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Abstract 
 

Exercise is generally recommended for individuals with type 1 diabetes mellitus 

since it is associated with numerous physiological and psychological benefits. 

However, participation in exercise can also increase the risk of experiencing 

severe hypoglycaemia both during exercise and recovery. Unfortunately, existing 

guidelines to minimise the risk of exercise-induced hypoglycaemia are often 

general and fail to take into account that different precautions are required for 

exercise of varying type, duration and intensity. Specifically, there are no 

evidence-based guidelines for safe participation in intermittent high-intensity 

exercise (IHE), which characterises the activity patterns of most team and field 

sports, manual labour occupations and spontaneous play in children. This is 

because the response of blood glucose levels to this type of exercise is not 

known. Consequently, the purpose of this thesis was to investigate the 

glucoregulatory responses to IHE that replicates the high-intensity work-to-

recovery ratios observed in intermittent sports in individuals with type 1 diabetes, 

in order to assess the associated risk of hypoglycaemia. 

 

The first study of this thesis examined the effect of the repeated bouts of high-

intensity exercise that characterise IHE compared to remaining inactive, on blood 

glucose and glucoregulatory hormone levels in individuals with type 1 diabetes. 

Eight healthy individuals with type 1 diabetes were tested on two separate 

occasions during which either a 20 minute rest (CON) or an IHE protocol 

designed to simulate the activity patterns of team sports was performed (repeated 

4 second sprints every 2 minutes). The experimental design simulated a “real-

life” situation in which participants injected their normal morning dose of insulin 

and consumed their typical breakfast, prior to the performance of exercise. 

Participants experienced a greater decline in blood glucose levels during the first 

15 minutes of IHE compared with CON (-3.0 ± 1.6 vs -1.7 ± 1.3 mmol/l; p < 

0.05). However, after 20 minutes of exercise, there was no difference in blood 

glucose levels between IHE and CON. During the following 60 minutes of 

recovery from IHE, glucose levels remained stable, while continuing to decrease 

in CON. The stabilisation of blood glucose levels with IHE was associated with 

 I



elevated levels of catecholamines during early recovery from exercise, in 

addition to a progressive increase in growth hormone (p < 0.05). Overall, the 

total decline in glycaemia one hour after IHE was the same as the decline 

observed over the same time period when remaining inactive, suggesting that the 

risk of hypoglycaemia may not be increased during recovery from IHE compared 

to remaining sedentary. 

 

In this initial study the recovery between high-intensity bouts was passive, 

although in the field, intense bursts of high-intensity activity are more commonly 

interspersed by periods of lower intensity exercise. For this reason, the second 

study of this thesis examined the glucoregulatory response to IHE with active 

recovery (moderate-intensity exercise) between high-intensity bouts, compared 

to moderate-intensity exercise (MOD) alone. Seven healthy individuals with type 

1 diabetes were tested on two separate occasions during which either a 30-minute 

MOD or IHE protocol was performed. MOD consisted of continuous exercise at 

40% O2peak, while the IHE protocol involved a combination of continuous 

exercise at 40% O2peak interspersed with 4-second sprints performed every 2 

minutes to simulate the activity patterns of team sports. Like the initial study, the 

experimental design of the present study simulated a “real-life” situation. Both 

exercise protocols resulted in a decline in blood glucose levels. However, the 

decline was greater with MOD (-4.4 ± 1.2 mmol/l) compared to IHE (-2.9 ± 0.8 

mmol/l; p < 0.05), despite the performance of a greater amount of total work with 

IHE (p < 0.05). During 60 minutes of recovery from exercise, glucose levels 

remained higher in IHE compared to MOD (p < 0.05). Furthermore, glucose 

levels remained stable during recovery from IHE, while continuing to decrease 

after MOD (p < 0.05). The stabilisation of blood glucose levels with IHE was 

associated with elevated levels of lactate, catecholamines and growth hormone 

during early recovery from exercise (p < 0.05). The findings of this study 

indicate that the decline in blood glucose levels is less with IHE compared to 

MOD during both exercise and recovery in individuals with type 1 diabetes. 

