 

Statistical analyses  

The absolute change in plasma glucose level relative to baseline was determined for each 

individual and compared between consecutive exercise sessions and testing days to evaluate 

reproducibility. Differences between sessions and changes over time were simultaneously 

modelled using a repeated measures ANOVA framework with two factors (session and time) 

followed by Bonferroni post hoc tests. Statistical significance was defined as p < 0.05. Unless 

otherwise stated, descriptive statistics are expressed as mean ± SD. 

7.3.5 Results 

Data were analysed from eight adolescents (4 males and 4 females); aged 15.8 ± 2.9 years 

with duration of diabetes of 9.9 ± 4.4 years, HbA1c of 62 ± 11 mmol/mol (7.8 ± 1.0%), total 

daily insulin of 0.8 ± 0.1 units/kg/day, BMI 21.7 ± 4.5 kg/m2 and VO2 peak of 39.7 ± 6.1 

ml/kg/min.  

Mean plasma glucose levels on days 1 and 2 were 5.7 ± 0.5 and 5.9 ± 0.6 mmol/l before 

commencement of exercise (p = 0.2) and 4.1 ± 0.8 and 3.9 ± 0.4 mmol/l (p = 0.7) at the end of 
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the second exercise session. There was no significant difference in the mean plasma glucose 

levels at any time point between the two testing days (Figure 7.3.1).  

Figure 7.3.1 Plasma glucose profile with exercise on separate days. 

 

Plasma glucose levels are expressed as mean ± SD. (●) Day 1, (○) day 2. 
 Time –30 to 0 denotes the 30 min preceding the commencement of exercise to denote stable glucose values 
prior to exercise. 
 E1 is the first session of 30 min exercise; E2 is the second session of 30 min exercise.  
Times 30–60 min and 90–120 min denote the recovery phase after exercise sessions 1 and 2, respectively. 
 

 

Table 7.3.1 demonstrates the change in plasma glucose on day 1 and day 2 in response to 

exercise session 1 and 2. The mean absolute drop in plasma glucose from the commencement 

to the end of exercise was 1.6 ± 0.5 mmol/l on day 1 and 1.9 ± 0.7 mmol/l on day 2 (p = 0.3). 

On both study days, the change in plasma glucose was similar during exercise session 1 (p = 

0.25) and exercise session 2 (p = 0.57). However, plasma glucose levels fell by 1.1 ± 0.7 and 

1.3 ± 0.7 mmol/l in response to second exercise session compared to the first exercise session 
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on days 1 and 2, respectively (p = 0.01). The mean absolute difference in the change in plasma 

glucose levels between testing days for both the first and second exercise sessions, reflecting 

intra-individual variability, were 0.7 ± 0.5 (95% CI 0.4-1.0) mmol/l and 0.7 ± 0.4 (95% CI 0.4-

1.0) mmol/l, respectively (p = 0.96). 

Table 7.3.1 Change in plasma glucose on day 1 and day 2 in response to Exercise session 1 

and Exercise session 2  

 EXERCISE SESSION 1 EXERCISE SESSION 2 

 ΔPG |Δ(ΔPG)| ΔPG |Δ(ΔPG)| 

PARTICIPANT Day 1 Day 2  Day 1 Day 2  

1 0.8 -0.4 1.2 -1.6 -1.8 0.2 

2 0.2 -1.1 1.3 -1.8 -1.0 0.8 

3 0.6 -0.1 0.7 -1.2 -1.7 0.5 

4 0.0 0.0 0.0 -1.3 -0.2 1.1 

5 0.6 0.7 0.1 -1.6 -2.3 0.7 

6 -0.5 0.3 0.8 -0.1 -0.9 0.8 

7 -0.8 -0.3 0.5 0.1 -1.2 1.3 

8 0.6 -0.3 0.9 -1.1 -0.9 0.2 

MEAN 0.2 -0.2 0.7 -1.1 -1.3 0.7 

SD 0.6 0.5 0.5 0.7 0.7 0.4 

PG: plasma glucose; ΔPG: the absolute difference in PG at the end of the exercise session relative to the baseline. 
|Δ(ΔPG)| is the absolute difference between ΔPG on day 1 compared to day 2.  
(Values are in mmol/l; negative values indicate a fall; positive values indicate a rise). 

 

There were no significant differences in plasma insulin levels prior to the first exercise session 

between day 1 and day 2 respectively (252 ± 227 and 225 ± 187 pmol/l; p = 0.65) and plasma 
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insulin did not change on either day in response to exercise at the end of the first (273 ± 195 

and 260 ± 189 pmol/l; p = 0.18) and second exercise session (241 ± 214 and 214 ± 205 pmol/l; 

p = 0.16). There was no difference in the plasma insulin from the start of exercise to the end 

of the second session of exercise (p = 0.6 and 0.8 on days 1 and 2 respectively). 

Similarly, there were no significant differences in plasma lactate levels on both days and 

between days at the measured time points (p > 0.05). During exercise, there were no 

significant differences in average oxygen consumption rates and whole-body carbohydrate 

oxidation rates between days and between exercise sessions on day 1 and day 2 (p > 0.05). 

7.3.6 Discussion 

This study demonstrates that the glycaemic response to standardised exercise under fasting 

and basal insulinaemic conditions can be reproducible in adolescents with T1D. This is 

potentially important information for individuals with T1D when planning exercise and for 

researchers in designing exercise studies. It is reassuring that as long as background insulin, 

plasma glucose and the type, duration and intensity of exercise are similar, then the effect on 

glucose levels is predictable. Our findings do not support others that have shown poor 

reproducibility. This is likely as the plasma glucose levels were not stable and adequately 

matched prior to exercise (193). 

The physiological glycaemic response to the two exercise sessions also helped in deciphering 

the risk of hypoglycaemia during exercise. During both study days, the mean plasma glucose 

levels did not change significantly during the first 30-minute exercise but decreased 

significantly in response to the second 30-minute exercise initiated after a rest phase of 30 

minutes. These findings imply that the risk of hypoglycaemia is minimal in response to a single 
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30-minute exercise session performed under basal insulin levels. Our findings also imply that, 

although the fall in plasma glucose was small during the second exercise session, the risk of 

hypoglycaemia was nevertheless increased as indicated by blood glucose levels approaching 

hypoglycaemic range.  We propose that the more rapid fall in plasma glucose in response to 

the second exercise session performed later on the same day may be explained, in part, by 

the glycogen-depleting effect of the first exercise session and accompanying increase in 

muscle sensitivity to insulin. It is also possible that an attenuated glucoregulatory hormone 

response following the first exercise session may also have contributed to the more 

pronounced fall in plasma glucose level during the second exercise session (197). 

The drop in plasma glucose during the first 30 min of exercise was low compared with other 

studies. This is most likely due to participants exercising under true basal conditions in the 

fasting state. The basal rates were optimised in the run-in period leading to the study, which 

was not a feature of other studies (192, 193). A recent work published from our group 

demonstrated that when participants performed moderate-intensity exercise under basal 

insulin condition, the mean glucose infusion rate was only 4.0 ± 1.6 gm/hr and 4.1 ± 1.7 gm/hr 

at 50% and 65% VO2 peak respectively (199). This was in contrast to the higher carbohydrate 

intake of 1.0 - 1.5 g/kg/hr for the prevention of hypoglycaemia when plasma insulin levels are 

elevated (182). In other words, if individuals with T1D exercise under true basal conditions, 

the drop in plasma glucose especially in the first 30 min is minimal. The 30-min exercise 

session in this study is also close to early morning jogging or cycling undertaken by individuals 

in real life. It also re-emphasises the need for clinicians to fine-tune the basal rates in 

individuals with T1D to reduce the risk of hypoglycaemia during exercise.  
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There is limited and conflicting literature on the reproducibility of plasma glucose with 

exercise. In real life, exercise sessions differ in intensity and duration according to the age of 

the individual, the amount of carbohydrates consumed, circulating insulin, the time of 

exercise and whether it is an individual versus team sport. Hence, it is challenging to address 

reproducibility in all these scenarios. Our observation of reproducibility of plasma glucose 

with moderate-intensity exercise, although in a small cohort of adolescents, is from highly 

standardised conditions with various confounding factors kept constant (insulin, plasma 

glucose, time of day, duration and intensity of exercise). The limitation of this study is the 

small sample size; however, the study design had very controlled conditions. Nevertheless, 

this study shows that the between-day intraindividual variability in plasma glucose response 

to exercise can be minimised by exercising under a basal insulinaemic state combined with 

standardised exercise conditions. 

7.4 Summary 

The PLGM in-clinic exercise study outlined the efficacy and safety of the predictive algorithm 

under standardised in-clinic conditions when hypoglycaemia was triggered by moderate-

intensity exercise. The study also provided an opportunity to review the plasma glucose 

profile and found the reproducibility of glucose levels with exercise under highly standardised 

conditions.  

7.5   Student contribution to work 

The candidate was involved in the study design of the multicentre trial, approvals, recruited 

participants, conducted the exercise studies, collected data, completed the analyses, 
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disseminated study results at conferences, wrote the manuscript and incorporated feedback 

from co-authors. 

Dr Raymond Davey, exercise physiologist supervised the exercise phase of the study while 

Professor Fournier provided input into the study design  

Anirban Roy and Benyamin Grosman from Medtronic developed the investigational device 

and Natalie Kurtz provided technical support for the study. 

Niru Paramalingam, Dr Trang Ly, Dr Michael J O’Grady were involved in providing input to the 

study design.   

Professor Geoff Ambler (Children’s Hospital Westmead), Dr Janice Fairchild (Women’s and 

Children’s Hospital, Adelaide), Professor Bruce King (John Hunter, Newcastle), Professor 

Fergus Cameron (Royal Children’s Hospital, Melbourne), Professor Davis (Princess Margaret 

Hospital) were the Principal investigators who collaborated in the PLGM study. Professor 

Timothy Jones was the coordinating principal investigator.  

The section on reproducibility of plasma glucose with exercise under in-clinic conditions was 

jointly co-authored by Dr Raymond Davey and the candidate. They worked together on the 

literature review and the discussion and interpretation of results. Dr Matt Cooper provided 

statistical advice and helped with the interpretation of data  

All authors provided feedback for the published abstracts and manuscripts.  
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CHAPTER 8: PREDICTIVE LOW GLUCOSE MANAGEMENT 

SYSTEM UNDER FREE-LIVING CONDITIONS 
 

8.1 Preface 

The in-clinic studies which tested the predictive algorithm (Predictive Low Glucose 

Management System PLGM) under conditions of excess insulin and moderate-intensity 

exercise showed a reduction in the need for hypoglycaemia treatment with PLGM.  The next 

step therefore was to determine the effectiveness and safety of the predictive algorithm in 

free-living conditions which forms the third research aim of this project. 

This chapter is divided into four sections. The first section deals with the protocol and study 

design while the subsequent three sections comprise results and lessons learnt from this trial. 

Each of these sections have been published in peer-reviewed journals and provided in the 

Appendix.  

8.2 Methodology for the study testing Predictive Low Glucose Management System 

under free- living conditions. 

A brief description of the methodology was provided in the methods section of chapter 4. 

This section provides a detailed approach to the methodology of this study. The study was a 

large randomised controlled home trial which tested the PLGM system under free-living 

conditions for six months. Participants were randomly assigned to either control group with 

Sensor-augmented pump therapy (SAPT) alone with Predictive Low Glucose Management 

(PLGM) off or to the intervention group with PLGM on. Unlike the in-clinic study wherein the 

predictive algorithm was housed in the Blackberry phone; in the home trial, the predictive 
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algorithm was housed and integrated in the Medtronic MiniMed®640G pump. The protocol 

for the study was published.  

This section includes the publication titled, “Safety and efficacy 

of the Predictive Low Glucose Management System in the 

prevention of hypoglycaemia: Protocol for randomised 

controlled home trial to evaluate the Suspend before Low 

function.”   

[This section is an edited version of the journal article published in BMJ Open. A PDF copy of 

the original article is included in Appendix 6]. 

8.2.1 Abstract  

Introduction 

Innovations with sensor-augmented pump therapy (SAPT) to reduce hypoglycaemia in people 

with Type 1 diabetes are an ongoing area of research. The Predictive Low Glucose 

Management (PLGM) system incorporates continuous glucose sensor data into an algorithm 

and suspends basal insulin before the occurrence of hypoglycaemia. The system was 

evaluated in in-clinic studies and has informed the parameters of a larger home trial to study 

its efficacy and safety in real life.  

Methods and Analysis 

The aim of this report is to describe the study design and outcome measures for the trial. This 

is a six month, multicentre, randomised controlled home trial to test the PLGM system in 

children and adolescents with Type 1 diabetes. The system is available in the Medtronic 
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MiniMed® 640G pump as the ‘Suspend before low’ feature. Following a run-in period, 

participants are randomised to either the control arm with SAPT alone or the intervention 

arm with SAPT and Suspend before low. The primary aim of this study is to evaluate the time 

spent hypoglycaemic (sensor glucose <3.5 mmol/l) with and without the system. The 

secondary aims are to determine the number of hypoglycaemic events, the time spent 

hyperglycaemic and to evaluate safety with ketosis and changes in HbA1c. The study also aims 

to assess the changes in counterregulatory hormone responses to hypoglycaemia evaluated 

by a hyperinsulinaemic hypoglycaemic clamp in a subgroup of individuals with impaired 

awareness. Validated questionnaires are used to measure the fear of hypoglycaemia and the 

impact on the quality of life to assess the burden of disease.  

Ethics and Dissemination 

Ethics committee permissions were gained from respective Institutional Review boards. The 

findings of the study will provide high quality evidence to the ability of the system in the 

prevention of hypoglycaemia in real life. 

Trial registration Australia New Zealand Clinical Trials Registry ACTRN12614000510640 

8.2.2 Strengths and limitations of the study 

Strengths: This is the first randomised controlled home trial which will provide high quality 

evidence to the efficacy and safety of the PLGM system in the prevention of hypoglycaemia 

in real life situations. Apart from the glycaemic data, the six-month duration of the study 

provides the ability to evaluate the impact of this technology on various psychosocial 

parameters in both children and their caregivers. The study will also determine the ability to 

use the system as a tool in restoration of hypoglycaemia awareness. 
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Limitations: The settings for the Suspend before low feature are constant for the entire 

duration of the study; however these settings can be changed in real life. This study is a 

paediatric study and hence, one of the challenges will be in supporting and encouraging 

sensor use in the adolescent age group. 

8.2.3 Introduction  

Hypoglycaemia imposes a considerable burden of disease on individuals and their families 

living with Type 1 diabetes (T1D) (76). Interventions designed to reduce and prevent 

hypoglycaemia are an important focus of research especially through the availability of 

sensor-augmented pump therapy (SAPT) and control algorithms. The Medtronic Low Glucose 

Suspend (LGS) system automatically suspends basal insulin delivery for up to two hours in 

response to sensor-detected hypoglycaemia thereby reducing the duration of hypoglycaemia 

(150, 176).  This function has reduced the incidence of moderate and severe episodes of 

hypoglycaemia in people with impaired awareness of hypoglycaemia (IAH) (9)  and has been 

found to be safe with no rebound hyperglycaemia and ketosis (8, 152). While this system 

suspends insulin delivery when the individual is hypoglycaemic, the next step is to suspend 

insulin delivery before hypoglycaemia occurs. The capacity to predict hypoglycaemia and 

suspend insulin delivery before hypoglycaemia occurs offers the additional advantage of 

preventing hypoglycaemia with further reduction in the actual time spent hypoglycaemic.  

  A significant proportion of children and adolescents with T1D have IAH with defective 

symptomatic and counterregulatory hormone responses to hypoglycaemia. In a previous 

study by our group, IAH was reported by 29% of the clinic population (108). Though loss of 

hypoglycaemia awareness may be reversed by meticulous avoidance of hypoglycaemia for 
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three weeks (118), this may be difficult to accomplish in real life and especially challenging in 

children. As predictive algorithms are designed to prevent hypoglycaemia, there may be an 

improvement in counterregulatory hormones and return of adrenergic symptoms. 

 The initial in-clinic studies evaluating the predictive algorithms demonstrated a reduction in 

nocturnal and day-time hypoglycaemia induced by increased basal rates (153, 155). The only 

home studies conducted to date were of short duration and used an investigational device 

overnight with a laptop-based Kalman filter predictive model controlling insulin delivery by 

Medtronic Veo system to assess the effect of the system on nocturnal hypoglycaemia (67, 

156). In the era of rapidly evolving technology, various models have been used in the 

development of newer predictive algorithms. The Predictive Low Glucose Management 

(PLGM) system uses a different predictive algorithm and was initially evaluated in our centre 

under standardised in-clinic conditions. The system was an investigational device and the 

predictive algorithm was incorporated into the BlackBerry Storm smartphone which 

controlled the insulin infusion in participants on the Medtronic Paradigm Veo insulin pump 

and Enlite glucose sensor with MiniLink REAL-Time transmitter. The system was tested with 

moderate-intensity exercise, excess subcutaneous insulin bolus, and increased overnight 

basal rates which are common triggers of hypoglycaemia. With each hypoglycaemic stimulus, 

participants were randomised to a control arm with SAPT alone and an intervention arm with 

PLGM. The system suspended basal insulin when the sensor glucose was predicted to be 4.4 

mmol/L and found a reduction in the need for treatment of hypoglycaemia for all three 

settings in the intervention arm (200). PLGM was also tested under in-clinic conditions in the 

PILGRIM study. There was reduction in hypoglycaemia following administration of insulin 
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bolus administration to virtual participants and following exercise in real life participants 

(158). 

Guided by the results of the in-clinic studies, the home trial was designed to evaluate the 

efficacy of the PLGM system in free-living conditions. The PLGM system is available in the 

Medtronic MiniMed® 640G pump (Medtronic MiniMed, Northridge, CA) as the ‘Suspend 

before low’ feature which automatically suspends basal insulin infusion when hypoglycaemia 

is predicted. This system is evaluated in the home trial. In contrast to the PLGM in-clinic study, 

the home trial is of a longer duration, evaluates spontaneous rather than induced 

hypoglycaemia, and uses sensor glucose values rather than plasma glucose values to quantify 

hypoglycaemia. Although this system is commercially available, there are as yet no 

randomised controlled home trials for evaluating its efficacy in real life situations. A recent 

study with the system used for 4 weeks has shown that it can help patients avoid 

hypoglycaemia and is acceptable to them (201). Our study is the first randomised controlled 

home trial testing the Suspend before low function using the Medtronic MiniMed 640G pump 

in free-living conditions. Apart from the glycaemic data, the 6-month duration of the study 

provides the ability to assess the impact of the system in children and their caregivers. 

We hypothesise that the PLGM system will reduce the time spent hypoglycaemic, with time 

spent in hypoglycaemia reduced by at least 40% during six months of therapy with SAPT and 

Suspend before low versus SAPT alone in patients with T1D. The system will also not result in 

an increase in hyperglycaemia or ketosis, and will not result in a deterioration of glycaemic 

control as compared to standard SAPT. We further hypothesise that PLGM will improve 

hypoglycaemia awareness by reducing hypoglycaemia and will have a positive impact on the 

quality of life and reduce the fear of hypoglycaemia as determined by participant/parent 
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questionnaires. Finally, the patient acceptability of the PLGM system will be no worse than 

their acceptability of standard SAPT. 

 8.2.4 Aims 

The primary objective of the study is to compare the average percentage of time spent 

hypoglycaemic (sensor glucose level <3.5 mmol/l) during six months of therapy with SAPT and 

Suspend before low versus SAPT alone. The secondary objectives are to compare events of 

hypoglycaemia, defined as 20 minutes or more with sensor glucose < 3.5 mmol/l, during six 

months of therapy in both groups and to compare the average percentage of time spent 

hypoglycaemic (sensor glucose level <3.0 mmol/l), in target range (sensor glucose 3.5 to 10 

mmol/L) and hyperglycaemic (sensor glucose level 10-15 mmol/l and >15 mmol/l). The study 

will also evaluate the time spent hypoglycaemic during the day and night. In addition, we aim 

to determine the safety of the system by determining the number of ketosis events (blood 

ketones >0.6 mmol/l) and assess glycaemic control as measured by glycated haemoglobin 

(HbA1c) at the end of six months. The study will also determine the counterregulatory 

hormone responses to hypoglycaemia that will be evaluated during a hyperinsulinaemic 

hypoglycaemic clamp study in a subgroup of participants with IAH.  Hypoglycaemia awareness 

and the impact of diabetes on patient’s quality of life, fear of hypoglycaemia, patient 

satisfaction and acceptability of the system will be evaluated using validated questionnaires 

administered at baseline, three months and end of the study.  

 The outcome or endpoint measures are based on the sensor glucose levels as predefined 

above. The other measures include the counterregulatory hormone responses and adrenergic 

symptoms during hyperinsulinaemic hypoglycaemic clamp study, number of ketosis events 
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defined as blood ketone >0.6 mmol/L, the incidence of moderate and severe hypoglycaemia, 

HbA1c and the questionnaire scores at baseline, 3 months and 6 months of the study. Here, 

we provide methodological details of the PLGM home trial. 

8.2.5 Methods 

This is a multicentre, unblinded, parallel, randomised controlled phase 3 home trial designed 

and conducted by five tertiary paediatric diabetes centres in Australia. The trial has been 

approved by Princess Margaret Hospital, Perth (HREC/2013121EP); The Children’s Hospital at 

Westmead, Sydney (HREC/13/SCHN/405); John Hunter Children’s Hospital, Newcastle 

(HREC/13/HNE/506); Royal Children’s Hospital, Melbourne (HREC/13/HME/506); and 

Women’s and Children’s Hospital, Adelaide (HREC/13/WCHN/172). The trial is prospectively 

registered with the Australian New Zealand Clinical Trials Registry (ACTRN12614000510640). 

Inclusion and exclusion criteria are summarised in Table 8.2.1. 

Table 8.2.1 Inclusion and Exclusion Criteria for PLGM home trial 

Inclusion criteria 
 

Exclusion criteria 

Age: 8 to 20 years 
 

Medical conditions predisposing to hypoglycaemia 
other than diabetes 

Duration of Type 1 diabetes ≥1 year 
 

Oral glycaemic medications e.g. metformin, 
sulphonylureas 

On CSII ≥ 6 months 
 

Inability or refusal to meet protocol requirements 

HbA1c at eligibility <10%  
(86 mmol/mol) 
 

Pregnancy 

 

As this is a new system evaluating safety of insulin delivery, we aim to include older children 

and adolescents with T1D who are on continuous subcutaneous insulin infusion therapy (CSII). 
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We recruit patients with HbA1c <10% to reflect a clinic cohort and to exclude participants 

who are less likely to comply and adhere to the protocol. Participants are approached through 

the diabetes clinics and are screened for eligibility in the study. Written informed consent is 

obtained from participants aged ≥18 years, and written parental consent and participant 

assent for those <18 years of age. Consent is attained by the research nurse or the doctor 

who is not directly involved in the routine care of the patient and their families. A participant 

may decide to withdraw from the study at any time without prejudice to their future care. 

The study duration for each participant is six months from randomisation. Based on previous 

unpublished data in a similar cohort of children and adolescents conducted in our centre, the 

control group is expected to spend on average 5.79% of the time with glucose level <3.5 

mmol/L, with a SD of 4.87%. 71 participants would be required in each group to have 80% 

power to detect a decrease of 2.3% (40% reduction or effect size of 0.475) in the time spent 

with glucose level <3.5 mmol/L. It is anticipated that 175 participants would be recruited; 

based on the estimated dropout rate of 20%, this will ensure a total of 142 participants for 

the duration of the trial, with at least 71 participants in each arm. Recruitment will cease once 

this target is achieved.  

PLGM system 

The predictive algorithm is available in the commercially available Medtronic MiniMed® 640G 

pump (Medtronic MiniMed, Northridge, CA) that is designed for CSII integrated with real-time 

continuous glucose monitoring (CGM). The system consists of the Medtronic MiniMed® 640G 

pump, CONTOUR NEXT LINK wireless blood glucose meter, Enlite™ glucose sensor and 

Guardian™ 2 Link transmitter. The transmitter sends the sensor glucose data wirelessly every 

five minutes to the pump and thereby provides real-time glucose measurements and trends. 
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Calibration is required at least once every 12 hours. The pump is uploaded to transfer 

information to Medtronic CareLink® therapy Management Software through the use of 

CONTOUR NEXT LINK glucose meter which is also the uploading device. 

 ‘Suspend before low’ is a SmartGuard function in the pump and suspends basal insulin 

infusion when sensor glucose is predicted to be below the set low limit in 30 minutes. The 

pump suspends basal insulin infusion when two criteria are met: the sensor glucose is at or 

within 3.9 mmol/l (70 mg/dl) above the set low limit and is predicted to be 1.1 mmol/l (20 

mg/dl) above the set low limit in 30 minutes. The low limit is set for the entire study at 3.4 

mmol/l and the pump would therefore suspend insulin infusion when the sensor glucose is 

≤7.3 mmol/l (3.9+3.4) and predicted to be 4.5 mmol/l (3.4+1.1) in 30 minutes. If the alert 

before low is on, the patient will receive an alert when insulin delivery is suspended. Once the 

pump is suspended, the insulin infusion will resume after a maximum suspend period of two 

hours or according to auto-resumption parameters if there is no patient interaction. Basal 

insulin will automatically resume if sensor glucose is above the low limit and trending upward 

and insulin has been suspended for at least 30 minutes. However, the infusion may be 

resumed earlier if the participant intervenes during the suspend time and overrides the 

suspend function. The auto-resumption feature was not present in LGS wherein the pump 

had a full 2-hour pump suspension in the absence of user intervention and is novel to the 

predictive algorithm to reduce the potential of post suspend hyperglycaemia. 

 In the study, the low limit is set for Suspend before low feature. As previous in-clinic studies 

were evaluated with a suspend threshold of 80 mg/dl or 4.4 mmol/l (200), we maintained a 

similar threshold for the home study. As one of the purposes of this trial is to ensure safety 

of the system at an acceptable threshold which can also prevent hypoglycaemia, the low limit 
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is set for the whole study to maintain uniformity in the intervention group and to enable 

comparisons. However, in real life, this low limit can be altered and the patient can have 

different low limits for the time of the day. 

Study Protocol  

Figure 8.2.1 Study visits.  

 

Flow diagram represents the visits of the study.  
HbA1c: glycated haemoglobin; SAPT: sensor-augmented pump therapy. 

 

VISITS 1 and 2: Training 

As shown in Figure 8.2.1, the first two visits are for training the participants: visit 1 for pump 

start and training and visit 2 for sensor training. Visits 1 and 2 are combined for participants 
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previously competent with sensor use; however for sensor naïve participants, visit 2 is 

undertaken at least four days after visit 1. During these visits, participants are also trained to 

upload the pump at home, and are familiarised with sensor alerts and alarms. Sensor alerts 

and alarms are individualised for participants; every participant, however, has the alert on 

low turned on at 3.4 mmol/l. Questionnaires are administered to participants and/or their 

parents at this visit. These include Clarke’s hypoglycaemia awareness questionnaire (163) EQ-

5D-Y and paediatric specific diabetes quality of life (PedsQL) questionnaires (202), 

Hypoglycaemia Fear Survey (203),and the Pump Satisfaction questionnaire.  

Run-in-period 

The 2-week run-in period is designed to establish competent use of the system and thereby 

identifies participants who are not likely to comply with the protocol. All participants are 

required to use CGM for >80% of the time during the run-in period and have to upload their 

pump for review by the investigators. Sensor naïve participants are provided an additional 

week of CGM use to warrant adequate training and familiarisation. The sensor data is 

reviewed prior to randomisation to ensure a cohort that has and is prone to hypoglycaemia. 

The participant should have one or more sensor values <3.5 mmol/L at any time during the 

period of CGM use, or one or more sensor values <4.4 mmol/L on at least three different days. 

If the CGM is used successfully and the prerequisite criteria are met during the run-in period, 

participants return for visit 3. 

VISIT 3: Randomisation 

At this visit, measurement of HbA1c, height and weight are obtained, and incidence of 

moderate and severe hypoglycaemia is recorded from the patient and medical records. 
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Moderate hypoglycaemia is defined as any episode of hypoglycaemia during which the 

child/adolescent was lethargic, disoriented, confused, and required third party assistance 

while severe hypoglycaemia is defined as an episode of loss of consciousness or seizure (26).  

Minimisation of variation in gender, age, HbA1c and hypoglycaemia unawareness score is 

undertaken at randomisation and performed using appropriate software (MinimPy)(204). 

Minimisation is a method of ensuring excellent balance between groups for known prognostic 

factors (205).  Randomisations are undertaken by the delegated persons at Princess Margaret 

Hospital. Participants are randomised to standard therapy with SAPT alone (control group) or 

SAPT and Suspend before low (intervention group). Suspend on low function is turned off in 

the control group. Participants are instructed on ketone testing; before breakfast and pre-

bed in both groups, and also at pump resumption after 2 hours of suspend in the intervention 

group during the awake hours. They are also advised to test for ketones with glucose >15 

mmol/L or when unwell as part of routine diabetes care (206).   They are instructed to contact 

the on-call paediatric endocrinologist or paediatrician for advice, if required. Ketone data are 

uploaded at the study visits four and five. Participants are encouraged to upload their pump 

fortnightly and are provided with a home record log book to document hypoglycaemia, 

ketosis and sensor or pump related events. Participants are advised to confirm all sensor 

alerts (on high, low and suspend) events with a capillary blood glucose value. The diabetes 

educator/study nurse will be in contact with participants regularly to provide any support 

needed and to ensure recording of adverse events. 

VISITS 4 and 5: Follow-up visits 

At the follow-up visits at three months (Visit 4) and six months (Visit 5), the diabetes 

educator/study nurse ensures that all information has been uploaded from the pump and 
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ketone meter. A measurement of HbA1c, height and weight will be obtained along with 

record of moderate and severe hypoglycaemic episodes during this period. Participants 

and/or their parents’ complete a quality of life questionnaire (EQ-5D-Y, PedsQL), 

Hypoglycaemia Fear Survey, Clarke’s hypoglycaemia awareness questionnaire and the CGM 

Satisfaction Questionnaire during these visits. 

Hyperinsulinaemic hypoglycaemic clamps for participants with impaired hypoglycaemia 

awareness 

A score ≥ 4 on Clarke’s questionnaire indicates IAH (163), and participants with IAH and above 

12 years of age are eligible for hyperinsulinaemic hypoglycaemic clamp studies which will 

determine the counterregulatory responses to hypoglycaemia. The studies will be performed 

at baseline and after six months, irrespective of whether the participant is in the control or 

intervention group. The clamp procedure will involve infusing insulin intravenously at a 

constant rate of 80 mU/m2 per minute and plasma glucose targets will be achieved by 

adjusting the rate of infusion of a solution of 20% glucose in water. Prior to induction of 

hypoglycaemia, plasma glucose will be maintained in euglycaemia (5-6 mmol/l) for 60 

minutes followed by gradual reduction over 30 minutes to a nadir of 2.8mmol/l.  This 

controlled decline will be guided by plasma blood glucose measurements taken at 5-minute 

intervals.  The blood glucose concentration of 2.8 mmol/l will be maintained for 40 minutes 

before euglycaemia will be restored.  For the duration of the clamp procedure, blood glucose 

will be measured using glucose oxidase technique with a bedside YSI analyser (Yellow Springs 

Instruments; Yellow Springs, Ohio, USA).Venous blood will be sampled during the 

euglycaemic and hypoglycaemic phase to determine plasma insulin, glucagon, epinephrine, 

norepinephrine, cortisol and growth hormone concentrations on both the study days. 



131 

 

8.2.6      Data management and monitoring 

At consent, each participant will be given a unique identifying number based on their centre. 

The de-identified information with the patient’s unique identifier code will be sent to the data 

manager in Perth and will be used as data input in the centralised database. Data will be stored 

in a secure office and password-protected computer files at Princess Margaret Hospital. A data 

safety and monitoring board (DSMB) will scrutinise conduct of the study team and review the 

data arising from the study. All adverse events defined as a clinical sign, symptom or condition 

that is causally related to the device implantation procedure, the presence of the device, or 

the performance of the device system will be recorded and evaluated by the local investigator. 

Serious adverse event is defined as one which is fatal or life-threatening or requires 

hospitalisation for diabetic ketoacidosis or severe hypoglycaemia. Adverse events and serious 

adverse events will be reported to the DSMB and to the ethics committee at each centre for 

their review.  

8.2.7 Statistical Analysis 

The analysis population will be the intention-to-treat population, which is defined as all 

patients who are randomised and have at least one visit after baseline. P-values <0.05 will be 

considered statistically significant and 2-sided p-values will be reported. The time spent 

hypoglycaemic or hyperglycaemic and the continuous outcome measures will be analysed 

using a likelihood-based, mixed-effects model repeated measures approach.  Rates of 

hypoglycaemia as well as incidence of moderate and severe hypoglycaemia will be analysed 

as unadjusted incidence rates based on the Poisson distribution. Incidence rates and 

incidence rate differences will be presented with their associated 95% confidence intervals 
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calculated as exact Poisson confidence limits. Number of ketosis events and other safety 

outcomes will be tabulated and presented as n and %. The counterregulatory hormone 

response responses to hypoglycaemia measured during the hyperinsulinaemic 

hypoglycaemic clamp study in participants with IAH will be presented with descriptive 

statistics. 

8.2.8 Discussion 

This is the first multicentre randomised controlled home trial evaluating the performance of 

the ‘Suspend before low’ function in free-living conditions. Apart from the glycaemic data, 

the safety of the system can be monitored with ketones in both treatment groups. In addition, 

the 6-month study duration will provide us with the ability to evaluate the psychological 

outcomes by specifically addressing quality of life and fear of hypoglycaemia in both patients 

and their caregivers. The clamp data will also inform us the counterregulatory hormone 

responses in participants with IAH. An improvement in hormonal responses, if demonstrated, 

will enable us to use this this system as a tool in this high-risk group to help restore awareness 

of hypoglycaemia. 

SAPT with Suspend before low feature represents an important advancement in insulin 

delivery systems because of its potential to reduce hypoglycaemia. This study will be the first 

to quantify these effects in a randomised controlled trial of patients with T1D who are 

predisposed to hypoglycaemia, and the results will provide a benchmark for further studies 

of automated insulin delivery systems. 

Limitation 
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The sections 8.2.1 to 8.2.8 above comprise the original published methodology for the PLGM 

home trial.  This segment highlights a couple of points to help address the results section of 

the study and subsequently published CGM recommendations. 

The sub-study with clamps in participants with IAH proposed in the methods was not 

undertaken during the trial as the overall prevalence of IAH in the recruited cohort was low 

which affected study recruitment. This is further discussed in Chapter 9. It is also important 

to note that the definition of biochemical hypoglycaemia used in this study was 3.5 mmol/l 

(63 mg/dl); similar to other studies (207). However, the studies designed before 2017, as the 

PLGM home trial, have used different hypoglycaemia cut-offs highlighting the need for a 

consensus. This was recognised with the consensus on hypoglycaemia definition in 

paediatrics informing the recommendations of the CGM metrics to be used in clinical trials 

(208, 209).  

8.3 Reduction of hypoglycaemia with Predictive Low Glucose Management System  

8.3.1 Preface  

This section deals with the primary and secondary outcomes of the 

6-month randomised controlled home trial which reviews the 

effectiveness of the predictive algorithm system in prevention of 

hypoglycaemia and its safety in free-living conditions. Apart from 

presenting the results of this study at both local and national 

conferences, the study was published in Diabetes care and informed 

the ISPAD 2018 guidelines on diabetes technologies. 



134 

 

This section includes the publication titled, “Reduction in hypoglycemia with the Predictive 

Low-Glucose Management System: A long-term randomized controlled trial in adolescents 

with type 1 diabetes.”   

[This section is an edited version of the journal article published in Diabetes Care. A PDF copy 

of the original article is included in Appendix 7]. 

8.3.2 Abstract 

Objective 

Short term studies with automated systems that suspend basal insulin when hypoglycaemia 

is predicted have shown a reduction in hypoglycaemia; however, efficacy and safety have not 

been established in long-term trials.  

Research Design and Methods 

We conducted a 6-month multicentre randomised controlled trial in children and adolescents 

with Type 1 diabetes using the Medtronic MiniMed™ 640G pump with Suspend before low 

(Predictive Low Glucose Management; PLGM) compared with sensor-augmented pump 

therapy (SAPT) alone. The primary outcome was percentage time in hypoglycaemia with 

sensor glucose (SG) <3.5 mmol/l (63 mg/dl). 

Results 

In an intent-to-treat analysis of 154 subjects, 74 subjects were randomised to SAPT and 80 

subjects to PLGM. At baseline, the time with SG <3.5 mmol/l was 3.0% and 2.8% in the SAPT 

and PLGM groups, respectively. During the study, PLGM was associated with a reduction in 

hypoglycaemia compared to SAPT (% time SG <3.5 mmol/l: SAPT vs PLGM: 2.6 vs 1.5; p < 

0.0001). A similar effect was also noted in time with SG <3 mmol/l (p < 0.0001). This reduction 

was seen both during day and night (p < 0.0001). Hypoglycaemic events (SG <3.5 mmol/l for 
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>20 mins) also declined with PLGM (SAPT vs PLGM: events/ patient years 227 vs 139; p < 

0.001).  There was no difference in glycated haemoglobin (HbA1c) at six months (SAPT 7.6 ± 

1.0% vs PLGM 7.8 ± 0.8%; p = 0.35).  No change in quality of life measures was reported by 

participants/parents in either group. There were no PLGM-related serious adverse events. 

Conclusions 

In children and adolescents with Type 1 diabetes, PLGM reduced hypoglycaemia without 

deterioration in glycaemic control. 

8.3.3 Introduction 

The integration of real-time continuous glucose monitoring (CGM) systems and pump therapy 

has been an important milestone in the management of Type 1 diabetes (136) and the more 

recent incorporation of control algorithms has offered potential to further improve clinical 

outcomes. For example, the ‘Low glucose suspend’ algorithm shuts off basal insulin delivery 

with sensor-detected hypoglycaemia and has been shown to reduce the duration and severity 

of hypoglycaemia (8, 9).  The next step has been the development of an algorithm that 

predicts impending hypoglycaemia based on CGM and suspends basal insulin before the 

occurrence of hypoglycaemia. The Predictive Low Glucose Management (PLGM) system, the 

only commercially available sensor-integrated insulin delivery system, has been shown to 

reduce hypoglycaemia in in-clinic conditions(158, 196, 210), in short term outpatient 

observational studies (201, 211-214) and recently in a two-week randomised controlled trial 

(207). The important question as to whether the system is effective and safe in long-term use, 

and by inference in clinical practice, is however untested, especially as long-term CGM use 

has been challenging for many individuals with T1D. Short term studies have not provided 

information as to whether the system results in deterioration in glycaemic control. Finally, it 

is not known whether behavioural changes develop in an individual using these systems over 
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long-term and whether these in turn will impact on outcomes. A 6-month study attempts to 

address these questions. 

The PLGM system is incorporated in the MiniMed™ 640G pump (Medtronic, Northridge, 

California, USA). The pump, when used in conjunction with the Medtronic Enlite™ Sensor and 

Guardian™ 2 Link transmitter, has the ‘Suspend before low’ feature which suspends basal 

insulin infusion when hypoglycaemia is predicted.  In order to test the effectiveness and safety 

of the system over the long-term, we conducted a six-month randomised controlled home 

trial in real-life conditions in older children and adolescents. This age-group is at significant 

risk of hypoglycaemia (28) and in most surveys, has higher glycated haemoglobin (HbA1c) and 

potentially has the most to gain from strategies that potentially could improve glycaemic 

control. 

8.3.4 Research Design and Methods 

Study design and participants 

 A detailed description of the study protocol has been published (215). This was a multicentre, 

unblinded, parallel, randomised controlled phase 3 home trial conducted by five tertiary 

paediatric diabetes centres in Australia. Ethics approval was received at each site. Eligible 

patients were 8 to 20 years of age, had T1D of at least one year duration, with HbA1c of <10 

% (<86 mmol/mol), and had used insulin-pump therapy for more than six months. Patients 

were excluded if they had any medical condition predisposing to hypoglycaemia, were on oral 

hypoglycaemic agents, were pregnant or were not able to comply and meet the protocol 

requirements. Participants were screened through the diabetes clinics for eligibility in the 

study. Written informed consent was obtained from participants aged ≥18 years and written 

parental consent and participant assent for those <18 years of age.       
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Participants were randomised to either the control group with sensor-augmented pump 

therapy (SAPT) alone (Suspend on low and Suspend before low not enabled) or to the 

intervention group with SAPT and Suspend before low enabled (PLGM). Participants were 

allocated to either SAPT or PLGM using minimisation incorporating a random element. Each 

site had their own minimisation schedule based on the following equally weighted factors: 

sex, age, HbA1c and hypoglycaemia awareness score. Participants were allocated to the 

minimisation-preferred group at a probability of 0.7. The program Minimpy (version 0.3) was 

used to allocate participants(204). 

PLGM system 

‘Suspend before low’ feature is a SmartGuard™ function on the MiniMed™ 640G pump.  The 

low limit was set for the entire study duration at 3.4 mmol/l (61 mg/dl) and the pump would 

therefore suspend insulin infusion when SG was ≤ 7.3 mmol/l or 131 mg/dl (70 mg/dl above 

the low limit) and predicted to be ≤ 4.5 mmol/l or 81 mg/dl (20 mg/dl above the low limit) in 

30 minutes.  In the absence of user interference, after pump suspension, the insulin infusion 

resumes after a maximum suspend period of two hours or earlier if the auto-resumption 

parameters are met. The low limit alarm was by default active when PLGM was on. In the 

control group on SAPT, all participants were advised to keep the low limit alarm on. In both 

groups, the alerts on high, before high and before low were optional for the participant. The 

basal resume alert (on auto-resumption) was an optional alert in participants using PLGM, 

however the system always alerted the user if basal infusion resumes after the 2-hour 

maximum suspend period. 

Study visits 

The first and second visits were for pump start and sensor training, respectively. A minimum 

of a 2-week run-in period was required to demonstrate confidence in using the system and 
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to ensure eligibility for randomisation. All participants were required to use CGM for >80% of 

the time and demonstrate hypoglycaemia (at least one SG <3.5 mmol/l) or risk of 

hypoglycaemia (one or more SG < 4.4 mmol/l on at least three different days). At visit 3, 

eligible participants were randomly assigned to standard SAPT or PLGM. The study visit 

schedule was identical in both groups and the participants were followed up at three and six 

months following randomisation (visits 4 and 5). Pump data were uploaded to Medtronic 

CareLink™ Therapy Management Software for Diabetes. HbA1c levels were measured at 

randomisation and at visits 4 and 5. Validated questionnaires were administered to 

participants and/or their parents at the first visit and repeated at visits 4 and 5. These included 

hypoglycaemia awareness questionnaire from Clarke et al (163), EQ-5D-Y and paediatric 

specific diabetes quality of life (PedsQL) questionnaires (202), hypoglycaemia fear survey 

(203), and CGM satisfaction questionnaire (216). Apart from ketone testing as part of routine 

care during sick days, participants were instructed to test for ketones before breakfast and 

prebed in both groups, and following pump resumption after two hours of suspend in the 

intervention group during the awake hours.  

Study outcomes 

The primary objective of the study was the comparison of the average percentage of time 

spent in hypoglycaemia (SG <3.5 mmol/l) with PLGM versus SAPT. The secondary objectives 

were comparison of events of hypoglycaemia, defined as 20 minutes or more with SG <3.5 

mmol/l and the average percentage of time spent with SG <3.0 mmol/l, and in hyperglycaemia 

(SG 10–15 mmol/l and >15 mmol/l) with and without PLGM. The study also evaluated the 

time spent in hypoglycaemia during the day (06:00 am to 10:00 pm) and night (10:00 pm and 

6:00 am). The percentage time in the glucose range of interest were calculated at each visit 
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by dividing the number of observed CGM readings falling within the respective range by the 

total number of readings for the time period.   

 In addition, the safety of the system was determined by evaluating the number of ketosis 

events (blood ketones >0.6 mmol/L) and glycaemic control (HbA1c) at the end of six months. 

Using validated questionnaires, the study also evaluated the impact of PLGM on the 

participant’s quality of life, fear of hypoglycaemia, satisfaction and acceptability of the system 

and hypoglycaemia awareness. A data safety and monitoring board independently reviewed 

the data arising from the study. 

Statistical analysis 

A modified intent-to-treat (ITT) approach was used for analysis.  The ITT population was 

defined as all participants who were randomised and had at least one visit (visit 4) after 

randomisation. The percentage of time in hypoglycaemia, and hyperglycaemia were 

calculated for each visit after randomisation and were analysed using likelihood-based, linear 

mixed-effect model repeated measurement. Models included fixed effect terms for group, 

visit, site, baseline time in range, and group by visit interaction. Choice of correlation matrix 

was based on Akaike information criterion (AIC): in all models, the unstructured matrix 

resulted in the best model fit. Least squares (LS) means, based on the fixed terms in the 

model, and differences in least square mean change along with their 95% confidence intervals 

(presented in square brackets) were calculated.  

Incidence of severe hypoglycaemia and SG-defined hypoglycaemic events were analysed as 

unadjusted incidence rates based on the Poisson distribution. Ketosis events are presented 

as % of total ketone measurements that were > 0.6 and an incidence rate ratio (IRR) was 

derived from a negative binomial mixed model analysing number of ketosis events with the 

total number of ketone measurements as the exposure variable. (One participant in the PLGM 
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group on low carbohydrate diet was excluded from analysis). Mixed effect model repeated 

measurements were conducted using SAS (version 9.4) and all other analyses were conducted 

using Stata (version 13.0). A p-value < 0.05 was considered statistically significant.  

