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Abstract 

Continuous glucose monitors (CGMs) provide a useful means to help stabilise 

blood glucose levels independently of the time of day or activity level. This is 

because CGMs provide continuous real-time estimates of glucose levels which 

can assist in the prevention of both hypo- and hyperglycaemia. However, the 

inaccuracy of the devices arising from both physiological and technological factors 

must be better understood for optimal use of CGMs in improving the daily 

management of blood glucose levels in individuals with type 1 diabetes mellitus 

(T1DM). Using the most current CGM available in Australia, the Paradigm 722 

Real-Time (Medtronic Inc, Northridge, CA), the purpose of this thesis was to 

elucidate some of the factors that limit CGM’s accuracy and to devise strategies to 

better use CGMs despite these limitations.  

The first objective of this thesis was to examine whether the CGM’s intrinsic 

accuracy in the low glucose range improves if calibrations are performed at 

different concentrations in vitro. Our second objective was to evaluate the extent to 

which extended periods of wear affect the responses of both CGM accuracy and 

lag time to rapid changes in blood glucose levels. In addition, given that prolonged 

wear raises the issue of comfort, our objective was also to assess responses to 

sensor site of insertion. Finally, our last objective was to determine whether raising 

the CGM’s alarm to accommodate for the mismatch between CGM and blood 

glucose readings in anticipation of an exercise-induced rapid fall in glycaemia 

could be one condition where the incidence of hypoglycaemia may be reduced 

without triggering any false alarms.  



iii 
 

The first study examined whether CGM’s intrinsic accuracy improves if 

calibrations are performed at different glucose concentrations in vitro. In one 

experiment, we examined whether the glucose concentration at which the unit is 

calibrated affects accuracy at low and high glucose levels. To this end, sensors 

were first calibrated at either 4, 8 or 12 mM prior to their accuracy being tested in 

either a 2.2 or 18 mM glucose buffer solution. In another experiment, CGMs were 

calibrated 4 times every 40 min in either an 8 mM solution (8/8/8/8 mM) or 4, 8 or 

12 mM solutions following the sequence 8/4/12/8 mM or 8/12/4/8 mM before being 

tested in the 2.2 mM solution. Our findings show that CGMs were more accurate 

when calibrated closer to the subsequent testing solution: those calibrated at 4 

mM misread the 2.2 mM glucose solution to a lesser extent (0.2 ± 0.1 mM) 

compared to those at 8 mM (0.7 ± 0.1 mM; p < 0.05) and at 12 mM (0.9 ± 0.1 mM; 

p < 0.05). Also, sensors calibrated at 12 mM were significantly more accurate at 

measuring the 18 mM solution (0.3 ± 0.4 mM difference) compared to those at 8 

mM (1.3 ± 0.5 mM difference; p < 0.05) and 4 mM (2.9 ± 0.5 mM difference; p < 

0.05). This decrease in accuracy as the difference in glucose concentration 

between calibration level and glucose testing solution increases is observed using 

mean absolute error, relative absolute difference and ISO criteria. However, 

sensors repeatedly calibrated at different glucose levels were not more accurate 

compared to those repeatedly calibrated at a single glucose concentration. 

Moreover, the lag time was not affected by the type of calibration protocol. These 

lags resulted in significant differences between CGM and reference glucose levels, 

most notably during rapid decreases in glucose concentration. On the basis of 

these findings, it is concluded that multiple calibrations at various glucose levels 
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do not further improve CGM accuracy and lag compared to calibrations at a single 

glucose concentration. 

To examine further the factors likely to affect CGM performance, the 

purpose of the following study was to determine whether extended periods of wear 

affect CGM accuracy and lag time in response to rapid changes in blood glucose 

levels. To this end, we introduced a novel approach to test the efficacy of CGM 

whereby eight non-diabetic participants were each fitted with two CGMs 

(abdominal and triceps regions) and completed fasted oral glucose challenges 

(OGCs) on six occasions over nine days while the CGMs were worn without 

removal. We found that there were marked mismatches and lag times between 

blood glucose and CGM values in response to all OGCs, most notably during the 

initial rapid increase in glucose levels. Abdominal and triceps CGMs consistently 

underestimated peak blood glucose by an average of 2.7 ± 0.2 and 2.9 ± 0.2 mM 

and were associated with peak blood glucose lag of 21.6 ± 1.8 and 18.1 ± 1.6 min, 

respectively. CGM accuracy did not deteriorate over 9 days of wear in response to 

OGCs for either the abdominal or triceps sensor. Finally, all participants found the 

triceps sensor site more comfortable than the abdominal site (p<0.05).  On the 

basis of these findings it is concluded that the CGM sensor tested here may be 

used for extended periods, providing added economic benefits for the wearer. 

However, the marked inaccuracy and lag time of CGM readings when blood 

glucose levels change rapidly within physiological range must be considered when 

using CGM for glycaemic management. 

Given the marked mismatches and lag times between CGM and blood 
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glucose levels and the reported high false alarm rates of CGM in the 

hypoglycaemia range, the purpose of the final study was to examine ways to 

better use CGM for the prevention of hypoglycaemia while minimising the rate of 

false alarm. In particular, this study examined if raising the level of the CGM 

glucose alarm in anticipation of an exercise-induced fall in glycaemia decreases 

the risk of hypoglycaemia without triggering any false alarms. Eight participants 

with T1DM cycled for 30 minutes at 40%V O2peak with their CGM alarms either 

turned off, set at 4.0 or 5.5 mM. In the 5.5 mM alarm treatment, no false alarms 

were recorded and the incidence of hypoglycaemia fell significantly by 50% 

compared to the other treatments where all participants became hypoglycaemic. 

The 5.5 mM alarm treatment did not fully prevent hypoglycaemia because CGM 

overestimated blood glucose by 1.6 ± 0.3 mM. In conclusion, when glycaemia is 

expected to fall, setting the CGM glucose alarm to 5.5 mM reduces the risk of 

hypoglycaemia without triggering any false alarms. 
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1.1 Introduction 

Individuals with type 1 diabetes mellitus (T1DM) continuously struggle to 

keep their blood glucose levels within a physiological range. To prevent 

hypoglycaemia and its associated symptoms such as nausea, disorientation and 

faintness, some of these individuals keep blood glucose levels chronically 

elevated. However, this has dire health consequences including long-term 

complication such as retinopathy, neuropathy and heart failure. Clearly, regular 

blood glucose measurements are critical to assist individuals in minimising these 

deleterious swings in blood glucose levels. However, despite remarkable 

improvements in portable blood glucose monitors, such devices are often too 

cumbersome to use, especially during most activities and sports, occasions when 

fervent glucose monitoring is paradoxically required the most. This is not a 

limitation shared by continuous glucose monitors (CGMs) as they can provide up 

to 1440 estimates of glucose per day, without repetitive skin punctures. This 

information can then be used to uncover and even forewarn episodes of 

hypoglycaemia through digital displays, alerts and rate change alarms. 

Despite these benefits, CGMs are not always accurate particularly under 

conditions of rapid changes in blood glucose levels. This is not only due to their 

intrinsic limitations, but also because CGMs estimate blood glucose levels by 

measuring the concentration of glucose in the interstitial fluid. Discrepancies 

between the monitor’s readings and actual blood glucose levels, especially under 

conditions of low glucose concentrations, bring into question the usefulness and 



3 
 

validity of these devices. For this reason, the primary objective of this thesis is to 

identify some of the factors that affect the accuracy of CGM readings, such as 

calibration protocols and the length of CGM use. This thesis also attempts to find 

how the low glucose alarm of CGM may be effectively used despite large 

mismatches between the CGM and reference glucose values. This work is 

important because these devices are not only rapidly becoming an integral aspect 

to the health management regime of individuals with T1DM, but also important for 

the development of an artificial pancreas. 

1.2 Incidence and Etiology of Type 1 Diabetes 

The first description of what is now known as diabetes mellitus was reported 

as long ago as 1500 BC within Ebers Papyrus, one of the oldest and most 

important relics of medical history. Written in a form of hieroglyphics, the scripture 

described severely underweight patients suffering from excessive thirst and 

frequent urination  (Carpenter et al., 1998; Hamid et al., 2006). The term diabetes, 

Greek for siphon, was only later used in 250 BC to explain how patients would 

pass seemingly more fluid then they would consume. In 1554, the Greek physician 

Aretaeus gave the first complete clinical description of the (Carpenter et al., 1998; 

Hamid et al., 2006). It was later discovered, as described in Sanskrit literature 

between 5th – 6th century AD, that the urine of individuals with diabetes had a 

sweet taste. The term mellitus, Latin for honey, was only added much later (1674) 

by Thomas Willis, a prominent English physician, to distinguish between this 

condition and other causes of excessive urination (Stylianou and Kelnar, 2009). 



4 
 

Diabetes mellitus represents a group of disorders that share a common 

characteristic of either absolute or relative insulin deficiency. Currently, the World 

Health Organization (WHO) estimates that 346 million people worldwide have a 

form of diabetes. In 2004, 3.4 million people died from diabetes-related 

complications, with deaths predicted to double between 2005 and 2030 (WHO, 

2011). This rise in prevalence is largely due to increases in the prevalence of type 

2 diabetes mellitus, which is usually caused by sedentary lifestyles and poor 

nutritional habits (WHO, 2011). In contrast, type 1 diabetes mellitus (T1DM) results 

from factors beyond the person’s control. 

Type 1 diabetes mellitus is considered the most severe form of diabetes 

although it accounts for only ~10% of all diagnosed cases of diabetes. It can occur 

at any age, but children and young adults are most susceptible (Ekoe, 1989). 

There are substantial geographic differences in the incidence of T1DM, at least in 

children aged 0-14, from as little as 0.1/100,000/year in Venezuela compared to 

Finland which has the highest incidence at 64.2/100,000/year in 2005 (Borchers et 

al., 2010). In 2004, Australia had over 140,000 individuals with T1DM, with a 3.2% 

increase in incidence per annum (Borchers et al., 2010). 

The rapid increase in the incidence of T1DM suggests that factors other 

than genetic alterations are involved in the etiology of T1DM including 

environmental pathogens, viral infections, diet, insufficient breastfeeding and even 

cow's milk (Borchers et al., 2010). It is thought that when individuals with a genetic 

predisposition for T1DM are exposed to one of these factors, the body mounts an 

autoimmune response. Unfortunately, the body not only rightfully attacks the 
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infectious agent, but also attacks the insulin-producing β-cells of the pancreas 

(Laron, 2002). As a result, individuals with type 1 diabetes lose the ability to 

produce insulin. Without insulin, blood glucose levels typically exceed 30 mM upon 

diagnosis. This is because one of the roles of insulin is to maintain blood glucose 

levels within normal range (between 4 to 7 mM) by promoting glucose storage as 

glycogen and by inhibiting hepatic glucose release. Insulin deficiency combined 

with elevated glucagon levels also results in an increase in ketone body production 

which in excess can give rise to ketoacidotic coma and death (Chansky et al., 

2009). 

1.3 T1DM treatment with insulin and associated 

complications: 

Until the Nobel-prize winning discovery of insulin in 1921 by Frederick 

Banting and Charles Best, along with the assistance of Bertram Collip and 

Professor John Macleod, diagnosis with diabetes mellitus typically meant certain 

death. However, 14 year old Leonard Thompson who weighed less than 30 kg and 

was near death when he received the first ever hospital-based insulin treatment on 

January 11, 1922, lived until the age of 27 only to die from pneumonia, a condition 

not associated with his diabetes (Bliss, 1982). Treatment since then has required 

individuals to inject themselves daily with insulin throughout their lifetime which 

has increased substantially their life expectancy. For example, Gladys Dull, 90 

years of age in 2007, was diagnosed with T1DM at only seven years of age 

(Hirsch, 2007). She began her insulin treatment in 1924, only a year after insulin 
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was commercially available, and would have taken over 60,000 injections 

throughout her lifetime. Nowadays, insulin composition and injection procedures 

have improved dramatically. Currently, insulin preparations more closely mimic the 

normal pancreatic timing and action of insulin secreted by a healthy individual. For 

example, long-acting insulin preparations (e.g., Levemir by Novo Nordisk) are 

used to emulate basal release patterns while rapid-acting insulin (e.g., Novorapid 

by Eli Lilly) is usually administered to lower blood glucose after a meal. 

Although commonly used today, insulin was first injected using a standard 

U-100 syringe. Today’s patients more typically inject insulin using an ‘insulin pen’ 

which is composed of an insulin cartridge held within a pen-type device. The pen 

is ‘dialed’ to set the dose of insulin which is delivered via a disposable end needle. 

Most recently, advances in insulin “pump” therapy, or continuous subcutaneous 

insulin infusion (CSII), have steadily replaced injection via syringe. These small-

sized devices, usually attached to the waistband, hold a vial of insulin and infuse a 

predetermined amount of insulin through a catheter inserted subcutaneously. 

Several studies support the health benefits of pump use compared to conventional 

methods, with improvements in HbA1c and frequency of severe hypoglycaemia 

often achieved while using less insulin per day (Misso et al., 2010). 

Despite these remarkable advances in insulin preparations and means of 

delivery, hypoglycaemia, or low blood glucose levels, is the most prevalent 

complication of insulin therapy. This is due to the absence of feedback 

mechanisms to decrease exogenously administered insulin when blood glucose 

levels are falling (Cryer, 2010). Since the central nervous system requires a 
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constant supply of glucose, low glucose concentrations can impair cerebral 

functioning, causing dizziness, clumsy or jerky movements, confusion, and blurred 

vision. Manifestations of hypoglycaemia also include sweating, pale skin, hunger, 

and headaches (Cryer, 2010). Although a brief episode of mild hypoglycaemia (3.5 

to 3.9 mM) has no lasting effects on the brain, it can reduce the ability to 

physiologically counteract a subsequent episode of hypoglycaemia (Galassetti et 

al., 2006). Moreover, repeated episodes of hypoglycaemia can impair 

glucoregulatory mechanisms and lead to hypoglycaemia unawareness (Cryer, 

2008). Hypoglycaemia that is severe (<2.0 mM) may also result in cardiac 

problems, irreversible brain damage, coma and even death (Cryer, 2005). 

The risk of hypoglycaemia is also elevated during sleep (Banarer and 

Cryer, 2003; Matyka et al., 1999; Matyka, 2002; Mauras et al., 2007; Porter et al., 

1996). However, exercise appears to be the most potent cause of hypoglycaemia 

and can unfortunately result in aversion to physical activity (Nordfeldt and 

Ludvigsson, 2005). Parents may even be apprehensive to allow their child to 

participate in sports and play (Nordfeldt and Ludvigsson, 2005). This is clearly 

problematic as it prevents their children from benefiting from the multitude of 

health benefits exercise has to offer. These include a decline in resting heart rate 

and blood pressure, improved body composition, a reduced risk of both primary 

and secondary chronic disease, and increased psychological well-being (Blair and 

Morris, 2009). Additional benefits for individuals with diabetes include improved 

insulin sensitivity (Koivisto et al., 1986; Wallberg-Henriksson et al., 1982) and a 

diminished glycaemic response to a meal (Riddell and Iscoe, 2006), both being 

important for individuals with diabetes as weight gain has typically been 
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associated with intensive insulin therapy due to its anabolic effects (The DCCT 

Research Group, 1988). 

Although regular exercise clearly provides several health benefits, it has 

long been known to cause blood glucose levels to fall rapidly and unpredictably 

(Allen et al., 1919; Camacho et al., 2005; Koivisto et al., 1986; Lawrence, 1926). In 

diabetes, exercise-related hypoglycaemia is most often due to relative 

hyperinsulaemia, as the body cannot decrease exogenous insulin levels as it 

would in the ‘normal’ or ‘non-diabetic’ response to exercise (Gerich, 1988). 

Hyperinsulaemia prevents glucose production and release by the liver and 

increases rates of glucose ultilisation by skeletal muscles. In addition, exercise 

causes an increase in insulin sensitivity both during and after exercise, 

exaggerating glucose uptake by the periphery (Bogardus et al., 1983; Goodyear 

and Kahn, 1998; Mikines et al., 1988; Richter et al., 1989). Although low blood 

glucose levels are normally reversed via a rise in the levels of counterregulatory 

hormones such as glucagon, epinephrine and norepinephrine, this response in 

T1DM is often impaired after five years of disease (Sandoval and Davis, 2006) and 

from previous episodes of hypoglycaemia and/or exercise (Galassetti et al., 

2001a; Galassetti et al., 2001b; Galassetti et al., 2003; Galassetti et al., 2006). 

Thus the combination of these factors makes individuals with T1DM highly 

susceptible to hypoglycaemia during exercise.  

One unhealthy approach adopted by some individuals to avoid 

hypoglycaemia is to maintain their blood glucose at high levels (Cox et al., 1987; 

Frier, 2008). Although less critical than hypoglycaemia in the short term, 
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hyperglycaemia is still associated with unpleasant symptoms such as shortness of 

breath, fatigue and weakness (Chansky et al., 2009). Hyperglycaemic individuals 

often have dry mouths and are excessively thirsty (polydispsia) due to the high 

concentration of glucose in the bloodstream. As a result, they often overhydrate 

causing frequent urination (polyuria). Other symptoms of hyperglycaemia in the 

short term include blurred vision, nausea, and vomiting (Riddell and Iscoe, 2006). 

There is also evidence that acute hyperglycaemia might impair exercise 

performance. Indeed, a study using a hyperglycaemic clamp showed that 

isometric muscle strength is reduced in patients with type 1 diabetes after three 

hours at ~16 mM (Andersen et al., 2005).  

Most importantly, chronic hyperglycaemia can cause irreversible 

physiological damage and both macro- and microvascular complications that can 

result in heart disease, stroke and retinopathy (Nathan, 1993; Nathan et al., 2005; 

The DCCT Research Group, 1995). In addition, neuropathy, or damage to sensory 

and motor nerves, can reduce peripheral circulation and as a result not only cause 

limb numbness, but also increase the risk of gangrene and amputation (Vinik et 

al., 2003). Finally, elevated blood glucose levels may lead to nephropathy and 

death by kidney failure (Gross et al., 2005). For these reasons, it is recommended 

that long term blood glucose be maintained as close as possible to normal 

physiological levels (i.e., 4-7 mM) in order to avoid the aforementioned 

complications of diabetes (American Diabetes Association, 2009). 
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1.4 Monitoring and management of blood glucose 

levels 

In order to maintain blood glucose near physiological levels, individuals with 

diabetes must test their glucose levels regularly (Skyler, 2009). Until three 

decades ago, glucose was typically measured in urine using a test strip which 

changed colour depending on glucose concentration. It was only in 1971 that the 

first meter that measured blood glucose levels was introduced by Anton Hubert 

Clemens, but it was mainly used by physicians due to its prohibitive cost (~$3600; 

2011 value in USD), size (1.5kg), and painful requirement for a large sample of 

blood (Figure 1.1); (Mendosa, 2006). 

 

Figure 1.1 The Ames Glucometer. 
http://www.mendosa.com/history.htm 
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Fortunately, more practical blood glucose meters were subsequently 

developed. Current glucose meters use a glucose-specific enzyme, glucose 

oxidase (GO). This enzyme reacts with the glucose in the sample and catalyzes 

the oxidation of glucose to gluconic acid and hydrogen peroxide as follows: 

glucose + H2O → gluconic acid + H2O2 

Hydrogen peroxide in turn is exposed to an electrical current which promotes 

its fragmentation. This reaction produces electrons at a rate that is proportional to 

the concentration of glucose in the sample. Today’s blood glucose meters cost 

relatively little, use as little as 0.3 microlitres of blood (Element, Infopia, USA), are 

portable (weigh ~45 g), and provide results in only five seconds. The world market 

size for blood glucose monitoring products has increased nearly five-fold since 

1994, reaching nearly nine billion dollars (USD) in 2008 (Hughes, 2009). 

One important factor explaining the marked increase in glucose meter use is 

the persuasive findings of the Diabetes Control and Complications Trial (DCCT), 

which showed that maintaining blood glucose levels within a tight physiological 

range slows the onset and progression of several diabetes complications including 

retinopathy, renal failure and nerve damage, despite a prior history of poor control 

(The DCCT Research Group, 1993). Other factors explaining the increase use of 

blood glucose meters include international market expansion, promotion of blood 

glucose monitoring benefits by health carers and insurance companies, advances 

in technology making monitors more efficient and thus user friendly, and improved 

software which facilitates uploading of patients’ glucose data to medical 

professionals (Gross et al., 2000). However, the most influential factor explaining 
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the increase in blood glucose meter use is likely the exponential increase in the 

number of diagnosed diabetic patients, with an estimated 79.4 million diagnosed in 

India, followed by China (42.3 million) and the United States (30.3 million) being 

the most affected countries (Wild et al., 2004). 

In order to keep blood glucose levels within physiological range, the 

American Diabetes Association recommends a minimum of three to four glucose 

tests daily (American Diabetes Association, 2004) as it is well established that 

frequency of testing is positively correlated with a reduced risk of hypoglycaemia 

and improved glycaemic control (Dorchy et al., 1997; Haller et al., 2004; Helgeson 

et al., 2010; Levine et al., 2001; Strowig and Raskin, 1998). However, even 

patients who follow this guideline experience severe hypoglycaemia requiring 

external assistance at an average of 62 episodes per 100 patient-years (The 

DCCT Research Group, 1997). Furthermore, most individuals, including highly 

motivated patients, do not measure blood glucose levels often enough (Hansen et 

al., 2009) due to cost (Nyomba et al., 2002), inconvenience (Nyomba et al., 2002) 

and pain (Burge, 2001; Ginsberg, 1992; Hermansson et al., 1986). Moreover, 

blood glucose monitoring is also impractical when participating in a sporting event 

or continuous activity, such as running, and is also impossible to perform during 

sleep. This is problematic as individuals with diabetes are even more susceptible 

to hypoglycaemia at night as their gluco-counterregulatory mechanisms are 

deficient during that time (Banarer and Cryer, 2003). Since all of these factors 

contribute to inadequate monitoring practices (Bode et al., 2001), not only is the 

likelihood of failing to detect glycaemic highs and lows increased, but this makes it 

more difficult to identify daily glycaemic trends such as nocturnal hypoglycaemia 
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and post-prandial hyperglycaemia if the timing of the blood glucose test is poorly 

chosen. 