 

Finally, in order to investigate whether the above observation that the decline in 

blood glucose levels is less during and after IHE compared to MOD was the 
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result of a greater increment in glucose production or attenuated glucose 

utilisation, the third study of this thesis compared the effect of IHE and MOD on 

the rate of endogenous glucose production (Ra) and glucose utilisation (Rd) 

during and after exercise. Nine healthy individuals with type 1 diabetes were 

tested on two separate occasions during which either the 30-minute MOD or IHE 

protocol described above was performed under conditions of a euglycaemic 

clamp in combination with the infusion of [6,6-2H]glucose and indirect 

calorimetry. The exercise-induced rise in glucose Ra commenced sooner with 

IHE, and was of a greater magnitude compared to MOD. Similarly, glucose Rd 

rose sooner during IHE, but the increase by the end of exercise was to a similar 

extent as that elicited by MOD. During early recovery from exercise, Rd rapidly 

declined following IHE, while remaining elevated after MOD. During the second 

hour of recovery, Ra and Rd returned to baseline following MOD, but remained 

elevated after IHE. These changes in Ra and Rd were consistent with a lower 

glucose infusion rate (GIR) during early recovery from IHE and a higher GIR 

after 2 hours of recovery compared to MOD. In conclusion, the repeated bouts of 

high-intensity exercise associated with IHE stimulate a more rapid and greater 

increment in Ra during exercise and attenuate glucose Rd during early recovery. 

These findings assist in explaining, in part, the previous observation that the risk 

of hypoglycaemia might be lower during IHE and early recovery compared to 

MOD. Overall, the findings of this thesis have implications for current 

recommendations aimed at managing blood glucose levels during and after 

exercise to avoid hypoglycaemia. 
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Chapter One 

 
 

Introduction and Review of the 
Literature 



1.1 Introduction    
 

Individuals with type 1 diabetes mellitus are faced with the daily challenge of 

maintaining their blood glucose levels within the normal physiological range 

through regular glucose monitoring, control of diet and daily insulin injections. If 

a balance between these factors is not achieved and blood glucose levels decline, 

these individuals may experience severe hypoglycaemia, a potentially life 

threatening condition. On the other hand, if blood glucose is kept at high levels in 

order to avoid hypoglycaemia, the resulting chronic hyperglycaemia increases 

the risk of developing long-term complications such as cardiovascular disease, 

blindness and kidney failure.  

 

Although individuals with type 1 diabetes are encouraged to be physically active, 

exercise makes management of blood glucose levels even more difficult. This is 

because moderate-intensity exercise has a lowering effect on blood glucose, 

which increases the risk of hypoglycaemia, whereas high-intensity exercise 

causes an increase in blood glucose levels. To further add to the problem, the 

response of blood glucose to a combination of moderate and high-intensity 

exercise, a pattern of physical activity referred to as intermittent high-intensity 

exercise is unknown. This is an important issue for individuals with type 1 

diabetes since many participate in sports characterised by this pattern of physical 

activity such as hockey, netball, soccer, rugby and Australian Rules football. 

Given the lack of research on the effect of intermittent high-intensity exercise on 

blood glucose levels in individuals with type 1 diabetes, and the fact that some 

patients are discouraged from engaging in vigorous exercise by parents, school 

staff, or physicians because of fear of exercise-induced hypoglycaemia, the 

primary goal of this thesis is to investigate the effect of this type of exercise on 

blood glucose levels and the implications for the development of hypoglycaemia. 

This should provide valuable information for health professionals and individuals 

with type 1 diabetes on how to manage blood glucose levels during and after 

exercise to allow for safe participation in intermittent sports. 