8.3.5 Results  

Study Recruitment and Baseline characteristics 

As illustrated in Figure 8.3.1, 190 participants consented and entered the study. Twenty-one 

participants withdrew in the run-in period. Eligible participants were randomised with 87 to 

the control arm and 82 to the intervention arm. Eleven participants withdrew between 

randomisation (visit 3) and visit 4 with a further eight withdrawals between visit 4 and end of 

the study. The reasons for withdrawal were multifactorial. While difficulty in inserting 

sensors, pain and bleeding at sensor site, sensor life, inaccuracies, tape reactions were some 

of the reasons cited by participants, the intensity of the study, the need for increased parental 

support in younger children and ability to comply with uploading the devices were reported 

by the others. Two participants in the intervention arm were excluded due to a protocol 

deviation (‘Suspend on low’ was activated instead of ‘Suspend before low’). The baseline CGM 

data were missing in two participants in the control arm and were excluded from analysis.  
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Figure 8.3.1 The consort diagram for participants in the trial 

 

 

The ITT population comprised all participants who were randomised and attended visit 4. The 

data were therefore analysed in 154 participants [age 13.2 ± 2.8 years, duration of diabetes 

7.1 ± 3.8 years, HbA1c 7.5± 0.8% (mean ± SD)]; (74 participants in the control arm and 80 

participants in the intervention arm).   
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Table 8.3.1 shows the baseline characteristics of the 154 participants. There were no 

differences in baseline characteristics between the two groups.  At baseline, time spent <3.5 

mmol/l in the SAPT group was 3.0 ± 3.2% and in the PLGM group was 2.8 ± 2.9%.  All 

participants had >80% sensor use prior to randomisation according to the eligibility criteria 

(SAPT 88% vs PLGM 83%).  The proportion of time with available sensor data was 72 ± 0.02% 

and 73 ± 0.02% between baseline and three months and 59 ± 0.03% and 63 ± 0.03% between 

four and six months in participants in the control and intervention groups, respectively. 

Sensor use remained similar in both groups during the duration of the study (p = 0.93).  

Participants on PLGM had an average of 2.37 suspend events per day. 

Time spent in hypoglycaemia  

A reduction in time spent in hypoglycaemia (SG <3.5 mmol/l) from the commencement of the 

study was demonstrated in both groups (SAPT 3% to 2.6%, p = 0.03 vs PLGM 2.8% to 1.4%, p 

< 0.0001) but was greater with PLGM than SAPT during the entire study period (difference in 

LS means: -0.95% [95% CI -1.30, -0.61]; p < 0.0001).  The reduction in hypoglycaemia with 

PLGM was persistent across the 6-month study duration. Over the study period, this equated 

to 37.7 minutes/day of time <3.5 mmol/l with SAPT and 20 minutes/day with PLGM. A similar 

effect was also noted in time spent with SG <3 mmol/l (SAPT 1.4% to 1.2%, p = 0.04 vs PLGM 

1.3% to 0.6% p < 0.0001) with a greater reduction with PLGM than SAPT (difference in LS 

means: -0.44% [-0.64,-0.24]; p < 0.0001). This corresponds to 17.6 minutes of time <3 mmol/l 

on SAPT and 9 minutes on PLGM (Figure 8.3.2). SAPT alone was not associated with 

statistically significant reduction in hypoglycaemia during daytime (2.5% to 2.3%; difference 

in LS means: 0.23 [-0.48, 0.02]; p = 0.07), although it was accompanied by a small reduction 

in nocturnal hypoglycaemia (3.8% to 3.3%; difference in LS means: -0.45% [-0.88, -0.02]; p = 

0.04). In contrast, PLGM use resulted in hypoglycaemia reduction both during day and night 
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(day 2.4% to 1.3%; difference in LS means: -1.09% [-1.33, -0.85]; p < 0.001); vs night 3.4% to 

1.6%; difference in LS means: -1.96% [-2.37, -1.54]; p < 0.0001) with a difference in LS means 

of 1.51% [0.92, 2.10] (p < 0.001) between both groups (Figure 8.3.3). 

Hypoglycaemic events 

Both groups had a similar number of sensor-defined hypoglycaemic events (SG <3.5 mmol/l 

for >20 minutes) during the run-in period (SAPT vs PLGM, events/ patient years: 232 vs 245; 

95% CI:  217, 248 vs 230, 261; p = 0.245). However, at the end of the study, the PLGM group 

had fewer hypoglycaemic events compared to those on SAPT (SAPT vs PLGM, events/ patient 

years: 227 vs 139; 95% CI: 221, 234 vs 134, 143; p < 0.001).  There were no episodes of severe 

hypoglycaemia in either group during the 6-month study period. 

Impaired awareness of hypoglycaemia (IAH) 

  At baseline, there were 90 participants’ ≥12 years of age. Of these, IAH (Clarke’s score ≥4) 

was present in 17% at baseline (n=15) with a similar number in each group (SAPT 16% vs PLGM 

18%).  At the end of six months, the prevalence of IAH in the SAPT group was 13% and 4% in 

the PLGM group. A mixed-effects logistic regression did not demonstrate a significant effect 

of intervention group (Odds ratio of 0.25 [0.03, 1.84], p = 0.17, reference category was SAPT). 

There was no effect of PLGM on the mean Clarke scores in the aware and IAH group (-0.04 

[0.52, 0.43], p = 0.86).  
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Table 8.3.1   Baseline characteristics of the participants* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Values are means ±SD. There were no significant differences between the groups (p > 0.05). *Participants in the ITT 
analysis. **BMI is the weight in kilograms divided by the square of the height in meters 

 

 

  

Characteristic Control (SAPT) Intervention (PLGM) Total 

N 74 80 154 

Age (years) 13.3 ± 2.8 13.1 ± 2.8 13.2 ±2.8 

Males (%) 53 54 53 

Duration of diabetes (years) 6.9 ± 3.8 7.2 ± 3.7 7.1 ± 3.8 

HbA1c (%) 7.4 ± 0.7 7.5 ± 0.8 7.5 ± 0.8 

Duration of pump therapy 4.5 ± 2.7 4.6 ± 2.8 4.6 ± 2.7 

BMI** 21.4 ± 3.9 21.3 ± 3.5 21.3 ± 3.7 

% time <3.5 mmol/l     

Day + night 3.0 ± 3.2 2.8 ± 2.9 2.5± 2.8 

Day 2.5 ± 2.7 2.4 ± 2.7 2.5 ± 2.7 

Night 3.8 ± 5.1 3.4 ± 4.2 3.3 ± 4.4 

% time <3.0 mmol/l    

Day + night 1.4 ± 1.9 1.3 ± 1.7 1.1 ± 1.8 

Day 1.1 ± 1.7 1.0 ± 1.5 1.1 ±1.6 

Night 2.0 ± 3.2 1.7 ± 2.7 1.8 ± 3.0 
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Figure 8.3.2 The time in hypoglycaemia (SG <3.5 mmol/l, <3 mmol/l) and hyperglycaemia (SG 

10-15 mmol/l, >15 mmol/l) 

 

 

SAPT: sensor-augmented pump therapy; PLGM: predictive low glucose management system 
a: change from baseline; p < 0.005 

b: difference between groups; p < 0.005 
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Figure 8.3.3 The time in hypoglycaemia (SG <3.5 mmol/l, <3 mmol/l) during day and night 

 

 

SAPT: sensor-augmented pump therapy; PLGM: predictive low glucose management system 
a: change from baseline; p < 0.005 

b: difference between groups; p < 0.005 

 

Safety and adverse events 

An increase in time spent in 10-15 mmol/l was seen with SAPT and PLGM (SAPT 27% to 31%; 

p < 0.0001 vs PLGM 29% to 31%; p < 0.0001). However, there was no effect of the intervention 

on time spent in 10-15 mmol/l at the end of the study (difference in LS means: 0.47 [-1.1, 2.1], 

p = 0.56).  Similarly, an increase in time >15 mmol/l was seen in both groups (SAPT 7% to 10%; 

p < 0.0001 vs PLGM 9% to 10%; p <0.0001) although there was no difference between the two 

groups at the end of the study (difference in LS means: 0.52 [-0.73, 1.78], p = 0.40). The mean 
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sensor glucose was 9.3 [9.1, 9.5] mmol/l and 9.8 [9.5, 10] mmol/l in the control and 

intervention groups respectively (p < 0.005). However, the HbA1c was unchanged in both 

study groups at study end (SAPT 7.4 ± 0.7% to 7.6 ± 1.0%, p = 0.20 vs PLGM 7.5 ± 0.8% to 7.8 

± 0.8%, p = 0.008) with the difference in LS means of 0.09 [-0.10, 0.27]; p = 0.35). There was 

no difference in the ketosis events (>0.6 mmol/l) between the two groups (SAPT 2.2% vs 

PLGM 2.6%; Incidence rate ratio = 0.96 [0.52, 1.76], p = 0.89). Apart from one episode of 

diabetic ketoacidosis due to pump failure and poor management in the PLGM group, there 

were no severe adverse events in the study period.  

 

Table 8.3.2 IAH, quality of life, fear of hypoglycaemia, and CGM satisfaction in participants 

and parents in the trial  

Questionnaire Baseline 6 months p 

   SAPT PLGM SAPT PLGM  

IAH (n) N Child* 7 8 6 2 0.17 

       Score  2.0 ± 1.7 1.8 ± 1.5 1.7 ± 1.5 1.7 ± 1.2 0.86 

QOL VAS Child 81.8 ± 14.3 85.4 ± 9.3 85.7 ± 14.0 81.5 ± 17.2 0.69 

  Parent 84.8 ± 11.9 85.2 ± 11.4 84.2 ± 13.5 85.5 ± 11.9 0.61 

  Index Child 0.86 ± 0.11 0.90 ± 0.13 0.83 ± 0.25 0.85 ± 0.24 0.45 

  Parent 0.84 ± 0.17 0.87 ± 0.14 0.81 ± 0.22 0.90 ± 0.11 0.50 

Paed QOL Total 8-12yrs 72.5 ± 13.3 72.7 ± 11.4 71.0 ± 13.2 71.9 ± 11.5 0.65 

  >12yrs 68.1 ± 13.2 68.6 ± 11.0 69.7 ± 15.3 68.3 ± 11.7 0.55 

  Parent 65.1 ± 13.9 68.3 ± 12.1 63.2 ± 13.8 66.2 ± 12.1 0.45 

FOH Total Child 35.3 ± 13.5 34.5 ± 14.4 32.6 ± 11.9 31.8 ± 14.8 0.40 

  Parent 46.7 ± 15.1 44.8 ± 16.0 44.9 ± 14.5 42.1 ± 14.7 0.29 

  Behaviour Child 18.9 ± 5.2 17.0 ± 6.4 19.2 ± 6.0 16.8 ± 6.5 0.82 

  Parent 23.1 ± 6.6 21.9 ± 7.2 23.4 ± 7.0 20.8 ± 7.0 0.20 

  Worry Child 16.3 ± 10.8 17.5 ± 10.3 13.4 ± 8.0 15.0 ± 10.5 0.16 

  Parent 23.6 ± 11.8 22.9 ± 11.3 21.5 ± 10.3 21.3 ± 10.2 0.53 

CGM 
satisfaction 

Total Child 3.5 ± 0.3 3.6 ± 0.3 3.4 ± 0.4 3.5 ± 0.4 0.46 

Parent 3.6 ± 0.3 3.7 ± 0.3 3.5 ± 0.4 3.5 ± 0.3 0.12 
IAH: impaired awareness of hypoglycaemia; QOL: quality of life; FOH: fear of hypoglycaemia;  
VAS: Visual analogue scale; CGM: continuous glucose monitoring 
IAH is expressed in numbers (n) and score; QOL, FOH, CGM satisfaction are expressed as scores 
p<0.05: significant, derived from mixed models including data from 3 months and 6 months adjusting for 
baseline, *self-reported by children above 12 years of age 
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Quality of life and fear of hypoglycaemia  

At the end of the study, participants and their parents reported no change in quality of life 

measures in either group. Similarly, there was no difference in fear of hypoglycaemia between 

the two groups. Table 8.3.2 provides the scores of the participants and their parents in both 

groups.  

8.3.6 Discussion 

This study highlights an almost twofold reduction in hypoglycaemia exposure in children and 

adolescents with T1D using PLGM during a 6-month multicentre, randomised controlled 

home trial.  These results support the findings of the in-clinic studies which used the 

investigational PLGM system (158, 196, 210) and the short-term observational studies and 

trials that used the MiniMed™ 640G pump with the SmartGuard™ function in children and 

adults (201, 207, 211-214).  In our study, both groups demonstrated a reduction in 

hypoglycaemia, although the magnitude of reduction was greater with PLGM. The use of SAPT 

did not significantly reduce the time spent in hypoglycaemia during the day but showed a 

mild reduction at night.  In contrast, PLGM was associated with reduced day and night time 

hypoglycaemia, with greater reduction at night. Children and adolescents spent 

approximately half the time in hypoglycaemia with fewer hypoglycaemic events with PLGM 

as compared to SAPT alone.  The lower hypoglycaemia exposure was consistent in subgroups 

of participants irrespective of the age, duration of diabetes, HbA1c level and hypoglycaemia 

awareness status. In our study, the baseline time in hypoglycaemia was relatively low (38 

minutes/day with SG < 3.5 mmol/l or 18 minutes/day with SG < 3 mmol/l), this contrasts with 

older studies but is similar to other recent studies with 73 minutes/day with SG <3.9 mmol/l 

in a German study(211) and 45 minutes and 29 minutes/day, respectively, with SG < 3.6 

mmol/l and <3.3 mmol/l in a study from Slovenia and Israel(207) These groups also showed a 



149 

 

significant reduction in hypoglycaemia by at least 50%. This does highlight that hypoglycaemia 

has reduced in contemporary samples perhaps with improved modalities of treatment. 

 The decline in hypoglycaemia exposure was not associated with an increase in 

hyperglycaemia with PLGM as compared to SAPT. Although the time spent between 10-15 

mmol/l and > 15 mmol/l increased from baseline in both groups, there was no evidence for a 

difference between the control and intervention arm in spite of automated insulin suspends 

with PLGM. It is reassuring to note that insulin suspension by itself may not be the cause of 

the increase in hyperglycaemia and the observation that an increase in SG >10 mmol/l was 

noted in both groups could possibly be due to carbohydrate consumption with downward 

trend arrows in an attempt to prevent hypoglycaemia.  In contrast to the previously 

conducted short-term studies, the 6-month study duration provided us with the opportunity 

to follow the glycaemic outcomes. Although there was an increase in HbA1c from baseline 

with PLGM, there was no difference in HbA1c between the two groups at the end of six 

months. The safety of the system was further established with a similar proportion of ketosis 

in both groups. This is in accordance with previous studies that although using a different 

predictive algorithm (Kalman filter predictive model), demonstrated a reduction in overnight 

hypoglycaemia with predictive suspends without conferring an increased risk of morning 

ketosis (67, 156). This further reinforces the efficacy of the system in reducing the time spent 

in hypoglycaemia without deterioration of glycaemic control. 

 The 6-month study duration further helped us to explore the impact of this technology on 

various psychosocial parameters in both children and their caregivers. Most participants were 

sensor naïve at the commencement of the study and both groups used the same pump and 

sensors with PLGM enabled in the intervention group. The need of an additional sensor site, 

troubleshooting sensor problems, coping with alarms and alerts with additional pump 
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suspends and resumptions in the intervention group could potentially increase the burden of 

the disease. Hence, it is reassuring to note that there was no deterioration in the quality of 

life in both groups during the study. Furthermore, the expected reduction in fear of 

hypoglycaemia was not evidenced in our cohort. There was no difference between the control 

and intervention groups at the end of the study in both children and their caregivers.  This 

could be as PLGM does not completely abolish hypoglycaemia, although it reduces the 

number of hypoglycaemic events.  

 The SmartGuard™ option with the ‘Suspend on low’ and ‘Suspend before low’ functions 

empower the user to individualise diabetes management. A CareLink review of the MiniMed™ 

640G pump demonstrated that at least 99% of all users utilised one or both suspend functions 

and 59% used Suspend before low exclusively (214). The threshold level for pump suspend 

can be individualised by the user for different times of the day. A higher threshold has a 

greater chance to abort an impending hypoglycaemic event, albeit with an increase in the 

number of alarms, suspensions, hyperglycaemia post-resumption and possible patient 

fatigue. On the contrary, a lower threshold could avoid the multiple suspensions but may not 

eliminate the risk of hypoglycaemia. In recent studies, either the low limit was chosen by the 

participant (201)  or the hypoglycaemia threshold (3.9 mmol/l) was set for the whole study 

(211).  In our study, we set the lower limit at 3.4 mmol/l (pump suspend if SG ≤4.5 mmol/l in 

30 minutes). We used this low limit as a result of our experience in the in-clinic studies (196, 

210) and the PILGRIM study (158).  We maintained the same threshold throughout the study 

to provide uniformity to the entire intervention group and to establish a threshold which 

would not be associated with clinically significant post-suspend hyperglycaemia. However, in 

real-life, these thresholds can be altered and individualised depending on the glycaemic 

excursions related to food and exercise in day-to-day life.  
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The reduction in the duration of hypoglycaemia and hypoglycaemic episodes was 

accompanied by a non-statistically significant trend towards reduced prevalence of IAH with 

the use of PLGM. Whilst this result did not reach statistical significance, this outcome was only 

available for a smaller sub-population of the sample. The observed, albeit non-significant, 

trend suggests that the reduced prevalence of IAH is potentially a clinically important 

secondary outcome which requires further study. Therapeutic options for people with IAH 

remain limited and challenging, and although some individuals may gain benefit from 

structured education, the use of CGM, SAPT with low glucose suspension, many do not 

respond to these approaches (26). Hypoglycaemia avoidance is the basis of restoring 

awareness in patients with IAH (118, 217) and systems like PLGM, by almost eliminating 

hypoglycaemia, have the potential to improve awareness in this high-risk group and provide 

valuable addition to the current armamentarium of available therapies. 

Sustained frequent use of CGM is challenging in children and adolescents compared with 

adults, with sensor uptake higher in adults than among children. The Star 3 trial continuation 

phase reported a mean sensor wear time of 61% among adults and 45% among paediatric 

subjects (218). Similarly, the JDRF-CGM follow-up trial reported sensor wear of 6.5, 3.3, and 

3.7 days/week in the 6th month in participants >25 years, 15-24 years and 8-14 years, 

respectively (142). In our study, time commitment, technical challenges, sensor alerts, sensor 

efficacy, sensor life and skin irritation were described as some of the barriers identified 

through open-ended questionnaires (219). These challenges are potentially compounded in 

the adolescent age group, a physical and emotional growth phase associated with risk taking 

and vulnerability (220). Hence, it is vital to address these issues with participants and their 

families to provide them with education and support to overcome and troubleshoot these 

issues.  
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 This study is the first randomised controlled home trial and provides high quality evidence of 

the efficacy and safety of the PLGM system in the prevention of hypoglycaemia in real-life 

situations. The strength of our study is in its ability to provide this clinical insight about the 

use of PLGM in free-living conditions. A limitation of our study is that the important clinical 

observation of reduced prevalence of IAH in participants on PLGM did not reach statistical 

significance. We were also unable to corroborate it with improved counterregulatory 

hormones as originally planned in our study design as the prevalence of IAH in this cohort was 

17% as compared to the expected 25% of participants (108) which affected recruitment for 

this outcome. Hence, the small sample size of this high-risk group provides only observational 

inferences.  

To conclude, PLGM reduced hypoglycaemia exposure without compromising glycaemic 

control or quality of life in children and adolescents with T1D and thereby is an important 

technological device to reduce hypoglycaemia in their day-to-day lives.  

 

8.4 Characteristics of automated responses and glucose responses with the Predictive 

Low   Glucose Management System 

8.4.1 Preface 

We have conclusively demonstrated that hypoglycaemia is 

significantly reduced with PLGM under free-living conditions 

with no glycaemic deterioration. This leads to the next step to 

further analyse the glucose profile with the system-initiated 

suspend functions. This section includes the publication titled, “Characteristics of automated 
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insulin suspension and glucose responses with the Predictive Low Glucose Management 

system.” 

[This section is an edited version of the journal article published in Diabetes Technology and 

Therapeutics. A PDF copy of the original article is included in Appendix 8]. 

8.4.2 Abstract 

Background 

The Predictive Low Glucose Management (PLGM) system suspends basal insulin when 

hypoglycaemia is predicted and reduces hypoglycaemia.  The aim of this analysis was to 

explore the characteristics of automated insulin suspension and sensor glucose (SG) 

responses following PLGM-initiated pump suspension.  

Methods 

Children and adolescents with type 1 diabetes used the Medtronic MiniMed™ 640G pump as 

part of a randomised controlled trial. Data collected on a subgroup of participants on PLGM 

(Suspend before low enabled) from CareLink® Therapy Management Software were analysed 

to explore the time and duration of PLGM-initiated pump suspension. Day and night time 

were defined as 06:00 am to 10:00 pm and 10:00 pm to 6:00 am respectively. 

Results 

There were 20,183 suspend before low events in 8523 days (2.37 events/day). The mean 

suspend duration was 55.0 ± 32.7 minutes (day 50.0 ± 30.1, night 71.7 ± 35.1; p <0.001). 

Although a 2-hr pump suspension was more frequent at night (day 5%, night 18%), user-

initiated resumption occurred more during day (day 34%, night 12%). SG values did not reach 
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<3.5 mmol/l and <3 mmol/l in 79 % and 91 % of the events, respectively.  The 2-hr SG following 

pump resumption was higher following auto-resumption during the day (day vs night 9.3 

mmol/l vs 8.4 mmol/l; p <0.001).  

Conclusions 

Longer suspends and fewer glycaemic excursions occur at night compared with day.  The 

higher glycaemic daytime excursions could be due to carbohydrate consumption to increase 

glucose levels and highlights the need for health care professionals to educate people with 

T1D about carbohydrate intake around pump suspension. 

8.4.3 Introduction  

Hypoglycaemia prevention strategies in individuals with T1D have been a strong focus of 

research. The Predictive Low Glucose Management (PLGM) system suspends basal insulin 

delivery when hypoglycaemia is predicted. It was first evaluated under in-clinic studies of 

excess insulin (210) and exercise (158, 196) and reduced the need for hypoglycaemia rescue 

treatment. The PLGM system is now available as the ‘Suspend before low’ feature in the 

Medtronic MiniMed™ 640G pump and reduced hypoglycaemia in observational and 

randomised controlled trials (201, 207, 211, 212, 221) without deterioration in glycaemic 

control (221). Basal insulin delivery is suspended with the prediction of hypoglycaemia and 

resumes either after a maximal period of two hours or when the auto-resumption parameters 

are met. Suspension of insulin delivery has the potential to cause post pump-suspension 

hyperglycaemia and hence it is vital to analyse the glucose responses to automated insulin 

suspension with this feature. Reassuringly, the system did not demonstrate significant 

hyperglycaemia after pump resumption in children and adults (201, 211). We present our 
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experience with the ‘Suspend before low’ feature in children and adolescents enrolled as part 

of a 6-month randomised controlled trial using the Medtronic 640G pump.  We have further 

focused on an analysis of the sensor glucose (SG) profiles following pump suspension by time 

of day (day or night) to account for different user interactions with the system at different 

time periods.  

8.4.4 Research design and methods 

Participants on insulin pump therapy aged between 8 and 20 years, with T1D for at least one 

year and HbA1C <10% (<86 mmol/mol), participated in a 6-month multicentre randomised 

controlled home trial using the Medtronic MiniMed™ 640G pump. Participants in the control 

arm used sensor-augmented pump therapy alone with suspend functions turned off whereas 

participants in the intervention arm were on PLGM and used the ‘Suspend before low’ 

feature. This sub-study looked at participants who were randomised to PLGM and had their 

pump downloaded to CareLink® Therapy Management Software. Participants were trained in 

the use of the system by a credentialed diabetes educator over scheduled visits. The insulin 

pump was uploaded to transfer information to Medtronic CareLink® Therapy Management 

Software at the 3 and 6-month visit permitting evaluation of patterns of insulin suspension 

and resumption.  CONTOUR® NEXT LINK 2.4 metre (Bayer Health Care, Indianapolis, USA) was 

used for blood glucose (BG) monitoring and as the uploading device for the insulin pump.  

‘Suspend before low’ is a SmartGuard function in the Medtronic MiniMed™ 640G pump 

(Medtronic, Northridge, California) which can be enabled when used in conjunction with 

Enhanced Enlite™ glucose sensor and Guardian™ 2 Link transmitter. The function suspends 

basal insulin infusion when SG is 70 mg/dl (3.9 mmol/l) above the low limit and predicted to 

be 20 mg/dl (1.1 mmol/l) above the low limit in 30 minutes. The basal insulin delivery resumes 

either after a maximum suspend period of two hours or earlier if the auto-resumption 
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parameters are met. Basal insulin can automatically resume after a minimum suspend period 

of 30 minutes if the SG value is at least 20 mg/dl (1.1 mmol/l) above the preset low limit and 

predicted to be at least 40 mg/dl (2.2 mmol/l) above the low limit in 30 minutes. However, 

the infusion may be resumed earlier if the user intervenes during the suspend time and 

overrides the suspend function. During the study, the low limit was set at 3.4 mmol/l (61 

mg/dl) for all participants. 

For this study, the SG data for the entire duration of the study were analysed to determine 

the number of PLGM-initiated suspend events and the time and duration of insulin suspension 

for these events. The daytime period was defined as 06:00 am to 10:00 pm and the overnight 

period was between 10:00 pm and 6:00 am. The day and night times were evaluated 

independently as overnight suspend events were more likely to determine the pattern of SG 

values with no user intervention (carbohydrate intake and/or manual pump resumptions) 

during and after the period of insulin suspension whereas the daytime was more likely to be 

representative of user interaction with the system. ‘Suspend before low’ events were 

categorised according to resumption of insulin delivery as either pump-initiated following a 

maximum 2-hr suspension period or auto-resumption or following a patient-initiated manual 

resumption. The suspend events were also categorised according to the duration of pump 

suspension (<30 min, 30 to <90 min, 90 to <120 min, 120 min). To assess post pump-suspend 

hyperglycaemia following cessation of insulin delivery, SG profile was analysed up to two 

hours after pump resumption. Paired SG and BG values used for calibration (Bayer meter or 

manually entered) were used for accuracy statistics to determine the MARD (mean absolute 

relative difference).  

Statistical analysis:  
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Means, standard deviations and rates were calculated based on all readings. Incidence rates 

were presented as events per 24 hour period; confidence intervals for rates were generated 

based on the Poisson distribution. Generalized linear mixed models were used to compare 

SG, suspend duration, suspend rate over time of day and suspend type. Cluster robust 

standard errors were calculated. To compare across day and night over sub-categories of 

suspends, models were stratified by suspend type and suspend duration category. All 

incidence rate ratios presented were corrected for number of hours of observation. A p value 

of < 0.05 was considered statistically significant. Data were analysed using Stata 13 

(StataCorp, College Station, Texas, USA).  

8.4.5 Results 

Sixty-eight participants (54% males) commenced on PLGM with data downloaded to 

CareLink® Therapy Management Software were included in the analysis.  The (mean ± SD) age 

was 13.0 ± 2.9 years with duration of diabetes of 7.1 ± 3.7 years, on pump therapy for 4.8 ± 

2.8 years and with glycated haemoglobin level of 7.5 ± 0.8% (58.5 mmol/mol). 

Suspend characteristics 

In total, the system was worn for 8523 of 12,683 patient-days. During the 8523 sensor days 

evaluated, 20,183 suspend before low events occurred with a rate of 2.37 events per 24 hours 

(manual 0.70, automatic 1.46 and 2-hr maximum suspend 0.21 events per 24 hours) 

The pump most commonly suspended during the day (2.76 events per 24 hours) than at night 

(1.62 events per 24 hours); Incidence rate ratio 0.59 (0.57, 0.61), p < 0.001. Table 8.4.1 and 

Table 8.4.2 provide the analysis based on type of resumption and duration of event, 

respectively.  Patient-initiated (manual) resumptions occurred in 29% of the suspend events 

while the remaining 71% were pump-initiated. (63% auto-resumption, 8% following 2-hr 

maximum suspend).  Of the 29% of the manual resumptions, 53.9% occurred in the first 30 
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minutes whereas 40.6% resumptions occurred in the next 60 minutes. During the entire 24 

hours period, a similar proportion of manual and auto-resumptions were noted during 

between 30 to < 90 minutes and 90 to < 120 minutes. Of the events lasting 30 to < 90 minutes, 

insulin delivery was manually resumed in 18% and auto-resumption occurred in 82%. 

Similarly, of the events lasting 90 to <120 minutes, insulin delivery was manually resumed in 

17% with auto-resumption in 83%. 

Based on the type of resumption, Figure 8.4.1A further demonstrates the proportion of 

suspend events between day and night. Of the night-time events, 18% were due to 2-hr pump 

suspend whereas during day-time, only 5% of the events went through a full 2-hr suspension. 

Likewise, manual resumptions formed 34.1% of the day-time and 12.2% of the night time 

events. There was no difference in the manual resumption by age of participant (8-12 years 

IR 0.64; >12 years IR 0.55; p = 0.352) 

Based on the duration of suspend events, Figure 8.4.1B highlights the proportion of suspend 

events between day and night with shorter events (<30 mins) during the day (day 18.6%, night 

5.7%) and longer suspends at night (day 5.4%, night 19.4%). The overall duration of a suspend 

event was 55.0 ± 32.7 mins. The mean duration of daytime events was significantly shorter 

than that of the night (day 50.0 ± 30.1 mins, night 71.7 ± 35.1 mins; p <0.001). 
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Table 8.4.1 Rates of suspend events per 24 hours based on type of resumption after a suspend 

event 

 Total Day Night IRR* 
Day and Night 

p 

Overall 2.37 
[2.34,2.40] 

2.76 
[2.71,2.80] 

1.62 
[1.58,1.67] 

0.59 
[0.57,0.60] 

<0.001 

Manual 0.70 
[0.70,0.71] 

0.95 
[0.93, 0.98] 

 

0.21 
[0.19, 0.22] 

0.22 
[0.20,0.24] 

<0.001 

Automatic 1.46 
[1.43,1.48] 

 

1.64 
[1.61,1.68] 

 

1.10 
[1.01,1.14] 

0.67 
[0.64,0.70] 

<0.001 

Maximum 0.21 
[0.20,0.22] 

0.16 
[0.15,0.17] 

0.31 
[0.29,0.34] 

1.94 
[1.77,2.13] 

<0.001 

Numbers are mean rates with 95% confidence interval; *IRR: incidence rate ratio 

 

Table 8.4.2 Rates of suspend events per 24 hours based on duration of suspend event 

 Total Day Night IRR* 
Day and Night 

p 

<30 mins 0.36 
[0.35,0.38] 

0.50 
[0.49,0.52] 

0.09 
[0.08,0.10] 

0.18 
[0.16,0.21] 

<0.001 

30 to <90 mins 1.56 
[1.53,1.59] 

1.88 
[1.85,1.92] 

0.95 
[0.91,0.98] 

0.50 
[0.48,0.52] 

0.004 

90 to <120 mins 0.22 
[0.21,0.23] 

0.20 
[0.19,0.21] 

0.25 
[0.23,0.27] 

1.23 
[1.12,1.35] 

<0.001 

120 mins  0.23 
[0.22,0.24] 

0.17 
[0.16,0.18] 

0.34 
[0.32,0.36] 

1.95 
[1.78,2.13] 

<0.001 

Numbers are mean rates with 95% confidence interval; *IRR: incidence rate ratio 
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Figure 8.4.1 The proportion of day and night time suspends  

                              A:  THE TYPE OF RESUMPTION                                      B: DURATION OF RESUMPTION 

 

 

(A) The proportion of day and night time suspends stratified on the type of resumption.  

(B) The proportion of day and night time suspends stratified on the duration of resumption. 

 

 

 

Sensor glucose profile 

The SG values did not reach <3.5 mmol/l and <3 mmol/l in 78.9% (day 78.9%, night 79%) and 

91.2% (day 91.4%, night 90.6%) of the events respectively.  

Table 8.4.3 provides the SG values following a PLGM-initiated pump suspension. The (mean ± 

SD) SG at pump suspend was 5.2 ± 0.7 mmol/l (day 5.3 ± 0.7 mmol/l, night 5.1 ± 0.7 mmol/l). 

At pump resumption, SG was 5.6 ± 1.4 mmol/l (day 5.7 ± 1.4 mmol/l, night 5.5 ± 1.1 mmol/l) 

and 2-hrs following pump resumption was 8.6 ± 3.4 mmol/l (day 8.7 ± 3.6 mmol/l, night 8.1 ± 

2.8 mmol/l, p <0.001). The 2-hr SG following auto-resumption (9.1 ± 3.5 mmol/l) was higher 

as compared to manual resumption (7.7 ± 3.3 mmol/l) and 2-hr suspend (7.6 ± 3.5 mmol/l) (p 
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< 0.001). Table 8.4.4 provides the median along with the 25th and 75th centile of sensor 

glucose values with suspend function based on the pattern of resumption.  

 

Figure 8.4.2 The mean ± SE sensor glucose profile with PLGM during day and night  
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Figure 8.4.3 A schematic representation of glucose levels (mean ± SE) following PLGM-

initiated suspension (A–C). The SG profile during day and night following auto-resumption, 

manual resumption, and 2-hr suspension, respectively.  

 

 
Table 8.4.3 Sensor glucose levels following a PLGM-initiated pump suspend 
Values are sensor glucose in mmol/l; mean ± SD 

 Pump suspend Nadir Pump 

resumption 

2-hr post resumption 

Overall 5.2 ± 0.7 4.2 ± 0.9 5.6 ± 1.4 8.6 ± 3.4 

Automatic 5.2 ± 0.7 4.2 ± 0.8 6.2 ± 1.1 9.1 ± 3.5 

Maximum 2hr 5.2 ± 0.7 3.3 ± 0.7 4.2 ± 0.9 7.6 ± 3.5 

Manual 5.2 ± 0.7 4.2 ± 0.9 4.7 ± 1.1 7.7 ± 3.3 
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Table 8.4.4 Sensor glucose values with suspend events based on resumption parameters 

 

 

  

Events Pre 30min At 
suspension 

Nadir At 
resumption 

1-hr Post 
resumption 

2-hr Post 
resumption 

All events Total 6.8 

(5.7,8.2) 

5.1 

(4.8,5.6) 

3.6 

(4.2,4.7) 

5.0 

(5.6,6.2) 

5.8 

(7.3,9.2) 

6.1 

(8.0,10.6) 

 Day 7.0 

(5.9,8.4) 

5.2 

(4.8,5.7) 

4.2 

(3.6,4.8) 

5.6 

(4.9,6.3) 

7.5 

(5.8,9.6) 

8.2 

(6.0,11.0) 

 Night 6.1 

(5.5,7.3) 

5.0 

(4.8,5.4) 

4.2 

(3.6,4.7) 

5.5 

(5.0,5.9) 

7.0 

(5.8,8.2) 

7.7 

(6.2,9.6) 

Manual Total 6.9 

(5.8,8.2) 

5.2 

(4.8,5.6) 

4.2 

(3.6,4.8) 

4.6 

(4.0,5.2) 

6.7 

(5.2,8.6) 

7.1 

(5.2,9.6) 

 Day 6.9 

(5.9,8.3) 

5.2 

(4.8, 5.6) 

4.3 

(3.6, 4.9) 

4.6 

(4.0, 5.2) 

6.7 

(5.2, 8.6) 

7.1 

(5.2, 9.5) 

 Night  6.5 

(5.6,7.9) 

5.1 

(4.8, 5.6) 

4.0 

(3.3, 4.7) 

4.6 

(3.8, 5.2) 

6.3 

(5.0, 8.1) 

7.3 

(5.5, 9.7) 

Automatic Total 6.7 

(5.7,8.2) 

5.1 

(4.8,5.6) 

4.3 

(3.7,4.8) 

5.8 

(5.5,6.5) 

7.7 

(6.3,9.7) 

8.5 

(6.6,11.1) 

 Day 7.0 

(5.9,8.5) 

5.2 

(4.8,5.7) 

4.2 

(3.6,4.8) 

6.0 

(5.5,6.6) 

8.0 

(6.3,10.1) 

8.7 

(6.6,11.6) 

 Night 6.1 

(5.4,7.2) 

5 

(4.8,5.4) 

4.3 

(3.8,4.7) 

5.6 

(5.4,6.1) 

7.2 

(6.2,8.4) 

8.0 

(6.6,9.8) 

Maximum Total 6.7 

(5.7,8.2) 

5.1 

(4.8,5.6) 

3.4 

(2.8,3.8) 

4.3 

(3.7,4.8) 

6.1 

(4.8,7.3) 

7.0 

(5.5,9.2) 

 Day 7.2 

(5.8,8.6) 

5.2 

(4.8,5.7) 

3.2 

(2.7,3.7) 

4.3 

(3.6,4.8) 

6.2 

(5.0,8.0) 

7.6 

(5.7,10.1) 

 Night 6.4 

(5.6,7.7) 

5.1 

(4.8,5.5) 

3.5 

(3.0,3.9) 

4.3 

(3.7,4.8) 

5.8 

(4.7,7.0) 

6.6 

(5.4,8.3) 
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MARD 

The median number of calibrations per calendar day was 1.82 (IQR 1.57-2.30). Of the 53,494 

paired BG and SG values, the overall MARD between paired SG and BG values was (mean ± 

SD) 14.2 ± 16.5 % (median 9.7%). The MARD was 16.0 ± 18% (median 11.1%) with BG between 

3.5 and 8 mmol/l with 19,697 paired values. For BG values between 8 and 10 mmol/l, and > 

10 mmol/l with 9331 and 22,535 paired points, the MARD was 12.7 ± 13.2% (median 8.9%) 

and 11.7 ± 12.1% (median 8.2%) respectively.  

 
8.4.6 Discussion 
 
 
This report highlights the characteristics of PLGM-initiated automated insulin suspension. The 

PLGM function was frequently activated with suspensions more likely to occur during the day 

than night. Most of these events were of short duration with insulin delivery recommenced 

when the auto-resumption parameters were reached, although the maximal 2-hr suspension 

was more likely at night.  The system prevented approximately 80% of the predicted 

hypoglycaemic events (with the set low limit of 3.4 mmol/l) consistently both during day and 

night.  The high rate at which sensor-detected hypoglycaemic events were avoided is 

consistent with our previous in-clinic studies (210) and a short-term observational home study 

in adults (201).  

The characteristics of pump suspension will depend on the interaction of the user with the 

system. Adolescents were independent in their management with parental assistance in 

younger children (219) although we did not find a difference in manual resumption based on 

the age of the child. The minimum automated suspend duration is 30 minutes and hence 

events terminated within 30 minutes, are always terminated by the user. Almost half the 

suspend events were terminated by the user in a 6-week paediatric study (211).  In contrast, 
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manual resumption occurred only in 29% of the events in our 6-month study.  This may reflect 

the issue of trust in the short term, and the education delivered to the user with regards to 

pump-suspend functions. It is also more likely to be overridden if the suspend occurs close to 

meal times. As anticipated, manual resumptions occurred more during the day whereas the 

2-hr maximum suspend period was observed at night. There is minimal user interaction with 

the system at night reflected in the longer suspends and fewer glycaemic excursions. On the 

contrary, the higher glycaemic day time excursions after pump resumption potentially reflect 

an individual’s response to pump suspension with carbohydrate intake.  The 2-hr SG was 

higher following auto-resumption than with manual resumption in our study which was in 

contrast to Biester et al who found significantly higher glucose levels with manual resumption 

(211). This was largely attributed to patient behaviour with an almost equal proportion of 

manual and auto-resumptions in the study. There are potentially multiple factors which 

impact on the SG levels following a suspend event with regards to the timing of carbohydrate 

intake, the type of carbohydrate consumed, the person’s activity level and the cause of the 

predicted hypoglycaemia. This highlights the need for health care professionals to educate 

patients about pump suspension, resumption and carbohydrate intake around pump 

suspension.  

Our experience with the system during the research trial and post-commercial roll-out 

highlights the need to educate the patients about how the algorithm works, the ability to 

individualise the low limit and the choice of both suspend on low and suspend before low in 

the pump. It is important to emphasise to patients that pump suspension by itself should not 

lead to supplemental carbohydrate intake and hypoglycaemia management should be 

instituted only if hypoglycaemia occurs. Individuals who consume carbohydrates to prevent 

or treat hypoglycaemia are sometimes at risk of overtreatment as they respond to persistent 
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low SG levels with multiple hypoglycaemia treatments due to failure in appreciating a time 

lag in recovery of SG levels. They need to be educated about appreciating time lags and to 

measure BG levels for treatment decisions.  The pump should be manually resumed at meal 

time, if carbohydrates are consumed to prevent hypoglycaemia or if there is discrepancy 

between SG and BG readings. It is also important to recognise that the rate of fall of glucose 

will also guide the efficacy of the system (196). Hence, patients should monitor the trend 

arrows, and let the pump suspend and resume based on the algorithm, unless there is 

indication of a rapid decline in SG, for example, two or three downward trend arrows and 

consider the active insulin on board. Trust in the suspend function will depend on the early 

experience of the individual with the system and hence it is vital to address and educate the 

user about pump suspension.   

The average number of suspends per day will depend on the set low limit and the 

hypoglycaemia exposure in an individual.  Studies in adults reported 2.1 suspends per day 

with individualised low limits. However, the previously reported paediatric studies have 

higher number of suspends than an average of 2.37/day as reported in our study. A threshold 

of 3.9 mmol/l had at least three suspends a day (211) while Villafuerte Quispe et al, although 

had a similar low limit (3.4 mmol/l) as in our study, had an average of four suspends a day 

(213). This, however, could be accounted for by the higher hypoglycaemia exposure of 10% 

(213) as compared to 4.5% in our cohort and could also explain the longer duration of 

suspends in this group.  The low limit should be set for a user in consultation with the health 

care professional. Settings are intended to balance safety while minimising unnecessary 

alerts. The pump permits a set-up of eight time segments for a 24-hr period and different low 

settings can be selected for each time segment. Although a higher limit will potentially 

eliminate hypoglycaemia, there is a potential risk of multiple alarms, patient fatigue and 
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rebound hyperglycaemia, whereas a lower limit may not prevent hypoglycaemia effectively. 

Our study reduced hypoglycaemia without deteriorating glycaemic control at the set low limit 

of 3.4 mmol/l (221) and hence it could be considered a starting point. However, to achieve 

maximum benefits, the low limit should be discussed with the individual at subsequent visits 

and tailored to suit their activities.  

With the Low Glucose Suspend (LGS) studies in adult population (8, 152, 176), pump 

resumption following LGS occurred only after a fixed 2-hr suspend with no auto-resumption. 

The mean SG at the time of pump resumption were 5.1 and 5.5 mmol/l with higher SG 

readings of 8.6 and 9.4 mmol/l after 2-hr pump resumption(8, 152). However, with the LGS 

available in the 640G pump, insulin infusion can resume on auto-resumption parameters and 

hence the previous results are not directly comparable with the currently available system.  

In our study, the 2-hr SG following PLGM is lower than the above reported LGS studies as only 

the persistently lower SG readings will go through a full 2-hr suspend. Hence, following a 2-hr 

suspend, the SG levels were lower at 4.2 mmol/l or 76 mg/dl at the time of pump resumption 

and 7.7 mmol/l or 139 mg/dl after 2 hours of pump resumption. Similar results were also 

noted in the adult PLGM study with mean SG of 8 mmol/l with longer suspends of ≥90 minutes 

(201). Although there are few PLGM studies which report on reduction of hypoglycaemia with 

the system (201, 207, 211-214), not all report on the characteristics of automated suspension. 

These characteristics are described in a 6-week study by Biester in children (211) and a 4-

week study by Choudhary et al in adults (201). 

The study in adults with PLGM have findings comparable to our paediatric cohort with the 

mean pump suspend duration of 56.4 minutes and shorter suspends during the day than at 

night (201). The proportion of manual and auto-resumptions lasting <30 mins, 30 to <90 mins 

and >90 mins were also noted to be similar in adults to our paediatric study. Shorter suspends 
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were associated with faster and higher peaks in glucose as compared to the longer suspends 

which were followed by a more gradual increase in glucose levels (201). A similar pattern is 

observed in the paediatric study by Biester et al (211) although we noted that only auto-

resumption and not manual resumption was found to be associated with higher glucose 

levels. Manual resumptions constituted only 29% in our study compared to 45.9% in the 6-

week study by Biester et al (211). On the other hand, Choudhary et al reported only 19% 

manual resumptions in 4-week study in an adult cohort (201). This difference in manual 

resumptions could also be a reflection of trust in the system and participant education and 

interaction with the system. 

As this was a 6- month study, it also provided a large dataset to characterise the accuracy of 

the sensors. Participants were advised to calibrate three to four times a day for optimal sensor 

performance. In our study, the MARD was 14.2 ± 16.5 % (median 9.7%) with 1.82 calibrations 

per day with calibrations; similar to the Enlite™ Sensor Performance Report which reported a 

MARD of 14.2 percent although when calibrated 3-4 times daily (222). The MARD of Enlite 

sensors used in other PLGM studies using the same system were 10.9 ± 13.8 % (median ARD 

6.2%) with 2662 paired points in a 4-week study in an adult population (201) and 9.2 ±7.3% 

with 3219 data points in a controlled camp setting for 5 days in a group of adolescents (212). 

Overall MARD in adolescents using the hybrid closed loop system with next generation 

sensors (Guardian ® Sensor 3) and Guardian Link 3 transmitter was 11.2 ± 9.7% (162). Our 

study commenced in 2014 and the MARD reflects the accuracy of sensors during this time. 

The cohort was an adolescent group in free-living conditions for six months with suboptimal 

calibration during the study; unlike the shorter and more controlled studies. These results 

highlight the need for health care professionals to ensure adequate and clear messages 



169 

 

regarding the timing and frequency of calibration are conveyed to the patients and re-

emphasised at subsequent clinic visits. 

In conclusion, sensor-augmented pump therapy with the added feature of PLGM is a 

significant milestone toward the reduction of hypoglycaemia. It is important to educate 

people with T1D about pump suspension and customise the low threshold to suit each 

individual to help them use the system efficiently and reduce glycaemic excursions after 

suspension.  

8.5 Unexpected management behaviours in individuals on sensor-augmented pump 

therapy  

8.5.1 Preface 

Technology has a role to play in the management of type 1 

diabetes. However, apart from adequate education around 

the concept and use of technology to best manage glucose 

levels, there is a trend of behaviours that may not be 

appropriate that are emerging in individuals using SAPT. 