Due to the limitations of traditional glucose testing methods, a number of 

minimally invasive continuous glucose monitoring systems (CGMs) have been 

developed (Skyler, 2009). Such devices help manage blood glucose levels 

independently of time of day or activity level as they can provide up to 1440 

glucose readings daily. Several technologies have been considered for the design 

of these devices (Koschinsky and Heinemann, 2001). However, the most common 

forms include those which function using transdermal (reverse iontophoresis), 

impedance spectroscopy, microdialysis or subcutaneous sensor-based devices. 

Before describing the various CGMs and their performance, it is important to 

understand the various analytical techniques used to assess their accuracy. 

1.5 CGM accuracy evaluation methods: 

Although CGMs are rated for accuracy using various methods (Clarke and 

Kovatchev, 2009), no one method is deemed the most appropriate since each has 

limitations (Kollman et al., 2005; Wentholt et al., 2008) and expresses these 

differences as mean absolute difference (MAD). Following is a brief discussion of 

the most used accuracy evaluation methods, along with their strengths and 

weaknesses. 

1.5.1 Mean absolute difference 

The most commonly used method to evaluate CGM accuracy compares the 
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point-to-point accuracy to a reference measure (Wentholt et al., 2008). This 

method takes the difference between the temporarily paired CGM and blood 

glucose value (CGM – reference). Although this method is extremely simple and 

effective for point to point comparisons, it does not take into account the 

importance of accuracy in the hypoglycaemic, euglycaemic and hyperglycaemic 

zones. For example, a 1 mM difference in the euglycaemic or hyperglycaemic 

range may be of little consequence, whereas the same difference in the 

hypoglycaemic range may prevent correct therapeutic adjustments. Point-to-point 

differences can also be expressed in relative terms, that is, as a percentage of the 

relative difference to the reference measure ([CGM – reference]/reference), with a 

lower percentage indicating higher accuracy. However, a small absolute difference 

in the hypoglycaemic zone could result in an extremely high relative MAD in 

comparison to the same absolute difference in the euglycaemic or hyperglycaemic 

zones. For example, a CGM reading of 12 mM and a blood glucose reading of 11 

mM would equate to a 9% relative MAD. However, the same absolute difference 

between a 4 mM CGM reading paired with a 3 mM blood glucose reading would 

equate to a 33% relative MAD. For this reason, caution should be taken when 

interpreting results of studies that use relative MAD for euglycaemic and 

hyperglycaemic zones, and absolute differences for hypoglycaemic zones 

(Peoples et al., 2011). In this respect it is noteworthy that the International 

Standards Organization (ISO) criteria (International Organization for 

Standardization, 2003) requires a glucose testing device to be within ± 0.8 mM at 

reference glucose values of ≤ 4.2 mM and within ± 20% at references glucose 

values > 4.2 mM. Therefore the ISO criteria combine absolute and relative 
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differences between sensor and reference values and classify the results into 

either satisfying the accuracy criteria or not. 

1.5.2 Error grid analyses 

Analytical measurements using correlations are often not valuable to patients 

since they need to base their therapeutic treatments on individual values rather 

than the relative association between CGM glucose readings and blood glucose 

values (Ginsberg, 2005). Despite this, the Clarke (Clarke et al., 1987) and 

Consensus (Parkes et al., 2000) Error Grid analyses are extensively used to 

determine clinical point accuracy and also overcome the aforementioned 

 
Figure 1.2. (A) The Clarke and (B) Consensus  Error Grids. 

A B 
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limitations with using MAD. Paired values are plotted with reference blood glucose 

values as the independent variable and CGM glucose readings as the dependent 

variable, with these pairings falling within one of five subdivided zones. In the 

Clarke Error Grid, zone A represents accurate or acceptable blood glucose 

estimates, with sensor readings within 20% of reference values and likely to lead 

to a suitable treatment outcome. CGM values in zone B differ by more than 20% 

relative to reference glucose values and also lead to a favourable treatment 

outcome. Therefore, at least on clinical grounds, values in zones A and B are 

considered of acceptable accuracy as they do not lead to a negative therapeutic 

outcome. In short, the higher the percentage of values in zones A and B, the more 

clinically accurate is the device. In contrast, values in zone C of the Clarke Error 

Grid may prompt an overcorrection to an acceptable blood glucose value. Values 

in zone D represent failure to detect and treat, while values in zone E represent 

erroneous treatment since the value indicates the opposite glycaemic zone (i.e., a 

CGM value of 11 mM and a reference glucose value of 3 mM). Despite the 

promising nature of this type of analysis, which recognizes that errors of the same 

magnitude require different consideration depending on their placement within the 

glycaemic range, a major limitation is that a risk category can be skipped despite a 

minor change in blood glucose levels (Cox et al., 1997; Gough and Botvinick, 

1997; Parkes et al., 2000). For example, a decrease in blood glucose by a fraction 

of a mM can cause the pairing to go from zone B, which is clinically acceptable, to 

zone E, which is not (see Figure 1.2A). For this reason, a new Error Grid, known 

as the Consensus error grid (Figure 1.2B), was introduced based on a meeting of 

100 diabetes specialists (Parkes et al., 2000). This grid is heavily based on its 
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former counterpart, but without the problem of zone proximity (Parkes et al., 2000). 

However, the Consensus Error Grid has been deemed overly lenient with its 

analyses mainly because it lacks the abrupt changes from boundaries A to B, and 

B to D that were inherent to the Clarke Error Grid. Most importantly, analytical 

measurements using correlations are often not valuable to patients since they 

base their therapeutic treatments on individual values rather than the relative 

association between CGM and blood glucose values (Ginsberg, 2005). 

Despite the promising analytical advantages of the Clarke and Consensus 

Error Grids, such methods fail to represent the dynamic nature of CGMs. This is 

an important issue because unlike the static measurements derived from a blood 

glucose meter, CGMs have the ability to display and now even predict the 

direction and rate of change in glucose levels. For this reason, the continuous 

glucose–error grid analysis (CG-EGA) has been introduced. This grid provides a 

single measure of accuracy which is based on two factors: the precision of paired 

readings (Point Error Grid Analysis (P-EGA)) and the precision of rate accuracy 

(Rate Error Grid Analysis (R-EGA)) (Kovatchev et al., 2004). CG-EGA zones are 

similar to those used by the Clarke and Consensus Error Grids, but expand target 

levels to account for time lags between blood and interstitial tissue and the rate 

and direction of glucose change. Specifically, the expansion of the zones is 

adjusted based on the blood glucose rate of change at this point: the faster the 

rate of change, paradoxically, the more lenient the zones become. This method 

also takes into consideration that accuracy is dependent on the absolute blood 

glucose level since various levels require different interpretation. For this reason, it 

separates its measures into three clinically relevant zones: hypoglycaemia (< 3.9 
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mM), euglycaemia (3.9 – 10 mM) and hyperglycaemia (> 10 mM). Using CGM 

data derived from a previous three day study in persons with type 1 diabetes, 

which included two hypoglycaemic and two hyperglycaemic challenges (Feldman 

et al., 2003), the CG-EGA demonstrated not only that accuracy is zone dependent, 

but also that failure to detect hypoglycaemia is the most common error (Kovatchev 

et al., 2004). Other reports have also supported the concept that separation of 

glycaemic zones is important for proper CGM analysis and for this reason, CG-

EGA is noted as an effective tool (Clarke et al., 2005). 

The CG-EGA is not without its limitations. First, data necessitates frequent 

blood glucose sampling which may not be comfortable for most participants. In 

addition, the computation methods are time consuming (Wentholt et al., 2006). 

The Error Grid has also shown that accuracy can paradoxically improve with a 

longer delay between blood glucose and CGM values (Wentholt et al., 2006), 

which questions the influence and importance of rate accuracy in the overall 

measurement outcome. The CG-EGA is also questionable as the grid lines are 

based on the assumption the CGM values are delayed by 7 minutes (Wentholt et 

al., 2006); however an exact time for CGM delay has yet to be determined. For 

example, based on several studies, the work of Keenan and colleagues suggest 

that the overall physiologic delay can be anywhere between 3 and 12 minutes, in 

addition to a the intrinsic lag associated with the device per se (Davey et al., 

2010b; Keenan et al., 2009). Finally, and most importantly, the CG-EGA may not 

provide any additional improvement to conventional methods as differences in 

accuracy sometimes go undetected (Wentholt et al., 2006). Despite these 

limitations, the CG-EGA should be acknowledged for the emphasis it places on 
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CGMs’ dynamic nature. 

1.5.3 Bland-Altman plot 

The Bland-Altman plot displays variations in accuracy over a range of 

glucose concentrations (Bland and Altman, 1986). The difference between sensor 

readings and blood glucose readings is plotted against the average reading of the 

two methods. As a result, this method shows the amount of bias at a specific 

glucose level. Most importantly, it often shows that there is a tendency for this bias 

to increase as blood glucose levels fall into the hypoglycaemic range (Wentholt et 

al., 2005). The plot may be useful for evaluating the performance and bias of 

CGMS over a range of blood glucose concentrations, but similar to the Error Grid 

analysis, it may be difficult to interpret and reduces the importance of each sensor 

reading. 

1.5.4 Device specific analyses 

Some manufacturer’s device-specific analyses include rate of skipped 

readings and the number of optimal days. Skipped readings are simply a measure 

of the number of CGM values that are missing after uploading. For example, if the 

device were to record a value each 5 minutes, 288 values would be shown for 

each day. Any less equates to a decrease in CGM functioning. For the number of 

optimal days, the CGM software evaluates the correlation between the sensor 

outputs (i.e., signal current; ISIG) and blood glucose calibration values to classify 

sensor function as optimal or nonoptimal. If the meter values range is ≥ 5.6 mM 

(minimum to maximum), a day is considered optimal when the RAD between at 
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least three paired sensor glucose and meter glucose values is ≤ 28% and the 

correlation coefficient between paired sensor glucose and meter glucose values is 

≤ 0.79. However, if the range is < 5.6 mM, the day is considered optimal when the 

mean RAD is ≤ 18%. Values that do not fall into this category are considered non-

optimal (The DirecNet Research Group, 2003a). 

1.5.5 Receiver Operator Characteristic (ROC) Curve 

CGM analyses are also concerned with alarm performance as all current 

real-time CGM models have incorporated alarm features which can notify the user 

of dysglycaemia either at the time of occurrence or in advance as a preventative 

measure. The level of alarm requires a trade-off between an alarm’s sensitivity 

and specificity. Sensitivity refers to the ability of the CGM to correctly identify true 

episodes of hypo- or hyperglycaemia, which are confirmed with a blood glucose 

meter. Specificity refers to the ability to identify the absence of true episodes of 

hypo- or hyperglycaemia, also confirmed with a blood glucose meter (Bode et al., 

2004). Both statistics range in value from 0% (no clinical value) to 100% (perfect 

alarm performance). Clearly, the greater the accuracy of a CGM, the less trade-off 

is necessary (Reach, 2001). 
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Figure 1.3. Trade-off between sensitivity and specificity at various CGM low-
glucose alarm settings. At higher glucose alarm levels, although sensitivity 
increases (correct detection of hypoglycaemia), the number of false alarms also 
increase (Bode et al., 2004). 

 

Using these principles, the Receiver Operator Characteristic (ROC) curve 

describes CGM alarm performance in terms of true alarm (TA) and false alarm 

(FA) rates. The ROC curve plots sensitivity against (1 - specificity) which 

determines the optimal alarms thresholds for the detection of hypo- and 

hyperglycaemia (see Figure 1.3) (Bode et al., 2004). 
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1.6 Types of Continuous Glucose Monitors: 

 The various types of CGM are described below, including those based on 

transdermal technology, impedance spectroscopy,  near-infrared spectroscopy,  

microdialysis  as well as those based on subcutaneous amperometric electrodes . 

 

1.6.1 CGM based on transdermal technology 

Commercially available transdermal CGMs are based on reverse 

iontophoresis. Reverse iontophoresis is thus termed because the measurement of 

interstitial glucose occurs from inside the body outwards. Put more simply, reverse 

iontophoresis for continuous glucose monitoring involves the electrical osmotic 

movement of glucose molecules through the skin. Glucose found underneath the 

skin moves toward the cathode which then reacts with the glucose oxidase 

incorporated into gel pads attached to the skin surface. The glucose readings thus 

obtained provide a proportional estimate of the glucose concentration within the 

interstitial fluid. This method was first assessed in rodents (Rao et al., 1993) 

Figure 1.4 GlucoWatch Biographer Figure 1.5 GlucoWatch principle: 
Reverse Iontophoresis 
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followed by in vivo testing in humans (Rao et al., 1995). Importantly, glucose levels 

measures using this method was also reported to correlate well with that of blood 

samples (Tamada et al., 1995).  

Transdermal determination of glucose concentration from interstitial fluid 

was used in the GlucowatchBiographer, first approved by the FDA in December 

1999 (Sage, 2000). The Biographer was later approved in 2001 for those above 7 

years of age while the GlucowatchG2 Biographer, a second generation device, 

was approved by the FDA in 2002 for those over one year of age (Cygnus Inc, 

Redwood City, CA; Bui et al., 2005). The Glucowatch is the only non-invasive 

CGM to have received FDA approval. The device’s design is similar to a 

wristwatch in which the glucose is measured through the skin around the wrist 

using a disposable pad which is attached to the back of the meter. The pad is 

attached to the skin using an adhesive, with internal electrodes transmiting a small 

electrical current which initiates the process of reverse iontophoresis (Tura, 2008). 

The device monitors glucose for up to 13 hours and estimates a glucose 

concentration which is digitally displayed on the watch every 10 minutes, but only 

after the raw biosensor data are first verified to ensure certain conditions are met. 

Poor conditions include fluctuations in skin temperature, excess sweating, signal 

noise or connection faults (Skyler, 2009). In addition, a 2-hour initialisation period 

is needed to remove any residual glucose from the skin and to ensure a proper 

environment for the electrical process to occur.  

The Glucowatch initially showed promise. Indeed, an early short-term 

clinical study demonstrated a moderate correlation (88%), a MAD of 15.6% as well 
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as 96.8% of values within zones A and B of the Clarke error grid following a single 

calibration over an observation period of 12 hours (Tamada et al., 1999). 

Importantly, this study evaluated paired glucose values over a range of blood 

glucose levels by manipulating carbohydrate intake and insulin injections (Tamada 

et al., 1999). The accuracy results found here have been corroborated in 

subsequent studies (Eastman et al., 2002; Potts et al., 2002). A study by Garg and 

colleagues revealed comparable results with acceptable accuracy (r = 0.90), but 

found that accuracy slightly diminished with data collected during home use 

(r=0.85; Garg et al., 1999). Others have also observed a weaker association and a 

higher mean absolute difference in readings obtained during patient home use as 

compared with use in the clinic (Tierney et al., 2001). However, one important 

limitation with these studies is that many did not provide information on point-to-

point accuracy (Eastman et al., 2002; Potts et al., 2002). For example, Eastman 

and colleagues reported a MAD of 20%, which is acceptable in the euglycaemic 

and/or hyperglycaemic range, but in the hypoglycaemic range could be deleterious 

to treatment decisions. Furthermore, most studies failed to report any information 

on lag time. However, a study which showed a reasonable correlation of 0.88 and 

a MAD of 15.6% also reported a 18-minute sensor lag to blood glucose values 

(Potts et al., 2002). 

The Glucowatch has been proposed to provide a potential aid to improve 

glycaemic control. In this regard, Chase and colleagues reported significant 

improvements in average blood glucose levels, but a significantly lower baseline 

HbA1c in the control (8.6%) compared to the intervention group (8.9%) may have 

influenced their results as those with poorer glycaemic control may have gained 
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greater benefit from use of the devices (Chase et al., 2003). Furthermore, such an 

improvement may have resulted from the need for more frequent self-monitoring 

necessary for calibration and alarm confirmation. This is highly likely as the 

authors reported in a later publication no effect of the device on glycaemic control 

compared to standard monitoring practices alone (Chase et al., 2005). 

Several clinical and out-patient studies have evaluated the device’s 

accuracy within the hypoglycaemic zone as detection of hypoglycaemia prevention 

and detection is critical for both clinical and home management of diabetes. For 

example, Pitzer and colleagues (Pitzer et al., 2001) found that the Glucowatch 

revealed more episodes of hypoglycaemia than conventional therapy based on 2-4 

daily capilary blood tests. Despite this, most studies, including the aforementioned 

study, suggest that despite this improvement compared to conventional therapy, 

the Glucowatch is far from faultless (Chase et al., 2005; Mauras et al., 2004; Pitzer 

et al., 2001; The DirecNet Research Group, 2004; Tsalikian et al., 2004). Indeed, 

using the Receiver Operating Characteristic (ROC) curve analysis, Pitzer reported 

that raising the level of glucose alarm up to 1.7 mM higher than the hypoglycaemic 

level (3.9 mM; Pitzer et al., 2001) would optimise performance of the device by 

minimising the occurrence of false alarms if set too high, and undetected 

hypoglycaemic episodes if set too low. However, considering the threshold for 

hypoglycaemia was defined as 3.9 mM, this suggests significant inaccuracy of the 

device since a blood glucose of 5.6 mM is a level that most individuals with 

diabetes would target rather than avoid. It also suggests the alarm feature may not 

be practical. Indeed, Hathout and colleagues found that 60% of the hypoglycaemic 

alerts were false alarms based on reference values from a home glucose meter. 
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Such a high rate of false alarms may lead to patients simply ignoring them, 

especially young children, and therefore may preclude benefit from the device 

(Buckingham et al., 2005; Gandrud et al., 2004). Indeed, Hathout’s study showed 

that the alarm feature resulted in no significant decrease in the frequency of 

hypoglycaemia. Furthermore, 35% of those observed (9.6 ± 4.7 years of age) 

withdrew from the study after 6 weeks because of frustration from audible alerts 

(Hathout et al., 2005). 

Other downfalls to the Biographer include its significant cost (~$700 USD) 

in addition to the expense of its consumable items, such as disposable gel discs. 

In addition, skipped readings and skin irritation are common limitations, and more 

importantly sweating precludes glucose measurements (Chase et al., 2005; 

Gandrud et al., 2004; Hathout et al., 2005; Newman et al., 2009; Nunnold et al., 

2004; The DirecNet Research Group, 2005b). These limitations are highlighted in 

a study by the DirecNet group (The DirecNet Research Group, 2003b) which 

found that 27% of the participants discontinued wearing the device after 6 months 

due to skin irritation, frequent skipped readings, false alarms and inaccurate 

readings. Furthermore, 51% of the children endured scabbing, dry skin, changes 

to pigmentation, and even scarring. The Glucowatch was also deemed 

inappropriate for hypoglycaemia detection during exercise because of the ill-effect 

of perspiration on readings (Nunnold et al., 2004; Tsalikian et al., 2005). In this 

regard, using data from part of a multicentre trial (The DirecNet Research Group, 

2003b), Tsalikian and colleagues reported the number of skipped readings 

progressively increased with exercise intensity: from 32% for the light exercise to 

87% for the vigorous exercise in comparison to only 17% during sedentary periods 
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(Tsalikian et al., 2005). Lastly, the device still requires calibrations using a 

conventional blood glucose meter to convert the extracted glucose into a 

concentration. 

Despite the attractive nature of the Biographer, as it is the only FDA 

approved device that does not require any dermal perforation, the many problems 

associated with the device forced the corporate decline of its manufacturer, 

Cygnus Inc. As a result, Cygnus entered into an asset purchase agreement with 

Animas Corporation (West Chester, PA) in 2006. However Animas, currently part 

of LifeScan Inc. (Milpitas, CA), a division of Johnson & Johnson (New Brunswick, 

NJ) stopped sales of the Biographer on July 31, 2007 due to irreparable problems 

and low user satisfaction, although customer service continued until July 31, 2008 

(Tura, 2008). 

Similar to the Biographer in appearance and function, RIGMD (Reverse 

Iontophoresis-based Glucose Monitoring Device) was developed in Korea. 

Accuracy was examined using 19 individuals with diabetes (53.5 ± 15.6 years) 

(Rhee et al., 2007). Although the device can provide updated estimates of glucose 

every 5 minutes, the study only compared hourly values to reference glucose 

samples taken between 10 am and 4 pm in a clinical setting. Paired reference 

blood glucose and sensor values were moderately correlated (r = 0.78), with lower 

correlations compared to previous studies using the Biographer (Garg et al., 1999; 

Tamada et al., 1999). Surprisingly, the authors reported only a single glucose 

pairing falling in zone C, leaving 98.9% of the data sets within zones A and B. 

Although these results are promising, it is unknown under what conditions the 
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participants were under at the time of testing, such as if meals were provided or 

activity was permitted, with these variables having the potential to influence 

glucose rates of change and therefore sensor accuracy. 

1.6.2 CGM based on impedance spectroscopy 

CGM based on impedance, or dielectric spectroscopy, such as the 

PENDRA, take advantage of an indirect method for measuring glucose levels. 

Dielectric spectroscopy is based on the principle that changes to blood glucose 

levels elicit variations in the concentration of sodium and potassium ions within the 

red blood cells. In turn, these changes alter the cell membrane’s impedance, or 

resistance to the flow of electric current, which is read by the device. The 

impedance level in turn provides a proportionate estimate of glucose level 

(Girardin et al., 2009; Tura, 2008; Wentholt et al., 2005). 

The PENDRA (Pendragon Medical Ltd., Zurich, Switzerland), is a small 

watch-like device (53 x 46 x 15mm), which provides real-time readings, alerts for 

glycaemic excursions, and provides trend indicators (Weinzimer, 2004). It was first 

presented in 2000 by the Swiss company Pendragon Medical, but was only 

approved on May 12th, 2003 by the Conformité Européenne (European 

Conformity; CE) (Wentholt et al., 2005). 