 2



1.2 Type 1 Diabetes Mellitus 
 

Type 1 diabetes mellitus accounts for 10 to 15% of all cases of diabetes and 

affects over 140,000 Australians and 16 million individuals worldwide (Juvenile 

Diabetes Research Foundation, 2005). The condition can develop at any age, 

however, incidence is highest among individuals younger than 30 years of age 

(Ekoé, 1989), contributing to it being the second most common chronic disease 

of childhood, exceeded only by asthma (Strawhacker, 2001). Unfortunately, 

Australia has one of the highest prevalence of type 1 diabetes, and the incidence 

is rising (McCarty et al., 1996). 

 

Type 1 diabetes is an autoimmune disease that destroys the beta-cells of the Islets 

of Langerhans of the pancreas, leaving this organ unable to produce insulin, a 

key hormone involved in the regulation of blood glucose levels. Blood glucose 

levels are primarily regulated by the interaction of several different 

glucoregulatory hormones, with insulin being the chief hormone stimulating a 

net decrease in glycaemia. Insulin decreases blood glucose levels by inhibiting 

hepatic glucose production and stimulating peripheral glucose utilisation (Rizza 

et al., 1981). The rate of hepatic glucose production is slowed via inhibition of 

both glycogenolysis and gluconeogenesis (Cherrington et al., 1998), while 

peripheral glucose utilisation is enhanced by increased uptake of glucose from 

circulation into insulin-sensitive cells, particularly skeletal muscle (Peirce, 1999). 

This latter process occurs as a result of mobilisation of glucose transporter 

proteins (GLUT4) from intracellular storage sites to the plasma membrane (Khan 

& Pessin, 2002).  

 

In non-diabetic individuals, the level of circulating insulin is directly controlled 

by the concentration of glucose in the blood that passes through the beta-cells of 

the pancreas (Henquin, 2000). For instance, as the concentration of glucose in the 

blood rises, so does the secretion of insulin, thus stimulating a lowering of blood 

glucose levels, whereas declining blood glucose levels inhibit the secretion of 

insulin. In this manner, insulin increases or decreases the production and 

utilisation of glucose as necessary to maintain euglycaemia in the bloodstream.  
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In contrast, for individuals with type 1 diabetes, the absence of circulating insulin 

results in a lack of both inhibition of hepatic glucose production and stimulation 

of glucose uptake, ultimately leading to a build up of glucose in the blood. 

Further increases in glycaemia occur in the presence of high levels of circulating 

counterregulatory hormones (Casteels & Mathieu, 2003; Goldstein et al., 1995). 

These counterregulatory hormones include glucagon, epinephrine, 

norepinephrine, growth hormone and cortisol, which all oppose the action of 

insulin by stimulating an increase in blood glucose levels. Thus, high levels of 

counterregulatory hormones in combination with insulin deficiency exaggerate 

the increase in glycaemia (Goldstein et al., 1995). In addition, insulin deficiency 

and elevated counterregulatory hormones stimulate increased protein breakdown, 

which liberates amino acids to act as precursors for gluconeogenesis, 

contributing further to elevated blood glucose levels. With rising glycaemia, 

there is an increased loss of glucose in the urine, which ultimately leads to 

dehydration and loss of electrolytes (English & Williams, 2004). These 

occurrences manifest as symptoms including polyuria (excessive urination), 

polydipsia (excessive thirst), polyphagia (excessive hunger), weight loss and 

blurred vision. 

 

Insulin deficiency and elevated levels of counterregulatory hormones also 

stimulate hormone sensitive lipase in adipose tissue, which increases the rate of 

lipolysis and the liberation of free fatty acids (FFAs) into circulation. Elevated 

FFAs (in combination with the lack of insulin and high levels of 

counterregulatory hormones) stimulate an increased rate of beta-oxidation in the 

liver, resulting in increased production of ketone bodies (beta-hydroxybutyrate, 

acetoacetate and acetone; Laffel, 1999). Under these conditions, ketone bodies 

are produced at a rate higher than their rate of utilisation by peripheral tissues, 

causing a substantial increase in their circulating levels and ultimately a drop in 

pH and bicarbonate levels, since the ketone bodies are weak acids. Overall, the 

net hyperglycaemia, acidosis and dehydration at this stage manifests as 

symptoms including weakness, nausea, vomiting, hypotension and signs of 

tachycardia, which eventually lead to shock and mental confusion (American 

Diabetes Association Position Statement, 2004a). In cases where insulin 
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deficiency and elevated counterregulatory hormones cause severely elevated 

blood glucose and ketone body levels leading to metabolic acidosis (pH < 7.3; 