Furthermore, there is risk of harm with some of these 

behaviours. This section addresses the challenges and erratic behaviours that are at times 

seen in some adolescents.  This section is published as a case series and is titled, “Unexpected 

management behaviours in adolescents with type 1 diabetes using sensor-augmented pump 

therapy.” 

 [This section is an unedited version of the journal article published in Journal of Diabetes 

Science and Technology. A PDF copy of the original article is included in Appendix 9]. 
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8.5.2 Abstract 

Background 

Continuous glucose monitoring can improve glycaemic outcomes in individuals with Type 1 

diabetes. However, the constant exposure to real-time glucose levels can sometimes lead the 

individual to make some risky choices to address the glycaemic excursions. Hence, the 

purpose of this study was to explore the aberrant management behaviours of youth with Type 

1 diabetes on sensor-augmented pump therapy (SAPT). 

Methods 

Participants in a clinical trial using SAPT on Medtronic MiniMed™ 640G pump who 

experienced deteriorating glycaemic control or unexplained hypoglycaemia were identified 

by the health care professional. The pump and/or sensor data uploaded to CareLink™ Therapy 

Management Software were reviewed in these participants.  

Results 

Uncharacteristic management behaviours were identified in five adolescent males. 

Continuous exposure to high glucose levels resulted in obsessive behaviours displaying a 

perfectionistic attitude in two participants. Multiple boluses were delivered frequently as 

uneaten carbohydrates in participant 1 while participant 2 resorted to delivery of extra insulin 

by cannula fills. In contrast, participant 3 chose to remain hyperglycaemic to avoid weight 

gain while participant 4 trusted the system and used sensor glucose readings for calibrations, 

with resultant deterioration in glycaemic control in both participants.  On the other hand, 
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participant 5, due to mistrust in the pump suspend function, consumed carbohydrates with 

downward glucose trends with rebound hyperglycaemia.  

Conclusions 

Constant exposure to real-time data can lead to unsafe management responses in 

adolescents with the behaviour influenced by trust or mistrust in the system. Adolescents 

should be empowered with problem-solving strategies for safe management.  

8.5.3 Introduction 

Continuous glucose monitoring (CGM) systems have empowered individuals with Type 1 

diabetes (T1D) to respond and make adjustments to their diabetes management (223)  with 

improved glycaemic control and with reduction in severe hypoglycaemia and overall health 

costs (8, 9, 135, 138).  CGM provides real-time glucose readings with trends, alarms and 

automated insulin suspensions when used in conjunction with insulin pump. The information 

available to the user enables CGM to be utilised as a powerful tool in the improvement of 

glycaemic control. However, although the CGM user is educated in sensor insertion, 

calibration, glucose testing and use of alarms, patients and health care providers are now 

presented with an avalanche of information and have to determine the best utilisation of the 

data available through CGM.  Patients tend to perform fewer self-monitoring of blood glucose 

(SMBG) while on CGM (224) and also make relatively large insulin adjustments in response to 

display trends and arrows (225). However, as yet, there are few uniform recommendations in 

the effective use of CGM(226). This lack of knowledge and recommendations can lead at times 

to erratic and unsafe individual responses to glycaemic excursions; especially in adolescence, 

a period that is prone to heightened engagement in risky and reckless behaviours(220).  
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8.5.4 Methods 

We present a case series of adolescents on sensor-augmented pump therapy (SAPT) who 

exhibited these behaviours.  The aim of this series is to create awareness of such practices in 

users of SAPT and to further explore the issue of trust and mistrust in medical technologies. 

Participants with deteriorating glycaemic control or unexplained hypoglycaemia who 

exhibited erratic and unexplained behaviours were identified by the diabetes nurse educator 

and/or the principal investigator of each centre conducting the Predictive Low Glucose 

Management (PLGM) randomised controlled home trial. The trial aimed to determine the 

efficacy of the ‘Suspend before low’ function in real life (215). During the course of the 6-

month trial, all participants were required to wear the Medtronic MiniMed™ 640G pump and 

Enlite™ glucose sensor with the Guardian™ 2 Link transmitter. The pump was uploaded to 

CareLink™ Therapy Management Software at each research visit.   

The pump and sensor training was delivered by a credentialed diabetes educator. All 

participants were experienced in the use of an insulin pump, and had knowledge of their 

carbohydrate ratios and insulin sensitivity. They all received technical training on the use of 

the pump. All participants were sensor naïve and CGM training was directed toward the 

participant and parent, depending on the age of the participant. All participants were taught 

the principles of CGM use, over a 2 hour individual session. The physiological difference 

between blood glucose and interstitial glucose and the time lag was explained. The education 

included the importance of regular calibration and calibration timing. All participants were 

advised to perform a confirmatory meter blood glucose check for diabetes treatment 

decisions and not base them on sensor glucose values alone.  Only the low alerts were 

mandatory while all other alerts were individualised. No specific education around insulin 
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adjustment with trend arrows and alerts was imparted. However, participants who had the 

‘suspend before low’ function turned on, were taught the criteria within the algorithm for the 

pump to initiate a suspension with hypoglycaemia prediction, being based on trend, direction 

and speed of change. Scenarios were used to help participants understand the purpose of this 

function within the context of their own diabetes management. 

8.5.5 Results 

Five adolescent males with (mean ± SD) duration of diabetes of 6.4 ± 3.1 years and HbA1c of 

58 mmol/mol (7.5 ± 1.3%) on insulin pump therapy for 3.8 ± 1.7 years were identified. The 

erratic behaviours, participant rationale and health care practitioner (HCP) advice are 

described.   

Participant 1 

HCP concern:  The concern was manual insulin boluses administered frequently. 

Background:  A 16.1-year-old with diabetes for 7.2 years and on insulin pump therapy for 4.2 

years with HbA1c of 40 mmol/mol (5.8%) was commenced on SAPT.  He was concerned about 

hyperglycaemia and subsequent weight gain with treatment of multiple hypoglycaemic 

episodes.  

Behaviour: CGM use in the participant caused anxiety and discomfort as he became aware of 

low and high sensor glucose (SG) levels. He exhibited perfectionistic behaviour and was 

overtly focused on his diabetes management. He acknowledged his discomfort when SG was 

> 10 mmol/l and resorted to frequent correction boluses by using manual boluses entering 

uneaten carbohydrates as shown in Table 8.5.1. Boluses were administered every one to two 
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minutes with the intention to deliver extra insulin to reach the desired target range sooner as 

he was concerned of the relatively slow action of insulin. Following review of the CareLink 

data, the HCP discussed the action of insulin and discouraged insulin stacking and the 

subsequent potential to recurrent hypoglycaemia.  

Table 8.5.1 Data table of Participant 1 showing small amount of uneaten carbohydrates 

frequently entered to deliver extra insulin. 

Time Sensor glucose 
(mmol/l) 

Blood glucose 
(mmol/l) 

Insulin bolus 
(units) 

Carbohydrates 
(grams) 

1:52:56 8.4    

1:53:41    11 

1:53:42   1.1  

1:57:26 12.0    

1:58:25  11.0   

1:58:46    1 

1:58:55   1.5  

2:00:16    4 

2:00:21   0.4  

2:02:26 13.9    

2:03:34    15 

2:03:41   1.0  

2:03:51    6 

2:03:58   0.6  

2:04:14    2 

2:04:18   0.2  

2:07:26 15.2    

2:07:47    30 

2:07:56    28 

2:08:11   2.8  

2:12:26 16    

2:14:37    6 

2:14:41    5 

2:14:46    4 

2:14:50   0.4  

2:22:27 16.8    

2:23:47    2 

2:23:51   0.2  

2:24:17    3 

2:24:23   0.3  

2:27:27 17.9    

2:29:28    4 

2:29:32   0.4  
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2:32:27 18.5    

2:35:23    15 

2:35:53   1.5  

2:37:27 19.3    

2:39:53  11.7   

2:42:27 19.1    

2:47:15  10.0   

 

Participant 2 

HCP concern: The concern was excessive amount of insulin used for cannula and tubing fills.  

Background: A 14.3-year-old with diabetes for 2.7 years and on pump therapy for 1.9 years 

had good glycaemic control with HbA1c of 48 mmol/mol (6.5%). However, he had impaired 

hypoglycaemia awareness and had experienced four severe hypoglycaemic events, and two 

episodes of unexplained hypoglycaemia requiring hospital emergency visits.  

Behaviour:   The CareLink report (Figure 8.5.1) demonstrated an excess amount of insulin for 

cannula and tubing fills (tubing fill of 70.6 units and cannula fill of 1.52 units; the prescribed 

being 0.3 units for cannula fill). Pump rewind, cannula and tubing fills were done daily with 

excessive finger prick testing. The participant behaviour was driven by expectations, both 

personal and from parents, to maintain perfect glycaemic control. The assumption was that 

the cannula and tubing fills were used to administer insulin without the behaviour identified 

on bolus history. The findings were addressed at a clinical level with the adolescent and the 

family.  
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Figure 8.5.1. CareLink pro of Participant 2 with large amounts of insulin used for cannula and 

tubing fill. 

 

Participant 3 

HCP concern: The concern was insulin boluses administered into disconnected pump during 

day time. 

Background: A 14.8-year-old adolescent with diabetes for 8 years and on insulin pump for 6 

years was dedicated to his athletic pursuits with a desire to remain lean although he was 

unable to engage in resistance weight-training due to his young age. His glycaemic control 

was suboptimal with HbA1c of 78 mmol/mol (9.3%). He admitted to prolonged periods of 

interval training.  He had also experienced two severe hypoglycaemic episodes. Both the 

participant and parents were keen to use sensors as a safeguard for upcoming sporting 

events. The participant had also received dietetic input with regard to the amount of 

carbohydrates required to support his current activity although he was not keen on increasing 

carbohydrate intake to avoid weight gain. 
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Figure 8.5.2 (A) A quick-view summary of Participant 3 from CareLink Trial. The sensor glucose 

is persistently elevated in spite of adequate testing and insulin boluses. (B) Sensor daily 

overlay for Participant 3 with persistently high sensor glucose readings. 

 

 

Behaviour: There was a mismatch between SG readings and pump upload with insulin delivery 

(Figure 8.5.2A). The SG levels were persistently elevated across the day although the total 

   A 

  B 
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daily insulin was 1.24 u/kg with 69% delivered as bolus. The sensor overlay is demonstrated 

in Figure 8.5.2B. The SG profile fell overnight, however; increased and remained elevated 

across the entire day in spite of multiple insulin doses, with no evidence of expected drop in 

glucose due to delivered boluses. It was suggested that during day time, blood glucose and 

carbohydrate amounts were entered into the pump while being disconnected. Behaviour was 

speculated to avoid weight gain. The participant however denied disconnecting the pump, 

although he did acknowledge a concern of remaining continuously attached to the device and 

attributed the constantly elevated SG levels to set issues. 

Participant 4 

HCP concern: The concern was sensor glucose readings used for calibrations and to replace 

SMBG.  

Background: A15.7-year-old adolescent with diabetes for 4.4 years and on pump therapy for 

2.4 years had HbA1c of 51 mmol/mol (6.8%) at recruitment. Suspend before low was 

activated for the duration of the study.  

Behaviour: HbA1c increased from 51 mmol/mol (6.8%) at study entry to 67 mmol/mol (8.3%) 

after four months and 79 mmol/mol (9.4%) after seven months. The sensor daily overlay 

report was not consistent with poor glycaemic control with an average SG of 7.1 ± 2.5 mmol/l 

as shown in Figure 8.5.3A while Figure 8.5.3B and 8.5.3C demonstrate the data table 

demonstrating the right calibration technique and the calibration technique of the participant 

respectively. The participant acknowledged the entry of SG readings into the pump for 

calibration and bolus. The use of SG for calibration and bolus was reportedly seen as an easier 
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way to manage his glucose readings without resorting to the need for finger pricks. The need 

to perform SMBG to bolus for meals and to calibrate sensor was reiterated by HCP. 

Figure 8.5.3  

(A) Sensor daily overlay for Participant 4.  

 

 

 

(B) The right calibration technique. Blood glucose (14.9 mmol/l) was used for calibration with 

corresponding sensor glucose of 11.2 mmol/l. The blood glucose meter is linked to the pump 

and hence sent to the pump for calibration.  
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(C) Data table of Participant 4. The sensor glucose (7.8 mmol/l) is entered into the bolus 

wizard and used for calibration. 

 

 Participant 5 

HCP concern: The concern was carbohydrate consumption with a downward trend in SG. 

Background: A 14.3-year-old with diabetes for 10.5 years and on pump therapy for 4.9 years 

was commenced on SAPT with Suspend before low enabled. Participant’s glycaemic control 

was optimal with HbA1c of 56 mmol/mol (7.3%). However, a subsequent increase in HbA1C 

to 61 mmol/mol (7.7%) was noted. 

Behaviour: Fear of hypoglycaemia caused the participant to ingest excessive carbohydrates if 

SG was <5 mmol/l or downward arrow trends were observed. Foods with high glycaemic index 

were ingested following pump suspension with resultant high SG. Although the sensor was 

regarded to be useful for the participant and the parents to review the alerts and arrows, 

hypoglycaemia was prevented with food rather than permitting insulin suspension. Behaviour 

was due to mistrust in the Suspend before low function. HCP advice was to allow the pump 

to suspend and resume based on SG readings. The family was also further informed regarding 

the use of appropriate carbohydrates if the Suspend before low function was overridden. 
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8.5.6 Discussion 

This case series demonstrates the need for clinicians to be vigilant of patient interaction with 

CGM information as exposure to CGM systems can sometimes lead to unexpected behaviours 

in adolescents with T1D. Adolescence is a time of physical and emotional growth associated 

with risk taking, and vulnerability. The risk taking behaviours along with the new found 

autonomy often leads to poor self-management, which impacts glycaemic control(220). As 

sensor readings are real-time, the constant exposure to glucose levels, at least in some 

patients, could drive them to erratic behaviours that can negatively impact their 

management.   

Anecdotally, studies have highlighted the prohibitive cost, variable accuracy and information 

overload to users(227, 228) as some of the detriments of CGM uptake in the real world(228). 

However, an adolescent could possibly respond in different ways to the glucose levels, given 

the extra information available to them. They could be overwhelmed and choose to ignore it 

(Participant 3) or be obsessively driven to achieve perfect readings (Participants 1 and 2).  

Before commencing CGM, it is important to identify with the patient their individual goals, 

the perceived benefits and barriers to the use of these systems. Although it may be difficult 

to predict an individual’s response to CGM levels, awareness of maladaptive patient 

responses to low and high glucose values should guide the HCP to address these issues in their 

clinical review.  These erratic behaviours displayed with CGM use bring to light the need for 

open dialogues with patients and families to facilitate discussions to explore the potential 

disadvantages and on-going hindrances with the use of the system. Incorporating education 

and direct open conversations about high-risk behaviours as part of the routine assessment 

at regular clinic visits is vital to prevention. 
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Evaluation of the pump and sensor data to review the SG profile and the patient interaction 

with the system is paramount during the clinic visits and should complement a thorough 

clinical review.  The review of these data can at times unveil aberrant and unsafe practices as 

demonstrated in our case series. The time taken for review should be taken into consideration 

when planning the set-up of pump and/or sensor clinics.  The need for ongoing discussion and 

adequate CGM education should be factored in with the clinical visits. This will be crucial for 

staffing and resources with the increase in patients using CGM systems.  

This case series also explores the issue of trust in technology by relinquishing control to an 

automated system and highlights the dichotomised behaviour seen between “no-trust” 

(Participant 5) vs “blind trust” (Participant 4). Trust of the individual in the system determines 

reliance on the system (229). These issues of trust and mistrust of technology are also widely 

seen in automation with autonomous cars and autopilots in aircrafts. Trust is not a static thing 

but dynamic with humans learning to predict what systems will do and vice versa (Bayesian 

analysis and prediction) in what has been termed interfacing mutual “mental” models (230). 

User trust will depend on the early experience of the individual with the system and this 

further accentuates the importance of adequate and graded training of the individual to 

effectively use technology.  This is also significant with the further evolution of partial closed-

loop to hybrid and fully automated closed-loop systems.  

To summarise, clinicians should be aware of the possibility of unsafe behaviours by the 

adolescents with T1D to address glycaemic excursions. These behaviours can be unveiled 

following review of the pump and/or sensor data.  Families should be adequately informed 

and empowered with problem-solving strategies for safe clinical management and open 

discussions should be facilitated to encourage and maintain a good clinician and patient 
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collaboration to achieve the best outcomes. The issues of trust and mistrust with technology 

will guide individual’s reliance on the automated systems. 

8.6 Summary 

To summarise, this chapter demonstrated the safety and effectiveness of the PLGM system 

in hypoglycaemia reduction without a negative impact on glycaemic control and psychosocial 

measures during a 6-month randomised controlled home trial. Apart from the substantial 

benefits in hypoglycaemia reduction, it also underlined the characteristics of glucose profile 

with automated pump suspends and discussed the need to educate PLGM users about 

carbohydrate consumption with pump suspension. Importantly, it also highlighted the 

challenges with technology uptake and data interaction for people living with diabetes. The 

findings of this study therefore inform clinical practice in the delivery of better education and 

support while using technological devices.  

8.7 Student contribution to work 

The candidate was involved in the study design and approvals of the multicentre trial, 

recruited participants, conducted studies in WA and coordinated the studies with Jennifer 

Nicholas, research nurse and diabetes educator. Statistician Grant Smith collected the data 

and conducted independent data analysis.  The candidate was responsible for interpreting 

the results, dissemination of results, preparation of the manuscript and was supervised by 

Professor Jones and Professor Davis during the thesis candidature.  

Niru Paramalingam, Dr Trang Ly, Heather Roby provided input into the study design.  

Professor Geoff Ambler (Children’s Hospital Westmead), Dr Janice Fairchild (Women’s and 

Children’s Hospital, Adelaide), Professor Bruce King (John Hunter, Newcastle), Professor 
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Fergus Cameron (Royal Children’s Hospital, Melbourne), Professor Davis (Princess Margaret 

Hospital) were the Principal investigators who collaborated in the PLGM study. Professor 

Timothy Jones was the coordinating principal investigator. The principal investigators 

conceived the study design and supervised the study at each centre.  

All authors provided feedback for the published abstracts and manuscripts.  
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CHAPTER 9: DISCUSSION 
 

9.1 Preface 

This chapter collates the key findings and knowledge generated through the studies of this 

research programme as outlined in the preceding chapters. The chapter is divided into 

sections and begins with a brief summary of the outcomes from the studies within the thesis 

followed by the strengths and limitations of the studies. The chapter highlights the knowledge 

that has been acquired, its contribution to informing clinical practice and future technological 

studies and the challenges with technology use and translation. In view of the rapid 

technological advancements, a brief overview of the studies that have emerged during the 

candidature period in the field of emerging technologies especially in reducing hypoglycaemia 

burden is provided along with a reflection and outline of future studies that can shape the 

uptake of technology.   

9.2 Summary of thesis project 

Study 1: Prevalence of Impaired Awareness of Hypoglycaemia  

This was a cross-sectional study which aimed to determine the prevalence of IAH in a 

population-based adolescent cohort with T1D.  A survey determining the prevalence of IAH 

was also conducted in 2002 in the same clinic cohort using the Modified Clarke questionnaire 

and this provided an opportunity to review the change in prevalence across these two time 

points.   
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Results: The prevalence of IAH was 33% in 2002 and 21% in 2015 (p <0.001).  Although the 

prevalence of IAH decreased, IAH remains a concern as affected individuals continue to be at 

an increased risk of severe hypoglycaemia (8 events/100 patient years) compared to those 

with normal hypoglycaemia awareness (2 events/100 patient years). A further observation of 

interest was the relationship between lower HbA1c and IAH: this was present in the 2002 

cohort but not in the 2015 cohort. This finding aligns with the current literature and supports 

the observation that optimal glycaemic control can be achieved with current therapies 

without increasing hypoglycaemia and compromising hypoglycaemia awareness.   

Strengths and Limitations: The strength of this study was in its ability to compare a 

demographically similar clinic population using the same questionnaire across two time 

points (2002 and 2015) providing an insight into the change in prevalence of IAH.  Although 

this is a population-based sample, this was a cross-sectional study and the results do not 

address the longitudinal trend over this time period.   

Significance: The results of the study inform clinical practice. Age-appropriate screening of 

IAH with self-reported questionnaires should be considered as a routine practice irrespective 

of their glycaemic control.  Although Modified Clarke questionnaire was used in the research 

study, consideration can be given to use Gold method (a single question) to be administered 

as a tool in older children and adolescents to screen for IAH in a busy clinic environment.  

Identifying children with IAH will provide a platform to provide more structured and focussed 

clinical intervention to reduce hypoglycaemia. Technology to monitor glucose levels and to 

reduce or prevent hypoglycaemia in day-to-day life should be considered according to the 

availability and access of these devices. 
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Study 2: Predictive Low Glucose Management In-clinic study 

This component of the thesis was a series of in-clinic studies which tested the efficacy and 

safety of a predictive algorithm in the prevention of hypoglycaemia under controlled 

conditions. There were three arms for this study which represented the three common 

hypoglycaemic triggers in the daily lives of people with diabetes. In each of these arms, 

participants were randomised to control (SAPT) or intervention (PLGM).  The device used was 

an investigational device with the algorithm housed in a Blackberry phone which suspended 

basal insulin infusion when hypoglycaemia was predicted. While the exercise studies were 

undertaken in adolescents, the insulin studies included both children and adults. 

Results: In this study, the need for hypoglycaemia treatment was reduced with PLGM across 

the three hypoglycaemia-inducing scenarios.  

With moderate-intensity exercise, only six of the 19 participants (32%) required treatment for 

hypoglycaemia with PLGM compared to 17 participants (89%) on SAPT (p = 0.003).  An 

important learning point relates to the optimal set-point for predictive insulin suspension 

during exercise. On the intervention day with PLGM, with the set hypoglycaemia threshold of 

3.9 mmol/l (70 mg/dl), 90% of participants had plasma glucose level <3.5 mmol/l (63 mg/dl), 

whereas with the threshold set at 4.4 mmol/l (80 mg/dl), 44% of participants had a plasma 

glucose <3.5 mmol/l (<63 mg/dl). Hence, the hypoglycaemia threshold of 4.4 mmol/l (80 

mg/dl) was continued for the insulin arm of the study. 

After an excess of subcutaneous insulin bolus, hypoglycaemia treatment was required in 24 

of the 28 subjects (86%) with SAPT alone compared to five of the 28 subjects (18%) with PLGM 

(p ≤ 0.001). Likewise, with increased overnight basal rates, hypoglycaemia treatment was 
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required in only one of the eight participants with PLGM while treatment was required for all 

participants on SAPT alone. There was no post pump-suspend hyperglycaemia with insulin 

bolus (p = 0.4) or increased basal rates (p = 0.69) in participants following a 2-hour pump 

suspension on intervention days. These in-clinic studies demonstrated the efficacy and safety 

of this predictive algorithm in the prevention of hypoglycaemia under controlled conditions. 

The methodology of the in-clinic exercise study also provided an opportunity to review the 

plasma glucose profile of participants under fasting basal insulin conditions when they 

performed moderate-intensity exercise under similar conditions on two separate days. This 

was a sub-study and included participants who neither experienced hypoglycaemia nor had 

pump suspension during exercise. The mean absolute drop in plasma glucose from the 

commencement to the end of exercise was 1.6 ± 0.5 mmol/l on day 1 and 1.9 ± 0.7 mmol/l on 

day 2 (p = 0.3). The mean absolute intraindividual difference in the change in plasma glucose 

between testing days were 0.7 ± 0.5 (95% CI 0.4 - 1.0) and 0.7 ± 0.4 (95% CI 0.4 - 1.0) mmol/l, 

at the end of the first and second exercise sessions respectively. This sub-study concluded 

that the plasma glucose response to moderate-intensity exercise under similar glycaemic and 

basal insulin conditions was reproducible in adolescents.  

Strengths and Limitations: The PLGM in-clinic study tested the ability of PLGM to reduce the 

need for hypoglycaemia treatment and was conducted under laboratory conditions in a 

controlled environment.  The strength of this study was in the study design wherein the 

algorithm was tested under the three common scenarios of hypoglycaemia in daily life.  The 

findings of this study were limited to the in-clinic phase and addressed the endpoint of 

hypoglycaemia treatment. The duration of hypoglycaemia in both groups was not compared 

as study participants were treated for hypoglycaemia when the endpoints of the study were 
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met.  The study explored the immediate hypoglycaemic event resulting from the 

experimental stimulus and was not designed to look at the subsequent hypoglycaemia over 

the next 24 hours.  Potentially, there could have been a reduction in hypoglycaemia over this 

time period as hypoglycaemia begets hypoglycaemia(106).  

The experiment provided an opportunity to examine the reproducibility of exercise under 

standard conditions although the study was not designed to answer this question and hence, 

was not in the research proposal.  The study design however permitted us to review the 

plasma glucose profile under similar fasting basal insulinemic conditions with the same bout 

and duration of exercise. The study was not representative of free-living conditions as 

exercise commenced with plasma glucose level between 5.5 and 6.5 mmol/l. Although expert 

opinion suggests that blood glucose target levels for exercise should be individualised (231), 

carbohydrate intake is usually a standard practice if blood glucose is < 7 mmol/l (232, 233). 

The study was also limited by its sample size and analysed the glucose profile only during the 

exercise period to negate the effects of pump suspension which occurred more likely in the 

recovery period.  However, the findings of this study provided the opportunity to review the 

reproducibility of plasma glucose further and we designed a study to assess the within-person 

variability of plasma glucose responses during and 60-minutes post exercise (Wayne et al. 

Manuscript in draft).  

Significance: The PLGM in-clinic study demonstrated the safety and efficacy of the predictive 

algorithm under controlled conditions.   Having informed the parameters for hypoglycaemia 

threshold, it provided the platform to determine the safety and effectiveness of the algorithm 

to be tested in free-living conditions.  
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Study 3: Predictive Low Glucose Management Home study 

The PLGM home study was a multicentre, randomised controlled home trial under free-living 

conditions which tested the effectiveness and safety of the predictive algorithm incorporated 

in the Medtronic MiniMed 640G insulin pump. Adolescents were randomly assigned to either 

the control group (SAPT alone with PLGM off) or to the intervention group with PLGM.  

Results: During the 6-month home study, PLGM was associated with a reduction in 

hypoglycaemia compared to SAPT (% time sensor glucose (SG) <3.5 mmol/l: SAPT vs PLGM: 

2.6 vs 1.5; p < 0.0001).  This equated to 37.7 min/day of time <3.5 mmol/L with SAPT and 20 

min/day with PLGM. Percent time spent <3 mmol/L (serious hypoglycaemia as defined by 

CGM) was also reduced (SAPT vs PLGM: 1.2 vs 0.6; p < 0.0001). This corresponds to 17.6 

min/day of time <3 mmol/L on SAPT and 9 min/day on PLGM. This reduction in hypoglycaemia 

was seen both during day and night. Hypoglycaemic events (SG <3.5 mmol/l for >20mins) also 

declined with PLGM (SAPT vs PLGM: events/patient years 227 vs 139; p < 0.001).  An increase 

in time spent in 10–15 mmol/l and time >15 mmol/l was seen with SAPT and PLGM although 

at the end of 6 months, there was no difference in the two groups at the end of the study. 

Likewise, there was no difference in HbA1c between the two groups at the end of the study 

(SAPT 7.6 ± 1.0% vs PLGM 7.8 ± 0.8%; p = 0.35). No change in psychosocial measures was 

reported by participants/parents in either group. There were no PLGM-related serious 

adverse events. 

The use of PLGM was associated with 2.37 suspends per day with a mean suspend duration 

of 55.0 ± 32.7 minutes. Although a 2-hour pump suspension was more frequent at night (day 

5%, night 18%), a patient-initiated resumption occurred more during day (day 34%, night 
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12%).  The 2-hour sensor glucose following pump resumption was higher following auto-

resumption during the day (day vs night 9.3 mmol/l vs 8.4 mmol/l; p <0.001) potentially 

secondary to the carbohydrate consumed for impending hypoglycaemia. 

The study also highlighted some of the challenges with technology use in adolescents using 

SAPT.  A reduction in sensor use was noted from baseline (>80%) to end of the study (SAPT 

59%, PLGM 63%). Technical challenges, sensor alerts, sensor efficacy, sensor life and skin 

irritation were described as some of the barriers identified. Constant exposure to real-time 

data also led to some unsafe management responses in adolescents with the behaviour 

influenced by both trust and mistrust in the system.  

Strengths and Limitations: The PLGM home study is the only 6-month randomised controlled 

trial in children and young adults which provides high quality evidence of the efficacy and 

safety of PLGM in the prevention of hypoglycaemia under real-life conditions. Apart from 

glycaemic outcomes, the study also explored the impact of technology on psychosocial 

parameters. The study was originally designed to incorporate a sub-study in individuals with 

IAH to assess the changes in counterregulatory hormone responses to hypoglycaemia 

evaluated by a hyperinsulinaemic hypoglycaemic clamp (215). Participants with IAH above 12 

years of age were invited for this sub-study; however the prevalence of IAH in this cohort was 

17% as compared to the expected 25% of participants (108). This affected recruitment and 

sufficient data on counterregulatory hormones could not be collected. Nevertheless, at the 

end of six months, using the Clarke questionnaire, the prevalence of IAH in the SAPT group 

was 13% and 4% in the PLGM group. Whilst this non-significant outcome could be attributed 

to sample size, it raises the question as to whether the reduction in hypoglycaemia exposure 

from the PLGM system results in restoration of hypoglycaemia awareness. It is also important 
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to note that although the primary outcome for biochemical hypoglycaemia was 3.5 mmol/l 

(63 mg/dl), the subsequently published international recommendations on CGM metrics for 

hypoglycaemia recommend reporting of severe biochemical hypoglycaemia of < 3 mmol/l (54 

mg/dl) (208, 209) which was reported in this study as one of the secondary outcomes.  

Significance: The home study effectively demonstrated hypoglycaemia reduction while 

overall glucose control was maintained. It informed guidelines for the use of PLGM in children 

and adolescents with T1D in reduction of hypoglycaemia (234). It underlined the need to 

decrease carbohydrate intake for hypoglycaemia to prevent rebound hyperglycaemia. The 

study also highlighted the challenges which need to be addressed with use of technology and 

data overload for people living with diabetes.  

9.3 Further studies with predictive algorithms  

9.3.1 PLGM in Medtronic MiniMed 640G and 670G 

PLGM is available in the SmartGuard function of the Medtronic MiniMed 640G and 670G 

pumps and is referred to as the ‘Suspend before low’.  Since the completion of the research 

project described in this thesis, there have been studies (two retrospective, one prospective 

and one RCT) that looked at the efficacy of PLGM in real-world using the 640G pump and one 

study with the 670G pump which corroborates with the results of this research programme. 

A retrospective analysis was conducted in children and adults with T1D (n=162; 46 children) 

with a median follow-up of 12 months in three centres in Spain. The study demonstrated a 

reduction in hypoglycaemia frequency while maintaining glycaemic control (235). A reduction 

in hypoglycaemia was also reported in a study from Columbia with a retrospective review of 

50 adult patients who were commenced on PLGM with a follow-up at 12 months. In patients 
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who switched from multiple daily injections to pump therapy with PLGM, the mean HbA1c 

decreased from 8.24% to 7.08% although this was not noted in the group who were on LGS 

and moved to PLGM (236).   

A prospective study was conducted in 55 adults with T1D treated with SAPT with LGS, who 

were switched to the Minimed® 640G system with SmartGuard® to assess the impact on 

severe hypoglycaemia and hypoglycaemia unawareness. Rates of severe hypoglycaemia 

decreased from 2.47 (CI 0.44, 4.90) to 0.87 (CI 0.22, 1.52) events/patient-year (Incidence rate 

ratio 0.353, 95% CI 0.178, 0.637). Restoration of hypoglycaemia awareness was self-reported 

by 23 out of the 30 participants using the Clarke questionnaire (p = 0.002) (237).    

The effectiveness of PLGM in adults at highest risk of hypoglycaemia (IAH with Gold score or 

Clarke score ≥4 or recent severe hypoglycaemia) was further tested in a multicentre 

randomised controlled trial (SMILE). 153 adults were randomly assigned to the MiniMed 640G 

pump with the control group on self-monitoring of blood glucose and the intervention group 

had the suspend-before-low feature enabled for six months.  PLGM resulted in a 73% 

reduction in biochemical hypoglycaemic events (SG ≤3.1 mmol/l) (238).  Likewise, severe 

hypoglycaemic events were also fewer with PLGM (Control 18 vs PLGM 3; p = 0.036). 

The Medtronic 670G pump provides hybrid closed loop (HCL) therapy when used with 

compatible sensor and transmitter and works in Manual Mode or Auto Mode.  LGS (suspend 

on low) and PLGM (suspend before low) are SmartGuard functions available in the Manual 

Mode when an individual exits out of Auto Mode. These suspend algorithms still form an 

integral component of HCL and are designed to provide safety from hypoglycaemia when 

automated insulin delivery ceases following Auto Mode exit or in periods of time when Auto 
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Mode may not be effective (sickness, steroids).  An in-clinic study of the suspend before low 

function (PLGM) in the Medtronic MiniMed 670G was done as part of the pivotal hybrid closed 

loop trial (NCT02660827) in 105 young children aged 7 to 13 years which tested the predictive 

function especially in the setting of a range of aerobic activities and found an almost 80% 

reduction in hypoglycaemia (<65 mg/dl or 3.6 mmol/l) during the 12 hours of observation 

after exercise period (239).   

9.3.2 Basal IQ algorithm   

Apart from the Medtronic PLGM algorithm, the PROLOG study tested the Basal IQ algorithm 

in a 6-week multicentre randomised crossover pivotal trial which consisted of two 3-week 

periods in 103 participants aged between 6 and 70 years of age; 58% below 18 years(240). 

The Tandem Diabetes Care Basal IQ algorithm uses a linear regression algorithm which relies 

on the last four SG values to predict the SG level in 30 minutes. It suspends basal insulin when 

SG is predicted to be 4.4 mmol/l (80 mg/dl) in 30 minutes or current SG is <3.9 mmol/l (70 

mg/dl). The algorithm was embedded in the Tandem Diabetes Care t:slim X2 insulin pump 

integrated with Dexcom G5 sensor. 

Time spent in hypoglycaemia <3.9 mmol/L reduced from 3.6% at baseline to 2.6% during the 

3-week PLGM period compared to 3.2% in the SAPT arm, representing a 31% reduction in 

hypoglycaemia. Individuals with higher baseline hypoglycaemia exposure showed the largest 

reduction although the study did not specifically look at individuals with IAH.  The insulin 

resumption is more aggressive as system resumes insulin delivery with rise in SG, and hence 

there was no difference in the mean SG levels in the two groups or in the time spent in 

hyperglycaemia (240).  Following the trial, the Basal IQ received FDA approval. The system is 



195 

 

available using Dexcom G6® CGM integrated with Tandem t:slim X2 pump however Dexcom 

G6 is not currently not available in Australia.  

9.4 Technology to reduce hypoglycaemia in hypoglycaemia prone cohort 

Use of technology with CGM has unequivocally reduced hypoglycaemia in individuals prone 

to hypoglycaemia. There are studies that have evaluated different forms of glucose 

monitoring with both stand-alone CGM and SAPT systems in this hypoglycaemia-prone cohort 

which have been published since the commencement of this thesis project. Although there 

are many technological devices available to reduce hypoglycaemia, the choice of the device 

remains a decision which arises from a dialogue between the health care professional and the 

individual with T1D as there are no significant head-to-head studies comparing the different 

devices to explore as to whether there is an additional effect of the insulin delivery method 

beyond the beneficial impact of CGM (241). 

9.4.1 Stand-alone CGM systems  

The IN CONTROL study had a mixed sample of 52 adults on insulin pump and multiple daily 

insulin injection (MDI) regimen (145) while the HypoDE study only included participants on 

MDI treatment (242). The IN CONTROL trial was a crossover trial wherein participants were 

randomised to receive RT-CGM (MiniMed Paradigm Veo) or blinded CGM for 16 weeks. Time 

spent in normoglycaemia was higher with CGM (65% vs 55.4%) with reduction in time spent 

in hypoglycaemia (6.8% vs 11.4%). CGM also reduced severe hypoglycaemia supporting the 

use of this device in individuals with IAH (145).  Likewise, the HypoDE study, a 6-month, 

multicentre RCT conducted in Germany in 149 adults on MDI with IAH or severe 

hypoglycaemia also reported a reduction in the number of hypoglycaemic events by 72% in 
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RT-CGM users (Dexcom G5) as compared to controls (242). The number of hypoglycaemic 

events per 28 days in the CGM group reduced from 10·8 to 3·5; while in the control group, 

the reduction in hypoglycaemic events was negligible (14·4 to 13·7). Both studies failed to 

demonstrate a between-group difference in self-reported hypoglycaemia awareness.  

The I HART study compared two devices: Flash glucose monitoring (FGM) (Abbott Freestyle 

Libre) with CGM (Dexcom G5) for eight weeks in a randomised controlled pilot study in 40 

adults with IAH Gold score ≥ 4 or recent severe hypoglycaemia.  Time spent in hypoglycaemia 

(<3.3 mmol/l) was lower in CGM group (baseline vs end of study 4.5% vs 2.4%) than with FGM 

(baseline vs end of study 6.7% vs 6.8%) although there was no improvement in the self-

reported Gold scores for IAH(243). This finding was attributed to the impact of alerts with 

CGM which are not available on FGM.  All participants in the study were given the option to 

continue RT-CGM for another eight weeks and reported beneficial outcomes with 

hypoglycaemia reduction in participants who switched from FGM to CGM (244).  

However, in spite of optimal CGM use (84.5 ± 18.7%) with most users on stand-alone CGM 

systems in a mixed population of pump and MDI, a cross-sectional observational study in 135 

adults with T1D reported an overall high prevalence of IAH (Gold 33.3%, Clarke 43.7%). People 

with IAH continued to have 4 to 6 fold higher risk of severe hypoglycaemia despite the use of 

CGM in this group (245). 

9.4.2 Sensor-augmented pump therapy  

In individuals on insulin pump therapy, reduction in biochemical and severe hypoglycaemia 

was seen with the 6-month use of algorithm-driven basal insulin suspension with LGS (9) and 

PLGM (238) in people with IAH.  Both these studies with LGS and PLGM reported an 
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improvement in self-reported scores in the control and intervention group but with no 

between group difference at study end (LGS: Modified Clarke p = 0.58; PLGM (SMILE): Clarke 

score p = 0.71, Gold score p = 0.056). This is also in accordance to the findings in our PLGM 

home study which did not show a statistical reduction in self-reported Clarke score at the end 

of 6 months (p = 0.86).  

Hybrid closed loop (HCL) systems which improve time in range and reduce hypoglycaemia 

have also been tested in this high-risk group in shorter duration clinical trials. The initial 

algorithms in SAPT (LGS and PLGM) were mainly directed towards reduction and prevention 

of hypoglycaemia with the next generation pumps designed to increase automation of insulin 

delivery in the pursuit of a fully automated closed loop delivery. The PID (proportional 

integrative derivative) algorithm in the Medtronic MiniMed 670G pump  automates basal 

insulin delivery based on sensor glucose levels although the user still needs to manually enter 

the carbohydrate content before food to deliver the meal boluses and hence this is a hybrid 

closed loop system.  We recruited seventeen adults with Gold score ≥ 4 and randomised them 

to either an 8-week study period with HCL system in the Medtronic 670G pump (intervention) 

or standard pump therapy (control). Self-reported awareness improved in the intervention 

group (control vs. intervention (Gold score 6.0 (4.5; 6.0) vs. 3.5 (3.0; 4.5); p = 0.027) although 

the symptom scores (adrenergic and neuroglycopenic) during the hyperinsulinemic 

hypoglycaemia clamp were not different between the control and intervention groups (246).  

Likewise, 44 adults at moderate to high risk for hypoglycaemia demonstrated a reduction in 

hypoglycaemia while improving time in range in a 4-week study comparing HCL using Virginia 

closed loop control algorithm to SAPT (247). Low blood glucose index (LGBI), a measure of 

frequency and severity of hypoglycaemia, reduced more on HCL (2.51 ± 1.17 to 1.28 ± 0.5) 
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than on SAPT alone (2.1 ± 1.05 to 1.79 ± 0.98) (p < 0.001).  This was also a cohort at risk of 

hypoglycaemia, not able to detect hypoglycaemia until glucose level of 3.0 to 3.2 mmol/l 

although the baseline Clarke scores were lower than 4.  Both these HCL studies are of 

relatively short duration and given the time taken for individuals to understand and adapt to 

new technologies, longer trials would be beneficial to explore the improvement of IAH with 

these new devices.  

9.4.3  Improvement in hypoglycaemia awareness 

Although studies with stand-alone CGM and LGS report a reduction in biochemical and severe 

hypoglycaemia, an improvement in awareness status was not demonstrated in the 

counterregulatory hormone responses during the hyperinsulinemic hypoglycaemic clamp 

studies (9, 168). This is not surprising as these systems do not eradicate hypoglycaemia. The 

PLGM home study was designed to answer this question but was limited by recruitment. The 

SMILE study in adults with IAH was not designed to answer this physiologic question as the 

study design did not include hyperinsulinemic hypoglycaemic clamp studies. None of these 

studies reported a difference in self-reported awareness scores between the control and 

intervention groups at the end of the study.  

The restoration of counterregulatory hormones in adults with IAH was demonstrated in clamp 

studies after meticulous and complete avoidance of hypoglycaemia for at least 3 weeks 

following education, diet review, advice about exercise and redistribution of insulin (118). 

Some studies also used higher glucose targets in an attempt to reduce hypoglycaemia (168, 

217).  More recently, a more long-term study looked at the effect of CGM on 

counterregulation.  11 CGM naïve adults with IAH (Clarke score ≥4) underwent 
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hyperinsulinemic clamp studies at baseline, 6 months and 18 months of the study after the 

start of stand-alone CGM systems. Although the incidence of severe hypoglycaemia and the 

frequency of clinically significant hypoglycaemia (<54 mg/dl or < 3 mmol/l) reduced, there 

was no change in time spent in hypoglycaemia (<60 mg/dl).  This was also reflected in the 

clamp studies with no improvement in the epinephrine response although they there was an 

improvement in Clarke scores (248). 

However, this “electronic” awareness appears to be a reasonable strategy in replacing the 

“physiological” awareness as it reduces hypoglycaemia and the risk of severe hypoglycaemia. 

The ability of the algorithm to suspend insulin delivery with hypoglycaemia prediction mimics 

the endogenous suppression of insulin in healthy individuals. In people with diabetes, it 

safeguards the individual from prolonged unrecognised hypoglycaemia further overcoming 

the intrinsic physiological deficit of reduced epinephrine drive with hypoglycaemia in IAH 

while the ‘hypoglycaemic alerts’ replace, albeit imperfectly, the individual’s lack of ability to 

seek hypoglycaemia treatment.   

9.5 Challenges with technology 

Although technology has undoubtedly made a difference in the management of T1D by 

reducing hypoglycaemia and improving glycaemic control, the challenges faced in the 

adaptation of technology in day-to-day lives need to be addressed.  We reviewed these 

barriers through open-ended questionnaires in the PLGM home study (219). The need to wear 

an additional device, body image, sensor site issues, skin reactions/infections, sensor 

inaccuracy, calibrations  and in most countries, the out-of-pocket expenses of CGM and 

pumps are limiting to large scale uptake (219, 249-251).  
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Apart from the challenges described above, children with T1D and caregivers are often not 

able to utilise the real-time CGM data effectively (251). Education and support to use the 

information adequately remain the significant current unmet need. The ability to provide this 

support is restricted in a clinical domain. The constraints of limited clinician time and 

resources, the constant need of upskilling of health care professionals to remain abreast with 

the rapid roll-out of various technological devices and the different platforms to upload 

devices and review reports act as impediments to optimise CGM training in a health care 

setting.  

Limited understanding of CGM and the information overload can also lead to challenging 

unsafe behaviours which are detrimental to diabetes management as reported in our case 

series from the PLGM home study (252). An obsessive drive to achieve perfect glucose 

numbers can lead to patterns of behaviours such as multiple manual insulin bolus for 

corrections, entering false carbohydrates or administering insulin directly through the 

cannula. Complacence and disengagement with diabetes can lead to entering of SG levels for 

calibration (252). Real-time visibility of the post prandial excursions may have led families to 

reduce carbohydrate content in the meals placing young children on low carbohydrate diet 

(253); the consequences on their long-term growth and development remain unclear. 

Although CGMs are offered to all in countries with subsidised CGM, there is a group of people 

who are more likely to benefit. There is a trend towards increased uptake of CGM in 

individuals with lower baseline HbA1c (254) implying that the more motivated are likely to 

utilise CGM more effectively. As health care professionals, there is currently limited 

knowledge to assess patient suitability to make best use of these resources.  
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Technological devices are expensive and not easily available to all.  Although overall, there 

are benefits demonstrated from a glycaemic perspective, there is a need to review the cost-

benefit of the systems as reimbursement is largely decided on cost effectiveness (250). Cost-

effectiveness data in a national healthcare setting is of paramount importance to provide 

evidence and to enable discussions with policy makers and funders to seek funding for 

technologies and to guide device selection by allocating resources in order to maximise health 

benefits to society (255).  Studies into cost effectiveness are required at national levels to 

address this issue.  

At the time of commencement of this research program, access to sensors was limited as this 

was an out-of-pocket expense. Close to the completion of the research programme, in April 

2017, the Federal Government announced free subsidy to CGM devices through National 

Diabetes Services Scheme (NDSS) for individuals up to 21 years of age which has resulted in 

an increased sensor uptake in clinical practice. However, private health care insurance is 

required to access insulin pumps although consumables are subsidised by NDSS. 

9.6 Current and future directions 

Although technology has a role to play in reduction of hypoglycaemia, the need for intensive 

education focussed on hypoglycaemia anticipation and prevention and a stronger focus in 

hypoglycaemia avoidance should be considered in the planning of future studies in people 

with IAH.  The HCL systems offer further potential benefit by not just reducing hypoglycaemia 

but also improving time in range without compromising on glycaemic control. With more 

advanced closed loop systems and with longer duration of studies, there should be more 

insight into the capacity of these systems to improve hypoglycaemia awareness.  It is also 
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noteworthy that with increasing use of technology from the diagnosis of diabetes, there is 

likely to be less hypoglycaemia exposure and potentially less burden of IAH in people living 

with diabetes in the long run. However, this remains to be determined. 