Few clinically-based studies have examined the accuracy of PENDRA. In 

the only home-based study of PENDRA, 10 adults with type 1 diabetes and five 

with type 2 diabetes wore the device for between 7 and 10 days. Correlations 

between blood glucose readings were good (90%), with 96% of values falling 
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within zones A and B of the Clarke Error Grid (80.4% A and 17.1% B)  (Caduff et 

al., 2003). In another clinically-based study, 10 adults without diabetes were 

subjected to euglycaemic (5.6 mM) and hyperglycaemic (16.7 mM) clamps while 

wearing the device. This study showed that 95% of the paired device to reference 

blood glucose values fell within zones A+B (52% A, 43% B) of the Clarke Error 

Grid and the device did not show significant sensor drift (Caduff et al., 2003). 

However, they did not explain why not all participants were used in their analysis 

(Caduff et al., 2003). In a subsequent study the same authors reported a good 

correlation between changes in blood glucose and sensor recordings, but no data 

was provided to support this claim (Caduff et al., 2003). A reliability study for 

marketing purposes was later performed on 6 individuals with T1DM, and poor 

performance was reported including a MAD of 52% compared to reference blood 

glucose meter values, a Pearson’s correlation coefficient of 35.1%, and 4.3% of 

pairs in zone E of the Clarke error grid (Wentholt et al., 2005). In addition, it has 

been estimated that only 60 to 70% of patients have the desired local dielectric 

skin characteristics compatible with PENDRA (Weinzimer, 2004). Thus despite the 

attractiveness of this device, its poor performance is such that the company was 

forced to file for bankruptcy in February 2005 (Tura, 2008). 

1.6.3 CGM based on near-infrared spectroscopy 

Some monitors use near-infrared spectroscopy (NIRS). This method to 

estimate blood glucose levels is clinically appealing as it is non-invasive. It 

functions by illuminating vascular tissue through a fiber optic bundle. The energy 

emitted is either absorbed or reflected, the difference relating to the concentration 
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of glucose (Gabriely et al., 1999). One such device that uses this technology is the 

Diasensor (BICO Inc, Pittsburg, Pennsylvania, USA) providing glucose values in 

less than two minutes (Tura, 2008). However, it was later found that the company 

doctored clinical data and rigged public and private demonstrations in an attempt 

to make the device more appealing and thus sellable (Tura, 2008). As a result, the 

company outlaid $3.45 million to settle a class-action lawsuit filed in 1996 by 

shareholders and the device is now discontinued (Sabatini, 2002). 

1.6.4 CGM based on microdialysis 

Other CGMs use technology based on microdialysis. The use of 

microdialysis provides a semi-invasive technique used to continuously measure an 

analyte from almost any tissue, in this case, the concentration of glucose in the 

interstitial fluid within the subcutaneous adipose tissue layer. This technique 

requires insertion of a small catheter into the subcutaneous adipose tissue. The 

internal tip of the catheter is made of a semi-permeable hollow fiber membrane, 

whereas one external end has tubes for both an inlet and outlet. With the help of a 

small peristaltic pump, the catheter is slowly infused with a physiological saline 

that resembles the composition of the interstitial fluid, with the exception of 

glucose. The glucose within the interstitial fluid passively diffuses through the 

catheter’s membrane down its concentration gradient to reach equilibrium. The 

resulting fluid, which now contains glucose in the dialysate, is pumped back to the 

device at specific time intervals for analysis. 

This technology is used by the GlucodayS (formerly A. Menarini 

Diagnositics, Florence, Italy), which is now sold via Medicon Ireland Ltd (Newry, 
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Ireland) and only available for diagnostic use by physicians in Austria, Belgium, 

Italy, France, Germany, Greece, the United Kingdom, Portugal, Spain, and the 

Netherlands. The GlucodayS weighs ~250g (without battery) and includes a small 

probe inserted into the patient’s abdominal wall and a portable unit the size of a 

tape player which holds the reservoirs, pump and biosensor (Figure 1.4). The 

sensor relies on glucose oxidase  to generate current proportional to glucose level, 

with glucose readings displayed on the digital screen every three minutes. The 

device requires at least one calibration each 48 hours and can trigger an alarm for 

pre-set levels of dysglycaemia. 

 

Figure 1.6 The Glucoday System; 
http://www.m3-research.nl/images/continuous-glucose.jpg. 

Several studies have examined the performance of the GlucoDayS. One of 

the first studies reported a strong correlation with venous blood glucose levels (r = 

0.90) (Maran and Poscia, 2002), a finding corroborated by others (Kubiak et al., 

2006). This study of Maran and colleagues used a broad range of glucose levels in 

persons with type 1 and 2 diabetes, with the data pairs not differing dramatically 
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with the time-matched reference blood value in each glycaemic zone (Maran and 

Poscia, 2002). Another study found 93.9% of the data fell within Clarke zones A 

and B area; however, the high accuracy ratings may have been favoured by the 

fact that only 2% were in the hypoglycaemic zone (Mader et al., 2010). Other 

studies, however, showed that the GlucoDayS glucose estimates matched closely 

arterialized blood glucose levels within the hypoglycaemic range during a clamp 

procedure (Kovatchev et al., 2008; Maran and Poscia, 2002; Rossetti et al., 2006). 

For example, Kovatchev found the device was accurate during a hypoglycaemic 

clamp, with 96.2% of the values falling within zones A and B (Kovatchev et al., 

2008). Furthermore, there were no missing values for the GlucoDayS in 

comparison to up to 30% for the DexCom (described further below), which was 

simultaneously tested. Such accuracy in the hypoglycaemic range was also found 

during nocturnal hypoglycaemia (Wentholt et al., 2007) and in other patients prone 

to hypoglycaemia (Maran et al., 2004). This device was also shown to accurately 

map the glucose response to meals, thus assisting management decisions which 

could potentially improve glycaemic control (Manuel-y-Keenoy et al., 2004). 

Finally, the newest prototype, the GlucoMenDay, was shown to have improved 

performance, especially in the hypoglycaemic range, with the authors claiming that 

100% of data pairings fell within zones A and B of the Clark Error Grid (Valgimigli 

et al., 2010). However, it should be noted that some concerns about the findings, 

including issues regarding their analytical methods, have been raised (Kubiak, 

2010). 

Overall, performance data suggest substantial reliability and accuracy with 

the GlucoDay, especially in the hypoglycaemic range. It has been proposed that 
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maybe devices based on microdialysis can filter out larger molecular weight 

compounds, thus more accurately measuring glucose compared to enzyme-based 

electrochemical sensors as these latter are susceptible to protein build-up on the 

sensor surface (Heinemann and Glucose Monitoring Study Group, 2003). It is 

important to note, however, that others have not found such strong correlations 

between GlucoDay readings and actual blood glucose levels (De Block et al., 

2006; Meschi et al., 2010) despite using more than the recommended number of 

calibrations (≥ 4 per trial period). Furthermore, many of the studies reporting high 

performance data failed to look at the dynamic accuracy of the pairings, as there is 

often a physical lag time between the sampling of the fluid and actual signal 

detection (Heinemann and Glucose Monitoring Study Group, 2003). For example, 

although there was no significant difference between glycaemic nadir values, it 

took significantly longer for the GlucoDayS to reach the nadir (90 ± 5 min) 

compared to reference (p = 0.02; (Rossetti et al., 2006)). Therefore, this device-

specific lag limits its capacity to instantaneously detect or predict hypoglycaemia. 

This view is supported by others who showed that during exercise or in response 

to insulin-induced hypoglycaemia (Wentholt et al., 2005), blood glucose levels 

decreased more rapidly than those measured by the GlucoDayS in persons with 

diabetes (Fayolle et al., 2006). In contrast, others reported that the device 

anticipated hypoglycaemia with sufficient enough time to prevent hypoglycaemia 

with carbohydrate ingestion (Sparacino et al., 2007). Despite the promising outlook 

of the GlucoDayS, there are some problems associated with the device. For 

example, technical failure, as defined by a sudden rise followed by a sudden fall in 

reported values caused an extremely high loss of data (Wentholt et al., 2007) and 
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indicates a broken fibre within the device (Vriesendorp et al., 2005). In addition, 

patient discomfort from wearing the device (Kubiak et al., 2006) and fragile system 

components (i.e., probe; Fayolle et al., 2006) often hinder the use and application 

of the device. As such, the GlucoDayS is generally only used in clinical settings. 

Another microdialysis-based device, similar to the GlucoDayS, is the SCGM 

(Roche Diagnostics, Basel, Switzerland). Only a few studies have examined the 

accuracy of these CGMs. In one study, 91 participants (34 ± 10 years) were 

investigated on an out-patient basis for 84 ± 15 hours under naturally varying 

levels of glycaemia. Device performance was excellent with almost all of the blood 

glucose readings falling within zones A and B of the Clarke Error Grid (Nielsen et 

al., 2007). A study by Jungheim and colleagues reported that despite significant 

drifts in sensor glucose values, the MAD was 14.8 ± 9.9% between glucose values 

obtained using the SCGM system and reference glucose (Jungheim et al., 2001). 

Furthermore, this system was effective in detecting many hypoglycaemic episodes 

that were unrecognized by regular blood glucose monitoring performed four or 

seven times per day. Despite these few but promising results, the SCGM system 

is generally considered as a prototype for a smaller version because of its 

uncomfortable size  (Girardin et al., 2009). 

1.6.5 CGM based on subcutaneous amperometric electrodes 

Devices using a subcutaneous amperometric sensor to continuously measure 

glucose level are the most commonly employed in both clinical and out-patient 

settings. These systems use a small electrode that is implanted into the 

subcutaneous adipose tissue. The electrode contains the glucose-specific glucose 
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oxidase surrounded by a biocompatible polyurethane membrane. The electrode is 

inserted by way of an introducer needle and a spring-loaded device. The glucose 

sensor measures the glucose concentration in the interstitial fluid by determining 

the electric current generated by the oxidation of glucose in the interstitial fluid by 

glucose oxidase. The device then interprets this current as a glucose 

concentration based on a one-point calibration using a blood glucose reading 

obtained from a conventional finger-stick test and blood glucose meter. 

In 1996, Medtronic Inc performed a clinical trial of a CGM using a specialized 

subcutaneous amperometric sensor. In June 1999, the United States’ Food and 

Drug Administration (FDA) granted the device’s approval, making Medtronic the 

first to introduce a commercial sensor-based CGM into the market. Because this 

thesis is based on work performed on Medtronic’s products, and considering that 

Medtronic Inc is the largest provider of continuous glucose monitors (CGMs) with 

annual worldwide revenues exceeding $1.2 billion (USD; Medtronic Inc, 2010), a 

brief history of the development of their CGM is presented in the following pages. 

The first approved device, known as the CGMS Gold, used a small platinum 

sensor coated with glucose oxidase. The main device received information from 

the sensor sent via a wire, and glucose values were then averaged every five 

minutes and stored within the device for later uploading to a computer for analysis. 

This CGM was designed to provide ‘historical’ data that could only be viewed after 

such uploading. Once uploaded, various analyses could be performed to 

determine the percentage of time spent in hypoglycaemia, euglycaemia and 

hyperglycaemia ranges, and to determine potential causes for low and high blood 
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glucose levels using trend analysis. Such analyses had the potential to assist 

health care workers monitor therapy as well as determining whether interventions 

are needed. For this reason, this CGM was not marketed to the public but most 

often sold to health care officials, and is now coined “professional continuous 

glucose monitoring” (PCGM) for this reason (Blevins, 2010). Newer models of 

CGMs now include the CGMSiPro Recorder (January 2008) and the iPro2 

Professional CGM (June 2010), with these being much smaller than the Gold. 

Since the introduction of the CGMS Gold, several newer CGM models have 

been developed by Medtronic. These systems have become wireless, with the 

information being transferred from the sensor to the monitor through radio 

frequency. In 2004, the GuardianTelemetered Glucose Monitoring System (TGMS) 

provided pre-set low and high glucose alarms that enable the user to correct blood 

glucose levels before experiencing an episode of hypoglycaemia. 

The TGMS was quickly superseded by the GuardianREAL-Time system in 

July 2005, with improved transmission and presentation of data. The greatest 

improvement to the GuardianREAL-Time was that it displayed glucose values 

every five minutes on the monitor’s digital screen. It kept the TGMS’s benefit of 

threshold alerts, but with the addition of both predictive and rate of change alerts in 

glucose levels as well. Predictive alerts activate when glucose levels are expected 

to reach a pre-set threshold in a specified period of time based on the rate of 

glucose change. Rate of change alerts are triggered when the sensor detects 

changes in glucose levels at a rate exceeding a pre-determined threshold, 

regardless of the glucose levels at the time. In February 2007 the Guardian 
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incorporated a fully wireless transmitter (MiniLinkREAL-Time) identical to that used 

in the iPro system. 

Of note, less than a year after the introduction of GuardianREAL-Time, 

Medtronic announced approval of the MiniMed ParadigmREAL-Time (Figure 1.5a). 

These systems have an emitter fixed to the sensor that transmits information in a 

wireless mode to a monitor located up to a few meters away. For the first time, an 

insulin pump was combined with this CGM. However, both systems operate 

independently of each other, that is, the glucose values do not dictate insulin 

secretion. A newer model, the ParadigmVeo, launched in Europe June 2009 and 

its main improvement is the capacity to suspend insulin delivery if the data 

transmitted from the sensor show that the patient’s glucose levels have dropped 

below a defined threshold and the accompanying low-glucose alarms are 

repeatedly ignored. Medtronic has since introduced a similar model in 2010 in the 

United States known as the ParadigmRevel. Although the Revel does not include 

the low suspend feature, both new models have improved algorithms which are 

expected to enhance accuracy, predictive and rate of change alerts (Keenan et al., 

2010). Thus these features, along with improvements in sensor technology, have 

been advocated to offer great potential to facilitate and improve diabetes 

management in the future. As discussed in details in section 1.9, all ‘real-time’ 

systems have been shown to be beneficial in the management of diabetes (Bailey 

et al., 2009; Bode et al., 2008; Garg and Jovanovic, 2006; Garg et al., 2006; Garg 

et al., 2004; Nielsen et al., 2007; Weinstein et al., 2007; Garg et al., 2006; Hay et 

al., 2003). 
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Figure 1.7 The Paradigm 722 Real-Time (a; left), the FreeStyle Navigator (b; 

middle) and the DexCom Seven (c; right). 

 

Several other companies offer CGM devices based on subcutaneous 

amperometric sensors including the Freestyle Navigator (Figure 1.5b; Abbott 

Diabetes Care, Alameda, CA). DexCom (San Diego, CA)  offers the the STS, FDA 

approved in March 2006, the SEVEN (approved May 2007) and the SEVENPLUS 

(approved in January 2009; Figure 1.5c). Most recently DexCom has introduced 

the DexcomG4, which is a CGM incorporated into the Animas insulin pump 

(approved by the CE in June 2011), the only other fully incorporated system other 

than Medtronic’s Paradigm series. These systems all work under the same 

principles as those described for Medtronic's CGMs. They only differ minutely in 

their start-up periods and calibration requirements. For instance, the Medtronic 

devices provide data within 1-2 hours of initial calibration and require a blood 

glucose calibration every 12 hours, although the manufacture recommends 4 

calibrations per day, including entries before meals and once before bedtime. 

Medtronic’s sensors could be used for only 3 days, but have now been approved 

for 6 days of continuous use. Furthermore, their sensor construction has slightly 
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changed (The DirecNet Research Group, 2003a). However, little information is 

provided on these technological changes due to proprietary restrictions. The Enlite 

sensor was introduced with smaller sensor size and needle length and supposed 

improvements in accuracy; however such claims are currently only supported by 

‘in-house’ studies (Medtronic Inc, 2011). Along with the changes to the sensor, the 

original Navigator sensors require a 10-hour start up period, but much fewer 

calibrations: only 4 calibrations per day for the first 2 days followed by no 

calibration thereafter for up to 5 days of sensor use. Furthermore, it can provide 

estimated glucose values each minute compared to every 5 minutes by 

Medtronic’s devices. The 2nd generation of Navigator also requires only a 1 hour 

startup (Geoffrey et al., 2011). The CGMs manufactured by DexCom are similar to 

most Medtronic CGMs, with a 2-hour initialization, calibrations each 12 hours, and 

data presented at 5-minute intervals. However, the device’s sensor lasts 7 days, 

the longest approved sensor to date. The data from all monitors, with the 

appropriate software, can be uploaded either by direct or wireless transmission for 

viewing in several formats by medical practitioners, allowing the analysis of 

glucose profiles for treatment options (Gross et al., 2000). 

1.7 CGM Performance Evaluation 

The accurate estimation of blood glucose levels by CGMs is critical not only 

for intense diabetes management, but also for the development of closed-looped 

systems. In theory, such devices could be incorporated in an artificial pancreas by 

adjusting insulin delivery based on CGM glucose readings. It is therefore not 

surprising that significant attention has been given to accuracy issues. 
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1.7.1 CGM accuracy - general 

More often than not, significant variations in CGM accuracy are found 

between studies: some report a strong correlation with arterial glucose 

concentrations (Djakoure-Platonoff et al., 2003; Garg and Jovanovic, 2006; Gross 

et al., 2000; Kovatchev et al., 2008; Mastrototaro et al., 2008; Sachedina and 

Pickup, 2003; Weinstein et al., 2007) while others do not (Kovatchev et al., 2008; 

Mazze et al., 2009; The DirecNet Research Group, 2003a). Sensor readings in 

zones A and B have been reported to range from 93.0 to 98.9% (Djakoure-

Platonoff et al., 2003; Gross et al., 2000; Guerci et al., 2003; Sachedina and 

Pickup, 2003; Weinstein et al., 2007), correlations ranging between 0.73-0.92 

(Bode et al., 1999; Djakoure-Platonoff et al., 2003; Gross et al., 2000; Guerci et 

al., 2003; Maia and Araujo, 2005; McGowan et al., 2002; Metzger et al., 2002; 

Sachedina and Pickup, 2003; Steil et al., 2003; The DirecNet Research Group, 

2003a) and MAD ranging from 7.0 to 21.3% (Bode et al., 1999; Bode et al., 2004; 

Cheyne et al., 2002; Gross et al., 2000; Guerci et al., 2003; Mazze et al., 2009; 

Sachedina and Pickup, 2003; Steil et al., 2003; The DirecNet Research Group, 

2003a; Weinstein et al., 2007). Much of the variation between studies may also be 

due not only to the study design (to be discussed later), but also to the method 

used to test blood glucose levels both for comparison to CGM values and for 

calibration entries. The differences in accuracy between studies may also be due 

to the different models of CGMs being tested. In support of this view, Kovatchev 

and colleagues tested three CGMs (Guardian, Freestyle Navigator and the 

DexCom STS) during euglycaemia followed by a gradual descent into 

hypoglycaemia and recovery (Kovatchev et al., 2008). They found higher accuracy 
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with the Navigator during hypoglycaemia. Subsequent studies have also shown 

that the Navigator performed better in the hypoglycaemic range than the SEVEN 

(Garg et al., 2009) and the Minimed CGMS (Clarke et al., 2005). However, the 

time lags with the Navigator are longer than with the SEVEN (Garg et al., 2010).  

Those studies reporting more accurate matching between CGM values and 

blood glucose levels are generally performed in clinical settings (Cheyne et al., 

2002; Guerci et al., 2003; Steil et al., 2003) while those with poorer results are 

found in outpatient studies (Bode et al., 2004; Gross et al., 2000). This difference 

between clinical and outpatient studies may also be due to the more accurate 

glucose testing methods used within clinics compared to the blood glucose meters 

used in non-patient studies, or simply due to the more stringent experimental 

designs that can be achieved in clinics. In support of this latter point, a study 

comparing accuracy between inpatient and outpatient settings found a high 

correlation for the former (0.92) compared to a poor correlation for the latter (0.73) 

when using the same model of blood glucose meter (GlucotrendRoche; Djakoure-

Platonoff et al., 2003). Findings which support differences in accuracy results 

between study protocols are also supported by others (Wilson et al., 2007). 

1.7.2 CGM accuracy – low glucose range 

The disparities between blood glucose levels and CGM measurements are 

usually greater at low glucose levels (Caplin et al., 2003; Weinstein et al., 2007) 

and CGM glucose values have been reported to underestimate actual blood 

glucose values during nocturnal hypoglycaemia (McGowan et al., 2002). Indeed, 

CGM have low sensitivity with the detection of asymptomatic occurrences of 
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hypoglycaemia due to poor accuracy in this range (Clarke et al., 2005; Garg et al., 

2009; The DirecNet Research Group, 2008). In agreement with these findings, one 

study showed only 42% of CGM readings were within the ISO criteria range (0.8 

mM) during hypoglycaemia (blood glucose < 3.3 mM), but accuracy improved at 

higher blood glucose levels (The DirecNet Research Group, 2004). In a 

subsequent study, the same group showed similar results, with a MAD of 10% 

during hyperglycaemia compared to 20% during hypoglycaemia (The DirecNet 

Research Group, 2005a). Similarly, others have reported that the CGM met ISO 

criteria only 48% of the time at reference glucose levels ≤ 3.9 mM, but improved 

as reference glucose values increased (60% between 4.0 - 6.7 mM and 70% 

between 6.7 - 10.0 mM) (The DirecNet Research Group, 2003a). In comparison, 

most portable glucometers, which are still considered the ‘gold standard’, meet the 

ISO standard for accuracy at least 85% of the time (Skeie et al., 2002). 