HCO-
3 < 18 mmol/l), a potentially fatal condition known as diabetic ketoacidosis 

can develop (Casteels & Mathieu, 2003). This condition requires immediate 

treatment to avoid coma or death. Another acute complication of hyperglycaemia 

is increased risk of septicaemia, since high blood glucose levels provide an 

environment that is highly conducive to bacterial growth (Turina et al., 2005). 

For these reasons, individuals with newly diagnosed type 1 diabetes die within 1 

to 2 years if left untreated. 

 

 

1.3 Management of Type 1 Diabetes  
 

Fortunately, type 1 diabetes can be treated as a result of the discovery of insulin 

in 1921. Treatment of the condition involves maintaining glycaemia within the 

normal physiological range (4 to 8 mmol/l) 24 hours a day via administration of 

exogenous insulin. The aim of administering exogenous insulin is to mimic the 

body’s natural secretion of insulin. This has lead to the development of a range 

of types of insulin with different pharmacokinetics (absorption rate and duration 

and time of peak action). For instance, rapid-acting insulin (e.g insulin Aspart or 

Lispro) is typically absorbed within 5 to 15 minutes and peaks 30 to 90 minutes 

after administration, wearing off after 4 to 6 hours (Hirsch, 2005), while short-

acting insulin (e.g. Actrapid, Humulin R) is typically absorbed within 30 to 60 

minutes and peaks 2 to 3 hours after administration, wearing off after 8 to 10 

hours (Hirsch, 2005). These types of insulin are generally administered prior to a 

meal to manage the large and rapid meal-induced increase in blood glucose 

levels and mimic the response of endogenous insulin in non-diabetic individuals. 

On the other hand, longer-acting insulin preparations have zinc or protamine 

added to delay their action. For instance, the action of intermediate-acting insulin 

(e.g. Protaphane, Humulin NPH) and long-acting insulin (e.g. Ultratard) does not 

peak until between 4 and 12 hours after injection, and wears off after 20 to 24 

hours (Hirsch, 2005). These types of longer-acting insulin are typically 
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administered to maintain basal insulin levels between meals and throughout the 

night.  

 

Exogenous insulin can be administered in several different ways and according 

to various regimens. The most common method of insulin delivery involves 

subcutaneous injection either via syringe or an insulin pen. Typically, between 2 

and 4 injections are administered per day. Those individuals injecting twice a day 

generally combine a short and an intermediate-acting insulin to be administered 

prior to breakfast and dinner. This type of insulin therapy is termed conventional 

therapy (Stephens & Riddle, 2003). On the other hand, those injecting insulin 

four times a day typically take three injections of rapid or short-acting insulin 

prior to main meals and one injection of intermediate or long-acting insulin prior 

to sleep (Stephens & Riddle, 2003). This type of insulin regimen is termed 

multiple daily injections, and is the central component of an intensive treatment 

regimen. More recently, however, the development of insulin pumps has 

provided another option for exogenous insulin administration for individuals on 

an intensive regimen. These devices deliver rapid-acting insulin continuously at a 

basal rate through a catheter inserted subcutaneously into the abdomen. The rate 

of insulin delivery can be adjusted to give a bolus with meals (Stephens & 

Riddle, 2003), providing a more precise simulation of the body’s natural pattern 

of insulin secretion. 