The focus of this thesis and most research in T1D has been on hypoglycaemia  but concerns 

about hyperglycaemia are increasingly recognised (256) portraying the need for more 

vigorous efforts to target hyperglycaemia to improve time in range (3.9-10 mmol/l or 70-180 

mg/dl) with an emphasis to look beyond HbA1c (257, 258). A reduction in time in range was 

associated with an increase in microvascular complications from the data computed from 

quarterly seven-point blood glucose testing in the DCCT study (259). Education, newer insulin 

analogues have a role to play along with technology to improve time in range.   

Closed loop systems currently represent the future of technological advancements designed 

to improve time in range and reduce hypoglycaemia and hyperglycaemia. There are several 

automated insulin delivery platforms utilising various combinations of insulin pumps, CGMs 

and algorithms. While some have received regulatory approval (162, 260, 261) and are 

commercialised, there are other systems in various stages of development (262-264) which 

are not just targeting a reduction in hypoglycaemia but are more robust in addressing 

hyperglycaemia with the goal of therapy to improve overall time in range. Single hormone 

(insulin only) and dual hormone (insulin and glucagon) are also being trialled with different 

algorithms and device platforms to achieve these goals (234).  The closed loop systems that 

are currently available are semi-automated systems with research and development targeted 

towards developing fully automated systems.  
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9.7 Conclusion 

Hypoglycaemia has been a notorious impediment to improving glycaemic control but 

technological advancements and the availability of new devices have provided promising 

tools to overcome this well-identified barrier.  The availability of technological devices for the 

monitoring of glucose levels and/or suspension of insulin has been an important 

advancement in the management of diabetes.  It is important to note that the baseline 

exposure to hypoglycaemia in the PLGM home study was low compared to earlier trials but 

similar to other recent studies (207, 211) reflecting the impact of technology on 

hypoglycaemia with contemporary management using insulin pump therapy and CGM.  The 

availability of algorithms incorporated into SAPT has further reduced hypoglycaemia 

exposure. 

 In this era of rapid development and commercialisation of newer technological 

advancements of devices and closed loop systems, it remains vital to conduct investigator-led 

research studies to investigate the safety and efficacy of these devices both through well-

designed clinical trials and also through real-world information from well-maintained 

databases and registries. It also highlights the need for evidenced guidelines to be adapted to 

provide recommendations for use in the context of available systems and devices. These 

guidelines should also be updated with emerging research findings. Technology accreditation 

for diabetes services aimed at supporting comprehensive diabetes-specific technology to 

diabetes clinics is another approach to help improve patient outcomes.  In other words, to 

ensure translation of the research outcomes into the clinical environment, collaboration of 

various organisations, clinical teams and researchers to outline pathways for upskilling staff 
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in acquiring new knowledge and skills in delivering an efficient service is of paramount 

importance.  

To conclude, this research project highlights the use of predictive algorithms in the prevention 

of hypoglycaemia, an important addition to the armamentarium of devices that are available 

to people living with diabetes. In this time of rapid technological advancements and improved 

insulin delivery systems, it is vital that in order to use these systems effectively, continued 

education of health care professionals and people living with diabetes and their carers is 

ensured.  
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1 | EXECUTIVE SUMMARY AND
RECOMMENDATIONS

• Hypoglycemia is the commonest acute complication of type 1 dia-

betes. It may also occur in type 2 diabetes when treatment

includes insulin or sulfonylurea therapy (B).

• Hypoglycemia presents a major physiological and psychological

barrier to achieving optimal glycemic control and may result in

significant emotional morbidity for patients and their care-

givers (B).1

• Monitoring hypoglycemia is a key component of diabetes care as

is education about its causes, prevention, and treatment (A). Par-

ents and caregivers need to be reassured that good glycemic con-

trol can be achieved without severe hypoglycemic events (B).

• Hypoglycemia is best defined as a fall in blood glucose level that

exposes a patient to potential harm and there can be no single

numerical definition of hypoglycemia for all patients and situa-

tions (E).

• The aim of diabetes treatment should be to maintain blood glu-

cose level >3.9 mmol/L (70 mg/dL) while striving to achieve the

best possible glycemic control without the occurrence of severe

hypoglycemia (A).

• In clinical practice, a glucose value ≤3.9 mmol/L (70 mg/dL) is

used as the clinical alert or threshold value for initiating treatment

for hypoglycemia in diabetes because of the potential for glucose

to fall further (E).

• Severe hypoglycemia is defined as an event with severe cognitive

impairment (including coma and convulsions) requiring external

assistance by another person to actively administer carbohy-

drates, glucagon, or take other corrective actions. Severe hypogly-

cemic coma is defined as a subgroup of severe hypoglycemia, as

an event associated with a seizure or loss of consciousness (E).

• The incidence of severe hypoglycemic coma has fallen over the

last 2 decades with a current rate of 3 to 7 per 100 patient years

across international registries. Although lower hemoglobin A1c

(HbA1c) was a risk factor for severe hypoglycemia, this associa-

tion is no longer observed with contemporary therapy in recent

surveys (B).2

• Young children remain at risk of severe hypoglycemia due to their

reduced ability to communicate their need (B).3

• Symptoms of hypoglycemia in the young result from adrenergic

activation (eg, shakiness, pounding heart, sweatiness) and neuro-

glycopenia (eg, headache, drowsiness, difficulty in concentrating).

In young children, behavioral changes such as irritability, agitation,

quietness, and tantrums may be prominent (B).
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• Symptoms of hypoglycemia and physiological hormone responses

may occur at a higher glucose level in children compared to adults

and thresholds for activation may be altered by chronic hypergly-

cemia (ie, occur at a higher blood glucose level) or repeated hypo-

glycemia (ie, occur at a lower blood glucose level) (B).

• In type 1 diabetes, hypoglycemia results from imperfect insulin

replacement. The risk of hypoglycemia is further increased by

compromised counterregulatory hormone defects, including loss

of glucagon response to hypoglycemia that may occur soon after

diagnosis (B).

• Common clinical precipitants for hypoglycemia include excessive

insulin dosing, missed meals, exercise, sleep and, in adolescents,

alcohol ingestion. Risk factors include young age, previous severe

hypoglycemic events, and reduced hypoglycemia awareness (B).

• Hypoglycemia with exercise may occur at the time of activity or

may be delayed (7-11 hours later) (B). Caregivers and patients

should receive education and advice as to how to exercise safely

and avoid hypoglycemic events.

• Sleep is a time of particular risk for severe hypoglycemia and

asymptomatic hypoglycemia is common (B); because of this, glu-

cose levels are recommended to be monitored overnight particu-

larly if there is an additional risk factor that may predispose to

nocturnal hypoglycemia (E). Increased availability of continuous

glucose monitors (CGMs) may be especially useful for this (E).

• Impaired hypoglycemia awareness can occur in children with diabe-

tes and when present is associated with a significantly increased risk

of severe hypoglycemia. The determination of hypoglycemia aware-

ness should be a component of routine clinical review. Impaired

awareness may be corrected by avoidance of hypoglycemia (B).

1.1 | Treatment of hypoglycemia

• Severe hypoglycemia requires urgent treatment. In a hospital set-

ting, this may include intravenous glucose (10% glucose,

2-3 mL/kg) (B). In the home or ambulatory setting, intramuscular

(IM) or subcutaneous (SC) glucagon should be given (1 mg for chil-

dren >25 kg and 0.5 mg for children <25 kg).

• Glucagon should be readily accessible to all parents and care-

givers, especially when there is a high risk of severe hypoglyce-

mia. Education on administration of glucagon is essential (E).

Intranasal glucagon is a promising alternative to IM glucagon and

would provide an unmet need for an easily administered glucagon

preparation.

• Milder hypoglycemic events should be treated with oral glucose

(10-15 g glucose). Depending on the circumstances, rapid acting

glucose should be followed by additional carbohydrates to pre-

vent recurrence of hypoglycemia (B).

• Treatment of hypoglycemia should increase the blood glucose by

nearly 3 to 4 mmol/L (54-70 mg/dL). This can be accomplished by

giving glucose tablets or sweetened fluids. Approximately 9 g of

glucose is needed for a 30 kg child and 15 g for a 50 kg child

(approximately 0.3 g/kg) (C).

• Following initial hypoglycemia treatment, blood glucose should be

retested in 10 to 15 minutes. If there is no response or an

inadequate response, repeat hypoglycemia treatment. Retest the

blood glucose in another 10 to 15 minutes to confirm that target

glucose (100 mg/dL) has been reached (E).

1.2 | Prevention of hypoglycemia

• Hypoglycemia should be prevented because its occurrence is fre-

quently predictable, and it is often associated with significant psy-

chosocial dysfunction; more importantly, it can rarely lead to

permanent long-term sequelae and may be potentially life

threatening.

• Diabetes education is critical to preventing hypoglycemia (A).4

• Education about the risk factors for hypoglycemia should be given

to patients and families to alert them as to times and situations

when increased glucose monitoring is required and when treat-

ment regimens need to be changed (E).

• Equipment for blood glucose measurement must be available to

all children with diabetes for immediate confirmation and safe

management of hypoglycemia (E).

• Blood glucose monitoring should be performed prior to exercise,

and extra carbohydrates may be consumed based on the blood

glucose level and the expected intensity and duration of

exercise (B).

• Particular attention should be given to training children, parents,

school teachers, and other caregivers to recognize the early warn-

ing signs of hypoglycemia and treat low blood glucose immedi-

ately and appropriately (E).

• Patients and their parents should be trained to contact their dia-

betes care provider if hypoglycemia is documented without symp-

toms or if the symptoms are those of neuroglycopenia and not

autonomic symptoms (ie, impaired hypoglycemia awareness) (E).

• In patients and families with significant fear of hypoglycemia,

interventions through educational and/or behavioral strategies

may be considered although evidence in children is limited (E).

• Children and adolescents with diabetes should wear some form of

identification or alert of their diabetes (E).

• An immediate source of glucose must always be available to

young people with diabetes (A).

• Blood glucose goals may need to be adjusted upwards in patients

with recurrent hypoglycemia and/or impaired hypoglycemia

awareness (B).

• If unexplained hypoglycemia is frequent, evaluation for unrecog-

nized celiac and Addison's disease should be considered (E).

• Currently available technologies like CGM, automated insulin sus-

pensions (suspend on low, suspend before low) have reduced the

duration of hypoglycemia (A).5–8 Newer technologies (artificial

pancreas systems) improve glucose control and reduce hypoglyce-

mia in outpatient settings compared to conventional pump ther-

apy (A).9

2 | INTRODUCTION

Hypoglycemia is a common iatrogenic complication in the manage-

ment of type 1 diabetes. It interferes with activities of day-to-day

ABRAHAM ET AL. 179

Appendix 1



living, poses a constant danger to patients and their families and in

spite of the various advancements in treatment, still continues to be a

limiting factor in achieving optimal glycemic control1 and affects qual-

ity of life.10 Therefore, it is vital to address this important clinical prob-

lem during diabetes education and management. The last 2 decades

have experienced a paradigm shift in the management of type 1 diabe-

tes through the availability of improved insulin analogues, insulin

pump therapy, and advent of CGM with algorithms incorporated in

sensor-augmented pump therapy to reduce and prevent hypoglyce-

mia. Despite these advances, only a quarter of children and adoles-

cents achieve the internationally established recommended HbA1c

target of <7.5% (58 mmol/mol),11,12 although there is increasing evi-

dence to suggest that the rates of severe hypoglycemia have declined

in recent years.13–16

Minimizing hypoglycemia in diabetes is an important objective of

the International Hypoglycemia Study Group (IHSG) and this can be

achieved by acknowledging the problem, evaluating the risk factors,

and applying the principles of intensive glycemic management.17 The

Study Group also formed recommendations for which levels of hypo-

glycemia should be reported18 and hence, it would be meaningful to

have a common platform of definitions and objectives to harmonize

with the IHSG and other groups to create proposed hypoglycemia

levels. The recently published brief summary19 and this ISPAD guide-

line aim to do so.

3 | DEFINITION AND INCIDENCE

3.1 | Definition

Hypoglycemic events include all episodes of a plasma glucose concen-

tration low enough to cause symptoms and/or signs, including

impaired brain functioning and expose the individual to potential

harm. However, the glycemic thresholds for hypoglycemia symptoms

shift to lower plasma glucose concentrations in individuals with well-

controlled diabetes20 and to higher plasma glucose concentrations in

those with poorly controlled diabetes.20,21 Hence, it is difficult to

assign a numerical value to hypoglycemia. Nonetheless, it is important

to identify and record a level of hypoglycemia that needs to be

avoided because of its immediate and long-term danger to the individ-

ual. The definitions as below are intended to guide clinical care and

reporting and are based on glucose values detected by self-monitoring

of blood glucose, CGM (for at least 20 minutes), or a laboratory mea-

surement of plasma glucose.18

1. Clinical hypoglycemia alert: A glucose value of ≤3.9 mmol/L

(70 mg/dL) is an alert value that requires attention to prevent

hypoglycemia. The alert can be used as the threshold value for

identifying and treating hypoglycemia in children with diabetes

because of the potential for glucose levels to drop further.

2. Clinically important or serious hypoglycemia: A glucose value of

<3.0 mmoL/L (54 mg/dL) indicates serious, clinically important

hypoglycemia. These low levels may lead to defective hormonal

counterregulation22 and impaired awareness of hypoglycemia.

Neurogenic symptoms and cognitive dysfunction occur below this

level23,24 with subsequent increased risk of severe hypoglycemia.

This level should be recorded in routine clinical care and reported

in audit and in clinical trials of interventions directed toward

reducing hypoglycemia as recommended by the IHSG.18

3. Severe hypoglycemia is defined as an event associated with severe

cognitive impairment (including coma and convulsions) requiring

external assistance by another person to actively administer car-

bohydrates, glucagon, or take other corrective actions. This aligns

with the definition of severe hypoglycemia in adults in accordance

with the American Diabetes Association Guidelines.25 This will

also enable complete recording of events vs underestimation of

severe hypoglycemia frequency in children if defined by coma or

convulsions only. This expanded definition has also been used in

children in previous observational studies on severe hypoglyce-

mia.14,26,27 However, as young children require assistance to cor-

rect even mild hypoglycemia, the event requires an assessment by

the caregiver and clinician as to the presence or not of

hypoglycemia-induced cognitive dysfunction. A subgroup of

severe hypoglycemia is severe hypoglycemic coma, which is

described as a severe hypoglycemic event resulting in coma or

convulsion requiring parenteral therapy. These events should be

recorded independently as these events are unequivocal and sig-

nificant in outcome.

3.2 | Incidence

The exact incidence of hypoglycemia is difficult to ascertain, but mild

hypoglycemia is common. Asymptomatic events are more likely to be

unrecognized and underreported, while symptomatic hypoglycemia

occurs on an average of 2 episodes per week with multiple such epi-

sodes in the lifetime. In contrast, the recall of severe hypoglycemia is

more likely to be robust although variations in definitions, sample

sizes, and retrospective surveys have made comparisons between

studies difficult.

Although there was a significant improvement in glycemic control

and reduction of diabetes-related complications in patients on inten-

sive glycemic therapy compared to conventional management in the

Diabetes Control and Complications Trial (DCCT), there was a 3-fold

increased risk of severe hypoglycemia events in patients who were

randomized to the intensive management arm of the study.28 The inci-

dence of hypoglycemia requiring treatment assistance was 61 per

100 patient years in intensively treated vs 19 per 100 patient years in

those conventionally treated with an incidence of coma and seizure of

16 per 100 patient years and 5 per 100 patient years, respectively.

Similar high rates were reported in observational cohorts. The inci-

dence of severe hypoglycemia was 16.6 per 100 patient years and

19 per 100 patient years in large pediatric cohorts in Western

Australia29 and Colorado.30 Historically, these high rates of severe

hypoglycemia were associated with lower glycated hemoglobin,28,31,32

although this relationship has weakened in recent years as observed

in large longitudinal cohort studies with a reduction in the rates of

severe hypoglycemia.14,33 A 12% annual rate of decline of severe

hypoglycemia from 2000 to 2009 was observed in a population-based

cohort of Western Australia,15 while severe hypoglycemia rate halved

nationwide in a Danish cohort between 2008 and 2013,13 with no
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association of severe hypoglycemia with glycemic control.13,15 A simi-

lar decline was also noted in youth aged <20 years in Germany and

Austria, between 1995 and 2012 despite simultaneous improvements

in glycemic control. The mean rates of severe hypoglycemia requiring

treatment assistance declined from 42 per 100 patient years in 1995

to 18 per 100 patient years in 2012, and mean rates of hypoglycemia

coma (unconsciousness or convulsions) declined from 14 per

100 patient years in 1995 to 2 per 100 patient years in 2012.14

Although younger age and lower HbA1c were risk factors for severe

hypoglycemia, recent data from the type 1 diabetes exchange and the

Diabetes-patient-documentation (DPV) registry did not find increased

rates of severe hypoglycemia in those <6 years of age with HbA1c

<7.5% (58.5 mmol/mol) compared to those with HbA1c 7.5% to 8.5%

(58.5-69.4 mmol/mol) or >8.5% (69.4 mmol/mol).34 Similarly, no dif-

ference in risk of severe hypoglycemia was observed in children

<6 years and good glycemic control in a Western Australian popula-

tion cohort.16 The former strong association of low HbA1c with

severe hypoglycemia is no longer as evident and low HbA1c is not a

strong predictor of severe hypoglycemia in young patients with type

1 diabetes.33 This observation was further confirmed across interna-

tional registries with a severe hypoglycemia rate per 100 patient years

of 7.1, 3.3, and 6.7 in the American (Type 1 diabetes Exchange),

German/Austrian (DPV), and Western Australian children’s diabetes

database (WACDD), respectively, with no association with glycemic

control.2 This trend was also demonstrated in the Nordic countries35

and can be attributed to a number of factors including increased use

of insulin analogues and insulin pump therapy13,16,36 and improved

hypoglycemia education.37 These studies highlight the important

observation that optimal glycemic control can be achieved without an

increase in severe hypoglycemia.

Rates of severe hypoglycemia are reported from high-income

countries and are anecdotally based on patient's self-reporting and

physician's appropriate capture record of these events in a clinical set-

ting and hence there is likelihood of recall bias and under reporting.

This is further reflected in the high rates of 4.9 events per patient year

in a 4-week prospective record of hypoglycemic events in adults stud-

ied in the global HAT study.38 Large variations between geographical

regions were reported with the highest rate in Latin America (10.8

events per patient year).

4 | MORBIDITY AND MORTALITY WITH
HYPOGLYCEMIA

4.1 | Mortality

It has been known for some time that hypoglycemia can kill experi-

mental animals and there have been many reports of deaths associ-

ated with hypoglycemia in both type 1 and type 2 diabetes. There has

been debate as to whether these associations reflect causality39 and

there is only one case report that directly links hypoglycemia to death

in an adult.40 Primary brain death may occur with profound and pro-

longed hypoglycemia, but a more likely mechanism of death is through

the induction of arrhythmias as hypoglycemia is known to be pro-

arrhythmogenic.41–43 Hypoglycemic mortality rates have been

reported in cohorts of patients with diabetes. In the pre and immedi-

ate post-DCCT period up to more than a decade ago, hypoglycemia

was assigned as the cause of death in 4% (5 of the 134 deaths),44 7%

(8 of the 108 deaths),45 and 10% (10 of the 103 deaths)46 in

population-based cohorts and international registries of childhood-

onset diabetes, with most deaths in adults. In a recent report from

Wales, hypoglycemia was difficult to ascertain with certainty as the

cause of death, although 6 out of the 30 deaths were thought to be

the result of hypoglycemia based on clinical judgment and death certi-

fication.47 Similarly, hypoglycemia was certain in 8 and considered

probable in 12 of the total 20 hypoglycemia-related deaths in a Nor-

wegian study with 241 deaths.48

Hypoglycemia is also proposed to play a role in the “dead-in-bed”

syndrome, which is more prevalent in patients with type 1 diabetes than

in the general population. In a coroner's case series, dead-in-bed syn-

drome accounted for ~15% of deaths in young adult males (≤40 years)

with diabetes.49 Although the etiology is not well established, it has

been postulated that it may be secondary to prolongation of QT interval

due to number of factors; acute hypoglycemia50 on the background of

autonomic neuropathy51 and possible genetic influences.52 These

changes in cardiac repolarization can lead to fatal ventricular arrhyth-

mias and may contribute to the sudden nocturnal death of young indi-

viduals with type 1 diabetes.53 It is likely that the more widespread use

of CGM and the increased use of population-based databases will shed

clearer light on the true incidence of hypoglycemic death in the future.

4.2 | Morbidity

4.2.1 | Neurological sequelae of hypoglycemia

Previous studies have consistently shown that early onset of diabetes

predicts poorer cognitive function and most researchers made the

assumption that hypoglycemia played a critical role in the initiation of

brain dysfunction.54 Transient cognitive dysfunction occurs with both

hypoglycemia55,56 and hyperglycemia in school-aged children with

diabetes,55 although the long-term implication of severe hypoglycemia

on cognitive function seems unlikely. This is best demonstrated during

the Epidemiology of Diabetes Interventions and Complications

follow-up study, approximately 18 years after the DCCT. Despite rela-

tively high rates of severe hypoglycemia, cognitive function did not

decline over an extended period of time in the youngest cohort of

patients.57 Likewise, similar neurocognitive outcomes were found in a

cross-sectional58 and longitudinal follow-up study of the same

population-based cohort.59 A history of early severe hypoglycemia

was reassuringly not associated with a decline in full-scale IQ scores

although there may be subtle deficits in executive function and fluid

intelligence.59 Another study showed that multiple severe hypoglyce-

mic episodes specifically affect spatial memory function, particularly

when these episodes began before the age of 5 years60 and are asso-

ciated with lower Wechsler Intelligence Scale for Children (WISC) pro-

cessing speed, full-scale IQ score, working memory, and perceptual

reasoning.61

Similarly, the association of brain abnormalities with severe hypo-

glycemia has received significant attention, although there is increasing

evidence of neurological abnormalities demonstrated even without sig-

nificant hypoglycemia in young patients with type 1 diabetes.

ABRAHAM ET AL. 181

Appendix 1



Neuropathological data in animals suggest that severe hypoglycemia

may preferentially harm neurons in the medial temporal region, includ-

ing the hippocampus.62 Neuronal apoptosis and gliosis were shown fol-

lowing just one episode of hypoglycemia in non-diabetic rats. Mesial

temporal sclerosis was reported in 16% of children with early onset

type 1 diabetes,63 although this was seen irrespective of the history of

severe hypoglycemia. Larger hippocampal volumes64 and reduced gray

and white matter volumes have been reported in children who experi-

enced hypoglycemic seizures.61 However, studies have shown that

neurological changes are not seen only with hypoglycemia but also in

patients with hyperglycemia. In a large sample of young patients with

type 1 diabetes using voxel-based morphometry, regional brain volume

differences were associated with both a history of hypoglycemia and

hyperglycemia.65 Furthermore, widespread effects on both the gray

and white matter are also evident in children with early onset diabetes,

whose blood glucose levels are well within the current treatment

guidelines for the management of diabetes66 advocating the need for

tighter glucose control and reducing glycemic excursions.

The net contribution of childhood dysglycemia on brain develop-

ment has been described by the “diathesis hypothesis.”54 This model

suggests that the most neurotoxic milieu seems to be young age

and/or diabetic ketoacidosis at onset, severe hypoglycemia under the

age of 6 years, followed by chronic hyperglycemia in later life along

with the effect of diabetic ketoacidosis, glycemic, and hormonal varia-

tion.67 The role of early onset diabetes and chronic hyperglycemia in

the decrease of cognitive functioning in very young children has

received increasing attention.68,69 There is accumulating evidence that

hyperglycemia in the young child is an important factor resulting in

abnormalities in brain structure and function70–72 with both gray and

white matter changes73 on neuroimaging.

Recent studies have also shown an association of recurrent hypo-

glycemia with an increased risk of epilepsy later in life74,75 and

although the causative mechanisms remain largely unknown, meta-

bolic brain adaptations to recurrent hypoglycemia have been postu-

lated to be a cause.76 It has also been recently recognized that

hypoglycemic episodes in patients with good glycemic control are

associated with increased inflammatory markers77 and these proin-

flammatory changes may promote a sustained inflammatory state.78

4.2.2 | Psychological impact of hypoglycemia

Severe hypoglycemic episodes tend to have negative psychosocial

consequences and undesirable compensatory behaviors arising from

hypoglycemia.79 Moreover, the symptoms of hypoglycemia can be

distressing and embarrassing to the individual potentially compromis-

ing academic, social, and physical activities. This fear can induce anxi-

ety and although in some cases, this anxiety can be adaptive, leading

to appropriate vigilance in glucose management, in many individuals

and their families, significant levels of anxiety can lead to disruptions

in daily activities and suboptimal diabetes management.80 Given the

negative consequences associated with hypoglycemic episodes, espe-

cially those that are severe in nature, it is not unforeseen that individ-

uals with type 1 diabetes and their parents are at risk for increased

anxiety, poor sleep and reduced quality of life.10,81–83 Fear of hypo-

glycemia, especially overnight, continues to be a major problem in the

parents of young children with type 1 diabetes.84 This fear could lead

families and/or physicians to the acceptance of high glucose levels

with behaviors directed toward avoiding hypoglycemia leading to sub-

optimal glycemic control.10,85–87 Behavioral interventions (cognitive

behavioral therapy) and psychoeducation have shown to reduce this

fear in adults, but no studies have focused on children and adoles-

cents although this intervention may be of benefit in older children.

Similarly, the availability of real-time CGM and algorithms with auto-

mated insulin suspension and delivery has the potential to reduce this

fear although the studies are limited in this field.80,88

5 | SIGNS AND SYMPTOMS

Hypoglycemia is often accompanied by signs and symptoms of auto-

nomic (adrenergic) activation and/or neurological dysfunction from

glucose deprivation in the brain (neuroglycopenia),89 as shown in

Table 1. As the blood glucose falls, the initial symptoms result from

activation of the autonomic nervous system and include shakiness,

sweating, pallor, and palpitation. In healthy individuals with no diabe-

tes, these symptoms occur at a blood glucose level of approximately

3.9 mmoL/L in children and 3.2 mmoL/L in adults.90 However, this

threshold in individuals with diabetes will depend on their glycemic

control20,21,91,92 with an adaptive shift of the glycemic threshold for

symptom onset to a higher glucose level with chronic hyperglycemia

and lower glucose level with chronic hypoglycemia. Neuroglycopenic

symptoms result from brain glucose deprivation and include headache,

difficulty concentrating, blurred vision, difficulty hearing, slurred

speech, and confusion. Behavioral changes such as irritability, agita-

tion, quietness, stubbornness, and tantrums may be the prominent

symptom particularly for the preschool child and may result from a

combination of neuroglycopenic and autonomic responses.93 In this

younger age group, observed signs are more important, and at all ages

there is a difference between reported and observed symptoms or

signs. The dominant symptoms of hypoglycemia tend to differ

depending on age, with neuroglycopenia more common than auto-

nomic symptoms in the young.94

Physiological responses in children and adolescents

It is now well recognized that although many physiological responses

are similar across the age groups, there can be significant develop-

mental and age-related differences in children and adolescents. The

DCCT reported a higher rate of severe hypoglycemia in adolescents

as compared to the adults; 86 vs 57 events requiring assistance per

100 patient years28 despite adolescents having poorer glycemic con-

trol with HbA1c levels approximately 1% higher. There are a number

of physiologic and behavioral mechanisms that contribute to this dif-

ference. First, there are behavioral factors, such as variable adherence,

which have been clearly associated with poor glycemic control in the

adolescents.95 Second, during puberty, adolescents with or without

type 1 diabetes are more insulin resistant than adults.96 Adolescents

also have quantitative differences in counterregulatory hormone

responses. During hypoglycemia, adolescents with or without diabe-

tes release catecholamines, cortisol, and growth hormone at a higher

glucose level than adults.90 However, intensively treated young adults
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with type 1 diabetes counterregulate and experience hypoglycemia

symptoms at a lower glucose level than conventionally treated

patients suggesting a greater susceptibility to hypoglycemia in the

young.90,92 To date, nearly all studies have been conducted in adoles-

cents and young adults primarily due to difficulty in studying a youn-

ger age group. As a result, little is known about responses in

preadolescents as to whether younger children demonstrate a similar

or different effect although there is evidence that a developing brain

is more susceptible to the influence of glycemic excursions.66

6 | HYPOGLYCEMIA AWARENESS

In non-diabetic individuals, endogenous insulin is shut down and coun-

terregulatory hormones like glucagon, epinephrine, and norepinephrine

are released in response to hypoglycemia.97 However, glucagon

responses to insulin-induced hypoglycemia are lost almost in all

patients by 5 years,98 although this loss of response has been demon-

strated as early as 12 months after the onset of disease99 and hence

they are primarily dependent on epinephrine response to negate the

hypoglycemic effect of insulin. Hypoglycemia begets hypoglycemia

and recurrent episodes of mild hypoglycemia contribute to the devel-

opment of defective counterregulatory hormone responses to subse-

quent reductions in blood glucose levels.

Impaired awareness of hypoglycemia (IAH) is a syndrome in which

the ability to detect the onset of hypoglycemia is diminished or

absent.97 The syndrome has been reported to affect approximately

25% of adults with type 1 diabetes. Earlier studies of children and

adolescents have similarly shown a significant proportion of youth to

have IAH with a prevalence of 19% to 37%.10,100,101 However, it is

reassuring to note a change in prevalence over time (33% in 2002 vs

21% in 2015) in the same population-based cohort.102 Although IAH

has reduced, it still remains a concern in a substantial minority of

adolescents.

IAH is associated with lowering of glycemic thresholds for the

release of counterregulatory hormones and generation of symptoms.

A 2- to 3-fold reduction in the epinephrine responses contributes to

the impaired adrenergic warning symptoms during hypoglycemia.103

Clinically, this is manifested as loss of some of the symptoms of hypo-

glycemia over a period of time. The loss of autonomic symptoms pre-

cedes the neuroglycopenic symptoms and the patients are less likely

to seek treatment for low blood glucose levels. As the awareness of

low blood glucose level is impaired, hypoglycemia is prolonged. These

episodes, if unrecognized and prolonged over 2 to 4 hours can lead to

seizures.104 Patients with IAH have a 6-fold increase in severe hypo-

glycemic episodes.105 Glycemic threshold for cognitive dysfunction

may be triggered before autonomic activation and hence are the

symptoms associated with IAH.

The blood glucose threshold for activation of autonomic signs

and symptoms is related to glycemic control, antecedent hypoglyce-

mia, antecedent exercise, and sleep. Tight glycemic control leads to

adaptations that impair counterregulatory responses106 with a lower

glucose level required to elicit an epinephrine response.20 An episode

of antecedent hypoglycemia may reduce the symptomatic and auto-

nomic response to subsequent hypoglycemia, which in turn further

increases the risk of subsequent severe hypoglycemia.107 Likewise,

moderate-intensity exercise also blunts the hormonal response to

subsequent hypoglycemia.108 Most of the severe episodes of hypogly-

cemia occur at night as sleep further impairs the counterregulatory

hormone responses to hypoglycemia in patients with diabetes and

normal subjects.109 On the other hand, the blood glucose threshold

for neuroglycopenia does not appear to vary as much with the level of

glucose control nor with antecedent hypoglycemia.90,110,111

IAH is not an “all or none phenomenon” but reflects a continuum

in which differing degrees of impaired awareness can occur and can

vary over time in any one individual. IAH is proposed to be a result of

intracellular and extracellular physiological adaptations to recurrent

hypoglycemia that are in essence survival responses designed to pro-

tect the cell from subsequent exposure to glucose deprivation.112 This

adaptive process is referred to as habituation.113 A habituated

response can also be, at least temporarily, reversed by the introduc-

tion of a novel (heterotypic) stimulus (dishabituation). Preliminary

results of a recent study demonstrated that a single burst of

high-intensity exercise restored counterregulatory responses to

hypoglycemia induced the following day in a rodent model of IAH.114

There is evidence that IAH can be reversed by avoiding hypogly-

cemia for 2 to 3 weeks,115 but this may be difficult to accomplish and

has not been practical in a clinical setting with current therapies. Ther-

apeutic options are limited although some individuals gain benefit

TABLE 1 Hypoglycemia signs and symptoms

Autonomic signs and symptoms

Shakiness

Sweatiness

Trembling

Palpitations

Pallor

Neuroglycopenic signs and symptoms

Poor concentration

Blurred or double vision

Disturbed color vision

Difficulty hearing

Slurred speech

Poor judgment and confusion

Problems with short-term memory

Dizziness and unsteady gait

Loss of consciousness

Seizure

Behavioral signs and symptoms

Irritability

Erratic behavior

Agitation

Nightmares

Inconsolable crying

Non-specific symptoms

Hunger

Headache

Nausea

Tiredness
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from structured education.116 Technological advances could poten-

tially have a role to play with the use of CGM117 or sensor-augmented

pump therapy with suspend functions5,7 by reducing and/or eliminat-

ing hypoglycemia exposure.

7 | RISK FACTORS FOR HYPOGLYCEMIA

The main risk factor for hypoglycemia is a mismatch between adminis-

tered insulin and consumed food. An absolute excess of insulin could

result from increased doses due to poor understanding of insulin type

and action or accidental delivery. Similarly, a relative insulin excess is

seen with reduced food intake or missed meals and in situations

where glucose utilization is increased (during exercise) or endogenous

glucose production is decreased (after alcohol intake).

Recurrent hypoglycemia

The majority of children with type 1 diabetes who experience severe

hypoglycemia have isolated events, however, a few experience recur-

rent episodes. When hypoglycemia is recurrent, it is important to

exclude IAH and rule out coexisting autoimmune disorders such as

subclinical hypothyroidism,118 coeliac disease,119 and Addison's dis-

ease.120,121 The introduction of a gluten-free diet and appropriate

treatment of Addison's disease and hypothyroidism may reduce the

frequency of hypoglycemia. Rarely, undisclosed self-administration of

insulin causes repeated and unexplained severe hypoglycemia and

should be considered as a sign of psychological distress122 with under-

lying risk factors such as eating disorders (anorexia and bulimia) and

depression.

The clinical factors associated with an increased risk of hypogly-

cemia are shown in Table 2.

Exercise

The blood glucose response to exercise is affected by many factors

including the duration, intensity, and type of exercise, the time of day

when exercise is performed, plasma glucose and insulin levels, and the

availability of supplemental and stored carbohydrates.123 The risk of

hypoglycemia is increased with moderate-intensity exercise, immedi-

ately after as well as 7 to 11 hours after exercise.124 The pathophysi-

ology of post exercise-induced hypoglycemia is multifactorial and

includes increased insulin absorption, increased insulin sensitivity,

increased peripheral glucose utilization with depletion of glucose

stores, and exercise-induced counterregulatory hormone deficits. Fur-

thermore, children on fixed insulin doses are at “triple jeopardy” for

hypoglycemia on nights following exercise as apart from the effect of

exercise per se, counterregulatory hormone responses are impaired in

sleep, and insulin concentrations are unchanged because of the treat-

ment regimen.125

Glycemic management is based on frequent glucose monitoring,

adjustments to both basal and bolus insulin dosing, and consumption

of carbohydrates during and after exercise. Blood glucose levels below

6.7 to 8.3 mmol/L (120-150 mg/dL), prior to sustained aerobic exer-

cise (75 minutes) in the afternoon, are associated with a high probabil-

ity of hypoglycemia within 60 to 75 minutes.126 Hence, reasonable

starting blood glucose between 7 and 10 mmol/L (126-180 mg/dL) is

recommended prior to commencement of exercise lasting for an

hour.127 Treatment guidelines to help individuals exercise safely have

been published recently127 and are updated in this edition of the

ISPAD guidelines.

Alcohol

Alcohol inhibits gluconeogenesis128 and hypoglycemia is further exac-

erbated if there is an inadequate intake of carbohydrates. Further-

more, the symptoms of hypoglycemia may be obscured or masked by

the cerebral effects of alcohol. Even moderate consumption of etha-

nol may reduce hypoglycemia awareness and impair the counterregu-

latory response to insulin-induced hypoglycemia.129 Apart from the

acute effects, moderate consumption of alcohol in the evening may

predispose patients to hypoglycemia on the subsequent morning with

reduced nocturnal growth hormone secretion.130 Although an

increase in insulin sensitivity with alcohol intake has been postulated,

this remains inconclusive.131

Nocturnal hypoglycemia

Nocturnal hypoglycemia continues to cause significant anxiety and

morbidity for the families of children with type 1 diabetes.84,132 The

counterregulatory responses to hypoglycemia are attenuated during

sleep109,133 and patients with type 1 diabetes are much less likely to

be awakened by hypoglycemia than individuals without diabetes.109

The concern of seizures, coma, and death induces significant fear of

nocturnal hypoglycemia. This fear often leads to an increase in paren-

tal anxiety and stress with an impact on parental sleep and quality of

life, which is one of the most commonly, reported areas of distress for

families.132

An alarmingly high prevalence of prolonged, nocturnal hypoglyce-

mia, up to 40% on any given night in children and adolescents with

type 1 diabetes was reported in earlier studies,134–136 although recent

studies report 15% to 25% of episodes on any given night.137,138

Almost half of these episodes are undetected by caregivers or individ-

uals with diabetes.134,139 Juvenile Diabetes Research Foundation

CGM study group described frequent prolonged nocturnal hypoglyce-

mia on 8.5% of nights in both children and adults, but more prolonged

TABLE 2 Clinical factors associated with hypoglycemia

Precipitants

Excess insulin

Less food consumption

Exercise

Sleep

Alcohol ingestion

Risk factors

Impaired awareness of hypoglycemia

Previous severe hypoglycemia

Longer duration of diabetes

Co-morbidities

Coeliac disease

Addison's disease

Hypothyroidism

Psychological distress
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in children.140 In this study, the mean time spent in nocturnal hypogly-

cemia (<60 mg/dL) was 81 minutes. This is significant as prolonged

nocturnal hypoglycemia for 2 to 4 hours has been associated with

seizures.104

Nocturnal hypoglycemia should be suspected if prebreakfast

blood glucose is low, and/or the patient experiences confusional

states, nightmares or seizures during the night, or if impaired thinking,

lethargy, altered mood, or headaches are reported on waking.141 It is

recommended that parents and patients monitor overnight glucose

levels on a regular basis, particularly if there is an additional risk factor

that may predispose to nocturnal hypoglycemia. Younger age, lower

HbA1c levels, antecedent exercise and hypoglycemia are associated

with a greater frequency of nocturnal hypoglycemia.137

Studies of overnight hypoglycemia in children have been unable

to identify a glucose value, which reliably predicts a low risk of hypo-

glycemia. In a study using CGM to detect nocturnal hypoglycemia,

there was a 2-fold increase, 45% vs 22% in the incidence of hypogly-

cemia with a bedtime glucose ≤5.5 mmol/L (100 mg/dL).136 Similarly,

the fasting glucose levels were significantly lower (6.6 mmol/L;

118 mg/dL) in those with hypoglycemia than those without

(9.9 mmol/L; 179 mg/dL).142 In contrast, in patients on twice daily

soluble and isophane (NPH) insulin therapy, hypoglycemia was par-

tially predicted by a midnight glucose of <7.2 mmol/L; 130 mg/dL.135

To reduce nocturnal hypoglycemia, a carbohydrate meal before

bed for children on insulin injections was recommended based on

studies using intermediate-acting insulins with peak action 4 to

12 hours and duration 16 to 24 hours.143 However, insulin ana-

logues, such as glargine and detemir144 due to their less pronounced

peak effect, have reduced overnight hypoglycemia. Hence, extra

snacks may be unnecessary145 and enforcing prebed meals may

contribute to nocturnal hyperglycemia and/or additional calories

contributing to weight gain. The recommendation for inclusion of

prebed meals should be individually tailored and not mandatory.145

Newer insulin analogues like the ultralong-acting basal insulin deglu-

dec further have the potential to provide similar glycemic control

while reducing the risk of nocturnal hypoglycemia in children with

type 1 diabetes.146

The occurrence of severe nocturnal hypoglycemia has been

reduced by the use of insulin pump therapy.147 This effect is likely to

result from the ability to finely adjust basal insulin delivery with the

use of pump therapy. Pump therapy is associated with less nocturnal

hypoglycemia and this is further reduced with the availability of

sensor-augmented pump therapy with control algorithms which sus-

pend basal insulin with sensor-detected8 or sensor-predicted

hypoglycemia.5

8 | HYPOGLYCEMIA TREATMENT

Diabetes education should be focused toward recognition of risk

times of hypoglycemia; ability to detect subtle symptoms; and confirm

low glucose levels through regular self-monitoring, followed by appro-

priate hypoglycemia treatment. If the blood glucose is ≤3.9 mmol/L

(70 mg/dL), remedial actions to prevent further drop in glucose are

recommended. In adults, 20 g of carbohydrate in the form of glucose

tablets raised glucose levels by approximately 2.5 to 3.6 mmol/L

TABLE 3 Evaluation and management of hypoglycemic events

Potential cause Factors Management

Insulin action profile What was the timing of insulin administration?
What is the peak insulin action?

• Consider rapid-acting and long-acting insulin analogues
for multiple daily injections for more physiological
insulin delivery

• Consider insulin pump therapy183 �dual-wave insulin
bolus with low glycemic meals184

Recent food intake What was the timing and amount of carbohydrates?
What was the peak glucose effect of recent food

intake?

• Review determination of carbohydrates
• Review fat and protein content of meals185

• Adjust food intake so that glycemic peaks are more
closely matched to insulin action peaks

• Daytime and bedtime snacks may need to be added,
especially in younger children, if intermediate-acting
insulin is used

Recent physical activity What was the timing, duration and intensity of recent
activity?

• Preexercise and postexercise snacks (15-30 g) may be
required

• Suspension of pump basal rate during exercise153

• If exercise occurs at peak insulin action, additional
carbohydrates may be required

Recent hypoglycemia/lack of
hypoglycemic symptoms or
hypoglycemia unawareness

Has there been recent recurrent, severe hypoglycemia?
(this may be associated with reduced
counterregulatory response)

At what glucose level do you start to recognize
hypoglycemia?

What types of symptoms do you have?

• Glucose targets may need to be adjusted upwards in
patients with recurrent hypoglycemia and/or
hypoglycemia unawareness115,186

• Consider increased monitoring of blood glucose levels
• Consider sensor-augmented pump therapy with

automated insulin suspension with sensor detected
hypoglycemia7 or sensor predicted hypoglycemia5

• Screen for underlying co-morbidities that can
predispose to recurrent hypoglycemia

Prolonged, nocturnal hypoglycemia What are the glucose values overnight?
Blood glucose monitoring, in particular overnight, is

important in detecting hypoglycemia and preventing
serious and severe episodes.

• Consider increased overnight monitoring of blood
glucose levels

• Review insulin profiles
• Consider real-time CGM with or without

sensor-augmented pump therapy
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(45-65 mg/dL).148–150 This has been extrapolated to 0.3 g/kg in chil-

dren which would be approximately 9 g of glucose for a 30 kg child

and 15 g for a 50 kg child. A pediatric study has shown that 0.3 g/kg

of rapidly acting carbohydrate containing preparations (excluding jelly-

beans), effectively resolve hypoglycemia in most children and raise

median blood glucose by 1 to 1.3 mmol/L in 10 minutes and 2 to

2.1 mmol/L in 15 minutes without rebound hyperglycemia at the next

meal.151 A similar weight-based approach was also found to be effec-

tive in children on insulin pumps.152 In clinical practice, insulin delivery

is usually suspended if blood glucose is <2 mmol/L (56 mg/dL).

After treatment, retest blood glucose after 10 to 15 minutes. If

there is no response or an inadequate response, repeat oral intake as

above. In general, the initial therapy with rapidly acting carbohydrate

is followed with a serve (eg, 15 g) of slower-acting carbohydrate, such

as bread, milk, biscuits, or fruit. However, this is not always required,

particularly for those on insulin pump therapy. Essentially, it is impor-

tant to remember that the amount of carbohydrate required will

depend on the size of the child, type of insulin therapy, active insulin

on board, the timing and intensity of antecedent exercise, and other

factors.148,153 The type of carbohydrate is also important as 40 g of

carbohydrate in the form of juice results in approximately the same

rise as 20 g in the form of glucose tablets.148 Sucrose likewise

requires a greater amount to provide the same increase in blood glu-

cose compared to oral glucose.149 Milk containing 20 g of carbohy-

drate causes a rise of approximately 1 mmol/L (18 mg/dL). Chocolate,

milk, and other foods containing fat will cause the glucose to be

absorbed more slowly and should be avoided as the initial treatment

of hypoglycemia.148

Severe hypoglycemia

Urgent treatment is required in the event of severe hypoglycemia and

can be safely reversed by injection of glucagon, a potent and effective

agent that can be administered intravenously, IM or SC.154 Recombi-

nant crystalline glucagon is available as a lyophilized powder that is

mixed with an aqueous diluent to a concentration of 1 mg/mL. Com-

mercially available glucagon rescue kits include GlucaGen HypoKit

1 mg (Novo NordiskA/S, Bagsvaerd, Denmark) and Glucagon Emer-

gency Rescue Kit (Eli Lilly and Company, Indianapolis, Indiana ). The

recommended glucagon dosing is weight based: 1 mg for adults and

children >25 kg and 0.5 mg for children <25 kg (according to Novo

Nordisk manufacturer guidelines) while Eli Lilly uses a weight cut-off

of 20 kg. The evidence for these recommendations is unclear. Gluca-

gon often induces nausea and vomiting on regaining consciousness

and hence it is important to continue close observation and glucose

monitoring after treatment.155 Side effect profile increases with

repeated doses. The efficacy of glucagon is also dependent on the gly-

cogen stores in the liver and hence would be predicted to be less effi-

cacious in cases of prolonged fasting and parenteral glucose would be

the therapy of choice.155 Currently available preparations require glu-

cagon reconstitution with sterile water and therefore parents and

caregivers require instruction on how to prepare and administer gluca-

gon with frequent reminder education. To overcome this barrier, an

intranasal single-use glucagon preparation has undergone trial in pedi-

atric patients156 and adults157 with type 1 diabetes and was found to

be a promising alternative to IM glucagon. Intranasal glucagon is now

being developed as a needle-free device that delivers glucagon for the

treatment of severe hypoglycemia. A single dose of 3 mg can be used

in children and adults with type 1 diabetes, which would potentially

simplify prescription across the entire age range (≥4 years) of patients

with type 1 diabetes.156,157 Administration of nasal glucagon is faster

and has a much higher success rate for delivery of the full dose with

fewer errors than injectable glucagon.158

In a hospital setting, intravenous glucose or glucagon may be

given. Intravenous glucose should be administered by trained person-

nel over several minutes to reverse hypoglycemia. The recommended

dose is glucose 10% to 20%, for a total of 200 to 500 mg/kg of glu-

cose. Rapid administration or excessive concentration (ie, glucose

50%) may result in an excessive rate of osmotic change with risk of

hyperosmolar cerebral injury.159 In the event of recurrent hypoglyce-

mia, the child will require additional oral carbohydrates and/or intra-

venous infusion of 10% glucose, 2 to 5 mg/kg/min (1.2-3.0 mL/kg/h).