1.7.3 CGM accuracy under dynamic conditions 

In addition to being less accurate in the low glucose range, CGM are also 

less precise when glucose levels are changing rapidly such as post-prandially or 

after an insulin injection (i.e., ≥ 0.08 mM/min) compared to conditions of stable 

glycaemia (Bode et al., 2004). In general, a time delay exists between CGM 

glucose readings and actual blood glucose levels. Indeed, some have reported 

time lags between 4 and 10 minutes (Boyne et al., 2003) and even up to 45 

minutes (Pickup et al., 1989) and 55 minutes (Kerr, 2001). This delay between 

blood and CGM glucose values is also apparent both during and immediately after 

exercise (Iscoe et al., 2006; MacDonald et al., 2006). Some studies have also 
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shown that when blood glucose levels are decreasing, glucose levels read by the 

sensor are higher than those in the blood of diabetic rats (Thome-Duret et al., 

1996a), diabetic dogs (Fischer et al., 1995) and in individuals with (Caplin et al., 

2003; Sternberg et al., 1996) and without (Kerr, 2001) diabetes. For instance, Kerr 

and colleagues found that although the glucose concentration read by the sensor 

accurately reflects a decrease in plasma glucose with a delay of only 50 seconds 

during a 30-minute hyperinsulemic clamp, CGMS-based measurements of glucose 

lagged by as much as 55 minutes during recovery to euglycaemia, with 

significantly lower readings (Kerr, 2001). 

In general changes in blood glucose levels precede those measured in the 

interstitial fluid, regardless of the direction of glucose change. For instance, during 

an eight hour impatient trial, Boyne and colleagues (2003) found that changes in 

blood glucose levels preceded glucose changes in the interstitial fluid in 81% of 

the observed cases, with CGM glucose readings lagging by 4-10 minutes. 

Similarly, Steil and colleagues (2005) reported an interstitial glucose delay of 6-8 

minutes using a variable level glucose clamp and have suggested that this pattern 

occurs regardless of whether blood glucose levels are rising or falling (Steil et al., 

2003, 2005). Exercise-based studies have also found such a pattern of change, at 

least when blood glucose levels are falling (Iscoe et al., 2006; MacDonald et al., 

2006). Finally, some investigators have proposed a more complex relationship 

between these variables, suggesting that the delay may depend on the direction  

(Sternberg et al., 1996) or rate (Jansson et al., 1988) of change in blood glucose 

level, or that the association between glucose in blood and interstitial fluid 

compartments may follow a pattern explained by a push-pull mechanism, as 
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described in the following section. 

1.8 Mechanisms underlying CGM inaccuracy 

1.8.1 Physiological influences 

A number of mechanisms have been proposed to explain the mismatches 

between CGM glucose readings and actual blood glucose levels. It has been 

hypothesized that a ‘push-pull’ mechanism can explain these occurrences 

(Aussedat et al., 2000; Monsod et al., 2002; Thome-Duret et al., 1996b). The 

‘push’ theory maintains that an increase in capillary glucose propels glucose into 

the interstitial space down its concentration gradient, with the increase first 

detected in the blood. The ‘pull’ theory argues that glucose is first drawn inwards 

by the cell (i.e. as a results of increase glucose demand by adipose or muscle 

tissue), with the decrease first evident in the interstitial compartment (Thome-Duret 

et al., 1996b). However, others have argued against this point (Rebrin et al., 1999; 

Wentholt et al., 2007), showing interstitial glucose is highly related to glucose 

levels in the blood regardless of the level plasma insulin (Rebrin et al., 1999). 

Clearly, further research is required to more accurately understand the relationship 

between blood and interstitial glucose levels to more effectively improve CGM 

technology. Its accuracy is obviously affected by plasma insulin levels and the rate 

and direction of blood glucose change, but other factors, including blood flow at 

the sensor site (Stout et al., 2004), and differences between measurement 

techniques or the methods used to investigate this relationship also contribute to 

the mismatch (Rebrin et al., 1999). 
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1.8.2 Intrinsic influences 

Much less is known about how the intrinsic properties of the CGM influence 

accuracy, mostly due to proprietary rights. That the device itself could contribute to 

inaccuracy is suggested by simultaneous measurement of interstitial glucose 

levels using two CGMs. Such a comparison was performed using sensors placed 

within two inches of each other on the abdominal wall during an inpatient study 

(Boyne et al., 2003). Although the time difference between blood and interstitial 

glucose readings was between 4 and 10 minutes, the difference between sensors 

was almost 7 minutes, which can further inflate the lag already present due to 

glucose flux between compartments. Instrumental delays have also been found 

using other testing methods, including microdialysis and iontophoresis (Kulcu et 

al., 2003; Tamada et al., 1999; Wentholt et al., 2007). Only two studies have 

investigated CGM accuracy in vitro to eliminate any physiological influences on 

sensor lag (Bindra et al., 1991; Davey et al., 2010b). Bindra and colleagues found 

a relatively short lag time of 3.5 ± 1.0 minutes; however their methods for the 

calculation of this lag and whether the lag reflects periods of glucose concentration 

rate change is not clear. Recently, however, Davey and colleagues (2010) not only 

demonstrated the presence of an intrinsic lag associated with the device, but also 

that the lag time increases in association with faster rate of change in glucose 

levels (Davey et al., 2010b). In their study, CGM readings were compared with 

reference glucose concentrations during controlled changes in glucose levels 

performed at four rates: 1.6, 5, and 12.2 mM/hr-1 using a linear gradient maker. 

Regardless of the rate and direction of glucose change, CGM readings were 

significantly different from actual glucose levels, overestimating glucose levels 
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while they were falling, and underestimating while they were rising. CGM lag times 

were calculated as the length of time required for CGM readings to match glucose 

levels when the levels had risen or fallen by half of the absolute change in glucose 

concentration and ranged from 8.3 to 40.1 min, depending on the rate and 

direction of change in glucose concentration. 

1.8.3 Calibration influence 

The inaccuracy of CGM estimates may also be due to the calibration 

protocol. In this regard, it has been suggested that the mismatch between CGM 

and blood glucose values at low glucose concentrations may be because a 

calibration is rarely performed close to those levels (Caplin et al., 2003). However, 

the difficulty with testing the effects of calibration on CGM accuracy is that entries 

are best done during stable glycaemia, which is a challenging task for people with 

diabetes in general. Furthermore, calibrating when glucose levels are at a 

consistent low levels is, of course, far from recommended. In addition, most 

current CGM models do not allow calibrations to be performed if the rate of 

change in glucose concentration exceeds 0.1 mM/min (Buckingham et al., 2006) 

and thus, most calibrations are performed prior to mealtimes or before bed. Due to 

these limitations, previous calibration-based studies used retrospective analysis of 

CGM readings and concomitant blood glucose measurements using in silico (i.e., 

computer-based) modeling. These in silico approaches either edit or re-enter the 

values of the blood glucose used for calibrations after which the algorithm is re-run 

to produce a new set of CGM values. Studies based on such an approach suggest 

that the number of calibrations and glucose concentration at which the calibrations 
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are performed might affect the performance of CGMs (Buckingham et al., 2006; 

King et al., 2007; Monsod et al., 2002). Specifically, these studies predict that 

increasing the number of calibrations (Buckingham et al., 2006), calibrating at 

difference glucose concentrations (King et al., 2007; Monsod et al., 2002), and 

entering calibrations at low blood glucose levels (King et al., 2007; Monsod et al., 

2002) should improve CGM accuracy in the hypoglycaemic range. 

Using retrospective analysis of CGM readings, Monsod and colleagues 

(2002) reported that four retrospectively entered calibrations should improve 

accuracy at baseline compared to using only a single retrospectively entered 

calibration. Buckingham and colleagues examined the influence of the number and 

timing of CGMS calibrations and found using in silico modeling that increasing the 

number of calibrations should improve CGM accuracy  (Buckingham et al., 2006). 

Most importantly, they found that increasing the number of calibrations from 3 to 7 

reduced the relative absolute difference from 24% to 17% when reference blood 

glucose values were less than 3.9 mM and improved ISO criteria by 6% (from 66% 

to 72%). Although this improvement is statistically significant, this would require a 

patient to test twice as often as clinically recommended for only a modest 

improvement. Interestingly, they also found that sensor accuracy depends on what 

time of day they are performed, and showed accuracy improves when calibrations 

are performed during times of glycaemic stability. King and colleagues, also using 

in silico modeling, predicted that accuracy improves as the difference between 

calibration points increases, with a differential of 40 mg/dL (2.2 mM) being nearly 

optimal. They also found that a second calibration point taken close to 

hypoglycaemia level reduced the MAD by 50%, again suggesting that the lack of 
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accuracy at low glucose values may be due to calibration being rarely performed 

close to these levels (Caplin et al., 2003). It is important to stress, however, that 

these aforementioned studies share the limitation that the effects of calibration 

protocols on the accuracy of glucose measurements have been based on 

retrospective computer modeling rather than actual testing of the calibration 

protocol in individuals. In addition, the effect of the calibration procedure on the lag 

time between CGM and blood glucose readings still remains to be examined. This 

is an important omission as a marked lag can result in a large error in CGM 

estimates of blood glucose levels especially when these levels are changing 

rapidly (Boland E et al., 2001; Davey et al., 2010b). 

1.8.4 Wear time influence 

The response of CGM accuracy over time is an important issue because a 

primary barrier for CGM consistent use is its cost. Indeed, until recently, a single 

sensor used for its maximum life of 72 h would cost $70 AUS in 2011, which is not 

covered by standard or private health care. Furthermore, these costs do not 

include the initial purchase of the CGM and accompanying disposables (i.e., 

transmitter, insertion device). Fortunately, the approved wear time for sensors is 

increasing, which is important for users since this lowers the daily cost of sensor 

use remarkably. Indeed, since the first CGM sensor was approved for three days 

in 1999 (Medtronic, Northridge, CA, USA; McGarraugh, 2009) it has been 

superseded by similar enzyme-based sensors approved for five (Abbott 

Laboratories, North Chicago, IL, USA; McGarraugh, 2009), six (Medtronic, 

Northridge, CA, USA) and seven (DexComSEVENPLUS, San Diego, CA, USA; 
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McGarraugh, 2009) days. 

Prolonged wearing of CGMs raises the issue of whether the performance of 

their sensors remain stable over their periods of use. It has been argued that 

changes in sensor performance due to inflammation, fibrosis, and vessel 

regression around the tissue surrounding the implanted object (Klueh et al., 2007) 

may influence sensor function due to the degradation of sensor materials by 

reactive oxygen intermediates (Wilson and Gifford, 2005), decreased exposure of 

interstitial glucose to the sensor due to inflammatory cells (Rebrin et al., 1992), 

and collagen deposits surrounding the sensor during healing (Woodward, 1982). 

In addition, the presence of inflammatory cells can influence the concentration of 

glucose in the exudate surrounding the sensor (Rebrin et al., 1992). Those 

observations explain why manufacturers often add angiogenic materials on the 

sensor’s surface (Updike et al., 2000) to improve the performance of sensors by 

counteracting tissue fibrosis (Sharkawy et al., 1997), by preventing enzyme 

degradation and encouraging vascularity (Updike et al., 2000) in hopes of 

improving glucose diffusion. As a result, angiogenic-treated sensors are 

associated with a higher average blood vessel density, stabilize faster, and remain 

functional for longer than those that do not have any specific coating (Updike et 

al., 2000).  

As the aforementioned time dependent complications can be triggered 

immediately after the sensor is implanted (Anderson, 1993), manufacturers often 

encourage cautious interpretation of CGM readings obtained within the first 12-24 

hours after initiation (Lesperance et al., 2007). This early ‘break-in’ period refers to 
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the period of time the sensor requires to become intrinsically stable after insertion 

(Updike et al., 2000). During that time, there is a higher disagreement between 

reference and CGM values on day one compared to the following days of wear  

(Mastrototaro et al., 2008; Peoples et al., 2011). However, this observation is not 

supported by others who reported no differences across all performance measures 

between the first two days of sensor use (Weinstein et al., 2007). 

Despite the many factors likely to affect sensor performance, most, but not all 

(Nyback-Nakell et al., 2004) studies suggest that sensor performance remains 

relatively stable over three (Feldman et al., 2003; Guerci et al., 2003; Mastrototaro 

et al., 2008; The DirecNet Research Group, 2003a), four (Gandrud et al., 2007), 

five (Weinstein et al., 2007; Wilson et al., 2007; Wong et al., 2006), six (Peoples et 

al., 2011), seven (Chlup et al., 2006) or 10 days (Garg et al., 2009). These studies 

are based on both clinical and outpatient settings as well as on persons with or 

without diabetes. However, a major limitation with many of these studies is that the 

methodology adopted to analyse accuracy over time is often not supported by any 

statistical analyses (Chlup et al., 2006; Feldman et al., 2003; Mastrototaro et al., 

2008; Nyback-Nakell et al., 2004; Peoples et al., 2011; Weinstein et al., 2007) and 

several important accuracy issues are not addressed. For instance, it remains to 

be established whether several days of wear affect the sensor accuracy under 

conditions of rapid changes in blood glucose levels. This is an important issue 

because rapid changes in blood glucose concentrations are associated with 

greater mismatches between blood glucose and CGM values compared to periods 

of stable blood glucose levels (Aussedat et al., 2000; Boland E et al., 2001; Boyne 

et al., 2003; Davey et al., 2010b; Weinstein et al., 2007). Another limitation is that 
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none of these studies has adopted a matched paired study design between 

consecutive days to account for the possibility that such events as meals, insulin 

or activity regimens may differ on consecutive days, thus causing increased 

variability between blood glucose and CGM values between testing days. This is 

even more problematic if exposure to low blood glucose levels (McGowan et al., 

2002; The DirecNet Research Group, 2003a) and to rapid changes in blood 

glucose concentrations vary between testing days since these factors contribute to 

greater mismatches between blood glucose and CGM values (Aussedat et al., 

2000; Boland E et al., 2001; Boyne et al., 2003; Davey et al., 2010b; Weinstein et 

al., 2007). It has also been overlooked that sensor accuracy over time might have 

been overestimated due to a decrease in glycaemic variability during the 

observation period. Indeed, glycaemic variability has been shown to decrease over 

time of CGM use (Garg et al., 2006), thus raising the possibility that the reported 

absence of deterioration in the mismatch between CGM values and blood glucose 

levels with prolonged CGM use might to some extent reflect a decrease in 

glycaemic variability rather than the maintenance of stable sensor accuracy per 

se. Finally, no study has measured the effects of sensor wear on the lag time 

between CGM readings and actual blood glucose levels. This latter limitation is an 

important one considering that a prolonged lag can result in marked inaccuracies 

between CGM readings and actual glucose levels (Boland E et al., 2001; Boyne et 

al., 2003; Davey et al., 2010b; Weinstein et al., 2007). 

It should be noted, however, that the ability to lengthen sensor wear time is 

redundant if comfort deteriorates. Although most manufacturers suggest wearing 

the sensor/transmitter on the abdominal wall or flank, various studies have used 
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other insertions sites including the buttock and the back of arm. Although no 

differences in accuracy between sensor insertion sites were reported (King et al., 

2008; Weinstein et al., 2007; Wilson et al., 2007), the lag time and CGM 

responses to rapid changes in blood glucose levels between insertion sites were 

not assessed in these studies (King et al., 2008; Weinstein et al., 2007; Wilson et 

al., 2007). Furthermore, no basic assessment was carried out to ascertain the 

patient’s preferred site. 

1.9 Clinical benefits of CGM 

Several studies have shown that the prolonged use of CGM can improve 

HbA1c levels (Bailey et al., 2007; Bode et al., 1999; Deiss et al., 2006a; Garg et 

al., 2007; JDRF CGM Study Group, 2008; Kaufman et al., 2001; Ludvigsson and 

Hanas, 2003; Maia and Araujo, 2005; Salardi et al., 2002; Schaepelynck-Belicar et 

al., 2003). However, on the basis of those studies it is difficult to conclude that 

HbA1c improved solely due to CGM (Bailey et al., 2007; Bode et al., 1999; 

Buckingham et al., 2007; Garg et al., 2007; Kaufman et al., 2001; Maia and 

Araujo, 2005; Salardi et al., 2002; Schaepelynck-Belicar et al., 2003) as patients 

with initial poor control may have benefited from the Hawthorne effect or an 

increase in conventional blood glucose testing up to 4 times a day to calibrate 

CGM. Indeed, it is generally the case that treatments based on CGM result in no 

better improvements in HbA1c than treatments based on capillary monitoring 

alone (Chase et al., 2001; Chico et al., 2003; Chico et al., 2003; Tanenberg et al., 

2004). For example, Chico and colleagues (2003) showed that when patients 

modified their diabetes management with CGM feedback, their reduction in HbA1c 
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level was no better than that observed in the control group assigned only to 

regular blood glucose monitoring. This finding is also corroborated by Chase and 

colleagues (2001). Finally, Tanenberg and colleagues (2004) showed similar 

improvements in HbA1c in both users of CGM and a group using only 

conventional blood glucose monitoring when both groups had equivalent baseline 

HbA1c values. Such results thus suggest improvements in glycaemic control may 

reflect more stringent SMBG rather than feedback from CGM.  

Despite CGM's somewhat ineffective capacity to improve glycaemic control, 

Salardi and colleagues (2002) reported that the area under the glucose curve is 

directly and independently correlated with HbA1c. As such, they suggested that 

the information derived from CGM may be effective for health care providers to 

implement therapeutic changes based on anticipated day-to-day glucose patterns. 

In support of this prediction, Ludvigsson and Hanas (2003) showed that CGM 

profiles used to adjust insulin therapy were more effective than blood glucose 

monitoring alone for reducing HbA1c. Moreover, based on retrospective analysis 

of CGM profile, others have reported significant reductions in glycaemic 

excursions as a result of adjustments to insulin dose, insulin type, number of 

injections, and change in the method of insulin injection (Schaepelynck-Belicar et 

al., 2003). Lastly, Tanenberg and colleagues (2004) discovered that the use of 

CGM to guide therapy adjustments in patients reduced the duration of 

hypoglycaemia compared with therapy adjustments guided by SMBG alone.  

The use of CGM is probably most beneficial for conditions of dysglycaemia. 

Until the introduction of CGMs, it was often assumed that those patients with day-
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to-day glucometer measurements within the target range (4 to 10 mM), along with 

acceptable HbA1c reports, had adequate glucose control. This view was 

challenged by the work of Gandrud and colleagues (2002) who performed a study 

where the CGMS Gold was used in 19 children with type 1 diabetes and worn for 

80 ± 25 hours. The CGM was particularly effective at detecting post-prandial 

hyperglycaemia. Most notably, children with HbA1c levels above 8.0% had 

significantly higher post-prandial glucose concentrations than those with HbA1c 

levels below 8.0% (Gandrud et al., 2007). Boland and colleagues discovered that 

children with adequate glucose control (HbA1c = 7.7 ± 1.4%) experienced 90% of 

post-prandial peak glucose levels exceeding 10 mM, and almost half over 16.7 

mM using sensor values (Boland E et al., 2001). Others have also shown that 

CGM can reveal postprandial hyperglycaemia (Boland E et al., 2001; Gandrud et 

al., 2007; Sachedina and Pickup, 2003) as well as asymptomatic hypoglycaemia 

(Boland E et al., 2001; Sachedina and Pickup, 2003; Schiaffini et al., 2002) 

especially during nighttime (Chico et al., 2003; Gandrud et al., 2007). For example, 

asymptomatic hypoglycaemia was found in 70% of participants during at least one 

night of sensing, while 32% had sensor levels ≤ 2.2 mM (Boland E et al., 2001). 

However, it is important to note that reference blood glucose values were not 

performed in that study to confirm hypoglycaemic values. 

Despite limitations with accuracy, there is evidence that CGM can reduce the 

risk of hypoglycaemia (Bode et al., 2004; Bode et al., 2008; Garg and Jovanovic, 

2006; Garg et al., 2006; Garg et al., 2004; Ruxer et al., 2005; Tanenberg et al., 

2004; Battelino et al., 2011). A few controlled trials have shown significant 

reductions in the duration, but not the incidence or severity of hypoglycaemic 
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excursions (Bode et al., 2004; Garg et al., 2006; Tanenberg et al., 2004; Battelino 

et al., 2011). One of these studies used CGM profiles to adjust insulin therapy 

(Tanenberg et al., 2004) while the others used real-time CGM low glucose alarms 

set above the threshold for hypoglycaemia (Bode et al., 2004; Garg et al., 2006). 

Interestingly, these studies reported significant reductions in the duration, but not 

the incidence or severity of hypoglycaemia. Regardless, these benefits are 

attributed to the display of real time glucose values and/or the capacity of the 

alarm to notify the user of acute or pending hypoglycaemia. These features of 

CGM are in several respects beneficial to glycaemic management. For example, 

using the STSsystem, those that were provided real time glucose values in 

addition to low and high alarms spent 21% less time below 3.1 mM, 23% less time 

greater than 13.3 mM, and therefore 26% more time in euglycaemia (4.5 mM to 

7.8 mM). Furthermore, the time spent in nighttime hypoglycaemia was also 

reduced by 38% (< 3.1 mM; Garg et al., 2006). In a similar study, the TGMS was 

tested in 71 persons with diabetes (44.0 ± 11.4 years of age) who were 

randomized to either a control group (using only blood glucose meters) or a CGM 

group using a low alarm set at 3.9 mM (Bode et al., 2004). The device was 

accurate (r = 0.87) and as such the alarms significantly reduce the median 

duration of hypoglycaemia events despite a 47% false alert rate with a confirmed 

median blood glucose value of 4.8 mM. It should be noted that the number of 

hyperglycaemic excursions marginally increased (p = 0.07), most likely due to 

hypoglycaemic corrective measures. These results were similar to those found in a 

study by Mastrototaro and colleagues (2003) where the alarm detected 

hypoglycaemia (blood glucose < 3.9 mM) with a 78% specificity and a 90% 
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sensitivity. No information on the effect of the alarm on the duration or incidence of 

hypoglycaemia was provided. Overall, the aforementioned studies suggest that 

there may be an application for CGMS to reduce the duration of hypoglycaemia; 

however, the devices may not be sufficiently accurate in the low glucose range to 

reduce the incidence of hypoglycaemic events. 