 

In addition to exogenous insulin administration, treatment of type 1 diabetes 

involves regular monitoring blood glucose levels and careful management of diet 

to balance with insulin dosage. It is recommended that individuals with type 1 

diabetes monitor blood glucose levels three to four times each day (Goldstein et 

al., 2004). The typical approach to monitoring blood glucose levels involves 

capillary blood sampling from a fingertip, with blood samples analysed by a 

portable blood glucose meter. Knowing blood glucose levels prior to insulin 

administration, meals or bedtime can allow an individual with type 1 diabetes to 

adjust insulin dosage or carbohydrate intake appropriately to maintain relatively 

stable glycaemia. Recently, more continuous methods of monitoring blood 

glucose levels have been developed in the form of Continuous Glucose 

Monitoring Systems (CGMS) consisting of a glucose sensor generally inserted 
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into the subcutaneous tissue of the anterior abdominal wall to allow for frequent 

monitoring of blood glucose levels (Boland et al., 2001). Although these systems 

generally do not provide “real-time” feedback to the wearer, the data can be later 

downloaded to view glycaemic control and give a greater understanding of the 

blood glucose levels response to important factors such as insulin administration, 

meals or exercise, and thus assist in improving the management of blood glucose 

levels. 

 

 

1.4 Hypoglycaemia: An Acute Complication of Insulin-
Treated Type 1 Diabetes  
 

Administration of exogenous insulin in conjunction with a managed diet and 

regular glucose monitoring has prolonged the life of individuals with type 1 

diabetes. However, insulin therapy is not without complications. Although the 

different types of exogenous insulin that are available attempt to mimic the 

normal pattern of insulin secretion, individuals with type 1 diabetes are still 

unable to endogenously control the delivery of exogenously administered insulin 

to circulation. As a result, after administration the circulating levels of insulin 

change only at a rate determined primarily by the pharmacokinetics of the 

particular type of insulin administered. 

 

If the body receives too much insulin in relation to food intake, the insulin-

mediated uptake of glucose from the bloodstream and the inhibition of hepatic 

glucose production can cause blood glucose levels to drop below 3 mmol/l, 

resulting in symptoms of hypoglycaemia. These symptoms are divided into two 

categories; neuroglycopaenic and neurogenic symptoms (Chiarelli et al., 1999). 

Neuroglycopaenic symptoms arise since the brain requires a minimum 

concentration of glucose to maintain normal functions. These cerebral 

malfunctions can range from loss of coordination and mental confusion to 

convulsions, unconsciousness, brain damage and even death (Becker & Ryan, 

2000; Blackett, 1988; Cryer et al., 2003; Daneman et al., 1989). On the other 

hand, neurogenic symptoms include physiological changes due to 
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hypoglycaemia-induced activation of the autonomic nervous system such as 

sweating, tremor, tachycardia and hunger (Chiarelli et al., 1999; Cryer et al., 

2003). These neurogenic symptoms typically provide patients with an indication 

that they may be hypoglycaemic. 

  

Hypoglycaemia is the most frequent, acute and adverse complication of insulin-

treated type 1 diabetes (Diabetes Control and Complications Trial Research 

Group [DCCT], 1997). In a study conducted between 1992 and 1995 in Western 

Australia, the rates of hypoglycaemia in children and adolescents was reported to 

be disturbingly high, with 26.9% of patients experiencing moderate 

hypoglycaemia requiring the assistance of another person for treatment, while 

8.5% experienced severe hypoglycaemia resulting in either a coma or 

convulsions in this 3 year period (Davis et al., 1997). Although death from 

hypoglycaemia is relatively uncommon, it is still a legitimate concern, especially 

at night (Tattersall & Gill, 1991; Thordarson & Sovik, 1995), along with the 

possibility of permanent cognitive dysfunction (Rovet et al., 1999).  