In the outpatient setting, the predisposing events that led to the

severe event should be evaluated to allow for prevention of future

events. Caregivers need to be aware that following a severe hypogly-

cemic event, the child will be at significantly higher risk of a future

event and alterations to therapy may be appropriate.

Glucagon is not readily available in countries with limited

resources. In countries where neither glucagon nor glucose gel may be

available; a powder form (glucose D 25 or anhydrous glucose) is used.

Sugar or any other powdery substance or thin liquids like a glucose

solution or honey should not be given forcibly to the semi/uncon-

scious child. The child should be put in a lateral position to prevent

aspiration and a thick paste of glucose (glucose powder with a few

drops of water or table sugar crushed into powdered sugar with con-

sistency of thick cake icing) smeared onto the dependent cheek pad;

the efficacy of this practice is anecdotal. Although an earlier study in

healthy adult volunteers demonstrated poor buccal absorption of

glucose,160 sublingual glucose was found to be a child-friendly and

effective method of raising blood glucose in severely ill children with

malaria.161 In situations where there is a danger of aspiration with no

intravenous access available, parenteral glucose solutions may be

administered via nasogastric tubes.162

Minidose glucagon

Children with gastrointestinal illness and/or poor oral carbohydrate

intake with a blood glucose ≤4.4 mmol/L can benefit from minidose

glucagon by their caregivers at home to avoid impending hypoglyce-

mia and hospitalizations.154,163 A 100 U insulin syringe is used to

administer the dose of reconstituted glucagon (1 unit ~10 μg of gluca-

gon.). The dose is administered SC and is age-based; 2 units (20 μg)

for children ≤2 years and 1 unit/year for children ≥3-15 years (with a

maximum dose of 150 μg or 15 units). If blood glucose failed to rise

over the first 30 minutes, a repeat injection was given using twice the

initial dose. The minidose glucagon regimen resulted in an increase of

3.3 to 5 mmoL/L of glucose (60-90 mg/dL) within 30 minutes of

administration with an average increase of 4.7 mmoL/L.154
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Technology in the reduction and prevention of hypoglycemia

The rapid technological advances in the management of type 1 diabe-

tes with stand-alone CGM systems or systems with integrated CGM

and insulin pump use have empowered individuals with type 1 diabe-

tes to further address and reduce hypoglycemia.

1. Continuous glucose monitoring

The use of CGM reduces time spent in hypoglycemia with a con-

comitant decrease in HbA1c in both children and adults.164–166

Although the use of CGM is associated with reduced severe hypogly-

cemia in adults,117,167 this is not demonstrated in children. Adoles-

cents have a high acoustic arousal threshold from sleep,168 sleep

through 71% of alarms169 and therefore can have a severe hypoglyce-

mic event.104 Studies have not demonstrated a change in the rates of

severe hypoglycemia with the use of CGM in children and young

adults.170

2. Sensor-augmented pump therapy with low glucose suspension

(suspend on low)

The incorporation of algorithms in sensor-augmented pump ther-

apy further reduces the time spent in hypoglycemia due to pump sus-

pension. Low glucose suspension (LGS) automatically suspends basal

insulin delivery for up to 2 hours in response to sensor-detected

hypoglycemia thereby reducing the duration of hypoglycemia, espe-

cially at night.171 This function also reduces moderate and severe epi-

sodes of hypoglycemia in patients with IAH.7 Furthermore, LGS was

not associated with deterioration in glycemic control or ketosis.166,172

3. Sensor-augmented pump therapy with predictive low glucose

management (suspend before low)

Predictive low glucose management (PLGM) system suspends

basal insulin infusion with the prediction of hypoglycemia. Basal insu-

lin infusion is suspended when sensor glucose is at or within

3.9 mmoL/L (70 mg/dL) above the patient-set low limit and is pre-

dicted to be 1.1 mmoL/L (20 mg/dL) above this low limit in

30 minutes. In the absence of patient interference, following pump

suspension, the insulin infusion resumes after a maximum suspend

period of 2 hours or earlier if the auto-resumption parameters are

met. PLGM reduced hypoglycemia under in-clinic conditions173–175

and in short-6,176–179 and long-term5 home studies. There was also no

deterioration of glycemic control with the use of the system in a

6 month randomized controlled home trial.5

4. Closed-loop systems

Automated insulin delivery, with continuous glucose sensing and

insulin delivery without patient intervention, offers the potential to

circumvent the significant glycemic excursions associated with con-

ventional therapy. The systems utilize a control algorithm that autono-

mously and continually increases and decreases the SC delivery of

insulin on the basis of real-time sensor glucose levels. Closed-loop

artificial pancreas systems have been under development for several

years with numerous algorithms and tested in clinical research

centers, hotels, camps, supervised outpatient settings, and free-living

conditions. Although most systems are single-hormone insulin, dual-

hormone systems (bionic pancreas) that infuse both insulin and gluca-

gon have also been studied in clinical trials.180,181 Despite variable

clinical and technical characteristics, artificial pancreas systems uni-

formly improve glucose control with a 50% relative risk reduction in

hypoglycemia in outpatient settings compared to conventional pump

therapy.9 One such system is a FDA-approved semi-automated hybrid

closed-loop (HCL) insulin delivery, which involves automated insulin

infusion based on sensor glucose levels and requires patient-initiated

meal bolus for meals, which was studied in a trial of 124 adolescents

and adults for 3 months and was safe during in-home use.182 The

advancements in this field are ongoing in the pursuit of a fully auto-

mated closed-loop system, which can improve time spent in target

glucose and reduce the burden of disease in individuals with type

1 diabetes.

Table 3 provides a summary of evaluation and management of

hypoglycemic events.
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Background: Impaired awareness of hypoglycemia (IAH) is associated with an increased risk for

severe hypoglycemia (SH). However, reduced rates of SH raise the question as to whether

there has been a reduction in IAH. The aim of this study was to determine the change in preva-

lence of IAH in a population-based cohort of adolescents with Type 1 diabetes (T1D).

Methods: Children older than 12 years with T1D documented their responses to hypoglycemia

based on the modified Clarke questionnaire. The prevalence of IAH was also analyzed in a simi-

lar population-based cohort using the same questionnaire in 2002. The clinical details of the

participants and the number of SH events in the preceding year were determined from the

Western Australian diabetes database.

Results: The questionnaire was administered to 413 children in 2002 and to 444 children in

2015 with similar baseline characteristics. The prevalence of IAH was 33% in 2002 and 21% in

2015 (P < .001). A lower HbA1c, younger age at diagnosis and longer duration of diabetes cor-

related with IAH in 2002 but not in 2015. There was a significant decline in the rates of SH in

2015 compared with 2002 (P < .001) despite a reduced HbA1c in 2015. IAH increased the risk

of SH in both cohorts (52 vs 16 events/100 patient years in 2002 and 8 vs 2 events/100

patient years in 2015).

Conclusions: Although IAH has reduced, IAH is still prevalent in a substantial minority of ado-

lescents and continues to be associated with an increased risk of SH.

KEYWORDS

impaired awareness of hypoglycemia, severe hypoglycemia, type 1 diabetes

1 | INTRODUCTION

Hypoglycemia is a major complication in the management of type

1 diabetes (T1D) which when prolonged and severe can cause seizures

and coma. Severe hypoglycemia (SH) is more likely to occur in patients

who have reduced awareness of hypoglycemia.1 Impaired awareness

of hypoglycemia (IAH) is a syndrome in which the ability to detect the

onset of hypoglycemia is diminished or absent.2 Most hypoglycemic

events are asymptomatic and undetected with increase in further

hypoglycemia.3 Recurrent episodes of hypoglycemia contribute to the

development of defective symptomatic and counterregulatory hor-

mone responses4 leading to the syndrome of IAH and a substantially

increased risk of SH. Therefore, it is vital to identify these at-risk

patients to enable management strategies aimed to reduce hypoglyce-

mia because prevention of hypoglycemia can restore awareness.5

The identification of IAH is dependent on questionnaires that

have been developed to answer this important clinical question.1,6,7

IAH has been reported to affect approximately 25% of adults with

T1D.8–11 Earlier studies of children and adolescents have similarly

showed a significant proportion of youth to have IAH with a preva-

lence of 19% to 37%.12–14 The pediatric and adult studies were all

cross-sectional studies and used different questionnaires in a selec-

tive sample or clinic cohort. In contrast, this study aims to compare

the prevalence of IAH measured using the same questionnaire at
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2 time points in a population-based sample of children and adoles-

cents older than 12 years with T1D. Although a recent cross-

sectional adult study concluded that IAH prevalence has not changed

over the last 20 years,10 a reduction in the rates of SH in T1D in the

last decade raise the question as to whether there has been a reduc-

tion in the prevalence of IAH over a period of time. The novelty of

this study is in its ability to examine the change in prevalence of IAH

in a population-based cohort.

2 | METHODS

Children and adolescents with T1D from a clinic cohort; aged between

12 and 19 years and with duration of diabetes of at least 6 months,

were enrolled. Approval for this study was obtained according to the

hospital Human Research Ethics Committee procedures. Princess

Margaret Hospital is the sole tertiary pediatric centre for diabetes in

Western Australia. All diagnosed children in the state are registered

and receive multidisciplinary care. Previous studies from Western

Australia have reported a 99% case ascertainment rate of children

with T1D.15 Patients are registered on the Western Australian data-

base and attend diabetes clinic once every 3 months. They have ongo-

ing prospective documentation from diagnosis, at 3-month intervals,

of glycemic control measured by HbA1c, anthropometric data, insulin

regimen, episodes of diabetic ketoacidosis and moderate and severe

hypoglycemic events. This information is recorded on the Western

Australian Children’s Diabetes Database. The clinical details of the

participants and the number of severe hypoglycemic events in the

year preceding the survey were obtained from the database. SH was

defined as an episode of loss of consciousness or seizure.16

The modified Clarke questionnaire was administered to children

older than 12 years who filled them at their scheduled clinic visit.

Clarke developed an 8-question system designed to characterize the

patient’s exposure to episodes of moderate and SH and to also exam-

ine the glycemic threshold for, and symptomatic responses to hypo-

glycemia.6 A modified version of Clarke’s questionnaire (Table S1,

Supporting Information) has previously been used at our centre.13,14,17

This was designed to be simple to administer to children. This com-

prised a 6-question system aimed at evaluating the glycemic threshold

and symptomatic responses to hypoglycemia. It differed from the orig-

inal Clarke’s questionnaire by eliminating the patient’s exposure to

moderate hypoglycemia as it is difficult to ascertain episodes of mod-

erate hypoglycemia in children. It also provides graded responses to

the questions to determine the extent of IAH. A score of ≥4 was

defined as indicative of IAH. We used the modified Clarke question-

naire to compare the prevalence of IAH with the previously conducted

survey using the same questionnaire administered to a similar group

of participants in 2002. If the child was not able to understand the

questions and fill the questionnaire or if any of the questions were not

attempted by the participant, they were excluded from analysis.

2.1 | Statistical analysis

Prevalence of IAH was calculated for each cohort (2002 and 2015)

and compared using a z-test. Clinical characteristics of the study

groups were compared using the Mann-Whitney U test (median �
interquartile range [IQR]). A χ2 test was performed to compare

dichotomous and categorical variables. Rates of SH were compared

using a Poisson test.

3 | RESULTS

The modified Clarke questionnaire was administered to 413 partici-

pants in 2002; of these 390 had complete data. In 2015, the ques-

tionnaire was administered to 444 participants and of these, data

were complete in 402.

3.1 | Clinical characteristics

The clinical characteristics of the 2 cohorts are demonstrated in

Table 1. There was no difference in age, gender, and diabetes dura-

tion between the 2002 and 2015 samples. There was a significant

difference in the rates of SH between the 2 cohorts. There were

110 events of SH in 2002 compared to 12 events in 2015, giving an

overall incidence of 28 events/100 patient years and 3 events/100

patient years, respectively (P < .001). There was a reduction in

HbA1c from 8.3% (67 mmol/mol) to 7.9% (63 mmol/mol) (P < .001)

between 2002 and 2015. Insulin pump therapy usage had increased

from 12% to 46%. Patients in 2015 cohort were also leaner than their

2002 cohort.

3.2 | Impaired awareness of hypoglycemia

As shown in Table 1, the prevalence of IAH was significantly reduced

in 2015 compared to 2002 (z = 3.703, P < .001). In 2002, of the

390 with complete data, IAH was present in 33% and in 2015, of the

402 participants with complete data, the prevalence of IAH was 21%.

Table 2 shows the clinical characteristics of participants with IAH in

the 2 cohorts. There was no difference in IAH based on age at ques-

tionnaire, insulin regimen, or BMI in 2002 and 2015. In contrast,

although younger age at diagnosis, longer duration of diabetes, and

lower HbA1c correlated with IAH in 2002, these variables did not

have any association with IAH in 2015.

3.3 | SH

IAH was associated with an increased risk of SH in both cohorts. Par-

ticipants with IAH and SH had a RR of 2.33 in 2002 and 3.63 in

2015. (Table 2). There were 109 events in 2002 as compared to

13 events in 2015 (IAH vs aware: 52 vs 16 events/100 pt years in

2002 and 8 vs 2 events/100 pt years in 2015). The insulin regimen in

patients with and without SH is shown in Table 3.

4 | DISCUSSION

This study highlights the reduction in prevalence of IAH over time in

a clinic-based cohort of adolescents attending a tertiary pediatric dia-

betes centre. A striking feature is the significant reduction in the rates

of SH with time in a cohort with similar demographic characteristics
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analyzed in 2002 and 2015. The change in hypoglycemia outcomes

could be due to a number of factors including increased use of insulin

analogs, insulin pump therapy, and improved diabetes education.

Hypoglycemia education is a part of front line management and has

been found to effective in reducing SH.18 Diabetes education has

been more focused on empowering patients to manage diabetes and

adjust insulin doses. There was an increased proportion of patients

using BD (twice a day) regimen with fixed doses of intermediate-

acting insulin in 2002 along with regular insulin with only a small

proportion of patients on short-acting insulin. In contrast, in 2015,

the use of BD regimen had declined with an almost equal proportion

of patients on insulin pump therapy and basal-bolus regimen. The

improved glycaemic outcomes have been facilitated by flexible insulin

dosing with carbohydrate counting and the use of carbohydrate ratios

and insulin sensitivity factor to manage blood glucose levels appropri-

ately. Although IAH still persists, patients with IAH have demon-

strated a significant reduction in SH. This may be attributed to

improved patient and parental awareness of this increased risk and

TABLE 1 Clinical characteristics of patient cohort in 2002 and 20151

20022 20153 P-value*

n 390 402

Sex (male %) 48 51 .303

IAH (n,%) 129 (33%) 86 (21%) <.001

Age at questionnaire (y) 15.4 (13.9-16.9) 15.4 (13.8-16.7) .431

Age at diagnosis (y) 9.0 (5.9-11.6) 8.8 (5.7-11.5) .294

Duration of diabetes (y) 6.0 (3.1-10.0) 6.4 (3.4-9.9) .474

HbA1c at last visit (%) 8.6 (8.0-9.3) 7.8 (7.3-8.3) <.001

BMI (kg/m2) 22.9 (20.8-25.8) 21.8(19.7-24.6) .000

Pump therapy (%) 12 46 <.001

BD insulin (%) 61 4

MDI insulin (%) 27 50

Patients with SH (n,%) 68 (17) 11 (2.7) <.001

SH (events/year) 109 13 <.001

SH (events/100 patient y) 28 3

Abbreviations: BMI, body mass index; HbA1c, glycated hemoglobin; IAH, impaired awareness of hypoglycemia; IQR, interquartile range; SH, severe
hypoglycemia.
1 Data are presented in median (IQR) and percentage.
2 2002: BD (twice a day) insulin regimen comprised isophane human insulin and regular/short acting insulin before breakfast and dinner while MDI (multi-
ple daily insulin) comprised regular/short acting insulin at breakfast, lunch, and dinner with isophane human insulin at dinner.

3 2015: BD insulin regimen comprised isophane human insulin and short acting insulin (aspart or lispro) prebreakfast and detemir with short acting insulin
predinner. MDI comprised fixed/flexible insulin therapy with short acting insulin before breakfast, lunch, and dinner with glargine at bed-time.

*P < .05 is statistically significant.

TABLE 2 Clinical characteristics in patients with normal and impaired awareness based on modified Clarke in 2002 and 2015

Year
2002 (n = 390) 2015 (n = 402)

Status Aware IAH P value Aware IAH P value

n 261 129 (33%) 316 86 (21%)

Sex (males) 124 62 .918 173 34 .015*

Age at questionnaire (y) 15.4 (13.8-17) 15.2 (13.9-16.9) .799 15.5 (13.9-16.7) 14.8 (13.4-16.4) .060

Age at diagnosis (y) 9.1 (6.4-11.6) 8.0 (5.0-11.4) .007* 8.8 (5.8-11.7) 9.5 (5.0-11.0) .461

Duration of diabetes (y) 5.4 (1.9-9.6) 7.2 (4.2-10.1) .006* 6.5 (3.4-9.9) 6.2 (3.1-9.5) .750

HbA1c at last visit (%) 8.3 (7.4-9.1) 7.9 (7.0-8.5) .001* 7.8 (7.3-8.4) 7.9 (7.3-8.3) .934

BMI (kg/m2) 23.0 (20.8-25.8) 22.6 (20.7-25.4) .757 22.0 (19.8-24.7) 21.2 (19.7-24.2) .366

CSII, n, % 31 (12) 16 (12) .138 142 (45) 41 (47) .816

MDI n, % 134 (51) 53 (41) 162 (51) 41 (48)

BD (n, %) 96 (37) 60 (47) 12 (4) 4 (5)

Patients with SH (n, %) 32 (12) 36 (28) .000* 6 (1.6) 5 (5.8) .048*

SH (events/y) 42 67 6 7

SH (events/100 pt y) 16 52 2 8

Abbreviations: CSII, continuous subcutaneous insulin infusion; BD, twice a day insulin; IQR, interquartile range; MDI, multiple daily insulin (basal-bolus);
SH, severe hypoglycemia.
1 Data are presented in median (IQR) and percentage.

*P < .05 is statistically significant.
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institution of appropriate measures to prevent significant hypoglyce-

mia. Regular day-time testing coupled with overnight testing,19

adjusting insulin doses appropriately and also, at least in some

patients, the use of continuous glucose monitoring systems and auto-

mated insulin suspensions16 could have helped in preventing moder-

ate and SH, although the relative importance of these factors to the

reduction of SH cannot be determined.

It is important to note that despite the overall reduction in preva-

lence of IAH, affected patients still remain at a higher risk of SH and

hence identification of IAH is vital to implement targeted manage-

ment strategies. This study found that younger age at diagnosis,

longer duration of diabetes, and lower HbA1c predicted IAH in the

2002 cohort but were not found to be predictors in the 2015 cohort.

Duration of diabetes may not stand out as a predictor in this age

group in 2015 although it may be more relevant in the older age

group as in most adult studies; patients with IAH are older and have

a longer duration of diabetes. Previous studies have demonstrated a

link between lower HbA1c and SH;20 however, this relationship is

weaker in subsequent studies.21,22 This is also reflected in this report

with a relationship of lower HbA1c with IAH in the 2002 cohort but

not in the 2015 cohort and in other recent studies.10,23,24

It is worth noting that although rates of SH have reduced signifi-

cantly, the magnitude of reduction is not paralleled by a similar reduc-

tion in IAH prevalence. We have previously addressed the risk

factors for SH in our cohort between 2000 and 2011.25 There was

no difference in risk of SH between age groups and glycaemic control

although when compared with patients on injection regimens, sub-

jects aged 12-18 years on pump therapy were at reduced risk of SH

with an incidence rate of 6.2 events/100 patient-years in 2011. The

rates of SH have reduced further to 3 events/100 patient-years in

2015. The small sample size in this current cohort makes it difficult to

analyze the predictors of SH; although patients on BD insulin are at

highest risk as seen in Table 3.

The strength of this study is in its ability to compare a demo-

graphically similar clinic population using the same questionnaire

across 2 time points providing an insight into the change in preva-

lence of IAH over time. Although this study demonstrates a reduction

in IAH with improvement in management, IAH is still prevalent in a

substantial minority of the clinic population and it is vital to identify

these patients in clinical practice as this group is at a significantly

higher risk of severe hypoglycemic events. Identification of these

individuals is an important component of T1D management.
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1 

Modified Clarke’s Hypoglycemia Awareness Questionnaire 

(Tick only one response for each question) 

1 

2 

3 

4 

5 

1. In the last month, how many times have you had a blood glucose level

(BGL) of less than 3.5mmol/L?

 None   

 One to three times in the last month 

 Once a week   

 Two to three a week   

 More than 3 times a week 

A=0 

PU=1 

U=2 

2. In the last month, how many times have you tested and found a BGL less

than 3.5mmol/L without realising your BGL was low?

 None 

 1 to 4 times   

 Greater than 4 times 

A = 0 

PU = 1 

U = 2 

3. Tick the box that best describes you.

I… 

 always  

 sometimes 

 never 

….have signs when my BGL is low. 

U = 2 

PU = 1 

A = 0 

A = 0 

4. How low does your BGL fall before you notice any signs?

 Less than 2.5  

 2.5 – 3.0  

 3.0 – 3.5  

 Greater than 3.5 

U = 2 

U = 2 

PU = 1 

PU = 1 

A = 0 

5. Can you tell your BGL is low by certain signs or behaviour?

 Never 

 Rarely 

 Sometimes 

 Usually  

 Always

U = 2 

A = 0 

6. Have you lost some of the signs and symptoms that used to occur when

your BGL was low?

 Yes       

 No         

A: Aware, PU: partially unaware, U: unaware 

Questions 2 to 6 are scored 

A score of ≥ 4 implies impaired awareness of hypoglycemia 

Adapted from Clarke’s questionnaire 1995 
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Abstract

Background: Sensor-augmented pump therapy (SAPT) with algorithms to predict impending low blood glucose
and suspend insulin delivery has the potential to reduce hypoglycemia exposure. The aim of this study was to
determine whether predictive low glucose management (PLGM) system is effective in preventing insulin-
induced hypoglycemia in controlled experiments.
Methods: Two protocols were used to induce hypoglycemia in an in-clinic environment. (A) Insulin bolus: Insulin
was administered as a manual bolus through the pump. (B) Increased basal insulin: Hypoglycemia was induced by
increasing basal rates overnight to 180%. For both protocols, participants were randomized and studied on 2
separate days; a control day with SAPT alone and an intervention day with SAPT and PLGM activated. The
predictive algorithm was programmed to suspend basal insulin infusion when sensor glucose was predicted to be
<80 mg/dL in 30 min. The primary outcome was the requirement for hypoglycemia treatment (symptomatic
hypoglycemia or plasma glucose <50 mg/dL) and was compared in both control and intervention arms.
Results: With insulin bolus, 24/28 participants required hypoglycemia treatment with SAPT alone compared to
5/28 participants when PLGM was activated (P £ 0.001). With increased basal rates, all the eight SAPT-alone
participants required treatment for hypoglycemia compared to only one with SAPT and PLGM. There was no
post pump-suspend hyperglycemia with insulin bolus (P = 0.4) or increased basal rates (P = 0.69) in participants
with 2-h pump suspension on intervention days.
Conclusions: SAPT with PLGM reduced the requirement for hypoglycemia treatment following insulin-
induced hypoglycemia in an in-clinic setting.

Introduction

Hypoglycemia is one of the important barriers to the
achievement of optimal glycemic control in patients

with type 1 diabetes. The symptoms of hypoglycemia are
distressing and, if prolonged, these episodes can lead to sei-
zures, coma, and even death.1,2 Fear of hypoglycemia expe-

rienced by the patient or caregiver detrimentally affects
quality of life and leads to hypoglycemia avoidance behav-
iors that promote hyperglycemia and the associated risk of
long-term diabetes complications.3

Recent advancements in management through the avail-
ability of sensor-augmented pump therapy (SAPT) have led
to interventions directed toward reducing hypoglycemia and
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2School of Paediatrics and Child Health, The University of Western Australia, Perth, Australia.
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improving glycemic control. Continuous glucose monitoring
(CGM) and control algorithms have increased the number of
devices available to patients with type 1 diabetes. The Low
Glucose Suspend (LGS) algorithm automatically suspends
basal insulin delivery for up to 2 h in response to sensor-
detected hypoglycemia thereby reducing the duration of hy-
poglycemia.4,5 This function reduces moderate and severe
episodes of hypoglycemia in patients with impaired aware-
ness of hypoglycemia6 and suspension of insulin delivery is
not associated with rebound hyperglycemia and ketosis or
significant changes in glycated hemoglobin.7,8 The devel-
opment of an algorithm that predicts impending hypoglyce-
mia based on CGM and suspends basal insulin before sensor
glucose falls to a set hypoglycemic threshold offers the ad-
ditional potential advantage of preventing hypoglycemia.
Buckingham et al. demonstrated the effectiveness of pre-
dictive algorithms in preliminary in-clinic and home stud-
ies.9–13 We trialed an investigational Medtronic predictive
low glucose management (PLGM) system that uses an al-
gorithm which is different from the algorithm used in the
above studies. A slightly modified version of this algorithm is
now embedded in the commercially available Medtronic
MiniMed� 640G pump (Medtronic MiniMed, Northridge,
CA). If effective and safe, the PLGM system is likely to re-
duce the burden of diabetes care as well as allow more in-
tensive attempts to improve glycemic control. Although this
function is now available commercially, there are as yet few
controlled studies to document its safety and effectiveness.

We aimed to trial the PLGM system in a controlled in-
clinic environment under two scenarios that mimic common
clinical precipitants of hypoglycemia: excessive insulin bolus
during the day and excessive basal insulin delivery overnight.
We elected to use the need for hypoglycemia treatment as the
primary outcome measure due to its clinical relevance.

Research Design and Methods

The insulin bolus study was a multicenter, randomized
controlled crossover trial designed by tertiary pediatric dia-
betes centers in Australia. Randomization to study order was
computer generated using www.sealedenvelope.com. Parti-
cipants were studied on 2 nonconsecutive days; a control day
with SAPT alone and an intervention day with SAPT and
PLGM activated. The inclusion of the control group in the
study design was to assess the efficacy of the hypoglycemic
trigger in inducing hypoglycemia and to provide a platform to
compare the ability of the PLGM system in the prevention of
hypoglycemia. To ensure clean data, LGS was switched off in
the control group. Studies were conducted during the day at
three centers (Princess Margaret Hospital, Perth, The Chil-
dren’s Hospital at Westmead, and Royal Children’s Hospital,
Melbourne). The protocol was approved by the institutional
review board of each center. The increased basal rate study
was conducted as a single-center trial with studies conducted
at night in Princess Margaret Hospital (Perth, Australia).

PLGM System

The PLGM system was an investigational device that
consisted of a commercially available Medtronic Paradigm
Veo� insulin pump, Enlite� glucose sensor with Mini-
Link� REAL-Time transmitter (Medtronic MiniMed) that
transmits sensor glucose at 5-min intervals, a BlackBerry�

Storm smartphone (Waterloo, ON, Canada) that contained
the PLGM algorithm, and a Medtronic custom-built radio-
frequency translator that established communication between
the insulin pump and the BlackBerry phone (Fig. 1A).

Linear prediction and statistical prediction models were
used to prevent hypoglycemia in the day studies,9 while a
combination of algorithms using a voting scheme was used
for the night studies to manually suspend the pump.10 This
was followed by a pilot and larger randomized home trial,
using a laptop-based Kalman filter predictive model11,12

controlling insulin pump delivery to assess feasibility of the
system in preventing nocturnal hypoglycemia. The algo-
rithm in the PLGM system is different from the above al-
gorithms and predicts the sensor glucose based on a
modified Holt’s predictor14 with a custom-built sensor noise
attenuating filter. The model uses simple exponential
smoothing to allow forecasting of data with a trend to de-
termine the rate of change in sensor glucose. The glucose
predictor was tuned by using thousands of retrospective
patient data to maximize the sensitivity and specificity of
the algorithm. The modifiable parameters were the hypo-
glycemic threshold and the prediction horizon, which were
fixed for the study. The hypoglycemic threshold is the
predicted sensor glucose reading below which pump sus-
pension occurs, and the prediction horizon is the time taken
to reach the hypoglycemic threshold. In the study, a 30-min
prediction horizon was used with the sensor hypoglycemic
threshold set at 80 mg/dL (4.4 mmol/L).

The device automatically suspended basal insulin infusion
if the difference between current sensor glucose and hypo-
glycemic threshold was less than 50 mg/dL and sensor glu-
cose was predicted to be less than the set threshold in 30 min.
With hypoglycemic threshold at 80 mg/dL, insulin delivery
suspended if sensor glucose was <130 mg/dL (80 + 50 mg/
dL) and was predicted to be <80 mg/dL in 30 min. Figure 1B
demonstrates the zones of insulin suspension. Insulin deliv-
ery occurred in zone 0 but following suspension, insulin
delivery suspended initially for a fixed period of 30 min (zone
1). Basal insulin remained suspended for up to a maximum
period of another 90 min based on current and predicted
sensor glucose readings (zone 2) and thereafter resumed in-
sulin delivery for a minimum of 30 min following the end of
the suspend period (zone 3). Resumption of insulin delivery
occurred after a maximum suspend period of 2 h or earlier if
the auto-resumption parameters were met. Auto-resumption
occurred once the current sensor reading was 20 mg/dL more
than the set hypoglycemic threshold and was predicted to
be 40 mg/dL more than the set hypoglycemic threshold in
30 min.

Subjects

Participants fulfilling the following criteria were recruited:
age 12–50 years, diagnosis of type 1 diabetes for at least 1 year,
glycated hemoglobin (HbA1C) of less than 10% (86 mmol/
mol) and on insulin pump therapy for at least 6 months. Ex-
clusion criteria included medical conditions predisposing to
hypoglycemia other than diabetes and severe hypoglycemia
(coma or convulsion) in the preceding 3 months. Written in-
formed consent was obtained from participants aged 18 years
and older and written parental consent and participant assent
for those younger than 18 years.
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Study Protocol

In the weeks before the first study day, the participant’s
glucose profile based on self-monitoring capillary blood
glucose testing and/or sensor glucose, if available, was re-
viewed for optimization of basal rates and insulin sensitivity
factor. Participants were advised to maintain similar diet and
activity before both study days. Female participants were
studied in the follicular phase of the menstrual cycle. Insulin
pump sites were changed on the day before the study. Sensor
was inserted on the day before the study and real-time CGM
was commenced. The first calibration was after 2 h of sensor
insertion and the second calibration within 6 h of the initial-
ization. A repeat calibration was performed in the morning
before the study. However, alarms were turned off during the
study and the participants were discouraged from observing
the pump screen monitor. The 2 study days were at least a
week apart.

Insulin bolus

The participant was fasted from midnight on the study day.
The study was cancelled and rescheduled if the participant
had capillary blood glucose <63 mg/dL (3.5 mmol/L) on
the morning of the study. If the capillary blood glucose was
>63 mg/dL, the participant arrived at the center at 8 a.m. Two
intravenous catheters were each placed in a prominent vein of
the forearm or dorsum of the hand for blood sampling and for
administration of insulin or glucose if necessary during the
initial stabilization phase. Intravenous insulin was adminis-
tered if plasma glucose was above 144 mg/dL and intrave-
nous glucose was administered if plasma glucose was below

108 mg/dL. Hypoglycemic induction with manual insulin
bolus began after 90 min of parental insulin administra-
tion and once plasma glucose was maintained between 108
and 144 mg/dL (6 and 8 mmol/L) for at least 30 min on their
basal subcutaneous insulin infusion alone. The insulin bolus
was administered as a manual bolus through the pump using
the participant’s insulin sensitivity factor with the aim to
induce hypoglycemia and achieve target plasma glucose of
54 mg/dL. The same insulin sensitivity factor was used for
the subsequent study.

Increased overnight basal insulin

The participant arrived at the research center at 8 p.m. after
dinner at 6 p.m. The stabilization phase as described earlier
was commenced at least 3 h after the last meal and was aimed
at maintaining plasma glucose between 108 and 180 mg/dL
(6–10 mmol/L). This was followed by hypoglycemia induc-
tion, which was achieved by increasing the basal insulin rate
to 180%.

After the administration of the hypoglycemic stimulus
(insulin bolus or increased basal rate), participants were
asked to report symptoms of hypoglycemia. Plasma glucose
was monitored every 10 min until the glucose concentration
fell below 63 mg/dL, thereafter plasma glucose was mea-
sured every 5 min. On both study days, participants were
treated with 15–20 g of oral carbohydrate15 if plasma glucose
was £50 mg/dL (2.8 mmol/L) or if they reported symp-
toms of hypoglycemia with a glucose value below 72 mg/dL
(4 mmol/L). If the earlier endpoints were not met on the
control day, the plasma glucose nadir was monitored and the
study stopped once two consecutive plasma glucose values

FIG. 1. (A) PLGM system. (B) Schematic overview of the zones of insulin infusion with PLGM system. PLGM,
predictive low glucose management.
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trended upward. Hypoglycemia treatment was also provided
if plasma glucose was <72 mg/dL at the end of the study.

For both the daytime bolus insulin and overnight increased
basal rate studies, the PLGM hypoglycemic threshold was set
at 80 mg/dL with a prediction horizon of 30 min. Thus, with
PLGM activated, the pump suspended basal insulin infusion
when sensor glucose was predicted to be <80 mg/dL in
30 min. The plasma glucose profile was monitored during the
entire period of pump suspension and for at least 30 min
postpump resumption. Plasma glucose >180 mg/dL was de-
fined as hyperglycemia following post pump-suspend. Blood
ketones were monitored during both control and intervention
studies. In the control study, ketones were monitored before
the hypoglycemic stimulus and at the end of the study. In the
intervention study, ketones were monitored before the hy-
poglycemic stimulus and every 30 min following pump sus-
pension. Blood was collected before hypoglycemia induction
and at the plasma glucose nadir on both days and assayed for
free plasma insulin. Additional samples for free insulin were
also taken at the time of pump suspension and resumption
during the intervention study. The primary outcome measure
was the need for hypoglycemia treatment as referred above.
The additional outcomes measured on the intervention study
were the lowest plasma glucose (nadir), the 2-h plasma glu-
cose post pump-suspend, and blood ketones.

Analysis

Plasma glucose was analyzed during the study using
the YSI 2300 STAT PLUS Glucose and Lactate Analyzer
(Yellow Springs Instrument, Yellow Springs, OH). Plasma
insulin was measured with a noncompetitive chemilumines-
cent immunoassay (Architect i2000SR; Abbott Laborato-
ries, Abbott Park, IL). Ketones were monitored with Abbott
Diabetes Care Optium Xceed meter with Freestyle ketone
test strips.

Dichotomous variables were analyzed using McNemar’s
test, and continuous variables were analyzed using a two-way
(time · treatment) repeated-measures ANOVA with Fisher’s
least significance difference test for a posteriori analysis us-
ing SPSS software (SPSS, Chicago, IL). Statistical signifi-
cance was accepted at P < 0.05. Unless otherwise stated, all
results are expressed as mean – standard deviation (SD).

Results

Hypoglycemia induced by insulin bolus

Thirty-two participants (19 males and 13 females) were
studied. The (mean – SD) age was 16.2 – 6.2 years, duration
of diabetes was 7.7 – 3.9 years, body mass index (BMI) was
21.7 – 2.7 kg/m2, HbA1C was 7.7% – 0.9% (61 mmol/mol),
and total daily insulin was 0.8 – 0.2 units/(kg$day). Four
participants were excluded from the data analysis. In three
participants, the pump suspended before the insulin bolus due
to an inadequate stabilization phase, and one participant was
excluded as the decline in plasma glucose was not sufficient
to reach the predicted hypoglycemic threshold of 80 mg/dL
(on both days) to cause pump suspension. This left 28 par-
ticipants for analysis.

Hypoglycemia treatment. Hypoglycemia treatment was
required in 24 of the 28 subjects (86%) with SAPT alone

compared to 5 of the 28 subjects (18%) with SAPT and
PLGM activated (P £ 0.001). Four participants with SAPT
alone and one participant with SAPT and PLGM reached a
plasma glucose level below 50 mg/dL. With the PLGM sys-
tem, the plasma glucose nadir in the 28 participants was
67 – 9 mg/dL. In contrast, the plasma glucose nadir on the
control day in these participants was lower at 60 – 8 mg/dL
(P £ 0.001). Table 1 demonstrates the need for hypoglycemia
treatment with and without PLGM at the defined study end-
points. The plasma glucose profile for the 28 participants is
shown in Figure 2 and demonstrates the recovery of plasma
glucose following pump suspension. There was a significant
difference between the plasma glucose in both groups at time
points 150, 165, and 180 minutes (P < 0.05).

Pump suspension and resumption. The mean time to
pump suspension was 79 – 5 min after insulin administration.
The pump resumed basal infusion after a fixed suspend period
of 2 h in 20 of the 23 participants in whom hypoglycemia
treatment was not required on the intervention day. In three
participants, the pump resumed before 2 h based on the auto-
resumption parameters. There was no post pump-suspend
hyperglycemia with any significant increase in plasma glu-
cose at 2-h pump resumption compared to pump suspension
(P = 0.4), as demonstrated in Table 2. The maximum plasma
glucose at the time of pump resumption was 129 mg/dL.

Ketonemia. The ketone level at the end of the study,
on the control day was 0.2 – 0.07 mmol/L, while on the in-
tervention day, the ketone level at the time of pump sus-
pension (baseline) and pump resumption was 0.15 – 0.09 and
0.4 – 0.28 mmol/L, respectively (P < 0.001). Four partici-
pants had ketosis >0.6 mmol/L with the highest recorded of
1.2 mmol/L although the baseline ketone level in these
participants was similar to those with no ketosis (P = 0.47).
No participants were hyperglycemic or symptomatic of
ketosis.

Plasma glucose at induction and SC insulin bolus. The
mean time to stabilize glucose between 108 and 144 mg/dL
was 113 – 19 min on the control day and 88 – 13 min on the
intervention day (P = 0.24). Participants had a similar base-
line plasma glucose before administration of insulin bolus on
both control and intervention days. The plasma glucose was

Table 1. Hypoglycemia Treatment With

and Without Predictive Low Glucose Management

System with Insulin Bolus

Plasma glucose, mg/dL PLGM off PLGM on

<50 4 1
<72 and symptomatic 10 4
<72 at end of the study 10 0
Treatment required 24 5
Treatment not required (>72) 4 23

Hypoglycemia treatment provided when plasma glucose was (a)
<50 mg/dL, (b) 50–72 mg/dL, and participant symptomatic of hypo-
glycemia or (c) <72 mg/dL at the end of the study. The need for
hypoglycemia treatment was reduced in participants with PLGM on
than with PLGM off (P = <0.001).

PLGM, predictive low glucose management.
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117 – 19 and 123 – 17 mg/dL on the control and intervention
days, respectively (P = 0.21). Insulin bolus administered on
both days was similar with 1.75 – 0.72 units on the control
day and 1.90 – 0.76 units on the intervention day (P = 0.49).

Plasma insulin level. There was no difference in the base-
line plasma insulin values on the control day (147– 70 pmol/L)
and intervention day (155– 93 pmol/L), respectively (P = 0.73).
Mean plasma insulin at pump suspension was 204– 112 pmol/L
and at pump resumption was 95– 54 pmol/L (P = 0.03).

Hypoglycemia induced by increased overnight
basal rates

Ten participants (3 males and 7 females) were studied. The
(mean – SD) age was 21.5 – 12 years, duration of diabetes
was 9.7 – 4.6 years, BMI was 24 – 3.1 kg/m2, HbA1C was
8% – 1.1% (64 mmol/mol), and total daily insulin was

0.8 – 0.35 units/(kg$day). Two studies were excluded from
analysis as the participants did not have a stable euglycemic
phase before hypoglycemia was induced leaving eight studies
for analysis.

Hypoglycemia treatment. Hypoglycemia developed in all
participants with SAPT alone and hypoglycemia treatment
was required in all participants. However, with SAPT and
PLGM activated, only one of the eight participants required
treatment for hypoglycemia (plasma glucose <50 mg/dL).
With the PLGM system, the plasma glucose nadir in the
eight participants was 90 – 49 mg/dL. However, the nadir
on the control day was lower at 53 – 18 mg/dL (P = 0.12).
The plasma glucose profile at various time points with and
without the system is demonstrated in Figure 3. There was no
significant difference between the plasma glucose at various
time points across the two groups.

FIG. 2. Insulin bolus. Plasma glucose profile with and without PLGM. The figure demonstrates the mean – SD plasma
glucose profile on the primary axis at each time point in the 28 participants. The plasma glucose at the time of hypoglycemia
treatment was excluded if hypoglycemic endpoint was reached on either of the 2 study days. The secondary axis provides
the insulin bolus administered at time 0 after a stable euglycemic phase. *Significant difference between mean plasma
glucose levels at the time points 150, 165, and 180. SD, standard deviation.

Table 2. Mean Glucose at Pump Suspension and Pump Resumption with Predictive

Low Glucose Management System in Participants Not Requiring Treatment

Hypoglycemic stimulus

Plasma glucose, mg/dL Sensor glucose, mg/dL

Pump suspension Pump resumptiona Pump suspension Pump resumptiona

Insulin bolus 89 – 13 (65–123) 88 – 16 (61–129) 88 – 9 (66–105) 83 – 17 (59–113)
Basal rates 91 – 19 (63–111) 101 – 35 (65–147) 85 – 8 (73–92) 77 – 10 (50–114)

Glucose value in mean – standard deviation (range).
aPump resumption in participants who had 2 h of pump suspension. There was no postpump suspend hyperglycemia with any significant

increase in plasma glucose at 2-h pump resumption compared to pump suspension with insulin bolus (P = 0.4) or with increased basal rates
(P = 0.69).
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Pump suspension and resumption. The mean time to
pump suspension was 215 – 35 min after increase in basal
rates. The pump resumed basal insulin infusion after a fixed
suspend period of 2 h in six participants while resumption
occurred based on the auto-resumption parameters in one
participant at 60 min. There was no post pump-suspend hy-
perglycemia with any significant increase in plasma glucose
at 2-h pump resumption compared to pump suspension
(P = 0.69).

Ketonemia. The ketone level at the time of pump suspen-
sion and pump resumption was 0.1 – 0.04 and 0.2 – 0.23 mmol/
L, respectively (P = 0.2).

Plasma glucose at induction. The plasma glucose was
135 – 34 and 158 – 22 mg/dL on the control and intervention
days, respectively (P = 0.12).

Plasma insulin level. There was no difference in the
baseline plasma insulin values on the control day (501 –
436 pmol/L) and intervention day (414 – 400 pmol/L), re-
spectively (P = 0.7). Mean plasma insulin at pump suspen-
sion was 380 – 355 pmol/L and at pump resumption was
198 – 210 pmol/L (P = 0.02).

Discussion

These in-clinic studies have demonstrated that the PLGM
system reduces the need for hypoglycemia treatment during
conditions of daytime excess with insulin bolus and increased
overnight basal rates in controlled conditions. Over bolus of
insulin (for meal ingestion or correction for hyperglycemia)
and excessive overnight basal insulin delivery are both
common causes of hypoglycemia and the study design in-

corporated these two common clinical scenarios. The system
did not abolish hypoglycemia exposure in all subjects but
significantly reduced the need for hypoglycemia treatment in
conditions of relative insulin excess. If trials in ambulant at
home patients confirm the same degree of efficacy, then the
system has the potential to reduce the fear of hypoglycemia
and the burden of disease.

The in-clinic studies have provided a platform to evaluate
the performance of the predictive algorithm in the prevention
of hypoglycemia. The PLGM system in this study is the same
system used in the PILGRIM study.16 The PILGRIM study
used computer simulation under in silico conditions and
demonstrated a significant reduction in the time spent hypo-
glycemic with PLGM than with LGS when virtual participants
were administered a manual insulin bolus to induce hypogly-
cemia. The study also demonstrated the effect of the algorithm
with exercise in real patients in in-clinic conditions although in
the absence of a control arm. Although our study utilizes the
same algorithm, we studied the system in real patients as a
randomized controlled trial in conditions of relative insulin
excess. The PLGM system suspended basal insulin infusion
when sensor glucose was predicted to be <80 mg/dL in 30 min.
This threshold was determined after preliminary studies
demonstrated that a threshold of 70 mg/dL was ineffective in
the prevention of hypoglycemia. However, even with this
threshold of 80 mg/dL, plasma glucose was below 80 mg/dL in
8 of the 28 (28.6%) participants at the time of pump suspen-
sion. This could be due to a combination of various factors and
can be attributed to the plasma and sensor glucose discrepancy
due to the inherent lag between the plasma and sensor glucose
values, lower accuracy of sensor glucose at low glucose
readings,17 or inherent sensor issues. Nevertheless, in stan-
dardized conditions, this threshold of 80 mg/dL appears to be
effective as it reduced the need for hypoglycemia treatment. A

FIG. 3. Basal rates. Plasma glucose profile with and without PLGM. The figure demonstrates the mean – SD plasma
glucose profile on the primary axis at each time point in the eight participants. The plasma glucose at the time of
hypoglycemia treatment was excluded if hypoglycemic endpoint was reached on either of the 2 study days.
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threshold of 80 mg/dL was also used and found to be effective
in the PILGRIM study.16 It is also noteworthy that the same
threshold was reasonably effective with both the hypoglyce-
mic stimuli even though the rate of decline in plasma glucose
differed. Thus, the hypoglycemic threshold of 80 mg/dL is
effective in reducing the need for hypoglycemia treatment in
in-clinic standardized conditions.