The alarm’s accuracy is one factor that may limit the prevention of 

hypoglycaemia and may be dependent on the level of glucose prior to 

hypoglycaemia. In this regard, a false alarm rate of 55% has been shown for 

severe hypoglycaemia (glucose < 2.2 mM) using paired reference glucose 

measurements, but this rate was only 16% for mild hypoglycaemia (glucose < 3.9 

mM) thus offering some benefit, at least in this population with limited 

hypoglycaemia awareness (Gandrud et al., 2007). As such, it has been proposed 

that varying the level of glucose alarm, or rather, increasing the level to 

compensate for any CGM inaccuracy may improve its efficacy. Indeed, newer 

models can be pre-programmed to change their alarm settings depending on the 

time of day or level of activity (Mastrototaro et al., 2010). 

Studies have examined if changing the level of alarm can affect the incidence 

of hypoglycaemia. In one study, changing the level of alarm to 3.9 mM on the 

GlucowatchBiographer confirmed only 24% episodes of hypoglycaemia occurring 

in a controlled clinic setting, a simulated home environment, and a home 

environment (Pitzer et al., 2001). Using the ROC curve, a study by Mastrototaro 

and colleagues revealed optimal alarm-based prevention of hypoglycaemia with 

the alarm level set at only 0.3 mM higher than the hypoglycaemic threshold 
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(Mastrototaro et al., 2003). Others have proposed increasing the level of alarm 

even more; however, although this would improve sensitivity (i.e., true positives), it 

would also increase the number of false alarms which is not acceptable to many 

users (Bode et al., 2004; Buckingham et al., 2005; Pitzer et al., 2001). However, 

Pitzer and colleagues found that setting the CGM glucose alarm at 5.6 mM 

resulted in the optimal sensitivity to specificity ratio, thus reducing the frequency of 

false alarms and possibly allowing for sufficient time to correct an impending 

severe episode of hypoglycaemia (Pitzer et al., 2001). It should be noted, 

however, that these studies are limited as they do not provide specific instructions 

on how to respond to a low glucose alarm. This issue was addressed by Davey 

and colleagues (Davey et al., 2010a) who set the low glucose alarm at 4.4 mM 

and instructed participants to respond to the alarm by first confirming with a blood 

glucose test, followed by the ingestion of a specified amount of high glycaemic 

index carbohydrates. The amount of ingested carbohydrate depended on blood 

glucose level or whether insulin levels were expected to be peaking, or prior 

exercise, or whether glucose values displayed on the CGM were falling sharply 

prior to the low alarm. Using this protocol, the authors found that despite CGM 

markedly overestimating blood glucose levels in the low glucose range, the alarm 

significantly reduced the incidence and duration of hypoglycaemia by 44% and 

64%, respectively, without having any effect on average blood glucose levels. 

Unfortunately, all studies to date have not examined whether setting the 

alarm at a higher threshold can reduce the rate of hypoglycaemia for these 

conditions associated with rapid declines in blood glucose levels, such as during 

exercise. Since exercise can cause a rapid fall in blood glucose levels, and 
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because marked mismatches are often observed between CGM estimates of 

blood glucose levels and actual blood glucose concentrations, particularly when 

blood glucose levels are changing rapidly or are in the hypoglycaemic range 

(Boyne et al., 2003; McGowan et al., 2002; Weinstein et al., 2007), the alarm could 

be set at a level much higher than hypoglycaemia range. This would assist in the 

prevention of hypoglycaemia as it would provide more time for carbohydrate 

ingestion to counteract the fall in blood glucose levels (Buckingham et al., 2005). A 

glucose alarm set at a higher level may also help to minimize the impact of the lag 

between blood and interstitial glucose levels. 

1.10 Study Rationale: 

Overall, CGMs provide a valuable addition to diabetes management and a 

potentially important tool to improve glycaemic control (Schaepelynck-Belicar et 

al., 2003), reduce the duration of hypoglycaemia (Kaufman et al., 2001), and 

reveal episodes of dysglycaemia that would otherwise go unnoticed (Bode et al., 

2004). However, the primary limitation shared by all CGMs is the mismatch 

between their glucose readings and actual blood glucose levels. In particular, such 

a limitation has the potential to limit the effectiveness of CGM in the prevention of 

hypoglycaemia. For these reasons, the primary purpose of this thesis was to 

explore further the factors that influence the mismatch between CGM glucose 

readings and blood glucose levels, including calibration procedures and length of 

sensor wear. Another purpose was to develop strategies for CGMs to be used 

more effectively for the prevention of hypoglycaemia despite the inaccuracy 

between blood glucose levels and CGM measurements. These objectives were 
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met using the ParadigmREAL-Time CGM (Medtronic, Northridge, CA) as this was 

the most current CGM available in Australia when this research began. 

Overall, this thesis addresses the following objectives: 

1. To examine whether a CGM’s intrinsic accuracy in the low glucose range 

improves if calibrations are performed at different concentrations in vitro. To 

achieve this, sensors were calibrated repeatedly at 8 mM or different 

glucose concentrations (4, 8 or 12 mM) prior to testing the sensors in a low 

glucose solution (2.2 mM). 

2. To evaluate the extent to which extended periods of wear affect the 

responses of both CGM accuracy and lag time to rapid changes in blood 

glucose levels. In addition, given that prolonged wear raises the issue of 

comfort, our objective was also to assess comfort responses to sensor site 

of insertion. This was accomplished by subjecting non-diabetic participants, 

each fitted with two CGMs (abdominal and triceps regions), to oral glucose 

challenges on six occasions over nine days while the CGMs were worn 

without removal. 

3. To determine whether raising the CGM alarm in anticipation of an exercise-

induced rapid fall in glycaemia could be one condition where the incidence 

of hypoglycaemia may be reduced without triggering any false alarms. To 

test this, individuals with type 1 diabetes completed three separate morning 

exercise trials on consecutive days while the CGM alarm was either turned 

off, set at 4.0 or 5.5 mM. 
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Relative to our aims, it is hypothesised that: 

1. CGMs calibrated at different glucose concentrations are more accurate than 

those calibrated at stable glucose concentrations. 

2. CGM accuracy deteriorates over time of wear, but does not differ between 

sensor sites of insertion. 

3. A CGM alarm set at a higher glucose level (5.5 mM) offers better protection 

against hypoglycaemia in comparison to an alarm set at a lower level (4.0 

mM) or no alarm. 

1.11 Significance 

These studies are important because despite their obvious limitations, CGMs 

have the potential to provide a useful tool to improve glycaemic control and 

decrease the risk of hypoglycaemia in individuals with T1DM. A better 

understanding of the factors limiting the usefulness of CGM is critical to improve 

users’ satisfaction and, most importantly, to prevent or reduce the risk of 

hypoglycaemia. In addition, our findings are expected to improve current diabetes 

management guidelines for exercise as well as help CGM manufacturers estimate 

more precisely blood glucose from interstitial glucose levels. A better 

understanding of the factors that limit the performance of these devices is 

important as their inaccuracies are the primary limiting step in the eventual 

development of a closed-loop artificial pancreas. 
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Chapter 2 

 

Does glucose levels used to calibrate 

continuous glucose monitors 

influence accuracy of readings in 

vitro? 
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Abstract 

Computer-based modelling of continuous glucose monitor (CGM) data 

predicts that accuracy is influenced by the glucose concentration at which 

calibrations are performed. Here we examine whether a CGM’s intrinsic accuracy 

is affected by glucose level when calibration is performed in vitro. For this, 

Paradigm®722 Real-Time CGM (Medtronic, Northridge, CA) and their sensors 

were calibrated and tested in a Krebs bicarbonate buffer at 37°C and a pH of 7.4. 

In one experiment, sensors were calibrated using a 4, 8 or 12 mM glucose solution 

after which the sensors were tested for accuracy in either a low (2.2 mM) or high 

(18 mM) glucose solution. In another experiment, sensors were calibrated at the 

same or different glucose concentrations (4, 8 or 12 mM) prior to testing the 

sensors in a low glucose solution (2.2 mM). For both experiments, small samples 

(100 µL) of all glucose buffer solutions were drawn, immediately frozen in liquid 

nitrogen, and kept at -80ºC for subsequent glucose assays. The first experiment 

showed sensors were more accurate when calibrated at a glucose concentration 

closer to the testing solution: those calibrated at 4 mM misread the 2.2 mM 

glucose solution by less (0.2 ± 0.1 mM) compared to those at 8 mM (0.7 ± 0.1 mM; 

p < 0.05) and those at 12 mM (0.9 ± 0.1 mM; p < 0.05). Sensors calibrated at 12 

mM were more accurate at reading the 18 mM solution (0.3 ± 0.4 mM difference) 

compared to those at 8 mM (1.3 ± 0.5 mM difference; p < 0.05) and 4 mM (2.9 ± 

0.5 mM difference; p < 0.05). This decrease in accuracy as the difference in 

glucose concentration between calibration level and glucose testing solution 

increases was observed using mean absolute error, relative absolute difference 
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and ISO criteria. In contrast, sensors calibrated at different glucose levels were not 

more accurate compared to those repeatedly calibrated at a single glucose 

concentration. The lag time was not affected by the type of calibration protocol, but 

such lags resulted in significant differences between CGM and reference glucose 

levels, most notably during rapid decreases in glucose concentration. In 

conclusion, although the glucose concentration at which calibration is performed 

affects accuracy, multiple calibrations at various compared to single glucose levels 

do not further improve CGM accuracy and lag. 
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2.1 Introduction 

Continuous glucose monitors (CGMs) are an important addition to diabetes 

management because they improve glycaemic control (Deiss et al., 2006a; Garg 

et al., 2006; Schaepelynck-Belicar et al., 2003) and reduce the time spent in the 

hypoglycaemia range (Bode et al., 2004; Davey et al., 2010a; Garg et al., 2006; 

Garg et al., 2004). Despite these benefits, one major limitation shared by all CGMs 

is poor accuracy, particularly in the hypoglycaemic range (Leal et al., 2010; Maia 

and Araujo, 2005; McGowan et al., 2002; The DirecNet Research Group, 2003a) 

and when glucose levels are changing rapidly (Boland E et al., 2001; Davey et al., 

2010b). Such inaccuracies are due not only to physiological differences between 

blood and interstitial glucose concentrations where CGM measurements are 

obtained, but also to the intrinsic lag of the device itself (Davey et al., 2010b). This 

raises the issue of whether some aspects of CGM calibration could improve 

sensor accuracy.  

Retrospective analysis of CGM readings and concomitant blood glucose 

measurements using in silico (i.e., computer-based) modelling suggest that the 

number of calibrations and glucose concentration at which the calibrations are 

performed might affect the performance of CGMs (Buckingham et al., 2006; King 

et al., 2007; Monsod et al., 2002). Using this technique, Monsod and colleagues 

reported that four retrospectively entered calibrations should improve accuracy at 

baseline compared to using only a single retrospectively entered calibration 

(Monsod et al., 2002). Others who used this approach also predicted that 
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increasing the number of calibrations (Buckingham et al., 2006) calibrating at 

difference glucose concentrations (King et al., 2007; Monsod et al., 2002), and 

entering calibrations at low blood glucose levels (King et al., 2007; Monsod et al., 

2002) should improve CGM accuracy in the hypoglycaemic range. 

One limitation with the aforementioned studies is that the effects of 

calibration protocols on the accuracy of glucose measurements have been based 

on retrospective computer modelling rather than actual testing of the calibration 

protocol. Another important limitation is that the effect of the calibration procedure 

on the lag time between CGM and blood glucose readings was not examined. This 

is an important omission as a marked lag can result in a large error in CGM 

estimates of blood glucose levels especially when these levels are changing 

rapidly (Boland E et al., 2001; Davey et al., 2010b). For these reasons, the 

purpose of this study was to determine whether CGM accuracy and lag response 

are sensitive to the protocol of CGM calibration. In particular, we determined 

whether the device’s accuracy at low glucose levels might be improved if 

calibrated at stable or variable glucose levels. To this end, testing was performed 

in vitro as we have shown that this is a sensitive approach not only to examine the 

performance of the CGM unit per se (Davey et al., 2010b), but also to accurately 

control calibration level and timing, glucose concentration, and the rate of glucose 

change. 
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2.2 Methods 

2.2.1 Experimental Protocol  

In one study, four Paradigm®722 Real-Time CGMS (MiniMed, Medtronic, 

Northridge, CA) were calibrated in either a 4, 8 or 12 mM glucose solution 

prepared in a Krebs bicarbonate buffer at 37°C and neutral pH (7.4). The sensors 

were then immersed in a 2.2 mM or 18 mM glucose buffer solution where they 

remained until glucose readings from CGM were stable before they were returned 

to the original calibration solution once more. It should be noted that although the 

CGM used here only displays glucose values between 2.2 and 22.2mM, glucose 

values outside this range are available upon uploading the monitor. Small samples 

(200 µL) of all glucose buffer solutions were drawn for glucose assays as 

described in Bergmeyer (1974) 

To investigate the effects of multiple calibrations at similar or different 

glucose levels on the accuracy of CGMs readings, 12 sensors (Sof-sensor®; 

Medtronic, Northridge, CA) were exposed to 3 calibration protocols using 

Paradigm®722 Real-Time CGMSs (Medtronic, Northridge, CA) following a 

counterbalanced design. Each unit was either calibrated 4 times every 40 minutes 

in an 8 mM solution (8/8/8/8 mM) or calibrated 4 times in 4, 8 or 12 mM solutions 

following the sequence 8/4/12/8 mM or 8/12/4/8 mM before being tested in the 2.2 

mM solution for accuracy when glucose reached stable levels. Irrespective of the 

calibration protocol, the concentration of the last calibration solution was matched 

at 8 mM for all three protocols to avoid the confounding effect that the 
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concentration of the last calibration solution might have on accuracy. As with the 

first protocol, small samples (100 µL) of all glucose buffer solutions were drawn, 

immediately frozen in liquid nitrogen, and kept at -80ºC for subsequent glucose 

assays (Bergmeyer, 1974).  

2.2.2 Data and statistical analyses 

Accuracy was determined using Clark Error Grid analyses (Clarke et al., 

1987), Consensus Error Grid Analyses (Parkes et al., 2000), mean absolute error, 

relative absolute difference and ISO criteria (International Organization for 

Standardization, 2003). In order to measure lag time, a cubic spline was used to 

interpolate CGM values to determine the time required for CGM glucose readings 

to decrease by ¼, ½, or ¾ of the absolute change in the reference glucose 

concentration. 

All statistical analyses were carried out using Prism®GraphPad version 5 

software. A one-way ANOVA with repeated measures and Bonferoni post-hoc 

tests were adopted to compare differences between time-paired reference and 

CGM glucose measurements between calibration methods. All results are 

expressed as mean ± SEM, with significance set at p<0.05. 



68 
 

2.3 Results 

2.3.1 Calibration at one glucose levels 

Sensors calibrated at 4 mM misread the 2.2 mM glucose solution by less 

(0.2 ± 0.1 mM) compared to those at 8 mM (0.7 ± 0.1 mM; p < 0.05) and those at 

12 mM (0.9 ± 0.1 mM; Figures 2.1, 2.3; p < 0.05). Sensors calibrated at 12 mM 

were more accurate at reading the 18 mM solution (0.3 ± 0.4 mM difference) 

compared to those at 8 mM (1.3 ± 0.5 mM difference; p < 0.05) and 4 mM (2.9 ± 

0.5 mM difference; Figures 2.2, 2.3; p < 0.05).  

Accuracy was determined using either Clark or Consensus Error Grid 

analysis which showed all readings fell in Zones A or B irrespective of glucose 

level at calibration with no difference between calibration levels (Table 2.1). In 

contrast, mean average error (MAE) and relative absolute difference (RAE) were 

smaller as the difference between glucose level at calibration and measured 

glucose levels decreased. This was also the case for ISO accuracy which became 

worse as calibration glucose levels were performed further from the testing 

solution (Table 2.1). 

2.3.2 Calibrations at multiple glucose levels 

 All sensors significantly over-estimated the low glucose solution to a similar 

extent irrespective of whether multiple calibrations were performed at the same or 

different glucose levels (Figure 2.4 and 2.5; p>0.05). There were also large 

mismatches between CGM and reference glucose due to the CGM’s lag, most 

notably during the initial rapid change in glucose levels (Figure 2.5; 5-15min), but 
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there were no differences in the magnitude of the mismatch between calibration 

protocols (Table 2.2; p>0.05). There was also no difference in the time lag 

between conditions as indicated by the time required for CGM glucose readings to 

decrease by ¼, ½ or ¾ of the absolute change in reference glucose concentration 

(Table 2.2; p>0.05). 
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Figure 2.1 Effect of sensors calibrated at 4 (●) 8 (n) or 12 (∆) mM on the accuracy 

of glucose readings at 2.2 mM. Shaded box represents period when sensors were 

exposed to low glucose buffer solution (2.2 mM). *, significantly different from all 

other calibration and reference glucose levels (p < 0.05). 
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Figure 2.2 Effect of sensors calibrated at 4 (●) 8 (n) or 12 (∆) mM on the accuracy 

of glucose readings at 18 mM. Shaded box represents period when sensors are 

exposed to high glucose buffer solution (18 mM). *, significantly different (p < 0.05) 

from all other calibration and reference glucose levels. ^ no significant difference 

between 12 mM and reference glucose levels; + no significant difference between 

glucose levels between 4 and 8 mM calibration conditions. 
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Figure 2.3 Difference between sensor and reference glucose readings of CGM 

previously calibrated at 4 (□) 8 (  ) or 12 (n) mM and exposed to either a low (2.2 

mM) or high (18 mM) glucose solution. *represents significant difference from 

other 2 calibration conditions (p < 0.05). 
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Figure 2.4 Effect of calibration protocol on the absolute difference between CGM 

glucose readings and reference glucose values measured in a 2.2 mM glucose 

buffer solution when CGM glucose readings are stable (40 min). No significant 

difference between calibration conditions (all p > 0.05). Data represent mean ± 

SEM (n = 12). 
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 Figure 2.5 Effect of calibration protocol on CGM glucose measurements during 

an immediate fall in glucose concentration (from an 8 to 2.2 mM solution). 

Repeated calibration at 8/8/8/8 mM (□), 8/4/12/8 mM (∆) or 8/12/4/8 mM (◊). 
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Table 2.1 Effect of CGM calibration at different glucose levels on different 

markers of accuracy. 

                                  Glucose level at calibration (mM) 

 4 8 12 

                                      Glucose level of the testing solution (mM) 

Accuracy indicators 2.2 18 2.2 18 2.2 18 

Clark / 
Consensus 

Zone A 
(%) 100/100 35/93 100/100 90/100 100/91 97/100 

Zone B 
(%) 0/0 65/7 0/0 10/0 0/9 3/0 

Zone C 
(%) 0/0 0/0 0/0 0/0 0/0 0/0 

Zone D 
(%) 0/0 0/0 0/0 0/0 0/0 0/0 

Zone E 
(%) 0/0 0/0 0/0 0/0 0/0 0/0 

 
Mean average error 
(%) 
 

8.02 20.44 22.08* 11.01^ 27.78* 3.93^ 

 
Relative absolute 
difference (%) 
 

9.5 -16.2 28.9* -7.2^ 38.1* 2.0^ 

 
ISO (%) 
 

100.0 51.6 75.8* 100.0^ 51.5* 97.0^ 

 

* statistically different from accuracy indicators (p < 0.05) associated with CGM 
calibrated at 4 mM and tested in the 2.2 mM solution. ^ statistically different from 
accuracy indicators associated with CGM calibrated at 4 mM and tested in the 18 
mM solution (p < 0.05). 
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Table 2.2 Effect of calibration protocol on difference between CGM and 

reference glucose as well as lag time.  

Calibration 
Protocol 

Difference between CGM and 
reference glucose (mM) Lag time (minutes) 

 5 min 10 min 15 min t ¼ t ½ t ¾ 

8/8/8/8 mM 

8/4/12/8 mM 

8/12/4/8 mM 

5.0 ± 0.3 

4.4 ± 0.3 

5.0 ± 0.2 

3.3 ± 0.4 

2.8 ± 0.3 

3.0 ± 0.1 

2.1 ± 0.4 

1.6 ± 0.2 

1.7 ± 0.1 

7.9 ± 1.3 

5.8 ± 0.9 

6.6 ± 0.4 

11.3 ± 1.3 

9.4 ± 0.9 

10.1 ± 0.4 

17.0 ± 1.4 

15.3 ± 1.0 

16.3 ± 0.7 

Data expressed as mean ± SEM (n = 12). There were no significant differences 

between calibration conditions. 
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1.4 Discussion 

Computer-based modelling predicts that the capacity of CGMs to provide 

accurate blood glucose estimates is influenced by the level of blood glucose at 

which calibration is performed (Buckingham et al., 2006; King et al., 2007; Monsod 

et al., 2002). However, when the effects of various calibration protocols on CGMs 

accuracy are tested experimentally rather than via modeling in silico, we show that 

CGM calibration at a low glucose concentration (4 mM) provides a more accurate 

reading in the low glucose range than CGM calibrated at higher levels (8 and 12 

mM). Conversely, accuracy is improved at a high glucose concentration (18 mM) 

when calibration is performed at high (12 mM) compared to low glucose 

concentrations (4 and 8 mM). However, in response to multiple calibrations that 

include a calibration at a low glucose concentration (4 mM), there is no difference 

in the accuracy of low glucose level measurements compared to multiple 

calibrations at stable glucose levels. Also, across all calibration protocols tested 

here, we show large differences between CGM and reference glucose levels due 

to the device’s lag, most notably during rapid changes in glucose levels. Finally, 

the lag in CGM glucose readings while glucose levels are falling is also not 

affected by the multiple calibration protocol. 

Our findings indicate that accuracy improves when the concentration of the 

glucose used for calibration is closer to the level of the glucose subsequently 

tested. Indeed, our analyses using MAE, RAD and ISO criteria show a decrease in 

accuracy as the difference in glucose concentration between calibration level and 

glucose testing solution increases. To some extent, this corroborates the findings 
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of others who predicted using in silico analyses that the inclusion of a calibration 

step at a low glucose level (i.e., < 4 mM) improves accuracy in the low glucose 

range (King et al., 2007; Monsod et al., 2002). However, our findings differ from 

those of others in that the effect of multiple calibrations at varying glucose levels 

on both accuracy in the low glucose range (2.2 mM) and lag time is not improved 

compared to repeated calibrations performed at a single glucose concentration (8 

mM). For example, Monsod and colleagues (2002) predicted using in silico 

analyses that calibrations entered at various glucose levels, including one at < 4 

mM, should reduce the differences between the CGM and reference glucose 

readings in the hypoglycaemic range in comparison to multiple calibrations 

entered at one glucose level. In addition, King and colleagues (2002) predicted 

using in silico modelling that a second calibration point taken close to the 

hypoglycaemia level should reduce mean absolute difference in the lower range.  