 

1.4.1 Prevention and Correction of Hypoglycaemia in Non-Diabetic 
Individuals 
In non-diabetic individuals, the occurrence of hypoglycaemia is prevented by 

negative feedback between the release of glucoregulatory hormones and 

declining blood glucose levels. The initial response to declining blood glucose 

levels is a decrease in circulating insulin, which occurs at approximately 4.5 

mmol/l (Cryer et al., 2003). This stimulates an increase in hepatic glucose 

production and a decrease in glucose utilisation, which alone will generally 

correct declining blood glucose levels. On the other hand, if blood glucose levels 

decline further to 3.6 to 3.9 mmol/l, there is increased secretion of the 

counterregulatory hormones glucagon and epinephrine, followed by growth 

hormone and cortisol. The net action of these counterregulatory hormones is to 

increase hepatic glucose production and inhibit glucose uptake to effectively 

correct blood glucose levels; however, their individual contributions to the 

prevention of hypoglycaemia is hierarchical, with some hormones being more 

important than others.  
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1.4.1a Glucagon 
The most important of the counterregulatory hormones in non-diabetic 

individuals is glucagon. Glucagon is a single chain 29-amino acid polypeptide 

hormone that is secreted by the alpha-cells of the Islets of Langerhans of the 

pancreas. This hormone plays a primary role in glucose counterregulation by 

stimulating a net increase in glycaemia by increasing the rate of hepatic glucose 

production via both glycogenolysis and gluconeogenesis (Magnusson et al., 

1995; Myers et al., 1991; Stevenson et al., 1987). The importance of glucagon in 

the prevention of hypoglycaemia has been demonstrated in studies where 

recovery from hypoglycaemia was impaired by glucagon deficiency (Boyle et al., 

1989; Rizza et al., 1979). The secretion of glucagon by the pancreatic alpha cells 

is primarily influenced by the level of circulating glucose in the blood, with 

increased secretion when glucose levels are low (Jiang & Zhang, 2003; Porcellati 

et al., 2003; Santiago et al., 1980). Additional factors that stimulate glucagon 

secretion include amino acids (Schmid et al., 1989) and catecholamines (Gerich 

et al., 1973a; Gerich et al., 1976), while high levels of circulating insulin inhibits 

glucagon secretion in response to declining blood glucose levels (Galassetti & 

Davis, 2000; Liu et al., 1991). 

 

In non-diabetic individuals, glucagon acts together with insulin to acutely 

increase or decrease glucose production or utilisation as necessary to maintain 

blood glucose levels within a narrow range. While the absolute levels of each of 

these hormones is important for the regulation of glycaemia, their levels in 

relation to each other is also vital. This relationship is expressed as the insulin to 

glucagon ratio. When the ratio is high (increased levels of circulating insulin in 

relation to glucagon), blood glucose levels decline as a result of increased 

glucose utilisation and decreased endogenous glucose production, and vice versa 

when the ratio is low. In this way, normal functioning of these two hormones 

alone can protect from the occurrence of hypoglycaemia (Boyle et al., 1989) 

 

1.4.1b Catecholamines 
Secondary to glucagon in the prevention or correction of hypoglycaemia in non-

diabetic individuals are the catecholamines. The catecholamines, epinephrine and 

norepinephrine, are hormones that are secreted by the adrenal medulla. Eighty 
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percent of catecholamines released by the adrenal medulla is epinephrine, while 

20% is norepinephrine, with norepinephrine also being released by sympathetic 

nerve endings (Maughan et al., 1997). The circulating levels of catecholamines 

are increased in response to hypoglycaemia (Fanelli et al., 2003; Porcellati et al., 

2003; Santiago et al., 1980) and this response is augmented in the presence of 

high levels of circulating insulin (Davis et al., 1993; Galassetti & Davis, 2000). 

Although not normally critical to the recovery or prevention of hypoglycaemia if 

the glucagon response is intact (Rizza et al., 1979), the catecholamines, 

particularly epinephrine, play a vital role under conditions of glucagon 

deficiency (Rizza et al., 1979; Cryer, 1993; Cryer et al., 2003). 