Although the study has shown a reduction in hypoglyce-
mia treatment with the PLGM system, its effect in real-life
conditions remains to be ascertained. The bolus insulin ad-
ministered was small in the order of 1.7–1.9 units, as hypo-
glycemia was induced from baseline glucose of 6–8 mmol/L in
a fasting state. In real life, the boluses may be larger and would
encompass both carbohydrate and correction boluses and
could potentially lead to a larger magnitude of decline de-
pendent on the prebolus glucose value and the background
basal insulin. On the contrary, the increase in basal rate to
180% is a relatively large increase as overnight basal rates can
exhibit significant variability up to 100% in closed loop
studies.18 In addition, hypoglycemia was also induced in
nonfasting state and hence could be a true reflection of the
efficacy of the system in real life. Although the in-clinic
studies demonstrated a reduction in the need for hypoglycemia
treatment with PLGM with increase in overnight basal rates,
the plasma glucose nadir and the plasma glucose at time points
following pump suspension were not significantly different
between the two groups, possibly due to the small sample size.
The true ability and efficacy of the system to function in real-
life conditions with conditions of relative insulin excess will be
further deciphered in a large randomized home trial.

Suspension of insulin delivery has the potential to cause
hyperglycemia and even ketosis. However, there was no sig-
nificant increase in plasma glucose after 2 h of pump suspen-
sion in both insulin scenarios. Although there was an increase
in ketones from baseline at pump suspension to pump re-
sumption in the insulin bolus arm, this increase was not clin-
ically significant with the mean ketone level at the time of
resumption being 0.4 mmol/L. The increase in ketones could
be due to pump suspension and fasting (mean 12 h). In con-
trast, there was no increase in ketones with increased basal
rates. This may be as participants were not fasted. A recent
home trial with a laptop-based home algorithm trialing the
efficacy of the system in reducing overnight hypoglycemia
reported a higher overnight mean glucose in the morning al-
though there was no increase in ketosis.13 Similarly, although
our study was primarily analyzing the efficacy of the system,
the absence of post pump-suspend hyperglycemia and clinical
ketosis is noteworthy. Hence, the PLGM system appears to be
safe in in-clinic conditions.

The strength of our study is in the ability to compare the
need for hypoglycemia treatment with and without the PLGM
system and to provide clinical insight about the potential of
its use in free-living situations. The study is also the first to
determine the efficacy of the system with excess of insulin
bolus in in-clinic conditions as previous studies have utilized
the increase in basal rates as the hypoglycemic trigger. A
limitation of the study is that we were not able to compare the
duration of hypoglycemia in both groups as our study par-
ticipants were of necessity treated for hypoglycemia when
endpoints of the study were met. The study was also not
blinded and there is a potential of bias in reporting symptoms
of hypoglycemia in the daytime studies.

To conclude, SAPT with PLGM reduced hypoglycemia
treatment in two scenarios of insulin-induced hypoglycemia
in an in-clinic setting. The in-clinic studies have provided us
with information to design larger long-term outpatient trials
using the commercially available Medtronic MiniMed 640G
pump, which has the modified PLGM algorithm housed in it
with the feature referred to as ‘‘suspend before low.’’ This
will provide further insight into the capacity of the system to
prevent hypoglycemia in real-life situations and in its ability
to reduce the fear of hypoglycemia and improve the quality
of life.19
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Abstract

Background: Sensor-augmented pump therapy (SAPT) with a predictive algorithm to suspend insulin delivery
has the potential to reduce hypoglycemia, a known obstacle in improving physical activity in patients with type 1
diabetes. The predictive low glucose management (PLGM) system employs a predictive algorithm that suspends
basal insulin when hypoglycemia is predicted. The aim of this study was to determine the efficacy of this
algorithm in the prevention of exercise-induced hypoglycemia under in-clinic conditions.
Methods: This was a randomized, controlled cross-over study in which 25 participants performed 2 consecutive
sessions of 30 min of moderate-intensity exercise while on basal continuous subcutaneous insulin infusion on 2
study days: a control day with SAPT alone and an intervention day with SAPT and PLGM. The predictive
algorithm suspended basal insulin when sensor glucose was predicted to be below the preset hypoglycemic
threshold in 30 min. We tested preset hypoglycemic thresholds of 70 and 80 mg/dL. The primary outcome was
the requirement for hypoglycemia treatment (symptomatic hypoglycemia with plasma glucose <63 mg/dL or
plasma glucose <50 mg/dL) and was compared in both control and intervention arms.
Results: Results were analyzed in 19 participants. In the intervention arm with both thresholds, only 6 par-
ticipants (32%) required treatment for hypoglycemia compared with 17 participants (89%) in the control arm
(P = 0.003). In participants with a 2-h pump suspension on intervention days, the plasma glucose was 84 – 12
and 99 – 24 mg/dL at thresholds of 70 and 80 mg/dL, respectively.
Conclusions: SAPT with PLGM reduced the need for hypoglycemia treatment after moderate-intensity exercise
in an in-clinic setting.

Introduction

It is challenging to maintain euglycemic levels with
exercise in individuals with type 1 diabetes. Exercise has

variable effects on blood glucose levels and increases the risk

of hypoglycemia and hyperglycemia.1 In general, the symp-
toms of hypoglycemia are distressing, and if hypoglycemia is
severe, it can lead to seizures2 and can be potentially life
threatening.2,3 Fear of hypoglycemia leads to avoidance
of exercise, deprives patients of the cardiovascular health
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benefits, and acts as a barrier in the improvement of gly-
cemic control.4,5 The advent of continuous glucose monitor-
ing (CGM) has offered the promise to reduce hypoglycemia
through the incorporation of algorithms in sensor-augmented
pump therapy (SAPT) that automatically suspend basal insulin
delivery based on the sensor glucose values.

SAPT with low glucose suspension (Medtronic� Para-
digm Veo� system) suspends basal insulin infusion when the
preset sensor hypoglycemic threshold is reached and reduces
the depth and duration of nocturnal hypoglycemia6,7 without
an increase in ketosis.7 The system was also tested with ex-
ercise in the In-Clinic ASPIRE study,8 with a reported re-
duction in the duration of hypoglycemia after exercise. The
development of algorithms that predict impending hypogly-
cemia based on CGM and suspend basal insulin before sensor
glucose falls below the set hypoglycemic threshold offers the
additional potential advantage of preventing hypoglycemia.
Predictive algorithms were tested earlier on by Buckingham
et al. in insulin-induced hypoglycemia and are different
from the investigational predictive algorithm tested in our
study.9–13 We trialled an investigational device with the
predictive low glucose management (PLGM) system that has
been since incorporated into the Medtronic MiniMed�640G
pump (Medtronic MiniMed, Northridge, CA). Despite the
commercial availability of the pump, there are only a few
studies addressing the effectiveness of predictive algorithms
in real clinical situations.

The purpose of this study was to evaluate the efficacy of a
predictive algorithm in the prevention of hypoglycemia with
moderate-intensity exercise under in-clinic conditions. The
need for hypoglycemia treatment was chosen as the primary
outcome measure due to its clinical relevance. In patients not
requiring hypoglycemia treatment with pump suspension,
there was the opportunity to review the safety of the system
by monitoring plasma glucose and ketones after pump sus-
pension. We hypothesize that the system will reduce the need
for hypoglycemia treatment and will not result in post pump-
suspend hyperglycemia or clinical ketosis.

Research Design and Methods

The protocol was designed by the tertiary clinical pediatric
diabetes centers involved in the study and was approved by
the centers’ institutional review board. The exercise studies
were conducted at the Children’s Clinical Research Facility
at Princess Margaret Hospital, Perth as a randomized, con-
trolled cross-over study.

PLGM system

To test the predictive algorithm, an investigational device was
used, comprising a commercially available Medtronic Paradigm
Veo insulin pump, an Enlite� glucose sensor with a MiniLink�
REAL-Time transmitter (Medtronic MiniMed) that transmitted
sensor glucose at 5 min intervals, a BlackBerry� Storm smart-
phone (Waterloo, ON, Canada) that contained the PLGM soft-
ware, and a Medtronic custom-built radiofrequency translator
that established communication between the insulin pump and
the BlackBerry phone. This is referred to as the PLGM system.14

The modifiable parameters were the hypoglycemic threshold
and the prediction horizon, and these were set by the investigator
for the study. The hypoglycemic threshold is the predicted
sensor glucose reading at which pump suspension occurs, and

the prediction horizon is the time taken to reach the hypo-
glycemic threshold. In the study, the prediction horizon was
set at 30 min, and the sensor hypoglycemic threshold was
studied at two values: 70 and 80 mg/dL.

The device suspended basal insulin infusion when the
difference between sensor glucose and the hypoglycemic
threshold was less than 50 mg/dL, and sensor glucose was
predicted to reach the set threshold in 30 min. The insulin
delivery was suspended initially for a fixed period of 30 min
(Zone 1). Basal insulin remained suspended for up to a
maximum period of 90 min based on current and predicted
sensor glucose readings (Zone 2) and thereafter resumed
insulin delivery (auto-resumption) for a minimum of 30 min
after the end of the suspend period (Zone 3). Resumption of
insulin delivery occurred after a maximum suspend period of
2 h or earlier if the auto-resumption parameters were met.
Auto-resumption occurred once the current sensor reading
was 20 mg/dL more than the set hypoglycemic threshold and
was predicted to be 40 mg/dL more than the set hypoglyce-
mic threshold in 30 min.

Subjects. Twenty-five participants fulfilling the follow-
ing criteria were recruited: age 12–25 years, diagnosis of type
1 diabetes for at least 1 year, HbA1c less than 10% (86 mmol/
mol), and using continuous subcutaneous insulin pump ther-
apy for at least 6 months. Exclusion criteria included medical
conditions predisposing to hypoglycemia, severe hypoglyce-
mia (coma/convulsion) in the preceding 3 months, or a history
of known or suspected coronary artery disease. Written in-
formed consent was obtained from participants aged 18 years
and older, and written parental consent and participant assent
were obtained for those younger than 18 years.

Study protocol. This was a randomized, controlled cross-
over study with participants studied on 2 separate days: a
control day with SAPT alone and an intervention day with
SAPT and PLGM activated. Randomization to the order of study
was computer generated using www.sealedenvelope.com

Preliminary testing. At least 3 days before their first study,
the participants completed an exercise test to determine their
peak rate of oxygen consumption (VO2 peak). This involved
cycling on a stationary bike (Corival; Lode BV, Groningen,
The Netherlands) while breathing through a mouthpiece
connected to an indirect calorimetry system. The participants
cycled against a resistance that increased every 3 min until
they could no longer maintain the required workload. The
VO2 peak was determined from the calorimetry data.

In the week before the first study day, the participant’s
glucose profile based on self-monitoring capillary blood
glucose testing and/or sensor glucose, if available, was re-
viewed for optimization of basal rates. This involved skip-
ping breakfast and monitoring hourly blood glucose levels to
mid-morning to adjust basal rate as necessary. Participants
were advised to maintain a similar diet and activity before
both study days. They were instructed to avoid rigorous
physical activity in the 24 h period leading to the study. Fe-
male participants were studied in the follicular phase of the
menstrual cycle. The interval between 2 study days was
greater than 72 h. Insulin pump sites were changed on the day
before the study. An Enlite sensor was inserted in the gluteal
region on the day before the study, and real-time continuous
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glucose monitoring (RT-CGM) was commenced. The first
calibration was after 2 h of sensor insertion, and the second
calibration was within 6 h of the initialization. A repeat cal-
ibration was performed in the morning before the study.

Testing sessions. The participant was fasted from midnight
on the study day to reduce glycemic excursions related to
food. The study was cancelled and rescheduled if the partic-
ipant had capillary blood glucose below 63 mg/dL (3.5 mmol/
L) on the morning of the study. The participant arrived at the
center at 8 am. Two intravenous catheters were placed in a
vein of the forearm or dorsum of the hand for blood sampling
and for administration of insulin or glucose if necessary. An
intravenous insulin correction bolus was administered if
plasma glucose was higher than 126 mg/dL (7 mmol/L), and
exercise began after 90 min of insulin administration if plasma
glucose remained stable during this period. Similarly, if
plasma glucose was <90 mg/dL (5 mmol/L), bolus intrave-
nous glucose was administered and exercise began at least
30 min after infusion with stable glucose levels. Once eu-
glycemia was achieved with plasma glucose between 99 and
117 mg/dL (5.5–6.5 mmol/L) for at least 30 min, only on the
participant’s basal subcutaneous insulin infusion (with no
residual effect of parental insulin or glucose bolus), the par-
ticipant commenced moderate-intensity exercise.

Moderate-intensity exercise comprised two 30-min ses-
sions of cycling, with a rest phase of 30 min in between the two
sessions. The participants cycled on the same ergometer used
for VO2 peak testing at 55% of their previously determined
VO2 peak which corresponds to moderate-intensity exercise, a
known hypoglycemic stimulus.14 This standardized exercise
intensity was reproduced on both study days. This exercise
design was chosen over the more prolonged continuous ex-
ercise sessions as in real life, many individuals find it dif-
ficult to adhere to this exercise regime. Hence, our study was
designed to replicate a more real-life scenario to suit the
average nonathletic individual but at the same time, based
on our previous experience, be rigorous enough to induce
hypoglycemia.

Sensor alarms were turned off during the study, and the
participants were discouraged from observing the pump
screen monitor. During the study, participants were asked to
report for symptoms of hypoglycemia and plasma glucose
was monitored every 10 min and every 5 min once plasma
glucose was <63 mg/dL. Exercise was ceased, and partici-
pants were treated with 15–20 g of oral carbohydrate15 if
plasma glucose reached 50 mg/dL (2.8 mmol/L) or if they
reported symptoms of hypoglycemia with plasma glucose
<63 mg/dL. If the end points mentioned earlier were not met
on the control day, the plasma glucose nadir was monitored
and the study was stopped once two consecutive plasma
glucose values trended upward after completion of exercise.
Treatment with oral carbohydrate was provided if plasma
glucose was <72 mg/dL (4 mmol/L) at the end of the study.

The hypoglycemic threshold was set at 70 mg/dL (3.9 mmol/
L) for the first 10 studies and was set at 80 mg/dL (4.4 mmol/L)
for the remaining studies. In the intervention arm, the pump
suspended insulin infusion when the algorithm predicted that
the sensor glucose would be below the set threshold in 30 min.
The plasma glucose profile was monitored during the entire
period of pump suspension and for at least 30 min after pump
resumption. Plasma glucose >180 mg/dL (10 mmol/L) was

defined as hyperglycemia after postpump suspend. Blood ke-
tones were monitored on both control and intervention
days. On the control day, ketones were monitored before
commencement of exercise and at the end of the study. On the
intervention day, ketones were monitored before exercise
and every 30 min after pump suspension. Blood was col-
lected at the commencement of exercise and at the plasma
glucose nadir on both days, and it was assayed for free
plasma insulin. On the intervention day, additional samples
for free insulin were also taken at the time of pump suspen-
sion and resumption.

The primary outcome was the need for hypoglycemia treat-
ment both with and without PLGM. This was defined as plasma
glucose <50 mg/dL with or without symptoms of hypoglycemia,
plasma glucose <63 mg/dL with symptoms of hypoglycemia, or
plasma glucose <72 mg/dL at the end of the study. The other
outcomes measured were ketone levels and the 2-h plasma
glucose after pump suspension on the intervention day.

Analysis

During exercise, blood samples were collected at regular
intervals for plasma glucose and lactate measurements, and
the rates of oxygen consumption and carbon dioxide pro-
duction were measured using an indirect calorimetry system
(VMax Spectra; SensorMedics Corp., Yorba Linda, CA).
Plasma glucose and lactate were analyzed during the study
using the YSI 2300 STAT PLUS Glucose and Lactate Ana-
lyzer (Yellow Springs Instrument, Yellow Springs, OH).
Plasma insulin was measured with a noncompetitive chemi-
luminescent immunoassay (Architect i2000SR; Abbott La-
boratories, Abbott Park, IL). Ketones were monitored with an
Abbott Diabetes Care Optium Xceed meter with Freestyle
ketone test strips.

Dichotomous variables were analyzed using McNemar’s
test, and continuous variables were analyzed using a two-way
(time · treatment) repeated-measures ANOVA with Fisher’s
least significance difference test for a posteriori analysis us-
ing SPSS software (SPSS, Chicago, IL). Statistical signifi-
cance was accepted at P < 0.05. Results are expressed as
mean – standard deviation (SD).

Results

Twenty-five participants (13 males and 12 females) were
studied. The age was 15.7 – 3.1 years, duration of diabetes
was 8.5 – 4.6 years, BMI was 24 – 7.7 kg/m2, HbA1c was
7.8% – 0.7% (62 mmol/mol), and total daily insulin was
0.9 – 0.2 units/kg/day.

In six participants, the predictive hypoglycemic thresh-
old for the system was not reached after exercise on the
intervention day and these participants were excluded from
analysis (both study days). In four of these participants, the
decline in plasma glucose with exercise was not sufficient
to reach the preset hypoglycemic threshold. Although the
remaining two participants required hypoglycemia rescue
treatment on the control day, problems with the insulin
infusion site and an early upper respiratory tract infection
caused higher plasma glucose levels on the intervention day
and exclusion of these studies. The results provided are,
therefore, for the 19 participants who met the hypoglycemic
threshold with resultant pump suspension.
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Hypoglycemia rescue treatment

The results of the need for hypoglycemic treatment with
both thresholds are summarized in Table 1. Evaluating both
thresholds together, hypoglycemia treatment was required in
17 of the 19 participants (89%) with SAPT alone compared
with 6 of the 19 participants (32%) with SAPT and PLGM
activated (P = 0.003). Of these six, four participants (two in
each threshold) required treatment as plasma glucose reached
<50 mg/dL on the intervention day. On the control day, of the
17 participants who required treatment, 11 participants re-
quired treatment after exercise whereas 6 participants re-
quired treatment during exercise. On the intervention day, of
the six participants who required treatment, three participants
required treatment during exercise and three required treat-
ment after exercise.

Irrespective of the need for hypoglycemia treatment, with the
PLGM threshold of 70 mg/dL, the lowest plasma glucose (nadir)
was achieved after 101 – 53 and 102 – 41 min after commence-
ment of exercise on the control and intervention days, respec-
tively (P = 0.96). Similarly, with the threshold of 80 mg/dL, the
nadir was reached at 134 – 51 min on the control day and
118 – 36 min on the intervention day (P = 0.36). A nadir <63 mg/
dL was reached in 95% of participants after exercise on the
control day. On the intervention day, 90% of participants with
the threshold of 70 mg/dL reached <63 mg/dL, whereas only
44% of participants with the threshold of 80 mg/dL had a plasma
glucose <63 mg/dL. The plasma glucose profiles of participants
on thresholds of 70 and 80 mg/dL are demonstrated in Figure 1,
whereas Figure 2 demonstrates the recovery of plasma and
sensor glucose after pump suspension in participants on a
threshold of 80 mg/dL.

Pump suspension and resumption

The pump resumed basal infusion after a 2-h fixed suspend
period in 11 participants. In two participants, the pump re-
sumed before 2 h based on the auto-resumption parameters.
The plasma and sensor glucose levels after 2 h of pump
suspension are demonstrated in Table 2. The pump sus-
pended at 67 – 34 min after commencement of exercise with

the threshold set at 70 mg/dL. The plasma glucose at sus-
pension was 68 – 12 mg/dL, resulting in a post-suspension
nadir of 56 – 6 mg/dL. The plasma glucose at pump resump-
tion was 84 – 12 mg/dL. With the threshold of 80 mg/dL, the
pump suspended at 62 – 22 min after exercise, resulting in a
post-suspension nadir of 63 – 12 mg/dL. Plasma glucose was
99 – 24 mg/dL at pump resumption.

Ketonemia

The ketone level [mean – standard error (range)] at the
commencement of exercise on both study days was 0.11 – 0.04
(0.1–0.2) mmol/L. At the end of the study, the ketone level on
the control day was 0.28 – 0.12 (0.1–0.4) mmol/L (P = 0.002).
On the intervention day, the ketone levels at the time of pump
suspension and pump resumption were 0.22 – 0.17 (0–0.6)
mmol/L and 0.69 – 0.41 (0.1–1.4) mmol/L, respectively
(P < 0.001). On the intervention day, four subjects had keto-
nemia between 1 and 1.5 mmol/L at the end of the study, with
the corresponding plasma glucose level between 68 and
103 mg/dL. Five subjects had ketonemia between 0.6 and
1 mmol/L, with the corresponding plasma glucose level
between 95 and 115 mg/dL. None of these participants had any
symptoms of ketosis, and the ketone level was <0.5 mmol/L
after 2 h of post-pump resumption and meal bolus.

Pre-exercise plasma glucose

Participants had a similar baseline plasma glucose before
commencement of exercise on both control and intervention
days with both thresholds (control 70 mg/dL vs. 80 mg/dL;
P = 0.09, intervention 70 mg/dL vs. 80 mg/dL; P = 0.15). On
a threshold of 70 mg/dL, the plasma glucose was 98 – 10
and 100 – 14 mg/dL on the control and intervention days, re-
spectively (P = 0.2); whereas the plasma glucose was 105 – 11
and 107 – 13 mg/dL with a threshold of 80 mg/dL (P = 0.17).

Plasma insulin

The plasma insulin levels before the commencement of
exercise and at the end of the first and second sessions of
exercise on the control day were 227.4 – 50.4, 260 – 43.9,
and 279.6 – 73.8 pmol/L; whereas on the intervention day,
they were 219.1 – 46.9, 252 – 43.4, and 268.2 – 73.2 pmol/L.
There were no differences between plasma insulin levels at
any of these time points (P > 0.05). Plasma insulin at pump
suspension was 225 – 153.1 pmol/L and at pump resumption,
it was 102.9 – 98 pmol/L (P < 0.01).

Discussion

The PLGM system reduced the need for hypoglycemia
treatment after moderate-intensity exercise in a controlled
setting under basal insulin conditions. Under such condi-
tions, the system reduced the need for treatment of hypo-
glycemia, irrespective of the preset hypoglycemic threshold.
Furthermore, the system was not associated with hypergly-
cemia or clinical ketosis on pump resumption. Although the
system reduced exercise-induced hypoglycemia, it did not
prevent hypoglycemia in all subjects. If home trials in free-
living conditions confirm the same degree of efficacy, then
the system has the potential to reduce the fear of hypogly-
cemia and to enable patients with type 1 diabetes to exercise
more safely.

Table 1. Hypoglycemia Treatment

With and Without Predictive Low Glucose

Management on Both Thresholds

Hypoglycemia
treatment

70 mg/dL
(n = 10)

80 mg/dL
(n = 9)

PLGM
off

PLGM
on

PLGM
off

PLGM
on

Plasma glucose, mg/dL
<50 3 2 1 2
50–63; symptoms 1 1 2 1
50–63; no symptoms 6 0 4 0
63–72 0 0 0 0

Treatment 10 3 7 3
No treatment 0 7 2 6

Seventeen of the 19 participants (89%) with SAPT alone compared
with 6 of the 19 participants (32%) with SAPT and PLGM activated
(P = 0.003) required treatment for hypoglycemia.

PLGM, predictive low glucose management; SAPT, sensor-
augmented pump therapy.
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The use of RT-CGM to inform patients on exercise-related
glycemic excursions has been promising. Fewer episodes of
exercise-induced hypoglycemia were reported with the use of
low alerts with RT-CGM16,17 and the development of an al-
gorithm to guide carbohydrate intake based on CGM read-
ings.18 Automated insulin suspension with sensor-detected
hypoglycemia (£70 mg/dL) was evaluated in the in-clinic
ASPIRE study in adults. The study used the Medtronic
Paradigm Veo system with low glucose suspend (LGS)
function in the setting of nonstandardized exercise, and re-
ported a 19% reduction in the time spent in hypoglycemia
after exercise with LGS-on than with LGS-off. The partici-
pants exercised till the plasma glucose was <85 mg/dL and
were observed for 4 h (hypoglycemia treatment if plasma
glucose was <50 mg/dL) after the study.8 The PILGRIM
study evaluated the PLGM function in virtual patients with
subcutaneous insulin bolus and in real-life participants with
exercise.19 The study used computer simulation under in silico
conditions and demonstrated a significant reduction in the time
spent in hypoglycemia with PLGM than with LGS when virtual
participants were administered a manual insulin bolus to induce
hypoglycemia. The study also tested the algorithm in real-life

patients with exercise and concluded that the system prevented
a blood glucose <63 mg/dL in 12 of the 15 patients (80%) after
exercise. The limitations of the study were the absence of a
control arm, variable exercise duration, and the use of capillary
glucose monitoring (Hemocue) as a secondary end point. In the
absence of a control arm, it is difficult to determine the efficacy
of the algorithm. Hence, our study, which uses the same al-
gorithm, was intended to design an exercise session that could
induce hypoglycemia and, therefore, was able to compare the
effectiveness of PLGM in reducing hypoglycemia. Our study
is the first randomized, controlled study to report the efficacy
of the PLGM algorithm in the reduction of exercise-induced
hypoglycemia under standardized conditions.

The need for hypoglycemia treatment was reduced with
thresholds of both 70 and 80 mg/dL, although prevention of
hypoglycemia was more likely with a threshold of 80 mg/dL.
This is because even with PLGM, almost all participants had
plasma glucose below 63 mg/dL with a threshold of 70 mg/dL
as compared with half the participants with a threshold of
80 mg/dL. However, pump suspension prevented a further
decline in plasma glucose and the need for hypoglycemia res-
cue treatment. The PILGRIM study that was published since

FIG. 1. Plasma glucose profile with PLGM on and off. Figure 1A and 1B demonstrate the mean plasma glucose profile on
thresholds of 70 mg/dL (n = 7) and 80 mg/dL (n = 6) respectively. Participants who required treatment for hypoglycemia on
the intervention day were not included in this analysis. E1 and E2 symbolize the exercise sessions. Plasma glucose was
significantly higher at time point 140 min only (*P < 0.05). PLGM, predictive low glucose management.
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this study was designed used the threshold of 80 mg/dL after
hypoglycemia with rapidly falling glucose levels with a
threshold of 70 mg/dL in the first two participants.19 We
found that plasma glucose was already below 70 mg/dL at
the time of pump suspension in 60% of participants when the
sensor hypoglycemic threshold was set at 70 mg/dL. This
could be due to a time delay in equilibrium between inter-
stitial fluid and plasma glucose.20 The decline in plasma
glucose with our standardized exercise regimen occurred in the
latter half of the second phase of exercise. Although the sensor
and plasma glucose were equivalent at the beginning of exer-
cise, the sensor overestimated plasma glucose levels during the
second phase of exercise. Hence, data from this study suggest
that setting a threshold of 80 mg/dL is more likely to reduce
hypoglycemia with exercise than a threshold of 70 mg/dL.

This study did not demonstrate hyperglycemia after 2 h of
pump suspension. Although ketonemia was demonstrated on
the intervention days, this was not associated with a high blood
glucose level and was more likely to be the effect of starvation

and a prolonged duration of study along with insulin suspen-
sion. The mild ketonemia occurred after 14–18 h of fasting and
2 h of pump suspension. Ketones cleared post-pump resump-
tion, after meals and meal bolus, when tested after 2–3 h. Beck
et al. also demonstrated the overnight safety of the Kalman
filter-based predictive algorithm, with no significant increase in
morning ketosis after pump suspension.21 Our study also con-
tributes to the safety of the PLGM system, with no significant
hyperglycemia or clinical ketosis after pump suspension.

In this study, exercise was performed under euinsulinemic
basal conditions, and most patients reached their glucose nadir
either during the second session of exercise or in recovery. On
the control day, most participants required treatment when
symptomatic with plasma glucose between 50 and 63 mg/dL
and were more likely to benefit from PLGM. However,
participants who required treatment as plasma glucose was
<50 mg/dL were more likely to require treatment even with
PLGM on. Although the study was commenced when the
participants were euglycemic, some of the participants had

FIG. 2. Plasma and sensor glucose profile with PLGM on a threshold of 80 mg/dL. Mean time to pump suspension from
commencement of exercise is 62 – 22 min. Pump suspension is time 0, and the graph shows recovery of plasma and sensor
glucose after pump suspension. E, commencement of exercise.

Table 2. Mean Glucose at Pump Suspension and Pump Resumption

with Predictive Low Glucose Management System

Hypoglycemic
threshold (mg/dL)

Plasma glucose (mg/dL) Sensor glucose (mg/dL)

Pump suspension Pump resumption *P Pump suspension Pump resumption *P

70 68 – 12 (51–94) 84 – 12 (68–95) 0.05 76 – 5 (66–81) 78 – 14 (60–97) 0.83
80 85 – 30 (52–113) 99 – 24 (72–144) 0.44 87 – 31 (63–105) 84 – 20 (56–114) 0.55

Pump resumption data are from the 11 participants after the maximum 2-h pump suspend. Glucose values are provided in mean – SD
(range).

*P < 0.05 significant.
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a steeper decline, which can be attributed to the exercise
along with the possibly higher basal rates during exercise.
This difference highlights that the rate of fall in plasma glucose
will guide the PLGM efficacy. As this study addresses the
efficacy of the algorithm under a controlled in-clinic state, the
ability of the system to cope when exercise is performed under
hyperinsulinemic conditions will be more challenging and less
likely to prevent hypoglycemia, even with higher hypoglyce-
mic thresholds. This can be further explored when the system
is tested in home trials. Another limitation of the study is that
we were not able to compare the duration of hypoglycemia
in both groups, as our study participants were treated for
hypoglycemia when end points of the study were met. The
study was not blinded to the participant, and there is a po-
tential of bias in reporting symptoms of hypoglycemia. We
were not able to comment on the effect of PLGM on late-
onset nocturnal hypoglycemia, as this was an in-clinic study
but the system has the potential to reduce the risk of these
events when used overnight in the real world.

The strength of this study lies in the ability to compare the
need for hypoglycemia treatment both with and without the
PLGM system under controlled conditions and to provide
clinical insights about the potential of its use in free-living
conditions. The PLGM system improved plasma glucose
profile with standardized moderate-intensity exercise under
controlled in-clinic conditions. However, the ability of this
system, in the setting of spontaneous exercise and preprandial
meal boluses in real-life scenarios, remains to be determined.
Larger randomized, controlled home trials will shed further
light on the efficacy and safety of this system when used in a
real-life setting. The ability to individualize the hypoglyce-
mic threshold for each individual for different hypoglycemic
stimuli further enhances the potential of the system.

To conclude, this is the first randomized, controlled trial
demonstrating the efficacy of the PLGM system with moderate-
intensity exercise as a hypoglycemic stimulus in an in-clinic
setting. The system appears promising at this early stage,
with the potential to reduce the risk of immediate hypogly-
cemia when exercise is performed under basal insulin con-
ditions without significant hyperglycemia or ketosis after
pump suspension.
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Abstract

Aims The aim of the study was to evaluate the reproducibility of the plasma glucose response to moderate-intensity

exercise performed on different days under controlled conditions in adolescents with Type 1 diabetes.

Methods Eight adolescents with Type 1 diabetes on continuous subcutaneous insulin infusion completed two exercise

sessions, each on two separate days, under basal insulin and fasting conditions. On each day, participants cycled twice

for 30 min at 55% of their peak rate of oxygen consumption, with each exercise session separated by a 30-min rest.

Results Plasma insulin levels were similar between testing days and exercise sessions. The mean absolute drop in plasma

glucose from the commencement to the end of exercise was 1.6 � 0.5 mmol/l on day 1 and 1.9 � 0.7 mmol/l on day 2

(P = 0.3). In response to the first exercise session, plasma glucose levels relative to baseline did not change significantly

(0.2 � 0.6 and –0.2 � 0.5 mmol/l on days 1 and 2). By contrast, the change in plasma glucose during the second

exercise session was –1.1 � 0.7 and –1.3 � 0.7mmol/l on days 1 and 2, respectively. The mean absolute intra-individual

difference in the change in plasma glucose between testing days were 0.7 � 0.5 [95% confidence interval (CI) 0.4–1.0]
and 0.7 � 0.4 (95% CI 0.4–1.0) mmol/l, at the end of the first and second exercise sessions respectively.

Conclusions The plasma glucose response to moderate-intensity exercise under similar glycaemic and basal insulin

conditions can be reproducible in adolescents with Type 1 diabetes.

Diabet. Med. 34, 1291–1295 (2017)

Introduction

Regular physical activity is recommended for people with

Type 1 diabetes because of its multiple health benefits [1].

However, moderate-intensity exercise increases the risk of

hypoglycaemia and the associated fear of hypoglycaemia

leads to lower participation in regular exercise and lower

than average fitness levels [2–4]. Individuals with Type 1

diabetes find it difficult to anticipate their blood glucose

response to exercise because this response is affected by

many factors including the duration, intensity and type of

exercise, the time of day when exercise is performed, plasma

glucose and insulin levels, and the availability of supplemen-

tal and stored carbohydrates [5]. In real life, most people

with Type 1 diabetes individualize their exercise regimens

based on the education provided by their healthcare provider

and their learned experiences. An important component for

individuals with Type 1 diabetes planning to exercise is to be

able to assess whether the glycaemic responses to similar

exercise under similar conditions are reproducible. There is,

however, limited information about the predictability of the

plasma glucose response to exercise on repeated days if all

the other factors are kept constant [6–8]. The plasma glucose

response to exercise in the postprandial state has been

reported to be reproducible [6], however this was not

replicated in a subsequent study [7]. The fall in plasma

glucose level during moderate-intensity exercise was less

reproducible in the postprandial state, but showed improved

reproducibility in the fasted state [7]. Others have also

reported poor reproducibility in the plasma glucose response

to exercise when carbohydrates are ingested before or during

exercise [8]. This suboptimal reproducibility in the
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postprandial state has been attributed, in part, to the poor

matching of plasma glucose levels prior to exercise (exceed-

ing a difference of 3 mmol/l) [7], an important confounding

factor given that the rate of exercise-mediated fall in plasma

glucose level increases with blood glucose concentration [9].

Similarly, although Temple et al. reported reproducibility,

the plasma glucose at commencement of exercise was high

(~ 18 mmol/l) [6]. Given these limitations, the aim of this

study was to examine the reproducibility of the glycaemic

response to moderate-intensity exercise where exercise is

performed on different days in overnight fasted participants

with matched pre-exercise plasma glucose and basal insulin

levels.

Participants and methods

Adolescents with Type 1 diabetes on continuous subcuta-

neous insulin infusion completed two exercise sessions on

two separate study days as part of a larger in-clinic Predictive

Low Glucose Suspension (PLGM) study [10] that tested the

efficacy of a predictive algorithm in the prevention of

hypoglycaemia. Participants were randomized and studied

on two non-consecutive days. On the control day, they were

on sensor-augmented pump therapy (SAPT) only, whereas on

the intervention day, they were on SAPT and had PLGM

activated, which resulted in pump suspension on the predic-

tion of hypoglycaemia. On both study days, participants

performed moderate-intensity exercise for a similar duration.

The purpose of the exercise sessions was to induce hypogly-

caemia. However, the design and data collection methods

also provided an opportunity to evaluate the reproducibility

of plasma glucose response to exercise between study days.

This sub-study involved a cohort of participants who did not

experience hypoglycaemia during the exercise sessions and/or

pump suspension secondary to PLGM.

The participants first attended a familiarization session.

Peak rate of oxygen consumption ( _VO2peak) of the partici-

pants was measured on the same cycle ergometer as that used

for the subsequent study days (Corival, Lode BV, Groningen,

The Netherlands). In the week before the first study day, the

participant’s glucose profile based on self-monitoring

capillary blood glucose testing and/or sensor glucose, if

available, was reviewed for optimization of basal rates. On

two to three successive mornings, participants skipped

breakfast and monitored hourly blood glucose levels to

mid-morning to adjust basal rate as necessary. Intra-

participant diet was matched, with participants advised to

follow a similar diet on the days preceding the two study

days. They were also instructed to avoid strenuous physical

activity for 24 h prior to each testing session. Testing was

rescheduled if the participants experienced an episode of

hypoglycaemia. The testing dates were at least 3 days apart

because both antecedent exercise [11] and antecedent hypo-

glycaemia [12] affect the glucoregulatory responses to

subsequent moderate-intensity exercise. Finally, female par-

ticipants were studied during the follicular phase of their

menstrual cycle.

For both study days, the testing sessions were conducted in

the morning under fasting conditions with only water

allowed after midnight. An intravenous correction insulin

bolus was administered for participants in a hyperglycaemic

state and exercise began after 90 min (~ 3 half-lives) of

insulin administration. In participants with plasma glucose

level < 5 mmol/l on arrival, intravenous glucose bolus was

infused. The stabilization period was aimed to achieve a

target plasma glucose level between 5.5 and 6.5 mmol/l.

Once the plasma glucose level was in target range for at least

30 min while insulin was delivered via the participant’s

pump at predetermined basal infusion rates, the participants

cycled for two sessions of 30-min each at 55% _VO2 peak with

a 30-min rest phase in between. Participants were monitored

for at least 30 min after completion of the second exercise

session. Apart from 10-min plasma glucose measurements,

blood samples were collected at regular intervals for lactate

and insulin. The rates of oxygen consumption and carbon

dioxide production were measured using an indirect

calorimetry system (V Max Spectra; Sensor Medics Corp.,

Yorba Linda, CA, USA).

Statistical analyses

The absolute change in plasma glucose level relative to

baseline was determined for each participant and compared

between consecutive exercise sessions and testing days to

evaluate reproducibility. Differences between sessions and

changes over time were simultaneously modelled using a

repeated measures analysis of variance (ANOVA) framework

with two factors (session and time) followed by Bonferroni

post hoc tests. Statistical significance was defined as

P < 0.05. Unless otherwise stated, descriptive statistics are

expressed as mean � SD.

Results

Data were analysed from eight adolescents (four male and

four female); aged 15.8 � 2.9 years with duration of

What’s new?

• The glycaemic response to standardized exercise under

fasting and basal insulinaemic conditions can be repro-

ducible in adolescents with Type 1 diabetes. This is

important information when planning exercise and for

researchers in designing exercise studies.

• The relatively small drop in plasma glucose during the

first 30 min of moderate-intensity exercise under basal

insulinaemic conditions provides young people with

Type 1 diabetes the opportunity to plan further exercise

and tailor diabetes management appropriately.
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diabetes of 9.9 � 4.4 years, HbA1c of 62 � 11 mmol/mol

(7.8 � 1.0%), total daily insulin of 0.8 � 0.1 units/kg/day,

basal rate 0.4 � 0.1 units/kg/day, BMI 21.7 � 4.5 kg/m2

and _VO2peak of 39.7 � 6.1 ml/kg/min.

Mean plasma glucose levels on days 1 and 2 were

5.7 � 0.5 and 5.9 � 0.6 mmol/l before commencement of

exercise (P = 0.2) and 4.1 � 0.8 and 3.9 � 0.4 mmol/l

(P = 0.7) at the end of the second exercise session. There

was no significant difference in the mean plasma glucose

levels at any time point between the two testing days (Fig. 1).

Table 1 demonstrates the change in plasma glucose on day 1

and day 2 in response to exercise session 1 and 2. The mean

absolute drop in plasma glucose from the commencement to

the end of exercise was 1.6 � 0.5 mmol/l on day 1 and

1.9 � 0.7 mmol/l on day 2 (P = 0.3). On both study days,

the change in plasma glucose was similar during exercise

session 1 (P = 0.25) and exercise session 2 (P = 0.57).

However, plasma glucose levels fell by 1.1 � 0.7 and

1.3 � 0.7 mmol/l in response to second exercise session

compared to the first exercise session on days 1 and 2,

respectively (P = 0.01). The mean absolute difference in the

change in plasma glucose levels between testing days for both

the first and second exercise sessions, reflecting intra-

individual variability, were 0.7 � 0.5 [95% confidence

interval (CI) 0.4–1.0) mmol/l and 0.7 � 0.4 (95% CI 0.4–

1.0) mmol/l, respectively (P = 0.96).

There were no significant differences in plasma insulin

levels prior to the first exercise session between day 1 and

day 2 respectively (252 � 227 and 225 � 187 pmol/l;

P = 0.65) and plasma insulin did not change on either day

in response to exercise at the end of the first (273 � 195 and

260 � 189 pmol/l; P = 0.18) and second exercise session

(241 � 214 and 214 � 205 pmol/l; P = 0.16). There was no

difference in the plasma insulin from the start of exercise to

the end of the second session of exercise (P = 0.6 and 0.8 on

days 1 and 2 respectively).

Similarly, there were no significant differences in plasma

lactate levels on both days and between days at the measured

time points (P > 0.05). During exercise, there were no
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FIGURE 1 Plasma glucose profile with exercise on separate days. Plasma glucose levels are expressed as mean � SD. (●) Day 1, (○) day 2. Time –30
to 0 denotes the 30 min preceding the commencement of exercise to denote stable glucose values prior to exercise. E1 is the first session of 30 min

exercise, E2 is the second session of 30 min exercise. Times 30–60 min and 90–120 min denote the recovery phase after exercise sessions 1 and 2,

respectively.

Table 1 Change in plasma glucose on day 1 and day 2 in response to
exercise session 1 and exercise session 2

Participant

Exercise session 1 Exercise session 2

DPG

|D
(DPG)|

DPG

|D
(DPG)|

Day
1

Day
2

Day
1

Day
2

1 0.8 –0.4 1.2 –1.6 –1.8 0.2
2 0.2 –1.1 1.3 –1.8 –1.0 0.8
3 0.6 –0.1 0.7 –1.2 –1.7 0.5
4 0.0 0.0 0.0 –1.3 –0.2 1.1
5 0.6 0.7 0.1 –1.6 –2.3 0.7
6 –0.5 0.3 0.8 –0.1 –0.9 0.8
7 –0.8 –0.3 0.5 0.1 –1.2 1.3
8 0.6 –0.3 0.9 –1.1 –0.9 0.2
Mean 0.2 –0.2 0.7 –1.1 –1.3 0.7
SD 0.6 0.5 0.5 0.7 0.7 0.4

PG, plasma glucose; DPG, the absolute difference in PG at the
end of the exercise session relative to the baseline. |D(DPG)| is
the absolute difference between DPG on day 1 and day 2.
Values are in given in mmol/l; negative values indicate a fall;
positive values indicate a rise.
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significant differences in average oxygen consumption rates

and whole body carbohydrate oxidation rates between days

and between exercise sessions on day 1 and day 2 (P > 0.05).

Discussion

This study demonstrates that the glycaemic response to

standardized exercise under fasting and basal insulinaemic

conditions can be reproducible in adolescents with Type 1

diabetes. This is potentially important information for

individuals with Type 1 diabetes when planning exercise

and for researchers in designing exercise studies. It is

reassuring that as long as background insulin, plasma glucose

and the type, duration and intensity of exercise are similar,

then the effect on glucose levels is predictable. Our findings

do not support others that have shown poor reproducibility.

This is likely as the plasma glucose levels were not stable and

adequately matched prior to exercise [7].

The physiological glycaemic response to the two exercise

sessions also helped in deciphering the risk of hypoglycaemia

during exercise. During both study days, the mean plasma

glucose levels did not change significantly during the first 30-

min exercise, but decreased significantly in response to the

second 30-min exercise initiated after a rest phase of 30 min.

These findings imply that the risk of hypoglycaemia is

minimal in response to a single 30-min exercise session

performed under basal insulin levels. Our findings also imply

that, although the fall in plasma glucose was small during the

second exercise session, the risk of hypoglycaemia was

nevertheless increased as indicated by blood glucose levels

approaching hypoglycaemic range. We propose that the

more rapid fall in plasma glucose in response to the second

exercise session performed later on the same day may be

explained, in part, by the glycogen-depleting effect of the first

exercise session and accompanying increase in muscle sen-

sitivity to insulin. It is also possible that an attenuated

glucoregulatory hormone response following the first exer-

cise session may also have contributed to the more pro-

nounced fall in plasma glucose level during the second

exercise session [11].

The drop in plasma glucose during the first 30 min of

exercise was low compared with other studies. This is most

likely due to participants exercising under true basal condi-

tions in the fasting state. The basal rates were optimized in

the run-in period leading to the study, which was not a

feature of other studies [6,7]. A recent work published by our

group demonstrated that when participants performed mod-

erate-intensity exercise under basal insulin conditions, the

mean glucose infusion rate was only 4.0 � 1.6 and

4.1 � 1.7 g/h at 50% and 65% _VO2peak respectively [13].

This was in contrast to the higher carbohydrate intake of

1.0–1.5g/kg/h for the prevention of hypoglycaemia when

plasma insulin levels are elevated [5]. In other words, if

individuals with Type 1 diabetes exercise under true basal

conditions, the drop in plasma glucose especially in the first

30 min is minimal. The 30-min exercise session in this study

is also close to early morning jogging or cycling undertaken

by individuals in real life. It also re-emphasizes the need for

clinicians to fine-tune the basal rates in individuals with

Type 1 diabetes to reduce the risk of hypoglycaemia during

exercise.

There is limited and conflicting literature on the repro-

ducibility of plasma glucose with exercise. In real life,

exercise sessions differ in intensity and duration according to

the age of the individual, the amount of carbohydrates

consumed, circulating insulin, the time of exercise and

whether it is an individual versus team sport. Hence, it is

challenging to address reproducibility in all these scenarios.