The apparent inconsistency between our findings that multiple calibrations 

at different glucose levels does not affect accuracy whereas calibration at one 

glucose concentration affects CGM accuracy if performed closer to that of the 

glucose solution being tested is without a clear answer. Such a discrepancy could 

be explained if the last of the four glucose levels used in each calibration protocol 

were to play a more important role in the algorithm use to calibrate CGM, since the 

concentration of the last calibrating glucose solution was matched between 

protocols. However, it is unclear the extent to which the absence of any effect of 

the different multiple calibration protocols tested here on both the accuracy and lag 

times is related to limitations with the sensor itself, the algorithm used by the 

manufacturer to convert the raw sensor signal to a digital glucose number output, 



79 
 

or the possibility that calibration at different glucose levels is beneficial only in situ. 

The extent to which the manufacturer’s algorithm and other features of CGM 

contribute to such inaccuracies is difficult to evaluate given the confidential nature 

of these features of the CGM tested here.  

Although some recent modifications have been made to both the sensor  

(The DirecNet Research Group, 2003a; The DirecNet Research Group, 2004) and 

the software (Lesperance et al., 2007) to improve accuracy, especially in the low 

glucose range (Gross et al., 2000; Lesperance et al., 2007; Weinzimer et al., 

2003), our findings corroborate the work by others that CGM overestimates blood 

glucose levels in the low glucose range (Davey et al., 2010b) and in response to 

rapid glucose decline in vivo (MacDonald et al., 2006). Indeed, all sensors tested 

here significantly over-estimated the low glucose solution by more than 4, 2.5, and 

1.5 mM even after 5, 10, and 15 min of exposure to a 2.2 mM solution, 

respectively. As reported before (Davey et al., 2010b), such inaccuracies are due, 

in part, to the device’s lag per se between actual and measured glucose levels. It 

is important to note, however, that since the changes in glucose concentrations in 

this study were abrupt rather than gradual as would normally occur in individuals 

with diabetes, the lag time and associated mismatches between actual and 

measured glucose levels are likely to be more pronounced here compared to 

those expected to occur with gradual changes in glucose levels. 

In conclusion, this study shows for the first time that although the level of 

glucose chosen to calibrate CGM affects its accuracy, multiple calibrations at 

various compared to stable glucose levels do not further improve accuracy in the 
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hypoglycaemic range or the lag time of the Paradigm®722. One important feature 

of the type of study design described here is that it could be adopted to evaluate 

the effect of calibration protocol on the performance of other CGM devices. 

However, the testing of CGM calibration protocol in diabetic individuals subjected 

to a hypo/hyperglycaemic clamp would still be required to corroborate any findings 

based on our testing protocol. Overall, our results raise the importance of 

supporting the findings of in silico based studies with in vitro/in vivo testing. 
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Chapter 3 

 

Is the response of continuous glucose 

monitors to physiological changes in 

blood glucose levels affected by 

sensor life? 
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Abstract 

None of the studies concerned with the performance of continuous glucose 

monitor (CGM) over time has examined the extent to which extended periods of 

wear affect the responses of both CGM accuracy and lag time to rapid changes in 

blood glucose levels. Here we propose a novel approach to address these issues. 

Eight non-diabetic participants were each fitted with two CGMs (Paradigm722-

Real-Time; abdominal and triceps regions) and completed fasted oral glucose 

challenges (OGCs) on six occasions over nine days while the CGMs were worn 

without removal. Arterialized blood samples were collected for comparison to CGM 

values. There were marked mismatches and lag times between blood glucose and 

CGM values in response to all OGCs, most notably during the initial rapid increase 

in glucose levels. Abdominal and triceps CGMs consistently underestimated peak 

blood glucose by an average of 2.7 ± 0.2 and 2.9 ± 0.2 mM and were associated 

with peak blood glucose lag of 21.6 ± 1.8 and 18.1 ± 1.6 min, respectively. CGM 

accuracy did not deteriorate over 9 days of wear for either the abdominal or triceps 

sensor. All participants found the triceps sensor site more comfortable than the 

abdominal site (p<0.05).  The current CGM sensor tested here may be used for 

extended periods, providing added economic benefits for the wearer. However, the 

marked inaccuracy and lag time of CGM readings when blood glucose levels 

change rapidly within physiological range must be considered for optimal CGM 

use in glycaemic management.   
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3.1 Introduction 

Continuous glucose monitors (CGMs) can improve glycaemic control when 

used in conjunction with conventional blood glucose monitoring practices, 

potentially delaying the onset and minimizing the severity of diabetic complications  

(Deiss et al., 2006b; Garg et al., 2004; JDRF CGM Study Group, 2008). Following 

approval for three days of continued use of the CGM sensor in 1999 (CGMGold, 

Medtronic, Northridge, CA, USA), similar enzyme-based sensors have since been 

developed and approved for five (Abbott FreeStyle Navigator, North Chicago, IL, 

USA) and seven (DexComSEVENPLUS, San Diego, CA, USA) (McGarraugh, 

2009)  days, which is important for users since this lowers the daily cost of sensor 

use.  

Prolonged wearing of CGMs raises the issue of whether the performance of 

their sensors remains stable over their periods of use. Although most but not all  

(Nyback-Nakell et al., 2004) studies suggest that sensor performance remains 

relatively stable over three (Feldman et al., 2003; Guerci et al., 2003; Mastrototaro 

et al., 2008; The DirecNet Research Group, 2003a), four (Gandrud et al., 2007)}, 

five  (Weinstein et al., 2007; Wilson et al., 2007; Wong et al., 2006), six (Peoples 

et al., 2011), seven (Chlup et al., 2006) or 10 days (Garg et al., 2009), many of 

these studies did not support their findings with any statistical analyses (Chlup et 

al., 2006; Feldman et al., 2003; Mastrototaro et al., 2008; Nyback-Nakell et al., 

2004; Peoples et al., 2011; Weinstein et al., 2007) and several important accuracy 

issues were not addressed. For instance, it remains to be established whether 
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several days of wear affect the sensor accuracy under conditions of rapid changes 

in blood glucose levels. This is an important issue because rapid changes in blood 

glucose concentrations are associated with greater mismatches between blood 

glucose and CGM values compared to periods of stable blood glucose levels  

(Aussedat et al., 2000; Boland E et al., 2001; Boyne et al., 2003; Davey et al., 

2010b; Weinstein et al., 2007). Another limitation is that none of these studies 

adopted a matched paired study design between consecutive days to account for 

such events as meals, insulin or activity regimens on consecutive days despite 

these factors likely causing increased variability between blood glucose and CGM 

values between testing days. This is even more problematic if exposure to low 

blood glucose levels  (McGowan et al., 2002; The DirecNet Research Group, 

2003a) and to rapid changes in blood glucose concentrations vary between testing 

days since these factors contribute to greater mismatches between blood glucose 

and CGM values (Aussedat et al., 2000; Boland E et al., 2001; Boyne et al., 2003; 

Davey et al., 2010b; Weinstein et al., 2007). It has also been overlooked that 

sensor accuracy over time might have been overestimated due to a decrease in 

glycaemic variability during the observation period. Indeed, glycaemic variability 

has been shown to decrease over time of CGM use (Garg et al., 2006), thus 

raising the possibility that the reported absence of deterioration in the mismatch 

between CGM values and blood glucose levels with prolonged CGM use might in 

some cases reflect a decrease in glycaemic variability rather than the maintenance 

of stable sensor accuracy per se. Finally, no study has measured the effects of 

sensor wear on lag time between CGM readings and actual blood glucose levels. 

This latter limitation is an important one considering that a prolonged lag can result 
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in marked inaccuracies between CGM readings and actual glucose levels (Boland 

E et al., 2001; Boyne et al., 2003; Davey et al., 2010b; Weinstein et al., 2007). 

In order to test the effect of duration of wear on the lag time and accuracy of 

CGM exposed to rapid changes in blood glucose levels without the confounding 

effect of falling glycaemic variability with time of wear,  it is important for CGM to 

be subjected to reproducible changes in blood glucose levels over several 

consecutive days. This is a highly challenging task given the marked variability in 

blood glucose levels in individuals with diabetes. One labor intensive and 

expensive approach to achieve this would be to subject these individuals to a 

glucose clamp, allowing reproducible changes in blood glucose levels to be 

generated over consecutive days. Alternatively, since the pattern of response to 

an oral glucose challenge (OGC) is not expected to differ markedly between 

testing days in non-diabetic individuals, this raises the possibility that CGM 

performance could be tested in non-diabetic individuals exposed on consecutive 

days to an OGC. Although this experimental approach does not allow one to 

evaluate the performance of CGM over both the hypoglycaemic and 

hyperglycaemic ranges, it allows the assessment of the response of CGM to 

reproducible physiological changes in blood glucose levels considered to be within 

the target concentration range for optimal diabetic management. Using such a 

novel and simple approach, the purpose of this study was to evaluate the effect of 

wearing CGM for nine days on the accuracy and lag time of CGM responses to 

physiological changes in blood glucose levels. Given that prolonged wear raises 

the issue of comfort, this study also assessed comfort responses to sensor site of 

insertion. This study is important because the possible demonstration that 
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prolonged sensor wear does not affect the accuracy of CGM has the potential of 

reducing the daily cost of CGM use without compromising performance.  
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3.2 Methods 

3.2.1 Participants 

Eight healthy, non-diabetic individuals (7 females and 1 male; age 31.3 ± 

7.1 years; BMI 24.6 ± 2.6 kg/m2; mean ± SD) were recruited to this study. Each 

participant received a detailed description of all experimental procedures prior to 

providing written consent. This study was approved by the University of Western 

Australia’s Human Research Ethics committee. 

At 17:30 h on the day prior to the first OGC, each participant was fitted with 

two ParadigmReal-Time CGMs (Medtronic, Northridge, CA) in accordance with the 

manufacturer’s guidelines. One sensor was inserted in the region of the abdominal 

wall 5 cm lateral to the navel, and another one on the contralateral rear upper third 

of the non-dominant arm (triceps). For the duration of the study, participants 

calibrated both abdominal and triceps CGMs simultaneously four times daily using 

a validated blood glucose meter (Accu-chekPerforma, Roche Diagnostics, 

Indianapolis, Indiana). On each day prior to the laboratory trials, participants were 

asked to abstain from alcohol and caffeine, and were asked to replicate the 

evening meals prior to the laboratory trials. No food was allowed from 22:00 h until 

after the testing session the following day. 

3.2.2 Data collection 

The morning after the CGMs were fitted and after an overnight fast, 

participants were required to calibrate both their CGMs at 07:00 h before arriving 



88 
 

in the laboratory at 08:00 h for an OGC (day 1 of testing). After a blood sample 

was taken to measure fasting blood glucose levels, participants consumed a 20% 

(weight/volume) glucose solution providing 1g glucose/kg body weight (Glucodin, 

Boots Healthcare, North Ryde, Australia). Blood samples were taken every 15 min 

for the next 2 h to compare blood glucose levels with both abdominal and triceps 

CGM values. Each blood sample was collected from arterialized venous blood into 

a 35 µl capillary tube obtained from the finger tip of the hand pre-warmed in a 

43°C water bath, and glucose was then analyzed (Radiometer ABL700 series, 

Copenhagen, Denmark). This OGC trial was repeated in the same manner on 

days 2, 3, 5, 7 and 9 for a total of six testing sessions. The sensors were removed 

after the final trial, and CGM data were uploaded using CarelinkSoftware 3.0A for 

analysis. 

3.2.3 Statistical analyses 

Analyses were carried out using PrismGraphPad version 5 software. Level 

of statistical significance was set at p < 0.05. One- and two-way repeated 

measures ANOVA with Bonferroni post-hoc tests were adopted to compare 

variations between blood glucose levels and CGM values over the trial days. The 

variables analyzed to examine sensor accuracy and lag time are described in 

figure 3.1 and included mismatch between area under the curves (AUC), 

mismatch at peak blood glucose level, mismatch between blood glucose peak and 

CGM peak, difference between time to peak glucose levels and difference 

between the rate of glucose increase (0-15 min). Paired t-tests compared 

differences between CGM sensors sites (abdominal versus triceps) during 
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individual trial days. A chi-squared analysis compared the observed and expected 

frequencies of site preference. 
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3.3 Results 

3.3.1 Effect of repeated oral glucose challenge tests on the patterns of 

change in blood glucose levels: 

Baseline blood glucose levels and the patterns of change in blood glucose 

level in response to OGC did not differ between testing days, with blood glucose 

levels during the OGC not being different irrespective of the days compared (p = 

0.47). Each day, there was also no difference between baseline blood glucose 

level and pre-OGC CGM values (p = 0.98). In response to the OGC, blood glucose 

levels of all participants and across all treatments returned to baseline within 120 

min, with no difference with pre-OGC values (p = 0.99; Figure 3.2). Across all 

OGCs, there were significant mismatches between blood glucose and CGM 

values, most notably during the first 30 min where blood glucose levels increased 

rapidly (all p < 0.05, Figure 3.2). There was no difference between abdominal and 

triceps CGM sensors values during the trials on days 1, 2, 3, 5 and 7. However, on 

day 9, CGM readings obtained from the triceps sensor were lower than those 

obtained from the abdominal sensor throughout the glucose challenge (p = 0.01).  

3.3.2 Area under the curve 

The area under the glucose x time curve (AUC) was calculated from the 

glucose response to the OGC between 0-60 min post glucose ingestion (Figure 

3.3a), with the AUCs for both abdominal and triceps CGM being lower than blood 

glucose AUC on each testing day (p < 0.01). The mismatch between both 
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abdominal (p = 0.5) and triceps (p = 0.3) AUC compared to reference blood 

glucose did not differ between days 1 and 2. The triceps AUC did not differ 

between consecutive OGC trials (p = 0.83). However, over time, the abdominal 

AUC trended to more closely match the reference AUC (reference – abdominal: 

day 1 = 142.8 ± 35.3 vs day 9 = 56.9 ± 23.3 mM-1/60 min; p = 0.065) and on day 9 

was less than the triceps AUC difference to reference blood glucose AUC (56.9 ± 

23.3 vs 111.4 ± 26.5 mM-1/60 min; p < 0.01). 

3.3.3 Mismatch at peak blood glucose 

When blood glucose reached peak levels in response to OGC, both 

abdominal (p < 0.01) and triceps (p < 0.01) CGM readings underestimated peak 

blood glucose by an average of 2.7 ± 0.2 and 2.9 ± 0.2 mM, respectively (average 

of all days; Figure 3.3b). There was no difference in the mismatch between days 1 

and 2 for both the abdominal (3.7 ± 0.6 vs 2.9 ± 0.3 mM, respectively; p = 0.23) 

and the triceps CGM (2.8 ± 0.2 vs 3.1 ± 0.3 mM, respectively; p = 0.41). There 

was a trend for the magnitude of the abdominal CGM mismatch to decrease with 

time (abdominal day 1 = 3.7 ± 0.6 vs day 9 = 1.8 ± 0.6 mM; p = 0.098), but not for 

the triceps CGM mismatch (triceps day 1 = 2.8 ± 0.2 vs day 9 = 3.0 ± 0.5 mM; p = 

0.76). CGM did not differ between sites with the exception of day 9 where the 

mismatch of peak abdominal CGM readings was less than that of the triceps CGM 

mismatch (1.8 ± 0.6 vs 3.0 ± 0.5mM; p < 0.01). 

3.3.4 Mismatch between blood glucose peak and CGM peak 

In response to the OGC, abdominal and triceps CGM peak glucose 
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readings were lower than peak blood glucose levels on all days except for day 9 

where peak abdominal CGM readings more closely matched reference peak 

glucose (p = 0.12) and were higher than triceps CGM peak glucose (p < 0.01; 

Figure 3.3c; reference = 10.0 ± 0.3 vs abdominal = 9.4 ± 0.3 vs triceps = 7.8 ± 0.5 

mM). There was no difference between the mismatch between reference and 

abdominal CGM peak glucose readings between day 1 and 2 (2.7 ± 0.6 vs 1.8 ± 

0.3 mM; p = 0.13); however, the abdominal CGM mismatch to reference glucose 

readings decreased over time (day 1 = 2.7 ± 0.6 vs day 9 = 0.7 ± 0.4 mM; p = 

0.04). There was no difference between the reference glucose readings and 

triceps CGM peak glucose mismatch between days 1 and 2 (1.9 ± 0.2 vs 2.1 ± 0.2 

mM; p = 0.14) or over time (day 1 = 1.9 ± 0.2 vs day 9 = 2.3 ± 0.6 mM; p = 0.56). 

3.3.5 Time to peak glucose levels  

The time to achieve peak CGM glucose readings was slower for both the 

abdominal and triceps sensors in comparison to the time to reach peak reference 

blood glucose level on all trial days (Figure 3.3d). There was no difference in the 

time between reference and abdominal CGM peak glucose readings (p = 0.8) and 

between reference and triceps CGM peak glucose readings (p = 0.2) between 

days 1 and 2 as well as over all trial days (p = 0.3 (abdominal), p = 0.2 (triceps)). 

However, the lag time to triceps peak CGM glucose readings trended to decrease 

over the trial period (day 1 = 18.8 ± 3.8 vs day 9 = 10.9 ± 2.4 min; p = 0.085) while 

there was no difference in the average lag time for the abdominal CGM (day 1 = 

26.3 ± 5.5 vs day 9 = 18.8 ± 3.8 min; p = 0.35). 

3.3.6 Rate of glucose increase 
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The initial rate of increase in glucose levels measured by the CGM for the 

first 15 min of the OGC (Figure 3.3e) was slower for both the abdominal (0.02 ± 

0.00 mM/min-1; p < 0.01) and triceps (0.02 ± 0.01 mM/min-1; p < 0.01) sites 

compared to actual blood glucose (0.19 ± 0.01 mM/min-1) on each trial day 

(average values for all trial days), and neither improved (or more closely matched 

the rate of increase of blood glucose) over the 9 days. 

3.3.7 CGM site preference 

 Based on a written questionnaire, all participants (8 out of 8) preferred 

wearing the CGM on the triceps region in comparison to the abdominal region (p = 

0.005). Discomfort at the abdominal region was primarily due to the transmitter 

rubbing against the waist line of the clothing, especially while seated. No infection, 

pain or bleeding was reported. 
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Figure 3.1 Graphical description of the analyses used in accuracy and lag 

assessment. Open circles (¢) = blood glucose. Closed circles (�) = CGM values. a 

= mismatch between area under the curve (AUC) calculated between blood 

glucose and CGM values (0–60min); b = mismatch between maximum blood 

glucose and CGM value at same time point; c = mismatch between peak blood 

glucose and peak CGM values; d = difference between time to peak blood glucose 

and peak CGM values; e = difference in rate increase between blood glucose and 

CGM values. 
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Figure 3.2 Patterns of change in blood glucose levels (closed circles; �), CGM 

abdominal glucose (open circles; ¢) and CGM triceps glucose (open triangles; Δ) 

values after glucose ingestion. *, denotes statistically significant difference 

between blood glucose levels and abdominal CGM values; #, denotes statistically 

significant difference between blood glucose levels and triceps CGM values; ^, 

denotes statistically significant difference between abdominal CGM values and 

triceps CGM values; (all p < 0.05). 
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Figure 3.3 Effect of time of wear on mismatches between blood glucose levels 

and CGM abdominal values (left column, closed circles; �) and between blood 

glucose and CGM triceps values (right column, closed triangles;). (a) mismatch 

between area under the blood glucose and CGM curves; (b) mismatches between 

maximum blood glucose levels and CGM value at the same time point; (c) 

mismatches between peak blood glucose levels and peak CGM values; (d) 

differences between time to peak blood glucose levels and peak CGM values; (e) 

differences in rates of increase between blood glucose levels and CGM values. *, 

statistically significant difference between abdominal CGM values and triceps 

CGM values during same day; #, statistically significant difference from CGM 

value on day 1; ∞, significant difference between blood glucose and CGM values 

(all p < 0.05); ^, significant difference from day 1 (p < 0.1). 



98 
 

3.4 Discussion 

The capacity of CGMs to improve glycaemic control, reduce the duration of 

hypoglycaemia, and encourage patients’ adherence to treatment depends on the 

accuracy of their readings and their cost of use. This is the first study to show that 

despite statistically significant mismatches between blood glucose levels and CGM 

readings, CGM accuracy and lag time associated with rapid physiological changes 

in blood glucose levels do not significantly deteriorate over nine days of 

continuous use. We also show a clear preference for sensor wear on the triceps 

rather than the conventional abdominal site. Although our findings have 

implications for the user in terms of the cost-effectiveness of single-use sensors, 

the marked inaccuracy and lag time of the CGM during rapid changes in blood 

glucose levels must be considered for optimal CGM use in glycaemic 

management.   

Although most studies have reported that sensor performance does not 

deteriorate markedly as a function of time (Chlup et al., 2006; Feldman et al., 

2003; Garg et al., 2009; Guerci et al., 2003; Mastrototaro et al., 2008; Nyback-

Nakell et al., 2004; Peoples et al., 2011; The DirecNet Research Group, 2003a; 

Weinstein et al., 2007; Wilson et al., 2007; Wong et al., 2006), their findings were 

not conclusive. As mentioned earlier, this is because none of these studies 

matched testing conditions between consecutive days, examined lag time, and 

addressed CGM performance in response to rapid changes in blood glucose 

levels (Chlup et al., 2006; Feldman et al., 2003; Garg et al., 2009; Guerci et al., 
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2003; Mastrototaro et al., 2008; Nyback-Nakell et al., 2004; Peoples et al., 2011; 

The DirecNet Research Group, 2003a; Weinstein et al., 2007; Wilson et al., 2007; 

Wong et al., 2006), and all of these studies overlook the potential confounding 

effect of the decrease in blood glucose variability with CGM time of wear (Garg et 

al., 2006). In contrast, these limitations were overcome in this study by exposing 

the unit on consecutive days to a reproducible pattern of change in blood glucose 

levels. As a result, this study conclusively shows that both the mismatches and lag 

time between CGM readings and blood glucose levels in response to a rapid 

physiological rise in blood glucose levels do not deteriorate over a nine-day period.  