Our observation of reproducibility of plasma glucose with

moderate-intensity exercise, although in a small cohort of

adolescents, is from highly standardized conditions with

various confounding factors kept constant (insulin, plasma

glucose, time of day, duration and intensity of exercise). The

limitation of this study is the small sample size; however, the

study design had very controlled conditions. Nevertheless,

this study shows that the between-day intra-individual

variability in plasma glucose response to exercise can be

minimized by exercising under a basal insulinaemic state

combined with standardized exercise conditions.
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ABSTRACT
Introduction: Innovations with sensor-augmented
pump therapy (SAPT) to reduce hypoglycaemia in
patients with type 1 diabetes are an ongoing area of
research. The predictive low glucose management
(PLGM) system incorporates continuous glucose
sensor data into an algorithm and suspends basal
insulin before the occurrence of hypoglycaemia. The
system was evaluated in in-clinic studies, and has
informed the parameters of a larger home trial to study
its efficacy and safety in real life.
Methods and analysis: The aim of this report is to
describe the study design and outcome measures for
the trial. This is a 6-month, multicentre, randomised
controlled home trial to test the PLGM system in
children and adolescents with type 1 diabetes. The
system is available in the Medtronic MiniMed 640G
pump as the ‘Suspend before low’ feature. Following a
run-in period, participants are randomised to either
the control arm with SAPT alone or the intervention
arm with SAPT and Suspend before low. The primary
aim of this study is to evaluate the time spent
hypoglycaemic (sensor glucose <3.5 mmol/L) with
and without the system. The secondary aims are to
determine the number of hypoglycaemic events, the
time spent hyperglycaemic, and to evaluate safety
with ketosis and changes in glycated haemoglobin.
The study also aims to assess the changes in
counter-regulatory hormone responses to
hypoglycaemia evaluated by a hyperinsulinaemic
hypoglycaemic clamp in a subgroup of patients with
impaired awareness. Validated questionnaires are
used to measure the fear of hypoglycaemia and the
impact on the quality of life to assess burden of the
disease.
Ethics and dissemination: Ethics committee
permissions were gained from respective Institutional
Review boards. The findings of the study will provide
high quality evidence of the ability of the system in
the prevention of hypoglycaemia in real life.

Trial registration number:
ACTRN12614000510640, Pre-results.

INTRODUCTION
Hypoglycaemia imposes a considerable
burden of disease on individuals and their
families living with type 1 diabetes.1

Interventions designed to reduce and
prevent hypoglycaemia are an important
focus of research, especially those related to
sensor-augmented pump therapy (SAPT)

Strengths and limitations of this study

▪ This is the first randomised controlled home trial
which will provide high quality evidence of the
efficacy and safety of the predictive low glucose
management system in the prevention of hypo-
glycaemia in real life situations.

▪ Apart from the glycaemic data, the 6-month dur-
ation of the study provides the ability to evaluate
the impact of this technology on various psycho-
social parameters in both children and their
caregivers.

▪ The study will also determine the ability to use
the system as a tool in restoration of hypogly-
caemia awareness.

▪ The settings for the Suspend before low feature
are constant for the entire duration of the study;
however, these settings can be changed in real
life.

▪ This study is a paediatric study and hence, one
of the challenges will be in supporting and
encouraging sensor use in the adolescent age
group.

Abraham MB, et al. BMJ Open 2016;6:e011589. doi:10.1136/bmjopen-2016-011589 1

Open Access Protocol

group.bmj.com on April 17, 2016 - Published by http://bmjopen.bmj.com/Downloaded from 

Appendix 6

http://dx.doi.org/10.1136/bmjopen-2016-011589
http://dx.doi.org/10.1136/bmjopen-2016-011589
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjopen-2016-011589&domain=pdf&date_stamp=2016-04-13
http://bmjopen.bmj.com
http://bmjopen.bmj.com/
http://group.bmj.com


and glucose control algorithms. The Medtronic Low
Glucose Suspend (LGS) system automatically suspends
basal insulin delivery for up to 2 h in response to sensor-
detected hypoglycaemia and thereby reduces the dur-
ation of hypoglycaemia.2 3 This function has reduced
the incidence of moderate and severe episodes of hypo-
glycaemia in patients with impaired awareness of hypo-
glycaemia (IAH),4 and has been found to be safe with
no rebound hyperglycaemia and ketosis.5 6 While this
system suspends insulin delivery when the patient is
hypoglycaemic, the next step is to suspend insulin deliv-
ery before the patient is hypoglycaemic. The capacity to
predict hypoglycaemia and suspend insulin delivery
before hypoglycaemia occurs offers the additional
advantage of preventing hypoglycaemia with further
reduction in the actual time spent hypoglycaemic.
A significant proportion of children and adolescents

with type 1 diabetes have IAH with defective symptom-
atic and counter-regulatory hormone responses to hypo-
glycaemia. In a previous study by our group, IAH was
reported by 29% of the clinic population.7 Though loss
of hypoglycaemia awareness may be reversed by meticu-
lous avoidance of hypoglycaemia for 3 weeks,8 this may
be difficult to accomplish in real life and especially chal-
lenging for children. As predictive algorithms are
designed to prevent hypoglycaemia, there may be an
improvement in counter-regulatory hormones and
return of adrenergic symptoms.
The initial in-clinic studies evaluating the predictive

algorithms demonstrated a reduction in nocturnal and
day-time hypoglycaemia induced by increased basal
rates.9 10 The only home studies conducted to date were
of short duration and used an investigational device
overnight with a laptop-based Kalman filter predictive
model controlling insulin delivery by Medtronic Veo
system to assess the effect of the system on nocturnal
hypoglycaemia.11 12 In the era of rapidly evolving tech-
nology, various models have been used in the develop-
ment of newer predictive algorithms. The predictive low
glucose management (PLGM) system uses a different
predictive algorithm and was initially evaluated in our
centre under standardised in-clinic conditions. The
system was an investigational device and the predictive
algorithm was incorporated into the BlackBerry Storm
smartphone which controlled the insulin infusion in
participants on the Medtronic Paradigm Veo insulin
pump and Enlite glucose sensor with MiniLink
REAL-Time transmitter. The system was tested with
moderate-intensity exercise, excess subcutaneous insulin
bolus, and increased overnight basal rates which are
common triggers of hypoglycaemia. With each hypogly-
caemic stimulus, participants were randomised to a
control arm with SAPT alone and an intervention arm
with PLGM. The system suspended basal insulin when
the sensor glucose was predicted to be 4.4 mmol/L and
found a reduction in the need for treatment of hypogly-
caemia for all three settings in the intervention arm.13

PLGM was also tested under in-clinic conditions in the

PILGRIM study. There was reduction in hypoglycaemia
following administration of insulin bolus administration
to virtual participants and following exercise in real life
participants.14

Guided by the results of the in-clinic studies, the
home trial was designed to evaluate the efficacy of the
PLGM system in free-living conditions. The PLGM
system is available in the Medtronic MiniMed 640G
pump (Medtronic MiniMed, Northridge, California,
USA) as the ‘Suspend before low’ feature which auto-
matically suspends basal insulin infusion when hypogly-
caemia is predicted. This system is evaluated in the
home trial. In contrast to the PLGM in-clinic study, the
home trial is of a longer duration, evaluates spontaneous
rather than induced hypoglycaemia, and uses sensor
glucose values rather than plasma glucose values to
quantify hypoglycaemia. Although this system is com-
mercially available, there are as yet no randomised con-
trolled home trials for evaluating its efficacy in real life
situations. A recent study with the system used for
4 weeks has shown that it can help patients avoid hypo-
glycaemia and is acceptable to them.15 Our study is the
first randomised controlled home trial testing the
Suspend before low function using the Medtronic
MiniMed 640G pump in free-living conditions. Apart
from the glycaemic data, the 6-month duration of the
study provides the ability to assess the impact of the
system in children and their caregivers.
We hypothesise that the PLGM system will reduce the

time spent hypoglycaemic, with time spent in hypogly-
caemia reduced by at least 40% during 6 months of
therapy with SAPT and Suspend before low versus SAPT
alone in patients with type 1 diabetes. The system will
also not result in an increase in hyperglycaemia or
ketosis, and will not result in a deterioration of gly-
caemic control as compared to standard SAPT. We
further hypothesise that PLGM will improve hypogly-
caemia awareness by reducing hypoglycaemia and will
have a positive impact on the quality of life and reduce
the fear of hypoglycaemia as determined by participant/
parent questionnaires. Finally, the patient acceptability
of the PLGM system will be no worse than their accept-
ability of standard SAPT.

AIMS
The primary objective of the study is to compare the
average percentage of time spent hypoglycaemic (sensor
glucose level <3.5 mmol/L) during six months of
therapy with SAPT and Suspend before low versus SAPT
alone. The secondary objectives are to compare events
of hypoglycaemia, defined as 20 min or more with
sensor glucose <3.5 mmol/L, during 6 months of
therapy in both groups and to compare the average per-
centage of time spent hypoglycaemic (sensor glucose
level <3.0 mmol/L), in target range (sensor glucose 3.5–
10 mmol/L), and hyperglycaemic (sensor glucose level
10–15 mmol/L and >15 mmol/L). The study will also
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evaluate the time spent hypoglycaemic during the day
and night. In addition, we aim to determine the safety
of the system by determining the number of ketosis
events (blood ketones >0.6 mmol/L) and assess gly-
caemic control as measured by glycated haemoglobin
(HbA1c) at the end of 6 months. The study will also
determine the counter-regulatory hormone responses to
hypoglycaemia that will be evaluated during a hyperinsu-
linaemic hypoglycaemic clamp study in a subgroup of
participants with IAH. Hypoglycaemia awareness and the
impact of diabetes on the patient’s quality of life, fear of
hypoglycaemia, patient satisfaction, and acceptability of
the system will be evaluated using validated question-
naires administered at baseline, 3 months and end of
the study.
The outcome or end point measures are based on the

sensor glucose levels as predefined above. The other
measures include the counter-regulatory hormone
responses and adrenergic symptoms during hyperinsuli-
naemic hypoglycaemic clamp study, number of ketosis
events defined as blood ketone >0.6 mmol/L, the inci-
dence of moderate and severe hypoglycaemia, HbA1c,
and the questionnaire scores at baseline, 3 months and
6 months of the study. Here, we provide methodological
details of the PLGM home trial.

METHODS
This is a multicentre, unblinded, parallel, randomised con-
trolled phase 3 home trial designed and conducted by five
tertiary paediatric diabetes centres in Australia. The trial
has been approved by Princess Margaret Hospital, Perth
(HREC/2013121EP); The Children’s Hospital at
Westmead, Sydney (HREC/13/SCHN/405); John Hunter
Children’s Hospital, Newcastle (HREC/13/HNE/506);
Royal Children’s Hospital, Melbourne (HREC/13/HME/
506); and Women’s and Children’s Hospital, Adelaide
(HREC/13/WCHN/172). The trial is prospectively regis-
tered with the Australian New Zealand Clinical Trials
Registry (ACTRN12614000510640). Inclusion and exclu-
sion criteria are summarised in table 1.

As this is a new system evaluating safety of insulin
delivery, we aim to include older children and adoles-
cents with type 1 diabetes who are on continuous sub-
cutaneous insulin infusion therapy (CSII). We recruit
patients with HbA1c <10% to reflect a clinic cohort and
to exclude participants who are less likely to comply and
adhere to the protocol. Participants are approached
through the diabetes clinics and are screened for eligi-
bility in the study. Written informed consent is obtained
from participants aged ≥18 years, and written parental
consent and participant assent for those <18 years of
age. Consent is attained by the research nurse or the
doctor who is not directly involved in the routine care of
the patient and their families. A participant may decide
to withdraw from the study at any time without prejudice
to their future care. The study duration for each partici-
pant is 6 months from randomisation. Based on previous
unpublished data in a similar cohort of children and
adolescents conducted in our centre, the control group
is expected to spend on average 5.79% of the time with
glucose level <3.5 mmol/L, with a SD of 4.87%. 71 parti-
cipants would be required in each group to have 80%
power to detect a decrease of 2.3% (40% reduction or
effect size of 0.475) in the time spent with glucose level
<3.5 mmol/L. It is anticipated that 175 participants
would be recruited; based on the estimated dropout rate
of 20%, this will ensure a total of 142 participants for
the duration of the trial, with at least 71 participants in
each arm. Recruitment will cease once this target is
achieved. The study started in August 2014 and is cur-
rently ongoing.

PLGM system
The predictive algorithm is available in the commercially
available Medtronic MiniMed 640G pump (Medtronic
MiniMed, Northridge, California, USA) that is designed
for CSII integrated with real-time continuous glucose
monitoring (CGM). The system consists of the
Medtronic MiniMed 640G pump, CONTOUR NEXT
LINK wireless blood glucose metre, Enlite glucose
sensor and Guardian 2 Link transmitter. The transmitter
sends the sensor glucose data wirelessly every 5 min to
the pump and thereby provides real-time glucose mea-
surements and trends. Calibration is required at least
once every 12 h. The pump is uploaded to transfer infor-
mation to Medtronic CareLink therapy Management
Software through the use of CONTOUR NEXT LINK
glucose metre, which is also the uploading device.
‘Suspend before low’ is a SmartGuard function in the

pump and suspends basal insulin infusion when sensor
glucose is predicted to be below the set low limit in
30 min. The pump suspends basal insulin infusion when
two criteria are met: the sensor glucose is at or within
3.9 mmol/L (70 mg/dL) above the set low limit and is
predicted to be 1.1 mmol/L (20 mg/dL) above the set
low limit in 30 min. The low limit is set for the entire
study at 3.4 mmol/L and the pump would, therefore,
suspend insulin infusion when the sensor glucose is

Table 1 Inclusion and exclusion criteria for PLGM home

trial

Inclusion criteria Exclusion criteria

Age: 8–20 years Medical conditions predisposing

to hypoglycaemia other than

diabetes

Duration of type 1

diabetes ≥1 year

Oral glycaemic medications, eg

metformin, sulphonylureas

On CSII≥6 months Inability or refusal to meet

protocol requirements

HbA1c at eligibility

<10% (86 mmol/mol)

Pregnancy

CSII, continuous subcutaneous insulin infusion CSII continuous
subcutaneous insulin infusion; HbA1c, glycated haemoglobin;
PLGM, predictive low glucose management.
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≤7.3 mmol/L (3.9+3.4) and predicted to be 4.5 mmol/L
(3.4+1.1) in 30 min. If the alert before low is on, the
patient will receive an alert when insulin delivery is sus-
pended. Once the pump is suspended, the insulin infu-
sion will resume after a maximum suspend period of 2 h
or according to the autoresumption parameters if there
is no patient interaction. Basal insulin will automatically
resume if sensor glucose is above the low limit and
trending upward, and insulin has been suspended for at
least 30 min. However, the infusion may be resumed
earlier if the patient intervenes during the suspend time
and overrides the suspend function. The autoresump-
tion feature was not present in LGS wherein the pump
had a full 2 h pump suspension in the absence of
patient intervention and is novel to the predictive algo-
rithm to reduce the potential of post suspend
hyperglycaemia.
In the study, the low limit is set for Suspend before

low feature. As previous in-clinic studies were evaluated
with a suspend threshold of 80 mg/dL or 4.4 mmol/L,13

we maintained a similar threshold for the home study.
As one of the purposes of this trial is to ensure safety of
the system at an acceptable threshold which can also
prevent hypoglycaemia, the low limit is set for the whole
study to maintain uniformity in the intervention group
and to enable comparisons. However, in real life, this
low limit can be altered and the patient can have differ-
ent low limits at various times of the day.

Study protocol
VISITS 1 and 2: training
As shown in figure 1, the first two visits are for training the
participants: visit 1 for pump start and training and visit 2
for sensor training. Visits 1 and 2 are combined for partici-
pants previously competent with sensor use; however, for
sensor naïve participants, visit 2 is undertaken at least
4 days after visit 1. During these visits, participants are also
trained to upload the pump at home, and are familiarised
with sensor alerts and alarms. Sensor alerts and alarms are
individualised for participants; every participant, however,
has the alert on low turned on at 3.4 mmol/L.
Questionnaires are administered to participants and/or
their parents at this visit. These include Clarke’s hypogly-
caemia awareness questionnaire,16 EQ-5D-Y and paediatric
specific diabetes quality of life (PedsQL) questionnaires,17

Hypoglycaemia Fear Survey,18 and Pump Satisfaction
questionnaire.

Run-in-period
The 2-week run-in period is designed to establish com-
petent use of the system and thereby identifies partici-
pants who are not likely to comply with the protocol. All
participants are required to use CGM for >80% of the
time during the run-in period and have to upload their
pump for review by the investigators. Sensor naïve parti-
cipants are provided an additional week of CGM use to
warrant adequate training and familiarisation. The
sensor data is reviewed prior to randomisation to ensure

a cohort that has and is prone to hypoglycaemia. The
participant should have one or more sensor values
<3.5 mmol/L at any time during the period of CGM
use, or one or more sensor values <4.4 mmol/L on at
least three different days. If the CGM is used successfully
and the prerequisite criteria are met during the run-in
period, participants return for visit 3.

VISIT 3: randomisation
At this visit, measurement of HbA1c, height and weight
are obtained, and incidence of moderate and severe
hypoglycaemia is recorded from the patient and medical
records. Moderate hypoglycaemia is defined as any
episode of hypoglycaemia during which the child/adoles-
cent was lethargic, disoriented, confused, and required
third party assistance while severe hypoglycaemia is
defined as an episode of loss of consciousness or
seizure.19 Minimisation of variation in gender, age,
HbA1c and hypoglycaemia unawareness score is under-
taken at randomisation and performed using appropriate
software (MinimPy).20 Minimisation is a method of ensur-
ing excellent balance between groups for known prog-
nostic factors.21 Randomisations are undertaken by the
delegated persons at Princess Margaret Hospital.
Participants are randomised to standard therapy with
SAPTalone (control group) or SAPTand Suspend before
low (intervention group). Suspend on low function is
turned off in the control group. Participants are
instructed on ketone testing; before breakfast and
pre-bed in both groups, and also at pump resumption
after 2 h of suspend in the intervention group during the
awake hours. They are also advised to test for ketones
with glucose >15 mmol/L or when unwell as part of
routine diabetes care.22 They are instructed to contact
the on-call paediatric endocrinologist or paediatrician
for advice, if required. Ketone data are uploaded at the
study visits four and five. Participants are encouraged to
upload their pump fortnightly and are provided with a
home record log book to document hypoglycaemia,
ketosis and sensor or pump related events. Participants
are advised to confirm all sensor alerts (on high, low and
suspend) events with a capillary blood glucose value. The
diabetes educator/study nurse will be in contact with par-
ticipants regularly to provide any support needed and to
ensure recording of adverse events.

VISITS 4 and 5: follow-up visits
At the follow-up visits at 3 months (visit 4) and 6 months
(visit 5), the diabetes educator/study nurse ensures
that all information has been uploaded from the pump
and ketone metre. A measurement of HbA1c, height
and weight will be obtained along with the record of
moderate and severe hypoglycaemic episodes during
this period. Participants and/or their parents’ complete
a quality of life questionnaire (EQ-5D-Y, PedsQL),
Hypoglycaemia Fear Survey, Clarke’s hypoglycaemia
awareness questionnaire and Pump Satisfaction question-
naire during these visits.
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Hyperinsulinaemic hypoglycaemic clamps for participants
with impaired hypoglycaemia awareness
A score ≥4 on Clarke’s questionnaire indicates IAH,15

and participants with IAH and above 12 years of age are
eligible for hyperinsulinaemic hypoglycaemic clamp
studies which will determine the counter-regulatory
responses to hypoglycaemia. The studies will be per-
formed at baseline and after 6 months, irrespective of
whether the participant is in the control or intervention
group. The clamp procedure will involve infusing insulin
intravenously at a constant rate of 80 mU/m2 per minute
and plasma glucose targets will be achieved by adjusting
the rate of infusion of a solution of 20% glucose in water.
Prior to induction of hypoglycaemia, plasma glucose will
be maintained in euglycaemia (5–6 mmol/L) for 60 min
followed by gradual reduction over 30 min to a nadir of
2.8 mmol/L. This controlled decline will be guided by
plasma blood glucose measurements taken at 5 min inter-
vals. The blood glucose concentration of 2.8 mmol/L will
be maintained for 40 min before euglycaemia will be
restored. For the duration of the clamp procedure, blood
glucose will be measured using glucose oxidase tech-
nique with a bedside YSI analyser (Yellow Springs
Instruments; Yellow Springs, Ohio, USA). Venous blood
will be sampled during the euglycaemic and hypogly-
caemic phase to determine plasma insulin, glucagon, epi-
nephrine, norepinephrine, cortisol and growth hormone
concentrations on both the study days.

DATA MANAGEMENT AND MONITORING
At consent, each participant will be given a unique iden-
tifying number based on their centre. The de-identified
information with the patient’s unique identifier code
will be sent to the data manager in Perth and will be
used as data input in the centralised database. Data will
be stored in a secure office and password-protected com-
puter files at Princess Margaret Hospital.
A data safety and monitoring board (DSMB) will scru-

tinise conduct of the study team and review the data
arising from the study.
All adverse events defined as a clinical sign, symptom

or condition that is causally related to the device
implantation procedure, the presence of the device, or
the performance of the device system will be recorded
and evaluated by the local investigator. Serious adverse
event is defined as one which is fatal or life-threatening
or requires hospitalisation for diabetic ketoacidosis or
severe hypoglycaemia. Adverse events and serious
adverse events will be reported to the DSMB and to the
ethics committee at each centre for their review.

STATISTICAL ANALYSIS
The analysis population will be the intention-to-treat
population, which is defined as all patients who are ran-
domised and have at least one visit after baseline.
p Values <0.05 will be considered to be statistically

Figure 1 Study visits. Flow diagram represents the visits of the study. HbA1c, glycated haemoglobin; SAPT, sensor-augmented

pump therapy.
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significant and two-sided p values will be reported.
The time spent hypoglycaemic or hyperglycaemic, and
the continuous outcome measures will be analysed using
a likelihood-based, mixed-effects model repeated mea-
sures approach. Rates of hypoglycaemia as well as inci-
dence of moderate and severe hypoglycaemia will be
analysed as unadjusted incidence rates based on the
Poisson distribution. Incidence rates and incidence rate
differences will be presented with their associated 95%
CIs calculated as exact Poisson confidence limits.
Number of ketosis events and other safety outcomes will
be tabulated and presented as n and %. The counter-
regulatory hormone responses to hypoglycaemia mea-
sured during the hyperinsulinaemic hypoglycaemic
clamp study in participants with IAH will be presented
with descriptive statistics.

DISCUSSION
This is the first multicentre randomised controlled
home trial evaluating the performance of the ‘Suspend
before low’ function in free-living conditions. Apart
from the glycaemic data, the safety of the system can be
monitored with ketones in both treatment groups. In
addition, the 6-month study duration will provide us
with the ability to evaluate the psychological outcomes
by specifically addressing quality of life and fear of hypo-
glycaemia in both patients and their caregivers. The
clamp data will also inform us of the counter-regulatory
hormone responses in participants with IAH. An
improvement in hormonal responses, if demonstrated,
will enable us to use this system as a tool in this high-risk
group to help restore awareness of hypoglycaemia.
SAPT with Suspend before low feature represents an

important advancement in insulin delivery systems
because of its potential to reduce hypoglycaemia. This
study will be the first to quantify these effects in a rando-
mised controlled trial of patients with type 1 diabetes
who are predisposed to hypoglycaemia, and the results
will provide a benchmark for further studies of auto-
mated insulin delivery systems.
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Reduction in Hypoglycemia With
the Predictive Low-Glucose
Management System: A Long-term
Randomized Controlled
Trial in Adolescents With
Type 1 Diabetes
Diabetes Care 2018;41:303–310 | https://doi.org/10.2337/dc17-1604

OBJECTIVE

Short-term studies with automated systems that suspend basal insulin when hypo-
glycemia is predicted have shown a reduction in hypoglycemia; however, efficacy
and safety have not been established in long-term trials.

RESEARCH DESIGN AND METHODS

We conducted a 6-month, multicenter, randomized controlled trial in children and
adolescents with type 1 diabetes using the Medtronic MiniMed 640G pump with
Suspend before low (predictive low-glucose management [PLGM]) compared with
sensor-augmented pump therapy (SAPT) alone. The primary outcome was percent-
age time in hypoglycemia with sensor glucose (SG) <3.5 mmol/L (63 mg/dL).

RESULTS

In an intent-to-treat analysis of 154 subjects, 74 subjects were randomized to SAPT
and 80 subjects to PLGM. At baseline, the time with SG <3.5 mmol/L was 3.0% and
2.8% in the SAPT and PLGM groups, respectively. During the study, PLGM was
associated with a reduction in hypoglycemia compared with SAPT (% time
SG <3.5 mmol/L: SAPT vs. PLGM, 2.6 vs. 1.5, P < 0.0001). A similar effect was also
noted in time with SG <3 mmol/L (P < 0.0001). This reduction was seen both during
day and night (P < 0.0001). Hypoglycemic events (SG <3.5 mmol/L for >20 min) also
declined with PLGM (SAPT vs. PLGM: events/patient-year 227 vs. 139, P < 0.001).
There was no difference in glycated hemoglobin (HbA1c) at 6 months (SAPT 7.6 6

1.0% vs. PLGM 7.8 6 0.8%, P = 0.35). No change in quality of life measures was
reported by participants/parents in either group. There were no PLGM-related seri-
ous adverse events.

CONCLUSIONS

In children and adolescents with type 1 diabetes, PLGM reduced hypoglycemia
without deterioration in glycemic control.
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The integration of real-time continuous glu-
cose monitoring (CGM) systems and pump
therapy has been an importantmilestone in
themanagementof type1diabetes (1), and
the more recent incorporation of control
algorithms has offered potential to further
improve clinical outcomes. For example,
the “Low glucose suspend” algorithm
shuts off basal insulin delivery with sensor-
detected hypoglycemia and has been
shown to reduce the duration and sever-
ity of hypoglycemia (2,3). The next step
has been the development of an algorithm
that predicts impending hypoglycemia
based on CGM and suspends basal insulin
before the occurrence of hypoglycemia.
The predictive low-glucose management
(PLGM) system, the only commercially
available sensor-integrated insulin delivery
system, has been shown to reduce hypo-
glycemia in in-clinic conditions (4–6), in
short-term outpatient observational stud-
ies (7–11), and recently in a 2-week ran-
domizedcontrolled trial (12). The important
question as to whether the system is effec-
tive and safe in long-term use, and by in-
ference in clinical practice, is however
untested, especially as long-term CGM use
has been challenging for many patients.
Short-term studies have not provided infor-
mation as to whether the system results in
deterioration in glycemic control. Finally, it is
not known whether behavioral changes de-
velop in an individual using these systems
over the long term and whether these in
turn will impact on outcomes. A 6-month
study attempts to address these questions.
The PLGM system is incorporated in

the MiniMed 640G pump (Medtronic,
Northridge, CA). The pump, when used
in conjunction with the Medtronic Enlite
Sensor and Guardian 2 Link transmitter,
has the “Suspend before low” feature,
which suspends insulin infusion when hy-
poglycemia is predicted. In order to test
the effectiveness and safety of the sys-
tem over the long term, we conducted a
6-month randomized controlled home
trial in real-life conditions in older chil-
dren and adolescents. This age-group is
at significant risk of hypoglycemia (13)
and in most surveys has higher glycated
hemoglobin (HbA1c) and potentially has
the most to gain from strategies that po-
tentially could improve glycemic control.

RESEARCH DESIGN AND METHODS

Study Design and Participants
A detailed description of the study pro-
tocol has been published (14). This was a

multicenter, unblinded, parallel, random-
ized controlled phase 3 home trial con-
ducted by five tertiary pediatric diabetes
centers in Australia. Ethics approval was re-
ceived at each site. Eligible patients were 8–
20 years of age, had type 1 diabetes of
at least 1 year duration, with HbA1c of
,10% (,86 mmol/mol), and had used
insulin pump therapy for.6 months. Pa-
tients were excluded if they had any
medical condition predisposing to hypo-
glycemia, were on oral hypoglycemic
agents, were pregnant, or were not able
to comply andmeet the protocol require-
ments. Participants were screened through
thediabetes clinics for eligibility in the study.
Written informed consent was obtained
from participants aged $18 years and
written parental consent and participant
assent for those,18 years of age.

Participants were randomized to either
the control group with sensor-augmented
pump therapy (SAPT) alone (Suspend on
low and Suspend before low not enabled)
or to the intervention groupwith SAPT and
Suspend before low enabled (PLGM). Par-
ticipants were allocated to either SAPT or
PLGM using minimization incorporating a
random element. Each site had its own
minimization schedule based on the fol-
lowing equally weighted factors: sex,
age, HbA1c, and hypoglycemia aware-
ness score. Participants were allocated
to the minimization-preferred group
at a probability of 0.7. The programMini-
mpy (version 0.3) was used to allocate
participants (15).

PLGM System
The “Suspend before low” feature is a
SmartGuard function on the MiniMed
640G pump. The low limit was set for
the entire study duration at 3.4 mmol/L
(61 mg/dL), and the pump would therefore
suspend insulin infusionwhen sensor glu-
cose (SG)was#7.3mmol/L or 131mg/dL
(70 mg/dL above the low limit) and pre-
dicted to be #4.5 mmol/L or 81 mg/dL
(20 mg/dL above the low limit) in
30min. In the absence of patient interfer-
ence, after pump suspension, the insulin
infusion resumes after a maximum sus-
pend period of 2 h or earlier if the autor-
esumption parameters are met. The
low-limit alarm was by default active
when PLGM was on. In the control group
on SAPT, all participants were advised to
keep the low-limit alarm on. In both
groups, the alerts on high, before high,
and before low were optional for the

participant. The basal resume alert (on
autoresumption) was an optional alert
in patients using PLGM; however, the
system always alerted the patient if
basal infusion resumed after the 2-hmax-
imum suspend period.

Study Visits
The first and second visits were for pump
start and sensor training, respectively. A
minimum of a 2-week run-in period was
required to demonstrate confidence in
using the system and to ensure eligibility
for randomization. All participants were
required to use CGM for .80% of the
time and demonstrate hypoglycemia (at
least one SG,3.5 mmol/L) or risk of hy-
poglycemia (one ormore SG,4.4mmol/L
on at least three different days). At visit
three, eligible participantswere randomly
assigned to standard SAPT or PLGM. The
study visit schedule was identical in both
groups, and the participants were fol-
lowedupat 3 and6months after random-
ization (visits four and five). Pump data
were uploaded to Medtronic CareLink
Therapy Management Software for Dia-
betes. HbA1c levels were measured at
randomization and at visits four and
five. Validated questionnaires were ad-
ministered to participants and/or their
parents at the first visit and repeated at
visits four and five. These included the
hypoglycemia awareness questionnaire
from Clarke et al. (16), EQ-5D-Y and pedi-
atric-specific diabetes quality of life
(PedsQL) questionnaires (17), hypoglyce-
mia fear survey (18), and CGM satisfac-
tion questionnaire (19). Apart from
ketone testing as part of routine care dur-
ing sick days, participants were instructed
to test for ketones before breakfast and
prebed in both groups and after pump re-
sumption after 2 h of suspend in the inter-
vention group during the awake hours.

Study Outcomes
The primary objective of the study was the
comparison of the average percentage of
time spent in hypoglycemia (SG ,3.5
mmol/L)with PLGMversus SAPT. The sec-
ondary objectives were comparisons of
events of hypoglycemia, defined as 20
min or more with SG ,3.5 mmol/L, and
the average percentage of time spent
with SG,3.0 mmol/L and in hyperglyce-
mia (SG 10–15mmol/L and.15mmol/L)
with and without PLGM. The study also
evaluated the time spent in hypoglycemia
during the day (6:00 A.M. to 10:00 P.M.) and
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night (10:00 P.M. to 6:00 A.M.). The percent-
age time in theglucose rangeof interestwas
calculated at each visit by dividing the num-
ber of observed CGM readings fallingwithin
the respective range by the total number of
readings for the time period.
In addition, the safety of the system

was determined by evaluating the num-
ber of ketosis events (blood ketones.0.6
mmol/L) and glycemic control (HbA1c) at
the end of 6 months. Using validated
questionnaires, the study also evaluated
the impact of PLGM on the patient’s
quality of life, fear of hypoglycemia, sat-
isfaction and acceptability of the system,
and hypoglycemia awareness. A data
safety and monitoring board indepen-
dently reviewed the data arising from
the study.

Statistical Analysis
A modified intent-to-treat (ITT) approach
was used for analysis. The ITT population
was defined as all patients who were ran-
domized and had at least one visit (visit
four) after randomization. The percent-
ages of time in hypoglycemia and hyper-
glycemia were calculated for each visit
after randomization and were analyzed
using likelihood-based, linear mixed-effect
model repeated measurement. Models
included fixed-effect terms for group,
visit, site, baseline time in range, and
group by visit interaction. Choice of cor-
relation matrix was based on Akaike in-
formation criterion; in all models, the
unstructured matrix resulted in the best
model fit. Least squares (LS) means,
based on the fixed terms in the model,

and differences in LS mean change along
with their 95% CIs were calculated. Inci-
dence of severe hypoglycemia and
SG-defined hypoglycemic events were
analyzed as unadjusted incidence rates
based on the Poisson distribution. Keto-
sis events are presented as percent-
age of total ketone measurements that
were .0.6 mmol/L, and an incidence
rate ratio was derived from a negative
binomialmixedmodel analyzing the num-
ber of ketosis events with the total
number of ketone measurements as the
exposure variable. (One participant in the
PLGM group on low-carbohydrate diet
was excluded from analysis.) Mixed-
effect model repeated measurements
were conducted using SAS (version 9.4),
and all other analyses were conducted

Figure 1—The consort diagram for participants in the trial.
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using Stata (version13.0).AP value,0.05
was considered statistically significant.

RESULTS

Study Recruitment and Baseline
Characteristics
As illustrated in Fig. 1, 190 participants
consented and entered the study.
Twenty-one participants withdrew in the
run-in period. Eligible participants were
randomized with 87 to the control arm
and 82 to the intervention arm. Eleven
participants withdrew between randomi-
zation (visit three) and visit four, with a
further eight withdrawals between visit
four and end of the study. The reasons
for withdrawal were multifactorial. While
difficulty in inserting sensors, pain and
bleeding at sensor site, sensor life, inac-
curacies, and tape reactions were some
of the reasons cited by participants, the
intensity of the study, the need for in-
creased parental support in younger
children, and ability to comply with up-
loading the devices were reported by
the others. Two participants in the inter-
vention arm were excluded due to a pro-
tocol deviation (Suspend on low was
activated instead of Suspend before low).
The baseline CGMdataweremissing in two
participants in the control arm and they
were excluded from analysis. The ITT pop-
ulation comprised all participantswhowere
randomized and attended visit four. The
data were therefore analyzed in 154 partic-
ipants (age 13.2 6 2.8 years, duration of
diabetes 7.1 6 3.8 years, HbA1c 7.5 6
0.8% [mean6 SD]): 74 participants in the
control arm and 80 participants in the
intervention arm.
Table 1 shows the baseline character-

istics of the 154 participants. There were
no differences in baseline characteristics
between the two groups. At baseline,
time spent ,3.5 mmol/L in the SAPT
group was 3.0 6 3.2% and in the PLGM
group was 2.8 6 2.9%. All participants
had .80% sensor use prior to randomi-
zation according to the eligibility criteria
(SAPT 88% vs. PLGM 83%). The propor-
tion of time with available sensor data
was 7260.02%and736 0.02%between
baselineand3months and596 0.03%and
63 6 0.03% between 4 and 6 months in
participants in the control and intervention
groups, respectively. Sensor use remained
similar in both groups during the duration of
the study (P = 0.93). Participants on PLGM
hadanaverageof2.35 suspendeventsperday.

Time Spent in Hypoglycemia
A reduction in time spent in hypoglycemia
(SG ,3.5 mmol/L) from the commence-
ment of the study was demonstrated in
both groups (SAPT 3% to2.6%, P = 0.03 vs.
PLGM 2.8% to 1.4%, P, 0.0001) but was
greater with PLGM than SAPT during the
entire study period (difference in LS
means: 20.95% [95% CI 21.30, 20.61],
P, 0.0001). The reduction in hypoglyce-
mia with PLGM was persistent across the
6-month study duration. Over the study pe-
riod, this equated to 37.7 min/day of time
,3.5 mmol/L with SAPT and 20 min/day
with PLGM. A similar effect was also
noted in time spent with SG ,3 mmol/L
(SAPT 1.4% to 1.2%, P = 0.04 vs. PLGM
1.3% to 0.6%, P, 0.0001), with a greater
reduction with PLGM than SAPT (dif-
ference in LS means: 20.44% [20.64,
20.24], P , 0.0001). This corresponds
to 17.6 min/day of time ,3 mmol/L on
SAPT and 9 min/day on PLGM (Fig. 2).
SAPT alone was not associated with a sta-
tistically significant reduction in hypogly-
cemia during daytime (2.5% to 2.3%;
difference in LS means: 0.23 [20.48,
0.02], P = 0.07), although it was accompa-
nied by a small reduction in nocturnal hy-
poglycemia (3.8% to 3.3%; difference in
LS means: 20.45% [20.88, 20.02], P =
0.04). In contrast, PLGM use resulted in
hypoglycemia reduction both during day
and night (day 2.4% to 1.3%; difference in
LS means: 21.09% [21.33, 20.85], P ,
0.001; vs. night 3.4% to 1.6%; difference
in LS means: 21.96% [22.37, 21.54],
P,0.0001),with a difference in LSmeans

of 1.51% (0.92, 2.10; P, 0.001) between
both groups.

Hypoglycemic Events
Both groups had a similar number of
sensor-defined hypoglycemic events
(SG ,3.5 mmol/L for .20 min) during
the run-in period (SAPT vs. PLGM, events/
patient-year: 232 vs. 245 [95% CI 217,
248 vs. 230, 261], P = 0.245). However,
at the end of the study, the PLGM group
had fewer hypoglycemic events compared
with thoseon SAPT (SAPT vs. PLGM, events/
patient-year: 227 vs. 139 [95% CI 221,
234 vs. 134, 143], P , 0.001). There were
no episodes of severe hypoglycemia in ei-
thergroupduring the6-monthstudyperiod.

Impaired Awareness of Hypoglycemia
At baseline, there were 90 participants
$12 years of age.Of these, impaired aware-
ness of hypoglycemia (IAH; Clarke score$4)
was present in 17% at baseline (n = 15),
with a similar number in each group (SAPT
16% vs. PLGM18%). At the end of 6months,
the prevalence of IAH in the SAPT group was
13% and 4% in the PLGM group. A mixed-
effects logistic regression did not dem-
onstrate a significant effect of intervention
group (odds ratio0.25 [0.03, 1.84],P = 0.17;
reference category was SAPT). There was
no effect of PLGM on the mean Clarke
scores intheawareandIAHgroup(difference
inLSmeans:20.04 [20.52, 0.43], P = 0.86).

Safety and Adverse Events
An increase in time spent in SG 10–
15 mmol/L was seen with SAPT and
PLGM (SAPT 27% to 31%, P , 0.0001 vs.

Table 1—Baseline characteristics of the participants*

Characteristic Control (SAPT) Intervention (PLGM) Total

n 74 80 154

Age (years) 13.3 6 2.8 13.1 6 2.8 13.2 6 2.8

Males (%) 53 54 53

Duration of diabetes (years) 6.9 6 3.8 7.2 6 3.7 7.1 6 3.8

HbA1c (%) 7.4 6 0.7 7.5 6 0.8 7.5 6 0.8

Duration of pump therapy (years) 4.5 6 2.7 4.6 6 2.8 4.6 6 2.7

BMI** 21.4 6 3.9 21.3 6 3.5 21.3 6 3.7

% time,3.5 mmol/L
Day + night 3.0 6 3.2 2.8 6 2.9 2.5 6 2.8
Day 2.5 6 2.7 2.4 6 2.7 2.5 6 2.7
Night 3.8 6 5.1 3.4 6 4.2 3.3 6 4.4

% time,3.0 mmol/L
Day + night 1.4 6 1.9 1.3 6 1.7 1.1 6 1.8
Day 1.1 6 1.7 1.0 6 1.5 1.1 6 1.6
Night 2.0 6 3.2 1.7 6 2.7 1.8 6 3.0

Values are means6 SD. There were no significant differences between the groups (P . 0.05).
*Participants in the ITT analysis. **BMI is theweight in kilograms dividedby the square of the height
in meters.
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PLGM29%to31%,P,0.0001). However,
therewas no effect of the intervention on
time spent in 10–15mmol/L at the end of
the study (difference in LSmeans: 0.47 [95%
CI 21.1, 2.1], P = 0.56). Similarly, an in-
crease in time .15 mmol/L was seen in
both groups (SAPT 7% to 10%, P, 0.0001
vs. PLGM 9% to 10%, P , 0.0001), al-
though there was no difference between
the two groups at the end of the study
(difference in LS means: 0.52 [ 20.73,
1.78], P = 0.40). The mean SG was
9.3 mmol/L (9.1, 9.5) and 9.8 mmol/L
(9.5, 10) in the control and intervention
groups, respectively (P , 0.005). How-
ever, the HbA1c level from randomization
to study end was unchanged in both
study groups (SAPT 7.4 6 0.7% to 7.6 6
1.0%, P = 0.20 vs. PLGM 7.5 6 0.8% to
7.8 6 0.8%, P = 0.008), with the differ-
ence in LS means of 0.09 (20.10, 0.27;
P = 0.35). There was no difference in the
ketosis events (.0.6 mmol/L) between

the two groups (SAPT 2.2% vs. PLGM
2.6%; incidence rate ratio 0.96 [0.52,
1.76], P = 0.89). Apart from one episode
of diabetic ketoacidosis due to pump failure
and poor management in the PLGM group,
there were no severe adverse events in the
study period.

Quality of Life and Fear of
Hypoglycemia
At the end of the study, participants and
their parents reported no change in qual-
ity of life measures in either group.
Similarly, there was no difference in
fear of hypoglycemia between the
two groups. Table 2 provides the scores
of the participants and their parents in
both groups.

CONCLUSIONS

This study highlights an almost twofold
reduction in hypoglycemia exposure in
children and adolescents with type 1

diabetes using PLGM during a 6-month,
multicenter, randomized controlled home
trial. These results support the findings
of the in-clinic studies that used the in-
vestigational PLGM system (4–6) and the
short-term observational studies and tri-
als that used the MiniMed 640G pump
with the SmartGuard function in chil-
dren and adults (7–12). In our study, both
groups demonstrated a reduction in hypo-
glycemia, although themagnitudeof reduc-
tion was greater with PLGM. The use of
SAPT did not significantly reduce the time
spent in hypoglycemia during the day but
showed a mild reduction at night. In con-
trast, PLGM was associated with reduced
day and nighttime hypoglycemia, with
greater reduction at night. Children and ad-
olescents spent approximatelyhalf the time
in hypoglycemia with fewer hypoglycemic
events with PLGM as compared with SAPT
alone. The lower hypoglycemia exposure
was consistent in subgroups of participants

Figure 2—The time in hypoglycemia (SG,3.5mmol/L and,3mmol/L) and hyperglycemia (SG 10–15mmol/L and.15mmol/L). a, change frombaseline,
P , 0.005; b, difference between groups, P , 0.005.
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irrespective of the age, duration of diabe-
tes, HbA1c level, and hypoglycemia aware-
ness status. In our study, the baseline
time in hypoglycemia was relatively low
(38 min/day with SG ,3.5 mmol/L or
18 min/day with SG ,3 mmol/L); this
contrasts with older studies but is similar
to other recent studies with 73 min/day
with SG,3.9 mmol/L in a German study
(7) and 45 and 29 min/day, respectively,
with SG,3.6 and,3.3mmol/L in a study
from Slovenia and Israel (12). These
groups also showed a significant reduc-
tion in hypoglycemia by at least 50%.
This does highlight that hypoglycemia
was reduced in contemporary samples,
perhaps with improved modalities of
treatment.
The decline in hypoglycemia exposure

was not associated with an increase in
hyperglycemia with PLGM as compared
with SAPT. Although the time spent be-
tween 10–15 mmol/L and .15 mmol/L
increased from baseline in both groups,
there was no evidence for a difference
between the control and intervention
arm in spite of automated insulin sus-
pends with PLGM. It is reassuring to
note that insulin suspension by itself
may not be the cause of the increase in
hyperglycemia, and the observation that
an increase in SG.10 mmol/L was noted
in both groups could possibly be due

to carbohydrate consumption by the par-
ticipants to prevent hypoglycemia when
CGM readings alerted them to falling
glucose levels. In contrast to the previ-
ously conducted short-term studies, the
6-month study duration provided us with
the opportunity to follow the glycemic
outcomes. Although there was an in-
crease in HbA1c from baseline with
PLGM, there was no difference in the
HbA1c between the two groups at the
end of 6months. The safety of the system
was further establishedwith a similar pro-
portion of ketosis in both groups. This is in
accordance with previous studies that, al-
though using a different predictive algo-
rithm (Kalman filter predictive model),
demonstrated a reduction in overnight
hypoglycemia with predictive suspends
without conferring an increased risk of
morning ketosis (20,21). This further rein-
forces the efficacy of the system in re-
duc ing the time spent in hypoglycemia
without deteriorationof glycemic control.
The 6-month study duration further

helped us to explore the impact of this
technology on various psychosocial pa-
rameters in both children and their care-
givers. Most participants were sensor
näıve at the commencement of the study,
and both groups used the same pump
and sensors with PLGM enabled in the
intervention group. The need of an

additional sensor site, troubleshooting
sensor problems, and coping with alarms
and alerts with additional pump suspends
and resumptions in the intervention group
could potentially increase the burden of
the disease. Hence, it is reassuring to
note that there was no deterioration in
the quality of life in both groups during
the study. Furthermore, the expected re-
duction in fear of hypoglycemia was not
evidenced in our cohort. There was no
difference between the control and inter-
vention groups at the end of the study
in both children and their caregivers.
This could be as PLGMdoes not completely
abolish hypoglycemia, although it reduces
the number of hypoglycemic events.
The SmartGuard option with the Sus-

pend on low and Suspend before low
functions empower the user to individu-
alize diabetes management. A CareLink
review of the MiniMed 640G pump dem-
onstrated that at least 99% of all users
used one or both suspend functions and
59% used Suspend before low exclusively
(9). The threshold level for pump suspend
can be individualized by the user for dif-
ferent times of the day. A higher thresh-
old has a greater chance to abort an
impending hypoglycemic event, albeit
with an increase in the number of alarms,
suspensions, hyperglycemia post-
resumption, and possible patient fatigue.

Table 2—IAH, quality of life, fear of hypoglycemia, and CGM satisfaction in participants and parents in the trial

Questionnaire Component Respondent

Baseline 6 months

PSAPT PLGM SAPT PLGM

Time,3 mmol/L

IAH (n) n Child* 7 8 6 2 0.17

Score 2.0 6 1.7 1.8 6 1.5 1.7 6 1.5 1.7 6 1.2 0.86

Quality of life VAS Child* 81.8 6 14.3 85.4 6 9.3 85.7 6 14.0 81.5 6 17.2 0.69

Parent 84.8 6 11.9 85.2 6 11.4 84.2 6 13.5 85.5 6 11.9 0.61

Index Child* 0.86 6 0.11 0.90 6 0.13 0.83 6 0.25 0.85 6 0.24 0.45

Parent 0.84 6 0.17 0.87 6 0.14 0.81 6 0.22 0.90 6 0.11 0.50

Pediatric quality of life Total 8–12 years 72.5 6 13.3 72.7 6 11.4 71.0 6 13.2 71.9 6 11.5 0.65

.12 years 68.1 6 13.2 68.6 6 11.0 69.7 6 15.3 68.3 6 11.7 0.55

Parent 65.1 6 13.9 68.3 6 12.1 63.2 6 13.8 66.2 6 12.1 0.45

Fear of hypoglycemia Total Child* 35.3 6 13.5 34.5 6 14.4 32.6 6 11.9 31.8 6 14.8 0.40

Parent 46.7 6 15.1 44.8 6 16.0 44.9 6 14.5 42.1 6 14.7 0.29

Behavior Child* 18.9 6 5.2 17.0 6 6.4 19.2 6 6.0 16.8 6 6.5 0.82

Parent 23.1 6 6.6 21.9 6 7.2 23.4 6 7.0 20.8 6 7.0 0.20

Worry Child* 16.3 6 10.8 17.5 6 10.3 13.4 6 8.0 15.0 6 10.5 0.16

Parent 23.6 6 11.8 22.9 6 11.3 21.5 6 10.3 21.3 6 10.2 0.53

CGM satisfaction Total Child* 3.5 6 0.3 3.6 6 0.3 3.4 6 0.4 3.5 6 0.4 0.46
Parent 3.6 6 0.3 3.7 6 0.3 3.5 6 0.4 3.5 6 0.3 0.12

IAH is expressed innumbers (n) and score; quality of life, fearofhypoglycemia, andCGMsatisfactionareexpressedas scores.P, 0.05: significant, derived from
mixed models including data from 3 months and 6 months adjusting for baseline. VAS, visual analogue scale. *Self-reported by children.12 years of age.
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On the contrary, a lower threshold could
avoid the multiple suspensions but may
not eliminate the risk of hypoglycemia. In
recent studies, either the low limit was
chosen by the participant (10) or the hy-
poglycemia threshold (3.9 mmol/L) was
set for the whole study (7). In our study,
we set the lower limit at 3.4 mmol/L
(pump suspend if SG #4.5 mmol/L in
30 min). We used this low limit as a result
of our experience in the in-clinic studies
(4,5) and the PILGRIM study (6). We
maintained the same threshold through-
out the study to provide uniformity to
the entire intervention group and to
establish a threshold that would not be
associated with clinically significant
post-suspend hyperglycemia. However,
in real-life, these thresholds can be al-
tered and individualized depending on
the glycemic excursions related to food
and exercise in day-to-day life.
The reduction in the duration of hypo-

glycemia and hypoglycemic episodes was
accompanied by a nonstatistically signifi-
cant trend toward reduced prevalence of
IAH with the use of PLGM. Although this
result did not reach statistical signifi-
cance, this outcome was only available
for a smaller subpopulation of the sam-
ple. The observed, albeit nonsignificant,
trend suggests that the reduced preva-
lence of IAH is potentially a clinically im-
portant secondary outcome that requires
further study. Therapeutic options for pa-
tients with IAH remain limited and chal-
lenging, and although some individuals
may gain benefit from structured educa-
tion, the use of CGM, and SAPT with low
glucose suspension,many donot respond
to these approaches (22). Hypoglycemia
avoidance is the basis of restoring aware-
ness in patients with IAH (23,24), and
systems like PLGM, by almost eliminat-
ing hypoglycemia, have the potential to
improve awareness in this high-risk
group and provide a valuable addition
to the current armamentarium of available
therapies.
Sustained frequent use of CGM is

challenging in children and adolescents
comparedwith adults,with sensor uptake
higher in adults than among children. The
Star 3 trial continuation phase reported a
mean sensor wear time of 61% among
adults and 45% among pediatric subjects
(25). Similarly, the JDRF-CGM follow-up
trial reported sensor wear of 6.5, 3.3,
and 3.7 days/week in the 6th month in
participants .25 years, 15–24 years,

and 8–14 years, respectively (26). In our
study, time commitment, technical chal-
lenges, sensor alerts, sensor efficacy, sen-
sor life, and skin irritation were described
as some of the barriers identified through
open-ended questionnaires (27). These
challenges are potentially compounded
in the adolescent age-group, a physical
and emotional growth phase associated
with risk taking and vulnerability (28).
Hence, it is vital to address these issues
with participants and their families to
provide them with education and sup-
port to overcome and troubleshoot these
issues.
This study is the first randomized con-

trolled home trial and provides high-
quality evidence of the efficacy and safety
of the PLGM system in the prevention of
hypoglycemia in real-life situations. The
strength of our study is in its ability to
provide this clinical insight about the
use of PLGM in free-living conditions. A
limitation of our study is that the impor-
tant clinical observation of reduced prev-
alence of IAH in participants on PLGM did
not reach statistical significance.Wewere
also unable to corroborate it with im-
proved counterregulatory hormones as
originally planned in our study design, as
the prevalence of IAH in this cohort was
17% as compared with the expected 25%
of patients (29), which affected recruit-
ment for this outcome. Hence, the small
sample size of this high-risk group pro-
vides only observational inferences.
To conclude, PLGM reduced hypogly-

cemia exposure without compromising
glycemic control or qualityof life in children
and adolescents with type 1 diabetes and
thereby is an important technological de-
vice to reduce hypoglycemia in their day-
to-day lives.
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Supplementary Figure 1. demonstrates the time in hypoglycemia (SG <3.5mmol/l, <3mmol/l) both during day and night. 
SAPT: sensor-augmented pump therapy; PLGM: predictive low glucose management system 
a: change from baseline; p < 0.005 
b: difference between groups; p < 0.005 
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Characteristics of Automated Insulin Suspension
and Glucose Responses with the Predictive
Low-Glucose Management System
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Abstract

Background: The Predictive Low-Glucose Management (PLGM) system suspends basal insulin when hypo-
glycemia is predicted and reduces hypoglycemia. The aim of this analysis was to explore the characteristics of
automated insulin suspension and sensor glucose (SG) responses following PLGM-initiated pump suspension.
Research Design and Methods: Children and adolescents with type 1 diabetes used the Medtronic MiniMed�
640G pump as part of a randomized controlled trial. Data collected on a subgroup of participants on PLGM
(suspend before low enabled) from CareLink� Therapy Management Software were analyzed to explore the
time and duration of PLGM-initiated pump suspension. Day and nighttime were defined as 06:00 am to 10:00
pm and 10:00 pm to 6:00 am, respectively.
Results: There were 20,183 suspend before low events in 8523 days (2.37 events/day). The mean suspend duration
was 55.0 – 32.7 min (day 50.0 – 30.1, night 71.7 – 35.1; P < 0.001). Although a 2-h pump suspension was more at night
(day 5%, night 18%), a patient-initiated resumption occurred more during day (day 34%, night 12%). SG values did not
reach <3.5 and <3 mmol/L in 79% and 91% of the events, respectively. The 2-h SG following pump resumption was
higher following autoresumption during the day (day vs. night 9.3 mmol/L vs. 8.4 mmol/L; P < 0.001).
Conclusions: Longer suspends and fewer glycemic excursions occur at night compared with day. The higher
glycemic daytime excursions could be due to carbohydrate consumption to increase glucose levels and highlights
the need for health care professionals to educate patients about carbohydrate intake around pump suspension.

Keywords: Predictive Low-Glucose Management, Type 1 diabetes, Suspend before low, Sensor glucose.

Introduction

Hypoglycemia prevention strategies in individuals
with type 1 diabetes have been a strong focus of re-

search. The Predictive Low-Glucose Management (PLGM)

system suspends basal insulin delivery when hypoglycemia is
predicted. It was first evaluated under in-clinic studies of
excess insulin1 and exercise2,3 and reduced the need for hy-
poglycemia rescue treatment. The PLGM system is now
available as the ‘‘suspend before low’’ feature in the
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Medtronic MiniMed� 640G pump and reduced hypoglyce-
mia in observational and randomized controlled trials4–8

without deterioration in glycemic control.8 Basal insulin
delivery is suspended with the prediction of hypoglycemia
and resumes either after a maximal period of 2 h or when the
autoresumption parameters are met. Suspension of insulin
delivery has the potential to cause postpump suspension
hyperglycemia and hence it is vital to analyze the glucose
responses to automated insulin suspension with this feature.
Reassuringly, the system did not demonstrate significant hy-
perglycemia after pump resumption in children and adults.5,6

We present our experience with the ‘‘Suspend before low’’
feature in children and adolescents enrolled as part of a 6-
month randomized controlled trial using the Medtronic 640G
pump. We have further focused on an analysis of the sensor
glucose (SG) profiles following pump suspension by time of
day (day or night) to account for different patient interactions
with the system at different time periods.

Research Design and Methods

Participants on insulin pump therapy between 8 and 20
years of age, with type 1 diabetes for at least 1 year and
HbA1C <10% (<86 mmol/mol), participated in a 6-month,
multicenter, randomized controlled home trial using the
Medtronic MiniMed 640G pump. Participants in the control
arm used sensor-augmented pump therapy alone with sus-
pend functions turned off, whereas participants in the inter-
vention arm were on PLGM and used the ‘‘suspend before
low’’ feature. This substudy looked at participants who were
randomized to PLGM and had their pump downloaded to
CareLink� Therapy Management Software. Participants were
trained in the use of the system by a credentialed diabetes
educator over scheduled visits. The insulin pump was up-
loaded to transfer information to Medtronic CareLink Therapy
Management Software at the 3 and 6-month visit permitting
evaluation of patterns of insulin suspension and resumption.
CONTOUR� NEXT LINK 2.4 meter (Bayer Health Care,
Indianapolis) was used for blood glucose (BG) monitoring and
as the uploading device for the insulin pump.

‘‘Suspend before low’’ is a SmartGuard function in the
Medtronic MiniMed 640G pump (Medtronic, Northridge,
CA), which can be enabled when used in conjunction with
Enhanced Enlite� glucose sensor and Guardian� 2 Link
transmitter. The function suspends basal insulin infusion
when SG is 70 mg/dL (3.9 mmol/L) above the low limit and
predicted to be 20 mg/dL (1.1 mmol/L) above the low limit in
30 min. The basal insulin delivery resumes either after a
maximum suspend period of 2 h or earlier if the auto-
resumption parameters are met. Basal insulin can automati-
cally resume after a minimum suspend period of 30 min if the
SG value is at least 20 mg/dL (1.1 mmol/L) above the preset
low limit and predicted to be at least 40 mg/dL (2.2 mmol/L)
above the low limit in 30 min. However, the infusion may be
resumed earlier if the patient intervenes during the suspend
time and overrides the suspend function. During the study,
the low limit was set at 3.4 mmol/L (61 mg/dL) for all par-
ticipants.

For this study, the SG data for the entire duration of the
study were analyzed to determine the number of PLGM-
initiated suspend events and the time and duration of insulin
suspension for these events. The daytime period was defined

as 06:00 am to 10:00 pm and the overnight period was be-
tween 10:00 pm and 6:00 am. The day and nighttimes were
evaluated independently as overnight suspend events were
more likely to determine the pattern of SG values with no
patient intervention (carbohydrate intake and/or manual
pump resumptions) during and after the period of insulin
suspension, whereas the daytime was more likely to be rep-
resentative of patient interaction with the system. ‘‘Suspend
before low’’ events were categorized according to resump-
tion of insulin delivery as either pump initiated following a
maximum 2-h suspension period or autoresumption or fol-
lowing a patient-initiated manual resumption. The suspend
events were also categorized according to the duration of
pump suspension (<30, 30 to <90, 90 to <120, 120 min). To
assess postpump suspend hyperglycemia following cessation
of insulin delivery, SG profile was analyzed up to 2 h after
pump resumption. Paired SG and BG values used for cali-
bration (Bayer meter or manually entered) were used for
accuracy statistics to determine the MARD (mean absolute
relative difference).

Statistical analysis

Mean, standard deviations, and rates were calculated based
on all readings. Incidence rates (IR) were presented as events
per 24-h period; confidence intervals for rates were generated
based on the Poisson distribution. Generalized linear mixed
models were used to compare SG, suspend duration, suspend
rate over time of day, and suspend type. Cluster robust
standard errors were calculated. To compare across day and
night over subcategories of suspends, models were stratified
by suspend type and suspend duration category. All incidence
rate ratios presented were corrected for number of hours of
observation. A P-value of <0.05 was considered statistically
significant. Data were analyzed using Stata 13 (StataCorp,
College Station, TX).

Results

Sixty-eight participants (54% males) commenced on PLGM
with data downloaded to CareLink Therapy Management
Software were included in the analysis. The (mean – SD) age
was 13.0 – 2.9 years with duration of diabetes of 7.1 – 3.7 years,
on pump therapy for 4.8 – 2.8 years, and with glycated hemo-
globin level of 7.5% – 0.8% (58.5 mmol/mol).

Suspend characteristics

In total, the system was worn for 8523 of 12,683 patient
days. During the 8523 sensor days evaluated, 20,183 suspend
before low events occurred with a rate of 2.37 events per 24 h
(manual 0.70, automatic 1.46, and 2-h maximum suspend
0.21 events per 24 h).

The pump most commonly suspended during the day (2.76
events per 24 h) than at night (1.62 events per 24 h); incidence
rate ratio 0.59 (0.57, 0.61), P < 0.001. Tables 1 and 2 provide
the analysis based on type of resumption and duration of
event, respectively.

Patient-initiated (manual) resumptions occurred in 29% of
the suspend events, whereas the remaining 71% were pump
initiated. (63% autoresumption, 8% following 2-h maximum
suspend). Of the 29% of the manual resumptions, 53.9%
occurred in the first 30 min, whereas 40.6% resumptions
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occurred in the next 60 min. During the entire 24-h period, a
similar proportion of manual and autoresumptions were no-
ted during between 30 to <90 and 90 to <120 min. Of the
events lasting 30 to <90 min, insulin delivery was manually
resumed in 18% and autoresumption occurred in 82%. Si-
milarly, of the events lasting 90 to <120 min, insulin delivery
was manually resumed in 17% with autoresumption in 83%.

Based on the type of resumption, Figure 1A further demon-
strates the proportion of suspend events between day and night.
Of the night-time events, 18% were due to 2-h pump suspend,
whereas during daytime, only 5% of the events went through a
full 2-h suspension. Likewise, manual resumptions formed
34.1% of the daytime and 12.2% of the nighttime events. There
was no difference in the manual resumption by age of participant
(8–12 years IR 0.64; >12 years IR 0.55; P = 0.352).

Based on the duration of suspend events, Figure 1B highlights
the proportion of suspend events between day and night with
shorter events (<30 min) during the day (day 18.6%, night 5.7%)
and longer suspends at night (day 5.4%, night 19.4%). The
overall duration of a suspend event was 55.0 – 32.7 min. The
mean duration of daytime events was significantly shorter than
that of nighttime (day 50.0 – 30.1 min, night 71.7 – 35.1 min;
P < 0.001).

SG profile

The SG values did not reach <3.5 and <3 mmol/L in 78.9%
(day 78.9%, night 79%) and 91.2% (day 91.4%, night 90.6%)
of the events, respectively.

Table 3 provides the SG values following a PLGM-
initiated pump suspension. The (mean – SD) SG at pump
suspend was 5.2 – 0.7 mmol/L (day 5.3 – 0.7 mmol/L, night
5.1 – 0.7 mmol/L). At pump resumption, SG was 5.6 –
1.4 mmol/L (day 5.7 – 1.4 mmol/L, night 5.5 – 1.1 mmol/L)
and 2 h following pump resumption was 8.6 – 3.4 mmol/L
(day 8.7 – 3.6 mmol/L, night 8.1 – 2.8 mmol/L, P < 0.001).
The 2-h SG following autoresumption (9.1 – 3.5 mmol/L)
was higher as compared with manual resumption (7.7 –
3.3 mmol/L) and 2-h suspend (7.6 – 3.5 mmol/L) (P < 0.001).
Figure 2 demonstrates the SG profile following all suspend
events during day and night, whereas Figure 3 provides the SG
profile following a suspend event under conditions of manual
resumption and pump-initiated resumptions (autoresumption
and after 2-h period). The 2-h SG following pump resumption
was higher following autoresumption during the day (day vs.
night 9.3 mmol/L vs. 8.4 mmol/L; P < 0.001). Supplementary
Table S1 (see Supplementary Data at https://www.liebertpub
.com/suppl/doi/10.1089/dia.2018.0205) provides the median
along with the 25th and 75th percentile of SG values with
suspend function based on the pattern of resumption.

Mean absolute relative difference

The median number of calibrations per calendar day was
1.82 (IQR 1.57–2.30). Of the 53,494 paired BG and SG
values, the overall MARD between paired SG and BG values
was (mean – SD) 14.2% – 16.5% (median 9.7%). The MARD
was 16.0% – 18% (median 11.1%) with BG between 3.5 and
8 mmol/L with 19,697 paired values. For BG values between
8 and 10, and >10 mmol/L with 9331 and 22,535 paired
points, the MARD was 12.7% – 13.2% (median 8.9%) and
11.7% – 12.1% (median 8.2%), respectively.

Discussion

This report highlights the characteristics of PLGM-initiated
automated insulin suspension. The PLGM function was fre-
quently activated with suspensions more likely to occur dur-
ing the day than night. Most of these events were of short
duration with insulin delivery recommenced when the auto-
resumption parameters were reached, although the maximal
2-h suspension was more likely at night. The system pre-
vented *80% of the predicted hypoglycemic events (with the
set low limit of 3.4 mmol/L) consistently both during day and
night. The high rate at which sensor-detected hypoglycemic
events were avoided is consistent with our previous in-clinic
studies1 and a short-term observational home study in adults.6

The characteristics of pump suspension will depend on the
interaction of the user with the system. Adolescents were
independent in their management with parental assistance in
younger children,9 although we did not find a difference in
manual resumption based on the age of the child. The mini-
mum automated suspend duration is 30 min and hence events
terminated within 30 min are always terminated by the user.
Almost half the suspend events were terminated by the user in
a 6-week pediatric study.5 In contrast, manual resumption
occurred only in 29% of the events in our 6-month study. This
may reflect the issue of trust in the short term, and the edu-
cation delivered to the user with regard to pump-suspend
functions. It is also more likely to be overridden if the sus-
pend occurs close to meal times. As anticipated, manual re-
sumptions occurred more during the day, whereas the 2-h
maximum suspend period was observed at night. There is
minimal patient interaction with the system at night reflected
in the longer suspends and fewer glycemic excursions. On the
contrary, the higher glycemic daytime excursions after pump
resumption potentially reflect an individual’s response to
pump suspension with carbohydrate intake. The 2-h SG was
higher following autoresumption than with manual resump-
tion in our study, which was in contrast to Biester et al. who
found significantly higher glucose levels with manual re-
sumption.5 This was largely attributed to patient behavior

Table 1. Rates of Suspend Events per 24 H Based on Type of Resumption After a Suspend Event

Total Day Night
IRRa

Day and night P

Overall 2.37 (2.34–2.40) 2.76 (2.71–2.80) 1.62 (1.58–1.67) 0.59 (0.57–0.60) <0.001
Manual 0.70 (0.70–0.71) 0.95 (0.93–0.98) 0.21 (0.19–0.22) 0.22 (0.20–0.24) <0.001
Automatic 1.46 (1.43–1.48) 1.64 (1.61–1.68) 1.10 (1.01–1.14) 0.67 (0.64–0.70) <0.001
Maximum 0.21 (0.20–0.22) 0.16 (0.15–0.17) 0.31 (0.29–0.34) 1.94 (1.77–2.13) <0.001

Numbers are mean rates with 95% confidence interval.
aIRR, incidence rate ratio.
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with an almost equal proportion of manual and autoresump-
tions in the study. There are potentially multiple factors which
impact on the SG levels following a suspend event with regard
to the timing of carbohydrate intake, the type of carbohydrate
consumed, the person’s activity level and the cause of the
predicted hypoglycemia. This highlights the need for health
care professionals to educate patients about pump suspension,
resumption, and carbohydrate intake around pump suspension.

Our experience with the system during the research trial and
postcommercial roll out highlights the need to educate the pa-
tients about how the algorithm works, the ability to individu-
alize the low limit, and the choice of both suspend on low and
suspend before low in the pump. It is important to emphasize to
patients that pump suspension by itself should not lead to
supplemental carbohydrate intake and hypoglycemia manage-
ment should be instituted only if hypoglycemia occurs. Patients
who consume carbohydrates to prevent or treat hypoglycemia
are sometimes at risk of overtreatment as they respond to per-
sistent low SG levels with multiple hypoglycemia treatments
due to failure in appreciating a time lag in recovery of SG levels.
Patients need to be educated about appreciating time lags and to
measure BG levels for treatment decisions. The pump should be
manually resumed at meal time, if carbohydrates are consumed
to prevent hypoglycemia or if there is discrepancy between
sensor and BG readings. It is also important to recognize that
the rate of fall of glucose will also guide the efficacy of the
system.2 Hence, patients should monitor the trend arrows, and
let the pump suspend and resume based on the algorithm, unless
there is indication of a rapid decline in SG, for example, two or
three downward trend arrows and consider the active insulin on

board. Trust in the suspend function will depend on the early
experience of the individual with the system and hence it is vital
to address and educate the user about pump suspension.

The average number of suspends per day will depend on the
set low limit and the hypoglycemia exposure in an individual.
Studies in adults reported 2.1 suspends per day with individu-
alized low limits. However, the previously reported pediatric
studies have higher number of suspends than an average of 2.37/
day as reported in our study. A threshold of 3.9 mmol/L had at
least three suspends a day,5 whereas Villafuerte Quispe et al.,
although had a similar low limit (3.4 mmol/L) as in our study,
had an average of four suspends a day.10 This, however, could be
accounted for by the higher hypoglycemia exposure of 10%10 as
compared with 4.5% in our cohort and could also explain the
longer duration of suspends in this group. The low limit should
be set for a user in consultation with the health care professional.
Settings are intended to balance safety while minimizing un-
necessary alerts. The pump permits a set-up of eight time seg-
ments for a 24-h period and different low settings can be selected
for each time segment. Although a higher limit will potentially
eliminate hypoglycemia, there is a potential risk of multiple
alarms, patient fatigue, and rebound hyperglycemia, whereas a
lower limit may not prevent hypoglycemia effectively. Our
study reduced hypoglycemia without deteriorating glycemic
control at the set low limit of 3.4 mmol/L,8 and hence it could be
considered a starting point. However, to achieve maximum
benefits, the low limit should be discussed with the individual at
subsequent visits and tailored to suit the patient’s activities.

With the low glucose suspend (LGS) studies in adult
population,11–13 pump resumption following LGS occurred

Table 2. Rates of Suspend Events per 24 H Based on the Duration of Suspend Event

Total Day Night
IRRa

Day and night P

<30 min 0.36 (0.35–0.38) 0.50 (0.49–0.52) 0.09 (0.08–0.10) 0.18 (0.16–0.21) <0.001
30 to <90 min 1.56 (1.53–1.59) 1.88 (1.85–1.92) 0.95 (0.91–0.98) 0.50 (0.48–0.52) 0.004
90 to <120 min 0.22 (0.21–0.23) 0.20 (0.19–0.21) 0.25 (0.23–0.27) 1.23 (1.12–1.35) <0.001
120 min 0.23 (0.22–0.24) 0.17 (0.16–0.18) 0.34 (0.32–0.36) 1.95 (1.78–2.13) <0.001

Numbers are mean rates with 95% confidence interval.
aIRR, incidence rate ratio.

FIG. 1. (A) The proportion of day and nighttime suspends stratified on the type of resumption. (B) The proportion of day
and nighttime suspends stratified on the duration of resumption.
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only after a fixed 2-h suspend with no autoresumption. The
mean SG at the time of pump resumption were 5.1 and
5.5 mmol/L with higher SG readings of 8.6 and 9.4 mmol/L
after 2-h pump resumption.11,13 However, with the LGS
available in the 640G pump, insulin infusion can resume on
autoresumption parameters and hence the previous results are
not directly comparable with the currently available system.
In our study, the 2-h SG following PLGM is lower than the
above-reported LGS studies as only the persistently lower SG
readings will go through a full 2-h suspend. Hence, following
a 2-h suspend, the SG levels were lower at 4.2 mmol/L or
76 mg/dL at the time of pump resumption and 7.7 mmol/L or
139 mg/dL after 2 h of pump resumption. Similar results were
also noted in the adult PLGM study with mean SG of 8 mmol/L
with longer suspends of ‡90 min.6 Although there are few
PLGM studies which report on reduction of hypoglycemia with
the system,4–7,10,14 not all report on the characteristics of au-
tomated suspension. These characteristics are described in a 6-
week study by Biester in children5 and a 4-week study by
Choudhary et al. in adults.6

The study in adults with PLGM have findings comparable
to the pediatric cohort with the mean pump suspend duration
of 56.4 min and shorter suspends during the day than at
night.6 The proportion of manual and autoresumptions lasting
<30, 30 to <90, and >90 min were also noted to be similar in
adults to our pediatric study. Shorter suspends were associ-
ated with faster and higher peaks in glucose as compared with

the longer suspends, which were followed by a more gradual
increase in glucose levels.6 A similar pattern is observed in the
pediatric study by Biester et al.5 although we noted that only
autoresumption and not manual resumption was found to be
associated with higher glucose levels. Manual resumptions
constituted only 29% in our study compared with 45.9% in the
6-week study by Biester et al.5 On the other hand, Choudhary
et al. reported only 19% manual resumptions in a 4-week study
in an adult cohort.6 This difference in manual resumptions
could also be a reflection of trust in the system and participant
education and interaction with the system.

As this was a 6-month study, it also provided a large dataset
to characterize the accuracy of the sensors. Participants were
advised to calibrate three to four times a day for optimal sensor
performance. In our study, the MARD was 14.2% – 16.5%
(median 9.7%) with 1.82 calibrations per day with calibrations;
similar to the Enlite Sensor Performance Report, which re-
ported a MARD of 14.2% although when calibrated three to
four times daily.15 The MARD of Enlite sensors used in other
PLGM studies using the same system were 10.9% – 13.8%
(median 6.2%) with 2662 paired points in a 4-week study in an
adult population6 and 9.2% – 7.3% with 3219 data points in a
controlled camp setting for 5 days in a group of adolescents.7

Overall MARD in adolescents using the hybrid closed loop
system with next-generation sensors (Guardian� Sensor 3) and
Guardian Link 3 transmitter was 11.2% – 9.7%.16 Our study
commenced in 2014 and the MARD reflects the accuracy of

Table 3. Sensor Glucose Levels Following a Predictive Low-Glucose Management-Initiated

Pump Suspend

Pump suspend Nadir Pump resumption 2 H postresumption

Overall 5.2 – 0.7 4.2 – 0.9 5.6 – 1.4 8.6 – 3.4
Automatic 5.2 – 0.7 4.2 – 0.8 6.2 – 1.1 9.1 – 3.5
Maximum 2 h 5.2 – 0.7 3.3 – 0.7 4.2 – 0.9 7.6 – 3.5
Manual 5.2 – 0.7 4.2 – 0.9 4.7 – 1.1 7.7 – 3.3

Values are sensor glucose in mmol/L; mean – SD.

FIG. 2. The mean – SE sensor glucose profile with PLGM during day and night. PLGM, Predictive Low-Glucose
Management.
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sensors during this time. The cohort was an adolescent group in
free-living conditions for 6 months with suboptimal calibration
during the study; unlike the shorter and more controlled studies.
These results highlight the need for health care professionals to
ensure adequate and clear messages regarding the timing and
frequency of calibration are conveyed to the patients and re-
emphasized at subsequent clinic visits.

In conclusion, sensor-augmented pump therapy with the
added feature of PLGM is a significant milestone toward the
reduction of hypoglycemia. It is important to educate patients
about pump suspension and customize the low threshold to
suit each individual to help them use the system efficiently
and reduce glycemic excursions after suspension.
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Supplementary Data

Supplementary Table S1. Sensor Glucose Levels with Suspend Events Based on Resumption Parameters

Pre 30 At suspension Nadir At resumption 1 h postresumption 2 h postresumption

All events
Total 6.8 (5.7, 8.2) 5.1 (4.8, 5.6) 3.6 (4.2, 4.7) 5.0 (5.6, 6.2) 5.8 (7.3, 9.2) 6.1 (8.0, 10.6)
Day 7.0 (5.9, 8.4) 5.2 (4.8, 5.7) 4.2 (3.6, 4.8) 5.6 (4.9, 6.3) 7.5 (5.8, 9.6) 8.2 (6.0, 11.0)
Night 6.1 (5.5, 7.3) 5.0 (4.8, 5.4) 4.2 (3.6, 4.7) 5.5 (5.0, 5.9) 7.0 (5.8, 8.2) 7.7 (6.2, 9.6)

Manual
Total 6.9 (5.8, 8.2) 5.2 (4.8, 5.6) 4.2 (3.6, 4.8) 4.6 (4.0, 5.2) 6.7 (5.2, 8.6) 7.1 (5.2, 9.6)
Day 6.9 (5.9, 8.3) 5.2 (4.8, 5.6) 4.3 (3.6, 4.9) 4.6 (4.0, 5.2) 6.7 (5.2, 8.6) 7.1 (5.2, 9.5)
Night 6.5 (5.6, 7.9) 5.1 (4.8, 5.6) 4.0 (3.3, 4.7) 4.6 (3.8, 5.2) 6.3 (5.0, 8.1) 7.3 (5.5, 9.7)

Automatic
Total 6.7 (5.7, 8.2) 5.1 (4.8, 5.6) 4.3 (3.7, 4.8) 5.8 (5.5, 6.5) 7.7 (6.3, 9.7) 8.5 (6.6, 11.1)
Day 7.0 (5.9, 8.5) 5.2 (4.8, 5.7) 4.2 (3.6, 4.8) 6.0 (5.5, 6.6) 8.0 (6.3, 10.1) 8.7 (6.6, 11.6)
Night 6.1 (5.4, 7.2) 5 (4.8, 5.4) 4.3 (3.8, 4.7) 5.6 (5.4, 6.1) 7.2 (6.2, 8.4) 8.0 (6.6, 9.8)

Maximum
Total 6.7 (5.7, 8.2) 5.1 (4.8, 5.6) 3.4 (2.8, 3.8) 4.3 (3.7, 4.8) 6.1 (4.8, 7.3) 7.0 (5.5, 9.2)
Day 7.2 (5.8, 8.6) 5.2 (4.8, 5.7) 3.2 (2.7, 3.7) 4.3 (3.6, 4.8) 6.2 (5.0, 8.0) 7.6 (5.7, 10.1)
Night 6.4 (5.6, 7.7) 5.1 (4.8, 5.5) 3.5 (3.0, 3.9) 4.3 (3.7, 4.8) 5.8 (4.7, 7.0) 6.6 (5.4, 8.3)

Values are median sensor glucose levels with 25th and 75th percentiles.
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Abstract
Background: Continuous glucose monitoring can improve glycemic outcomes in individuals with type 1 diabetes. However, 
the constant exposure to real-time glucose levels can sometimes lead the individual to make some risky choices to address 
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Continuous glucose monitoring (CGM) systems have 
empowered individuals with type 1 diabetes to respond and 
make adjustments to their diabetes management1 with 
improved glycemic control and with reduction in severe 
hypoglycemia and overall health costs.2-5 CGM provides 
real-time glucose readings with trends, alarms and auto-
mated insulin suspensions when used in conjunction with 
insulin pump. The information available to the user enables 
CGM to be utilized as a powerful tool in the improvement of 
glycemic control. However, although the CGM user is edu-
cated in sensor insertion, calibration, glucose testing and use 
of alarms, patients and health-care providers are now pre-
sented with an avalanche of information and have to deter-
mine the best utilization of the data available through CGM. 
Patients tend to perform fewer self-monitoring of blood glu-
cose (SMBG) while on CGM6 and also make relatively large 
insulin adjustments in response to display trends and arrows.7 
However, as yet, there are few uniform recommendations in 
the effective use of CGM.8 This lack of knowledge and rec-
ommendations can lead at times to erratic and unsafe indi-
vidual responses to glycemic excursions, especially in 
adolescence, a period that is prone to heightened engagement 
in risky and reckless behaviors.9

Methods

We present a case series of adolescents on sensor-augmented 
pump therapy (SAPT) who exhibited these behaviors. The 
aim of this series is to create awareness of such practices in 
users of SAPT and to further explore the issue of trust and 
mistrust in medical technologies. Participants with deterio-
rating glycemic control or unexplained hypoglycemia who 
exhibited erratic and unexplained behaviors were identified 
by the diabetes nurse educator and/or the principal investiga-
tor of each center conducting the Predictive Low Glucose 
Management (PLGM) randomized controlled home trial . 
The trial aimed to determine the efficacy of the “suspend 
before low” function in real life.10 During the course of the 
6-month trial, all participants were required to wear the
Medtronic MiniMed™ 640G pump and Enlite™ glucose
sensor with the Guardian™ 2 Link transmitter. The pump
was uploaded to CareLink™ Therapy Management Software
at each research visit.

The pump and sensor training was delivered by a creden-
tialed diabetes educator. All participants were experienced 
in the use of an insulin pump, and had knowledge of their 
carbohydrate ratios and insulin sensitivity. They all received 
technical training on the use of the pump. All participants 
were sensor naïve and CGM training was directed toward 
the participant and parent, depending on the age of the par-
ticipant. All participants were taught the principles of CGM 
use, over a 2 hour individual session. The physiological dif-
ference between blood glucose and interstitial glucose and 
the time lag was explained. The education included the 
importance of regular calibration and calibration timing. All 

participants were advised to perform a confirmatory meter 
blood glucose check for diabetes treatment decisions and 
not base them on sensor glucose values alone. Only the low 
alerts were mandatory while all other alerts were individual-
ized. No specific education around insulin adjustment with 
trend arrows and alerts was imparted. However, participants 
who had the “suspend before low” function turned on were 
taught the criteria within the algorithm for the pump to  
initiate a suspension with hypoglycemia prediction, being 
based on trend, direction, and speed of change. Scenarios 
were used to help participants understand the purpose of  
this function within the context of their own diabetes 
management.

Results

Five adolescent males with (mean ± SD) duration of diabetes 
of 6.4 ± 3.1 years and HbA1c of 58 mmol/mol (7.5 ± 1.3% ) 
on insulin pump therapy for 3.8 ± 1.7 years were identified. 
The erratic behaviors, participant rationale and health care 
practitioner (HCP) advice are described.

Participant 1

HCP concern. The concern was manual insulin boluses 
administered frequently.

Background. A 16.1-year-old with diabetes for 7.2 years 
and on insulin pump therapy for 4.2 years with HbA1c of 
40 mmol/mol (5.8%) was commenced on SAPT. He was 
concerned about hyperglycemia and subsequent weight gain 
with treatment of multiple hypoglycemic episodes.

Behavior. CGM use in the participant caused anxiety 
and discomfort as he became aware of low and high sensor 
glucose (SG) levels. He exhibited perfectionistic behavior 
and was overtly focused on his diabetes management. He 
acknowledged his discomfort when SG was > 10 mmol/l 
and resorted to frequent correction boluses by using manual 
boluses entering uneaten carbohydrates as shown in Table 1. 
Boluses were administered every one to two minutes with 
the intention to deliver extra insulin to reach the desired tar-
get range sooner as he was concerned of the relatively slow 
action of insulin. Following review of the CareLink data, the 
HCP discussed the action of insulin and discouraged insulin 
stacking and the subsequent potential to recurrent hypogly-
cemia.

Participant 2

HCP concern. The concern was excessive amount of insu-
lin used for cannula and tubing fills.

Background. A 14.3-year-old with diabetes for 2.7 
years and on pump therapy for 1.9 years had good glyce-
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mic control with HbA1c of 48 mmol/mol (6.5%). How-
ever, he had impaired hypoglycemia awareness and had 
experienced four severe hypoglycemic events, and two 
episodes of unexplained hypoglycemia requiring hospital 
emergency visits.

Behavior. The CareLink report (Figure 1) demonstrated an 
excess amount of insulin for cannula and tubing fills (tubing 

fill of 70.6 units and cannula fill of 1.52 units; the prescribed 
being 0.3 units for cannula fill). Pump rewind, cannula and 
tubing fills were done daily with excessive finger prick test-
ing. The participant behavior was driven by expectations, 
both personal and from parents, to maintain perfect glycemic 
control. The assumption was that the cannula and tubing fills 
were used to administer insulin without the behavior identi-
fied on bolus history. The findings were addressed at a clini-
cal level with the adolescent and the family.

Participant 3

HCP concern. The concern was insulin boluses adminis-
tered into disconnected pump during daytime.

Background. A 14.8-year-old adolescent with diabetes for 
8 years and on insulin pump for 6 years was dedicated to 
his athletic pursuits with a desire to remain lean although 
he was unable to engage in resistance weight-training due 
to his young age. His glycemic control was suboptimal with 
HbA1c of 78 mmol/mol (9.3%). He admitted to prolonged 
periods of interval training. He had also experienced two 
severe hypoglycemic episodes. Both the participant and par-
ents were keen to use sensors as a safeguard for upcoming 
sporting events. The participant had also received dietetic 
input with regard to the amount of carbohydrates required 
to support his current activity although he was not keen on 
increasing carbohydrate intake to avoid weight gain.

Behavior. There was a mismatch between SG readings 
and pump upload with insulin delivery (Figure 2a). The SG 
levels were persistently elevated across the day although 
the total daily insulin was 1.24 u/kg with 69% delivered as 
bolus. The sensor overlay is demonstrated in Figure 2b. The 
SG profile fell overnight, however; increased and remained 
elevated across the entire day in spite of multiple insulin 
doses, with no evidence of expected drop in glucose due 
to delivered boluses. It was suggested that during daytime, 
blood glucose, and carbohydrate amounts were entered 
into the pump while being disconnected. Behavior was 
speculated to avoid weight gain. The participant however 
denied disconnecting the pump, although he did acknowl-
edge a concern of remaining continuously attached to the 
device and attributed the constantly elevated SG levels to 
set issues.

Participant 4

HCP concern. The concern was sensor glucose readings 
used for calibrations and to replace SMBG.

Background. A 15.7-year-old adolescent with diabetes for 
4.4 years and on pump therapy for 2.4 years had HbA1c of 
51 mmol/mol (6.8%) at recruitment. Suspend before low was 
activated for the duration of the study.

Table 1. Data table of Participant 1 Showing Small Amount of 
Uneaten Carbohydrates Frequently Entered to Deliver Extra 
Insulin.

Time

Sensor 
glucose 
(mmol/l)

Blood 
glucose 
(mmol/l)

Insulin 
bolus 
(units)

Carbohydrates 
(grams)

1:52:56 8.4
1:53:41 11
1:53:42 1.1
1:57:26 12.0
1:58:25 11.0
1:58:46 1
1:58:55 1.5
2:00:16 4
2:00:21 0.4
2:02:26 13.9
2:03:34 15
2:03:41 1.0
2:03:51 6
2:03:58 0.6
2:04:14 2
2:04:18 0.2
2:07:26 15.2
2:07:47 30
2:07:56 28
2:08:11 2.8
2:12:26 16
2:14:37 6
2:14:41 5
2:14:46 4
2:14:50 0.4
2:22:27 16.8
2:23:47 2
2:23:51 0.2
2:24:17 3
2:24:23 0.3
2:27:27 17.9
2:29:28 4
2:29:32 0.4
2:32:27 18.5
2:35:23 15
2:35:53 1.5
2:37:27 19.3
2:39:53 11.7
2:42:27 19.1
2:47:15 10.0
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Behavior. HbA1c increased from 51 mmol/mol (6.8%) at 
study entry to 67 mmol/mol (8.3%) after four months and 
79 mmol/mol (9.4%) after seven months. The sensor daily 
overlay report was not consistent with poor glycemic control 
with an average SG of 7.1 ± 2.5 mmol/l as shown in Figure 
3a, while Figures 3b and 3c demonstrate the data table. The 
participant acknowledged the entry of SG readings into the 
pump for calibration and bolus. The use of SG for calibration 
and bolus was reportedly seen as an easier way to manage 
his glucose readings without resorting to the need for finger 
pricks. The need to perform SMBG to bolus for meals and to 
calibrate sensor was reiterated by HCP.

Participant 5

HCP concern. The concern was carbohydrate consump-
tion with a downward trend in SG.

Background. A 14.3-year-old with diabetes for 10.5 years 
and on pump therapy for 4.9 years was commenced on SAPT 
with Suspend before low enabled. Participant’s glycemic 
control was optimal with HbA1c of 56 mmol/mol (7.3%). 
However, a subsequent increase in HbA1c to 61 mmol/mol 
(7.7%) was noted.

Behavior. Fear of hypoglycemia caused the participant 
to ingest excessive carbohydrates if SG was <5 mmol/l or 
downward arrow trends were observed. Foods with high 
glycemic index were ingested following pump suspension 
with resultant high SG. Although the sensor was regarded 
to be useful for the participant and the parents to review the 
alerts and arrows, hypoglycemia was prevented with food 
rather than permitting insulin suspension. Behavior was due 
to mistrust in the Suspend before low function. HCP advice 
was to allow the pump to suspend and resume based on SG 

readings. The family was also further informed regarding the 
use of appropriate carbohydrates if the Suspend before low 
function was overridden.

Discussion

This case series demonstrates the need for clinicians to be 
vigilant of patient interaction with CGM information as 
exposure to CGM systems can sometimes lead to unex-
pected behaviors in adolescents with type 1 diabetes. 
Adolescence is a time of physical and emotional growth 
associated with risk taking, and vulnerability. The risk tak-
ing behaviors along with the new found autonomy often 
leads to poor self-management, which impacts glycemic 
control.9 As sensor readings are real-time, the constant 
exposure to glucose levels, at least in some patients, could 
drive them to erratic behaviors that can negatively impact 
their management.

Anecdotally, studies have highlighted the prohibitive 
cost, variable accuracy and information overload to users11,12 
as some of the detriments of CGM uptake in the real world.12 
However, an adolescent could possibly respond in different 
ways to the glucose levels, given the extra information avail-
able to them. They could be overwhelmed and choose to 
ignore it (participant 3) or be obsessively driven to achieve 
perfect readings (participants 1 and 2). Before commencing 
CGM, it is important to identify with the patient their indi-
vidual goals, the perceived benefits and barriers to the  
use of these systems. Although it may be difficult to predict 
an individual’s response to CGM levels, awareness of mal-
adaptive patient responses to low and high glucose values 
should guide the HCP to address these issues in their clinical 
review. These erratic behaviors displayed with CGM use 
bring to light the need for open dialogues with patients and 
families to facilitate discussions to explore the potential 

Figure 1. CareLink pro of participant 2 with large amounts of insulin used for cannula and tubing fill.
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Figure 2. (a) A quick-view summary of participant 3 from CareLink Trial. The sensor glucose is persistently elevated in spite of 
adequate testing and insulin boluses. (b) Sensor daily overlay for participant 3 with persistently high sensor glucose readings.
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disadvantages and on-going hindrances with the use of the 
system. Incorporating education and direct open conversa-
tions about high-risk behaviors as part of the routine assess-
ment at regular clinic visits is vital to prevention.

Evaluation of the pump and sensor data to review the 
SG profile and the patient interaction with the system is 
paramount during the clinic visits and should complement 
a thorough clinical review. The review of these data can at 

times unveil aberrant and unsafe practices as demon-
strated in our case series. The time taken for review should 
be taken into consideration when planning the set-up of 
pump and/or sensor clinics. The need for ongoing discus-
sion and adequate CGM education should be factored in 
with the clinical visits. This will be crucial for staffing and 
resources with the increase in patients using CGM 
systems.

Figure 3. (a) Sensor daily overlay for participant 4. (b) The right calibration technique. Blood glucose (14.9 mmol/l) was used for 
calibration with a corresponding sensor glucose of 11.2 mmol/l .The blood glucose meter is linked to the pump and hence sent to the 
pump for calibration. (c) Data table of participant 4. The sensor glucose (7.8 mmol/l) is entered into the bolus wizard and used for 
calibration.
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This case series also explores the issue of trust in tech-
nology by relinquishing control to an automated system 
and highlights the dichotomized behavior seen between 
“no-trust” (participant 5) vs “blind trust” (participant 4). 
Trust of the individual in the system determines reliance 
on the system.13 These issues of trust and mistrust of tech-
nology are also widely seen in automation with autono-
mous cars and autopilots in aircrafts. Trust is not a static 
thing but dynamic with humans learning to predict what 
systems will do and vice versa (Bayesian analysis and pre-
diction) in what has been termed interfacing mutual “men-
tal” models.14 User trust will depend on the early experience 
of the individual with the system and this further accentu-
ates the importance of adequate and graded training of the 
individual to effectively use technology. This is also sig-
nificant with the further evolution of partial closed-loop to 
hybrid and fully automated closed-loop systems.

To summarize, clinicians should be aware of the possibility 
of unsafe behaviors by the adolescents with type 1 diabetes to 
address glycemic excursions. These behaviors can be unveiled 
following review of the pump and/or sensor data. Families 
should be adequately informed and empowered with problem-
solving strategies for safe clinical management and open dis-
cussions should be facilitated to encourage and maintain a 
good clinician and patient collaboration to achieve the best 
outcomes. The issues of trust and mistrust with technology 
will guide individual’s reliance on the automated systems.

Abbreviations
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