To some extent, our findings are surprising as it was reasonable to expect 

an eventual loss of sensor function over time. This is because the responses at 

the insertion site to a foreign body include inflammation, fibrosis, and vessel 

regression around the tissue surrounding the implanted object (Klueh et al., 2007). 

These factors can influence sensor function due to the degradation of sensor 

materials from reactive oxygen intermediates (Wilson and Gifford, 2005), 

decreased exposure of interstitial glucose to the sensor due to inflammatory cells  

(Rebrin et al., 1992) and collagen deposits surrounding the sensor during healing  

(Woodward, 1982). In addition, the presence of inflammatory cells can influence 

the concentration of glucose in the exudate surrounding the sensor (Rebrin et al., 

1992). As these complications can be triggered immediately after the sensor is 

implanted (Anderson, 1993), manufacturers often encourage cautious 

interpretation of CGM readings obtained within the first 12-24 hours after initiation  

(Lesperance et al., 2007). This early ‘break-in’ period refers to the period of time 

the sensor requires to become intrinsically stable after insertion (Updike et al., 



100 
 

2000). Although others have reported a higher disagreement between reference 

and CGM values on day 1 compared to the following days of wear (Mastrototaro et 

al., 2008; Peoples et al., 2011), this observation is not corroborated by our own 

findings and those of others (Weinstein et al., 2007) as indicated by the lack of 

differences across all performance measures between the first two days of sensor 

use. However, since our study did not examine the first 12h of CGM use after 

insertion, our results do not exclude the possibility that sensor performance may 

have been poorer during this period compared to other time. Moreover, the 

possibility that foreign body reactions to the sensor can cause an increase in 

sensor signal errors over time is also not supported by our findings which suggest 

that nine days of wear may not be long enough for these factors to impair or 

degrade the function of the sensor. 

Given that this study was not intended to determine the intrinsic or 

physiological mechanisms for changes in sensor accuracy over time, we can only 

speculate as to why no deterioration in sensor accuracy was reported in this study, 

with CGM readings at the abdominal site showing that sensor function may even 

marginally improve over time. As previously suggested by others, maintaining 

sufficient vascularization surrounding the implant is important for sensor 

functioning (Koschwanez et al., 2008; Updike et al., 2000). Although the injury 

caused by the insertion may damage the surrounding blood supply and limit the 

delivery of glucose and oxygen surrounding the sensor  (Updike et al., 1994), 

maybe the sensors’ performance did not deteriorate due to the production of new 

capillaries at the insertion site (Sharkawy et al., 1997; Updike et al., 1994). That 

this could be the case is suggested by the observation that the use of angiogenic 
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materials on sensor surface (Updike et al., 2000) can improve the performance of 

sensors by counteracting tissue fibrosis (Norton et al., 2007), improving glucose 

diffusion (Sharkawy et al., 1997), preventing enzyme degradation and encouraging 

vascularity (Updike et al., 2000). Moreover, angiogenic-treated sensors are 

associated with a higher average blood vessel density, stabilize faster in vivo, and 

remain functional for longer than those that do not have any specific coating  

(Updike et al., 2000). Whether the absence of deterioration and even marginal 

improvements of the CGM investigated in the current study were caused by such 

factors was not examined here due to limiting proprietary rights on sensor design. 

Despite the evidence that the performance of the CGM unit tested here 

remains stable for at least nine days, accuracy, especially during periods of rapid 

changes in blood glucose levels, was relatively poor as indicated by the marked 

mismatches and lag time between CGM glucose readings and actual blood 

glucose levels (Figure 3.2). These findings provide further support to the 

recommendation not to use CGM readings alone for alterations in insulin dose and 

carbohydrate intake in type 1 diabetes. Our results are also consistent with those 

of others, with both physiological (Aussedat et al., 2000; Steil et al., 2005; 

Sternberg et al., 1996; Tamada et al., 1999; Thome-Duret et al., 1996b) and 

intrinsic (Davey et al., 2010b) factors contributing to CGM inaccuracy. 

Physiological factors include the delay for the concentration of glucose in the 

interstitial fluid to reach that in the blood (Thome-Duret et al., 1996b). Intrinsic 

factors for sensor inaccuracy have been shown when tested in vitro (Davey et al., 

2010b) and may involve the sensor construction and its effects on glucose 

diffusion rate through the sensor’s membrane (Thome-Duret et al., 1996a), as well 
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as the algorithm used by the CGM (Keenan et al., 2010). However, proprietary 

rights prevent the relative contributions of the sensors and algorithm to the 

inaccuracy of CGM from being accurately assessed. 

Our results indicate that CGM accuracy is in general not affected by sensor 

insertion site, although accuracy at the abdominal site marginally improved after 

nine days of wear. Other studies have also examined this issue and reported no 

differences in accuracy between sensor insertion sites (King et al., 2008; 

Weinstein et al., 2007; Wilson et al., 2007). Unfortunately, the lag time and CGM 

responses to rapid changes in blood glucose levels between sensor insertion sites 

were not assessed in these studies (King et al., 2008; Weinstein et al., 2007; 

Wilson et al., 2007). By exposing CGM to reproducible pattern of changes in 

glucose levels on consecutive days, we found no differences in accuracy and lag 

time between abdominal and triceps CGM values, except on day nine. On that 

day, sensor accuracy, as defined by AUC and mismatches in peak glucose levels, 

was slightly superior at the abdominal site than the triceps site, with peak 

abdominal CGM values more closely matching blood glucose values. This 

marginal improved accuracy in the abdominal sensor may be due to better 

integration of the sensor into the surrounding tissue compared to the triceps 

sensor because of greater movement in the arm compared to the abdominal area, 

leading to some minor sensor extrusion (Koschwanez et al., 2008).  This in turn 

may result in an increased variability in sensor signaling. It is noteworthy that, 

despite the better performance of the CGM at the abdominal site, all participants 

found the triceps site more comfortable than the abdominal site, with no 

complications (e.g. inflammation, bleeding, pain) reported at either site. For this 
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reason, the small difference in accuracy between sites at day nine may be offset 

by the better comfort at the triceps site.  

One limitation with this study is that our assessment of CGM accuracy was 

confined within the physiological range of blood glucose levels. It remains to be 

established whether similar results would have arisen had the CGM performance 

been evaluated in the hypo- and hyperglycaemic ranges in persons with diabetes. 

However, evaluating CGM accuracy within physiological range as achieved here is 

important as it corresponds to the blood glucose levels targeted by individuals with 

diabetes aiming to achieve good glycaemic control. Furthermore, accuracy within 

physiological range is important for the effective use of rate change alarm and low 

blood glucose alarm by current CGMs. 

In conclusion, for the first time we show that CGM sensor accuracy and lag 

time associated with rapid physiological changes in blood glucose levels do not 

deteriorate with continuous use over a nine-day period regardless of 

subcutaneous placement, suggesting that longer periods of wear might also be 

possible, at least with the CGM model used here. Whether these results extend to 

other CGM models remain to be established. To address this issue, we propose 

the adoption of the novel experimental approach described in this study for the 

assessment of CGM performance over time. The finding that the performance of 

the CGM tested here did not deteriorate even after nine days of wear indicates 

that such an extended use of the sensor could markedly decrease the cost of 

sensor wear (Wentholt, 2007), allowing not only CGM availability to be extended to 

more patients due to greater affordability, but also greater access to benefits such 
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as improved glycaemic control and less time spent in the hypoglycaemic range. 

However, it is clear from our findings that accuracy issues and marked lag times 

must be taken into consideration for optimal CGM use in glycaemia management. 
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Abstract 

The use of continuous glucose monitors (CGMs) to prevent hypoglycaemia 

is accompanied by an unacceptably high rate of false alarms. We hypothesised 

that raising the level of the CGM glucose alarm in anticipation of a fall in glycaemia 

should decrease the risk of hypoglycaemia without triggering any false alarms. To 

test this hypothesis, eight participants with type 1 diabetes cycled for 30 minutes at 

40%V O2peak with their CGM alarms (Paradigm722-Real-Time) either turned off, 

set at 4.0 or 5.5 mM. In the 5.5 mM alarm treatment, no false alarms were 

recorded and the incidence of hypoglycaemia fell significantly by 50% compared to 

the other treatments where all participants became hypoglycaemic. The 5.5 mM 

alarm treatment did not fully prevent hypoglycaemia because CGM overestimated 

blood glucose by 1.6 ± 0.3 mM. In conclusion, when glycaemia is expected to fall, 

setting the CGM glucose alarm to 5.5 mM reduces the risk of hypoglycaemia 

without triggering any false alarms. 
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4.1 Introduction 

The treatment of type 1 diabetes (T1DM) with insulin is associated with a 

high risk of hypoglycaemia. This is of concern because severe hypoglycaemia 

(<2.0 mM) can lead to neuroglycopenia, convulsions, coma and even death  

(Cryer, 2010). In order to reduce the risk of hypoglycaemia, it is generally 

recommended to regularly monitor blood glucose levels. However, the use of 

traditional blood glucose meters is impractical at night or during exercise, as this 

requires sleep or activity to be interrupted. Such a limitation, however, is not 

shared by the use of continuous glucose monitors (CGMs) because they provide 

regular glucose readings without the need for numerous capillary blood tests. Most 

current CGMs feature a low glucose alarm which can alert the user of an imminent 

episode of hypoglycaemia allowing the correction of blood glucose levels in 

advance (Bode et al., 2004; Davey et al., 2010a). 

Although CGM estimations of blood glucose levels can correlate well with 

blood glucose concentrations (Mastrototaro et al., 2008; Weinstein et al., 2007), 

marked mismatches are often observed between CGM estimates of blood glucose 

levels and actual blood glucose concentrations, particularly when blood glucose 

levels are changing rapidly or are in the hypoglycaemic range (Boyne et al., 2003; 

McGowan et al., 2002; Weinstein et al., 2007). Although such mismatches have 

the potential to impair the efficacy of CGMs in preventing hypoglycaemia, it has 

been postulated that this limitation could be minimized by setting the low glucose 

CGM alarm above the hypoglycaemia level (Bode et al., 2004; Garg et al., 2006; 
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Garg et al., 2004). Surprisingly, even when such a precaution is taken, the CGM 

alarm, though capable of decreasing the duration of hypoglycaemia, has been 

reported by many to have no effect on the incidence of hypoglycaemia (Bode et 

al., 2004; Garg et al., 2006; Garg et al., 2004;). Recently, however, our laboratory 

showed that the provision of stringent guidelines (Davey et al., 2010a) together 

with raising the level at which the glucose alarm is set decreases significantly the 

incidence and duration of hypoglycaemia under free living conditions. 

Unfortunately, as reported by others, this resulted in an unacceptably high rate of 

false alarms (Bode et al., 2004; Davey et al., 2010a; Pitzer et al., 2001), thus 

limiting the usefulness of the CGM and reducing the compliance of the user  

(Buckingham et al., 2005). 

The prevention of hypoglycaemia is an important issue for individuals with 

T1DM because moderate-intensity exercise is well established to cause blood 

glucose levels to decrease, thereby increasing the risk of hypoglycaemia  

(Camacho et al., 2005). As a result, individuals with type 1 diabetes are often 

discouraged from participating in regular activity to minimize their risk of 

hypoglycaemia (Brazeau et al., 2008). Given the many reports that CGMs 

overestimate glucose levels during rapid rates of glucose decline (Boyne et al., 

2003; Davey et al., 2010b; Steil et al., 2003) this study investigates the possibility 

that when a rapid fall in blood glucose level is expected, such as during moderate-

intensity exercise, raising the CGM low glucose alarm may reduce the incidence of 

hypoglycaemia without triggering any false alarms thus highlighting for the first 

time at least one condition where the use of CGM has the potential to reduce the 

incidence of hypoglycaemia without triggering any false alarms. 
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4.3 Methods 

4.3.1 Study participants 

Eight participants (4 males and 4 females; age 31.5±6.9 years; BMI 

24.8±2.5 kg/m2; all means ± SD) with type 1 diabetes (diabetes duration 10.6 ±8.3 

years) were recruited to this study. All were under a stable insulin regimen, with 

four participants using continuous subcutaneous insulin infusion and four using 

multiple daily injections. All participants received a pass score on the Physical 

Activity Readiness Questionnaire (PAR-Q) and were physically active (V O2 peak= 

43.2 ± 4.9 mL/kg-1/min-1). They were in fair to good metabolic control (HbA1c = 7.5 

± 1.1%), were not hypoglycaemia unaware, and monitored blood glucose at least 

three times a day. Each participant received a detailed description of all 

experimental procedures prior to providing written consent. This study was 

approved by the University of Western Australia’s Human Research Ethics 

committee. 

4.3.2 Familiarization session and metabolic testing: 

Before the testing trials, all participants were subjected to a familiarisation 

session during which anthropometric measurements were taken and a graded 

oxygen consumption test was performed on a cycle ergometer (Evolution 

Performance Bicycles, Geelong, Victoria) to determine their maximum rate of 

oxygen consumption (V O2peak) as described previously  (Fairchild et al., 2002). 

The V O2 peak test involved cycling at a set intensity that increased every two 

minutes until volitional exhaustion. During this test, expired gases were collected 
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and analysed continuously, and heart rate was monitored to confirm a maximal 

effort. After completion of the test, participants were trained on how to use the 

CGM unit (Paradigm722 Real-Time, Minimed, Medtronic, Northridge, CA). 

4.3.3 Testing trials 

A minimum of at least one week after the V O2 peak test, participants were 

fitted with a CGM on the day before testing strictly following the manufacture’s 

guidelines. This involved the insertion of a small sensor just under the skin ~5cm 

lateral to the naval using a spring loaded device (Sen-SerterMinimed, Medtronic, 

Northridge, CA). The sensor was then connected to a transmitter and activated. 

Participants then calibrated the device upon prompting and again before bedtime 

using validated blood glucose meters (AccucheckPerforma, Roche Diagnostics, 

Basel, CH). On the following morning, participants calibrated their CGM before 

consuming a standardized breakfast and took their usual insulin bolus (8.4 ± 5.1 

units). The CGM alarm was then either switched off, set to 4.0 mM or set at 5.5 

mM, with all three treatments administered to all participants on consecutive days 

following a randomised counterbalanced study design. Our choice of the 5.5 mM 

alarm was based on previous findings that setting the level at 5.6 mM results in the 

optimal sensitivity to specificity ratio to protect a blood glucose level of 3.9 mM 

using a similar device (GuardianCGM, Mimimed, Medtronic) (Bode et al., 2004), 

thus reducing the frequency of false alarms and potentially allowing for sufficient 

time to correct an impending episode of hypoglycaemia (Pitzer et al., 2001).  

Upon arrival in the laboratory (~9:00h), and when post-breakfast blood 

glucose levels fell to between 8-10 mM (within 1.9 ± 0.2 hours of breakfast), each 
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participant exercised for 30 minutes on a cycle ergometer at an intensity of 

40%V O2peak. The duration and intensity of this exercise protocol were selected 

because it has been reported to decrease blood glucose levels at a rapid rate of 

approximately 0.2 mM/min-1 under conditions of elevated insulin levels (Bussau et 

al., 2006; Guelfi et al., 2005) and thus is conducive to hypoglycaemia.  

4.3.4 Blood sampling 

Collection of each blood sample involved warming the hand in 43°C water 

to arterialize venous blood before blood was removed from the fingertip into a 35 

µl capillary tube and analyzed for glucose levels (Radiometer ABL700 series, 

Copenhagen, Denmark). After the last exercise trial, the sensor was removed and 

CGM data uploaded using Minimed Carelink Software for analysis. A false alarm 

was defined as an alarm triggered when blood glucose level is higher than the 

chosen alarm threshold (Weinstein et al., 2007). 

4.3.5 Treatment of hypoglycaemia 

Each participant was treated with 15 grams of fast-acting carbohydrates in 

the event of hypoglycaemia, operationally defined as blood glucose levels < 3.8 

mM or the physical (autonomic or neuroglycopenic) or verbal expression of 

hypoglycaemic symptoms. Treatment using carbohydrates was also administered 

in response to a CGM alarm confirmed with a blood glucose level less or equal to 

that set for the alarm. A false alarm is defined as an alarm triggered when blood 

glucose levels are greater than the chosen alarm threshold. 

4.3.6 Clarke and Consensus Error Grid 
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Reference blood glucose and CGM values were plotted with reference 

glucose values as the independent variable and CGM glucose readings as the 

dependent variable using Clarke and Consensus Error Grids. Zone A represents 

accurate or acceptable blood glucose estimates, with sensor readings within 20% 

of reference values and likely to lead to a suitable treatment outcome. CGM values 

in zone B differ by more than 20% relative to reference glucose values; and also 

lead to a favourable treatment outcome. Values in zone C may prompt an 

overcorrection to an acceptable blood glucose value. Values in zone D represent 

failure to detect and treat, while values in zone E represent erroneous treatment 

since the value indicates the opposite glycaemic zone. 

4.3.7 Statistical analyses 

All analyses were carried out using PrismGraphPad version 5 software. 

Level of significance was set at p < 0.05. One way ANOVA followed by a 

Bonferroni post-hoc test were used to compare average heart rate, power output 

and differences in blood glucose and CGM levels between trials. Bonferroni post-

hoc tests were used to analyse any significant differences.  Paired t-tests were 

used to compare the glucose decline rates (0-20 minutes) between blood glucose 

and CGM values. Comparisons of categorical data (e.g. hypoglycaemic events) 

were performed using a Fisher’s Exact squared test.  
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4.4 Results 

4.4.1 Exercise and recovery 

In response to cycling, all participants experienced a decline in blood 

glucose levels. There were no significant differences between average blood 

glucose levels at the start of exercise (control = 8.9 ± 0.8; 4.0 mM alarm = 9.0 ± 

1.2; 5.5 mM alarm = 8.4 ± 0.9 mM, p = 0.46) nor in the rate of fall in blood glucose 

levels between exercise trials (p = 0.39). During exercise, there was also no 

significant difference in average heart rate between trials (control = 114 ± 6 bpm; 

4.0 mM alarm = 117 ± 5 bpm; 5.5 mM alarm = 116 ± 5 bpm, p = 0.96) and in 

average power output (control = 71.5 ± 9.6 watts; 4.0 mM alarm = 73.5 ± 10.0 

watts; 5.5 mM alarm = 71.3 ± 9.4 watts, p = 0.98). 

4.4.2 CGM alarms and hypoglycaemia: 

In response to exercise, all participants in both the no alarm and 4.0 mM 

alarm conditions experienced an episode of hypoglycaemia (blood glucose <3.8 

mM), with an average low blood glucose level of 3.2 ± 0.2 mM and 2.9 ± 0.2 mM, 

respectively. In the 4.0 mM alarm condition, the alarm was triggered in only 29% of 

the cases. In contrast, the 5.5 mM alarm treatment significantly reduced by half the 

proportion of hypoglycaemic episodes (p = 0.048; Figure 4.1) with no cases of 

false alarms. A retrospective analysis of all blood glucose and concomitant CGM 

readings across all treatments revealed that setting the level of alarm to 5.5 mM 

would not have resulted in any false alarms. 
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4.4.3 CGM accuracy 

The accuracy of the ParadigmCGM was evaluated by pairing blood glucose 

reference values with sensor values. There were significant differences between 

CGM and actual glucose readings and reference values, with this mismatch 

increasing as exercise continued (Figure 4.2) and with CGM overestimating blood 

glucose values by 1.6 ± 0.3 mM when the 5.5 mM alarm was triggered. The rate of 

blood glucose decline (0.17 ± 0.01 mM/min-1) during exercise was significantly 

faster than the rate of CGM glucose decline (0.09 ± 0.01/mM/min-1; Figure 4.3). 

Clarke and Consensus error grids were also used to evaluate the accuracy 

of CGM readings by plotting glucose estimates measured by the CGM against 

corresponding blood glucose reference values. The paired data points (n=391) 

were then grouped into five categories according to their clinical significance. The 

analysis revealed 86% and 84% of CGMS readings fell within the clinically 

acceptable zones of both A and B of the Clarke and Consensus grids, 

respectively. Only 1% of paired values were in zone D (‘failure to detect’) using 

Consensus Error Grid found compared to 13% with the Clarke Error Grid (Figure 

4.4 and Table 4.1). 
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Figure 4.1 Effect of exercise on the incidence of hypoglycaemia (blood glucose 

level < 3.8mM) for the no alarm, 4.0 mM alarm and 5.5 mM alarm trials *denotes 

statistically significant difference between trials (p < 0.05). 
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Figure 4.2 Blood glucose (●) and paired CGM readings (□) before, during and 

after 30 minutes of cycling at ~40%V O2 peak, with the alarm set at 5.5 mM (n = 

8). 	    represents period range when food was ingested (25 to 90 minutes) to 

prevent hypoglycaemia. *denotes statistically significant difference between CGM 

and reference glucose pairings (p < 0.05). Data represent mean ± SEM. 
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Figure 4.3. Average rate of change in glucose concentrations between blood 

glucose and CGM measurements during exercise (0 - 20 minutes) from all trials (N 

= 23). *denotes statistically significant difference between CGM and reference 

glucose pairings (p < 0.05). Data represent mean ± SEM. 
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Figure 4.4 Clarke (A) and Consensus (B) Error Grids (n = 391). 
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Table 4.1 Comparison of Clarke and Consensus Error Grid analysis of CGM and 
reference glucose values during exercise. 

CLARKE  CONSENSUS 

Region Number Percent 

 

Region Number Percent 

A 141 36% A 163 43% 

B 197 50%  B 157 42% 

C 2 1%  C 55 15% 

D 50 13%  D 3 1% 

E 1 -  E - - 

A + B 338 86%  A + B 320 85% 
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4.5 Discussion 

Under free-living conditions, this laboratory and others have shown that 

CGM alarms set above the threshold for hypoglycaemia can decrease the duration  

(Bode et al., 2004; Garg et al., 2006; Garg et al., 2004) and incidence (Davey et 

al., 2010a) of hypoglycaemia in individuals with type 1 diabetes, but with an 

unacceptably high level of false alarms (Bode et al., 2004; Davey et al., 2010a; 

Pitzer et al., 2001). Here, however, we show that despite the marked mismatches 

between CGM glucose readings and actual blood glucose levels, raising the level 

of the CGM alarm to 5.5 mM in anticipation of a fall in blood glucose level reduces 

markedly the incidence of hypoglycaemia during and after exercise by 50% in 

comparison to the alarm set at 4.0 mM or no alarm, and this is achieved without 

triggering any false alarms. Our findings thus highlight for the first time a condition 

where the use of CGM glucose alarm can provide an effective means to reduce 

the risk of hypoglycaemia without the inconvenience of false alarms despite 

significant mismatches between blood and CGM glucose readings. 

The choice of the best alarm level to reduce the risk of hypoglycaemia is 

challenging because of the large variations between blood and CGM glucose 

readings, particularly when blood glucose levels are changing rapidly or are in the 

low glucose range (Boyne et al., 2003; McGowan et al., 2002; Weinstein et al., 

2007). These mismatches can result in persistent false alarms, reducing the 

compliance of the user and willingness to use the device (Buckingham et al., 

2005). However, here we show that under circumstances where there is an 
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expected and rapid decrease in blood glucose levels, as is the case with 

moderate-intensity exercise, raising the alarm level just prior to exercise 

decreases markedly the incidence of hypoglycaemia without increasing the rate of 

false alarms. This is because the impact of the expected mismatch between 

declining blood glucose and CGM values on the risk of undetected hypoglycaemia 

is reduced when the alarm threshold is raised. Also, our findings suggest that 

under conditions where the rate of fall in blood glucose level is lower than that 

reported here, the incidence of hypoglycaemia could probably be less since the 

mismatch between blood glucose and CGM measurements has been reported to 

be smaller when the rate of fall in glucose level is lower (Boyne et al., 2003; 

Weinstein et al., 2007). Finally, our results raise the possibility that increasing the 

alarm above 5.5 mM could further reduce the incidence of exercise-mediated 

hypoglycaemia, but for this to be the case, pre-exercise intake of carbohydrate 

would have to be high enough for pre-exercise blood glucose levels to be well 

above the alarm threshold. 

The observation that setting the CGM alarm to 5.5 mM did not prevent all 

cases of hypoglycaemia is explained on the grounds that when the CGM alarm 

was triggered it overestimated blood glucose levels by an average of 1.6 ± 0.3 mM 

with CGM values higher than blood glucose nadirs 96% of the time. Interestingly, 

these results are not consistent with the push-pull model proposed to explain the 

mismatch between interstitial and blood glucose levels when blood glucose levels 

are changing. According to this model (Thome-Duret et al., 1996b) the ‘pull’ 

component predicts that under conditions of increased energy demands by the 

muscle tissue, glucose is first drawn inwards by the cell with the fall in glucose 
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concentration first evident in the interstitial compartment (Monsod et al., 2002; 

Thome-Duret et al., 1996b). However, others have argued against this (Wentholt 

et al., 2007) with reports of systematic overestimations of blood glucose levels by 

CGM during decreases in blood glucose levels (Boyne et al., 2003; MacDonald et 

al., 2006; Steil et al., 2005), consistent with the results reported here. 

It is noteworthy that the use of error grid analyses to evaluate the accuracy 

of CGM reveals that paired CGM and reference values in the clinically acceptable 

zones A and B of the Clarke error grid were marginally less accurate (86%; Figure 

4.4 and Table 4.1) than previously reported by others in free living conditions (> 

94%; Garg et al., 2006; Mastrototaro et al., 2008). In addition, 13% of readings fell 

within zone D indicating that CGM overread blood glucose levels in the low range 

as has been reported previously (Weinstein et al., 2007). The lower proportion of 

values in zones A and B reported here is not surprising as most data were 

obtained during periods of rapid change in blood glucose levels, with average 

declines of 0.17 ± 0.01 mM/min-1. Also, our findings that CGM markedly 

underestimated the rate of fall in blood glucose levels (Figure 4.3) are consistent 

with the number of values in zone D and corroborate the work of Weinstein and 

colleagues who found that sensor accuracy is highest when the rate of change in 

glucose levels is nil or small (< 0.05 mM/min-1), with accuracy decreasing as the 

rate of change increases (Weinstein et al., 2007). 

It could be argued that one limitation with the design of this study is that 

individuals with diabetes would rarely inject themselves with insulin within two 

hours of exercise and thus not experience such rapid declines in blood glucose 
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levels. However, the exercise intensity performed in this study was similar to that 

of a brisk walk and therefore replicates an active commute to school or work 

performed after a typical morning breakfast bolus. Therefore, in order to decrease 

further the risk of hypoglycaemia during times of rapid glucose decline, it may be 

appropriate to set the CGM alarm well above hypoglycaemia, possibly even higher 

than the level stated here. 

In conclusion, despite the limitations of CGMs to provide accurate readings 

in the low blood glucose range and reduce the incidence of hypoglycaemic events, 

here we show for the first time that this technology is capable of markedly reducing 

the risk of exercise-induced hypoglycaemia when appropriate low glucose alarms 

settings are applied. This is because despite significant differences between blood 

and interstitial glucose values, raising the level of a CGM’s alarm during and after 

moderate-intensity exercise significantly reduces the incidence of hypoglycaemia 

in individuals with type 1 diabetes without triggering any false alarms. We propose 

that these results should be considered for improving current diabetes 

management guidelines for the prevention of hypoglycaemia when a rapid fall in 

glycaemia is anticipated, such as in response to exercise. 
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 Since the discovery of insulin almost a century ago, treatment of T1DM has 

improved dramatically. However, individuals with diabetes still face the daily 

challenge of keeping their blood glucose levels within a tight physiological range in 

order to prevent both the acute and long-term complications associated with hypo- 

and hyperglycaemia. Until recently, conventional glucose monitors were the only 

practical way to measure glucose levels in free living conditions. However, the 

advent of continuous glucose monitors (CGM) in the late 1990s has provided a 

much needed alternative to diabetes management because they provide 

continuous estimates of glucose levels without the need for repetitive finger-stick 

tests. 

The use of CGMs has been reported to improve glycaemic control (Deiss et al., 

2006a; JDRF CGM Study Group, 2008; Ludvigsson and Hanas, 2003), to reduce 

the risk of hypoglycaemia (Bode et al., 2004; Davey et al., 2010a; Garg and 

Jovanovic, 2006; Tanenberg et al., 2004) and are essential for the development of 

a closed-loop ‘artificial pancreas’ (Vaddiraju et al., 2010). Unfortunately, poor CGM 

accuracy, especially in the low blood glucose range (Kovatchev et al., 2008; 

Larsen et al., 2004; Maia and Araujo, 2005; McGowan et al., 2002)  reduces the 

effectiveness of CGM in hypoglycaemia prevention and can cause a high rate of 

false alarms which may frustrate and deter the user from more consistent use 

(Buckingham et al., 2005; Gandrud et al., 2004; Hathout et al., 2005). For these 

reasons, this thesis investigated some of the potential causes for the mismatch 

between CGM glucose readings and blood glucose levels, including calibration 

procedures and length of sensor wear. In addition, this thesis aimed to develop 
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strategies for CGMs to be used more effectively for the prevention of 

hypoglycaemia despite the inaccuracy between blood glucose levels and CGM 

measurements. 

Given that CGMs require regular calibration for optimal performance, it is 

important to understand the extent to which the calibration protocol influences the 

accuracy of CGM measurements. Some recent studies suggest that the glucose 

concentration at which the calibrations are performed might affect the performance 

of CGMs (Buckingham et al., 2006; King et al., 2007; Monsod et al., 2002). One 

limitation with these studies, however, is that the effects of calibration protocols on 

the accuracy of glucose measurements were based on retrospective computer 

modelling rather than on the actual testing of the calibration protocol. Another 

important limitation is that the effect of the calibration procedure on the lag time 

between CGM and blood glucose readings was not examined. This is an important 

omission as a marked lag can result in a large error in CGM estimates of blood 

glucose levels especially when these levels are changing rapidly (Boland E et al., 

2001; Davey et al., 2010b). For these reasons, the first objective of this thesis was 

to re-examine whether calibration at different glucose levels improves CGM 

accuracy in vitro.  

Firstly, this thesis examined the effect of a single level calibration on 

accuracy at both low and high glucose levels, and showed better accuracy when 

the calibration is entered closer to the level of glucose subsequently tested. To 

some extent, this corroborates the work by others who reported an additional 

calibration at a low glucose level (i.e., < 4 mM) should improve accuracy in the low 
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glucose range using in silico analyses (King et al., 2007; Monsod et al., 2002). 

However, it should be noted that not only did these protocols use in silico 

techniques, they also used more than one calibration for their analyses. For this 

reason, we then examined the effect of multiple glucose calibrations on sensor 

accuracy. To accomplish this, sensors were calibrated repeatedly at 8 mM or 

different glucose concentrations (4, 8 or 12 mM) prior to testing in a low glucose 

solution (2.2 mM). In contrast to our findings with calibration at a stable glucose 

level compared to others based on in silico modelling (Buckingham et al., 2006; 

King et al., 2007; Monsod et al., 2002) here we show there is no difference 

between the accuracy of low glucose level measurements when multiple 

calibrations are performed with one of the calibrations entered at a low glucose 

concentration (4 mM) compared to multiple calibrations at stable glucose levels. 

Across all calibration protocols tested here, we also reported large differences 

between CGM and reference glucose levels due to the device’s lag, most notably 

during rapid changes in glucose levels. Finally, the lag in CGM glucose readings 

while glucose levels are falling was also not affected by the calibration protocol. 

Since these findings were obtained in vitro, it remains to be determined the extent 

to which these results extend to CGM tested in vivo. Also, the type of study design 

described here could be adopted to evaluate the effect of CGM calibration protocol 

on the performance of other devices. Our results also raise the importance of 

supporting the findings of in silico based studies with in vitro/in vivo testing. 

The finding that none of the multiple calibration protocols tested here 

improved both the accuracy of low glucose level measurements and lag times 

might be related to limitations with the sensor itself or the algorithm used by the 
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manufacturer to convert the raw sensor signal to a digital glucose number output. 

However, further investigation into these matters is difficult due to proprietary 

limitations with CGM software. It may also be that calibration at different glucose 

levels is beneficial only in situ. Although recent modifications to both the sensor 

(The DirecNet Research Group, 2003a; The DirecNet Research Group, 2004) and 

the software (Lesperance et al., 2007) have been made to improve CGM 

accuracy, especially in the low glucose range (Gross et al., 2000; Lesperance et 

al., 2007; Weinzimer et al., 2003), our findings corroborate those of others in vivo 

that the CGM tested here overestimates blood glucose levels in the low glucose 

range and in response to rapid glucose decline (Iscoe et al., 2011). As reported 

before (Davey et al., 2010b), such inaccuracies are due, in part, to the device’s lag 

per se between actual and measured glucose levels. These inaccuracies and lags 

limit the function application of CGM for diabetes management, especially for the 

use of CGM hypoglycaemia alarms. 

Other than the calibration protocol, another factor with the potential to affect 

accuracy is the effect of time of wear on CGM performance.  Since CGMs have 

now been approved for longer than three days of continued use including five 

(Abbott FreeStyle Navigator, North Chicago, IL, USA) and seven 

(DexComSEVENPLUS, San Diego, CA, USA) (McGarraugh, 2009) days, the 

purpose of the next study was to determine the effect of wearing CGM for nine 

days on the accuracy and lag time of CGM responses to physiological changes in 

blood glucose levels. This study is important because the possible demonstration 

that prolonged sensor wear does not affect the accuracy of CGM has the potential 

of reducing the daily cost of CGM use without compromising performance. To 
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achieve this, eight non-diabetic participants were each fitted with two CGMs 

(abdominal and triceps regions) and completed fasted oral glucose challenges 

(OGCs) on six occasions over nine days while the CGMs were worn without 

removal. This was the first study to show that despite marked mismatches 

between blood glucose and CGM readings, CGM accuracy and lag time 

associated with rapid physiological changes in blood glucose levels do not 

significantly deteriorate over nine days of continuous use. Although our findings 

have implications for the user in terms of the cost-effectiveness of single-use 

sensors, the marked inaccuracy and lag time of the CGM during rapid changes in 

blood glucose levels must be considered for optimal CGM use in glycaemic 

management.   

Although others have reported that sensor performance does not 

deteriorate markedly as a function of time (Chlup et al., 2006; Feldman et al., 

2003; Garg et al., 2009; Guerci et al., 2003; Mastrototaro et al., 2008; Nyback-

Nakell et al., 2004; Peoples et al., 2011; The DirecNet Research Group, 2003a; 

Weinstein et al., 2007; Wilson et al., 2007; Wong et al., 2006), none of these 

studies matched testing conditions between consecutive days, examined lag time, 

and addressed CGM performance in response to rapid changes in blood glucose 

levels (Chlup et al., 2006; Feldman et al., 2003; Garg et al., 2009; Guerci et al., 

2003; Mastrototaro et al., 2008; Nyback-Nakell et al., 2004; Peoples et al., 2011; 

The DirecNet Research Group, 2003a; Weinstein et al., 2007; Wilson et al., 2007; 

Wong et al., 2006), and all of these studies overlooked the potential confounding 

effect of the decrease in blood glucose variability with CGM time of wear (Garg et 

al., 2006). As we discussed earlier in Chapter 3, this latter omission is important as 
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glycaemic variability has been shown to decrease over time of CGM use (Garg et 

al., 2006), thus raising the possibility that the reported absence of deterioration in 

the mismatch between CGM values and blood glucose levels with prolonged CGM 

use might in some cases reflect a decrease in glycaemic variability rather than the 

maintenance of stable sensor accuracy per se. In contrast, these limitations were 

overcome in this study by exposing the unit on consecutive days to a reproducible 

pattern of change in blood glucose levels in persons without diabetes. 

It is important to note that despite the lack of deterioration over time, the 

accuracy of the CGM tested here was relatively poor as indicated by the marked 

mismatches and lag time between CGM glucose readings and actual blood 

glucose levels. This is most likely due to both physiological (Aussedat et al., 2000; 

Steil et al., 2005; Sternberg et al., 1996; Tamada et al., 1999; Thome-Duret et al., 

1996b) and intrinsic (Davey et al., 2010b) factors. In agreement with others (King 

et al., 2008; Weinstein et al., 2007; Wilson et al., 2007), our results also indicate 

that CGM accuracy is in general not affected by sensor insertion site. 

Unfortunately, the lag time and CGM responses to rapid changes in blood glucose 

levels between sensor insertion sites were not assessed in these studies (King et 

al., 2008; Weinstein et al., 2007; Wilson et al., 2007). Finally, this is the first study 

to assess site preference over prolonged CGM use, which is an important 

consideration for CGM users. All participants preferred the tricep over the 

abdominal site. Manufactures should consider this placement in subsequent 

designs of the sensor, as done with the Omnipod Insulin Management System 

(Insulet Corporation, Bedford, MA). 
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One limitation with this study is that the assessment of CGM accuracy was 

assessed only within a narrow physiological blood glucose range. However, 

accuracy within this range is still important as it is targeted by diabetic individuals 

aiming to achieve good glycaemic control and also important for the effective use 

of rate change alarm and low blood glucose alarms. Regardless, further studies 

should establish whether prolonged use of CGM affects its performance in the 

hypo- and hyperglycaemic ranges in diabetic individuals. 

It is clear from the first two studies described in this thesis that accuracy 

issues and marked lag times must be taken into consideration for optimal CGM 

use in glycaemic management as such mismatches have the potential to impair 

the efficacy of CGM alarms in preventing hypoglycaemia. Although it has been 

postulated that this limitation could be minimised by setting the low glucose CGM 

alarm above the hypoglycaemia level (Bode et al., 2004; Garg et al., 2006; Garg et 

al., 2004), most studies report that adjusting the low glucose alarm this way only 

affects the duration but not the frequency of hypoglycaemia (Bode et al., 2004; 

Garg et al., 2006; Garg et al., 2004). However, a reduction of both the incidence 

and duration of hypoglycaemia is possible using CGM alarms (Davey et al., 

2010a) if combined with stringent guidelines describing how to respond to CGM 

alarms. Unfortunately, despite these promising findings, all of the aforementioned 

studies were associated with an unacceptably high rate of false alarms (Bode et 

al., 2004; Davey et al., 2010a; Pitzer et al., 2001), thus limiting the usefulness of 

the CGM and possibly leading to reduced user compliance (Buckingham et al., 

2005). 
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Given the many reports including our own results in Chapter 2 that CGMs 

overestimate glucose levels during rapid rates of glucose decline such as during 

exercise (Boyne et al., 2003; Davey et al., 2010b; Steil et al., 2003), our final study 

examines the possibility that when a rapid fall in blood glucose level is expected, 

such as during moderate-intensity exercise, raising the CGM low glucose alarm to 

accommodate a predicted mismatch may reduce the incidence of hypoglycaemia 

without triggering any false alarms. To test this hypothesis, eight participants with 

T1DM cycled for 30 minutes at 40%V O2peak with their CGM alarms 

(Paradigm722-Real-Time) either turned off, set at 4.0 or 5.5 mM 2 hours after 

insulin injection. It should be noted that although individuals with diabetes would 

rarely inject themselves with insulin within two hours of exercise, the exercise 

intensity performed in this study was similar to that of a brisk walk and therefore 

replicates an active commute to school or work performed after a typical morning 

breakfast bolus. Using this approach, we found that despite the marked 

mismatches between CGM glucose readings and actual blood glucose levels, 

raising the level of the CGM alarm to 5.5 mM in anticipation of a fall in blood 

glucose level reduces markedly the incidence of hypoglycaemia during and after 

exercise by 50% in comparison to the alarm set at 4.0 mM or no alarm, and this is 

achieved without triggering any false alarms. This is because the impact of the 

predicted mismatch between declining blood glucose and CGM values on the risk 

of undetected hypoglycaemia is reduced when the alarm threshold is raised. The 

5.5 mM alarm did not prevent all cases of hypoglycaemia since when the alarm 

was triggered it overestimated blood glucose levels by an average of 1.6 ± 0.3 mM 

with CGM values higher than blood glucose nadirs 96% of the time. Such results 
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are corroborated by those of others who show systematic overestimations of blood 

glucose levels by CGM during decreases in blood glucose levels (Boyne et al., 

2003; MacDonald et al., 2006; Steil et al., 2005). 

Overall, the findings described in this thesis have important implications for 

diabetes management. Indeed, this thesis shows that despite their obvious 

limitations, CGMs have the potential to provide a useful tool to decrease the risk of 

hypoglycaemia in individuals with T1DM exposed to high hypoglycaemia risk 

situations such as exercise. Indeed, Chapter 4 shows that setting the CGM alarm 

level higher than the level of hypoglycaemia significantly reduces the incidence of 

hypoglycaemia without any false alarms during rapid blood glucose declines. It 

remains to be determined, however, whether the CGM alarm would be of greater 

benefit during slower rates of decline, as the mismatch would predictably be less. 

Regardless, these results should be considered for improving current diabetes 

management guidelines for the prevention of hypoglycaemia when a rapid fall in 

glycaemia is anticipated, such as in response to exercise. 

Unfortunately, because of marked inaccuracies between CGM glucose 

readings and actual blood glucose levels, this thesis shows that this tool only 

provides partial protection against exercise-mediated hypoglycaemia. In addition, 

the findings described in Chapter 2 also suggest that such inaccuracies are little 

affected by the calibration protocol. Indeed, the glucose levels at which CGMs are 

calibrated have little or no effect on CGM accuracy in the low glucose range when 

tested in vitro. Although calibration at 4 mM provides marginally better accuracy in 

the hypoglycaemia range, most calibrations by diabetic individuals are unlikely to 
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be performed at this level since it is too close to hypoglycaemic range. Also, it is 

important to stress that it still remains to be determined whether these results 

apply in situ. The use of hypoglycaemia clamp could provide an effective tool to 

address this issue.  

One way of testing CGM performance is that developed in Chapter 3 where 

we use non diabetic individuals exposed to an oral glucose challenge to evaluate 

CGM performance. Using this approach, we showed that despite significant 

mismatches and lag times between CGM and reference glucose measures, CGM 

accuracy does not deteriorate with sensor wear time. This has important clinical 

implications for the uses as these findings imply that prolonged wear can reduce 

the daily cost of use without compromising performance. One important limitation 

to this study, however, is that no T1DM individuals were investigated, and thus 

CGM accuracy over time when exposed to wider fluctuations has yet to be 

elucidated. 

Although the results of this thesis are important for the understanding and 

further development of CGMs, they are specific to the Paradigm 722 Real-Time 

CGM and the population and protocols tested here. For CGMs to be improved 

further, future research should determine both the physiological and intrinsic 

mechanisms causing the mismatch and lag between CGM and blood glucose 

readings using a wide range of CGMs. Furthermore, such studies should be 

performed under varying conditions, including in silico, in vitro and both clinical 

and outpatient studies. In addition, as CGM sensors are now used for increasingly 

longer periods of time, studies should focus on ensuring both accuracy and 
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comfort is maintained in users with diabetes. Finally, the use of CGM alarms 

should be incorporated into activities and behaviours where a decrease in blood 

glucose levels is predicted. Clearly, a better understanding of the factors limiting 

the usefulness of CGM and the development of strategies to improve CGM 

performance are required not only to improve users’ satisfaction and improve 

blood glucose management, but also to help with the eventual development of a 

closed-loop artificial pancreas. 
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