 

The catecholamines increase blood glucose levels by both increasing the rate of 

hepatic glucose production and decreasing glucose utilisation from the 

bloodstream (Sherwin et al., 1980). Circulating catecholamines stimulate a rapid 

and transient increase in the rate of hepatic glucose production (Saccà et al., 

1983; Sherwin et al., 1980) as a result of both increased glycogenolysis and 

gluconeogenesis. Initially, the increase in glucose production is predominantly 

the result of increased glycogenolysis, while gluconeogenesis makes a more 

progressive and prolonged contribution (Saccà et al., 1983). At the same time, 

the catecholamines decrease the rate of glucose utilisation (Sherwin et al., 1980), 

with both epinephrine (Deibert & DeFronzo, 1980; Hunt & Ivy, 2002) and 

norepinephrine (Lembo et al., 1994) inhibiting insulin-mediated glucose uptake 

in human skeletal muscle. The catecholamine-mediated rise in glycaemia is 

further facilitated through indirect pathways, since high levels of circulating 

catecholamines inhibit the secretion of insulin (Morrow et al., 1993), while 

augmenting the release of glucagon (Gerich et al., 1973a) and growth hormone 

(Blackard & Heidingsfelder, 1968). Another indirect action of the 

catecholamines that contributes to counterregulation against more prolonged 

hypoglycaemia is via catecholamine-stimulated lipolysis, which mobilises FFAs 

and glycerol that independently stimulate increased hepatic glucose production 

and inhibit glucose utilisation (Fanelli et al., 1992).  

 

 10



1.4.1c Growth Hormone 
Another counterregulatory hormone that is released in response to 

hypoglycaemia is growth hormone (Fanelli et al., 2003; Porcellati et al., 2003; 

Santiago et al., 1980). Growth hormone or somatotrophin, is a family of 

molecular isoforms (Nindl et al., 2003) that are released by the anterior pituitary 

gland in a pulsatile pattern. Unlike glucagon and the catecholamines, which are 

the most potent stimulators of a rise in glycaemia, growth hormone is not vital 

for the prevention of acute hypoglycaemia. Rather, it plays a more long-term role 

in the defence against prolonged hypoglycaemia, with a lack of growth hormone 

under these conditions resulting in increased severity of hypoglycaemia (Boyle & 

Cryer, 1991; De Feo et al., 1989b).  

 

This long-term role for growth hormone in glucose counterregulation has been 

attributed to observations that the effects of growth hormone on glucose turnover 

may take several hours to become evident. In studies of prolonged 

hypoglycaemia, De Feo and coworkers (1989b) found growth hormone-

stimulated enhancement of glucose production and attenuation of glucose 

utilisation manifested after ∼ 3 hours. A similar effect of a transient rise in 

growth hormone on glucose production and utilisation appeared after ∼ 3 hours 

and peaked between 4 and 5 hours in work by Fowelin and colleagues (1991). 

Others have observed inhibitory effects only on glucose utilisation within 3 hours 

(Kim et al., 1999) or 3 to 4 hours (Bak et al., 1991) of growth hormone infusion, 

while the glucose infusion rate required to maintain euglycaemia under 

hyperinsulinaemic conditions is reduced when circulating levels of growth 

hormone are elevated for ∼ 3 hours (Jessen at al., 2005). In addition to these 

direct effects on glucose turnover, growth hormone may indirectly contribute to 

counterregulation against prolonged hypoglycaemia by stimulating lipolysis, 

which mobilises FFAs and glycerol that provide fuels and gluconeogenic 

substrates which could spare glucose and further inhibit glucose utilisation (De 

Feo et al., 1989b). 

 

In contrast, other studies have demonstrated a more acute effect of growth 

hormone on glucose metabolism, with higher blood glucose levels (Metcalfe et 

 11



al., 1981) and decreased glucose tolerance (Adamson & Efendic, 1979) within 60 

minutes of growth hormone infusion compared to control experiments. In 

addition, growth hormone has been shown to attenuate forearm glucose uptake 

within 10 to 20 minutes when administered as a pulse (Møller et al., 1990b) or a 

constant infusion (Møller et al., 1990a). Growth hormone also has inhibitory 

effects on glycogen synthase activity within 60 minutes (Kim et al., 1999). 

Furthermore, animal studies have demonstrated increased glucose production and 

increased glycaemia in the portal vein and hepatic artery and vein within an hour 

of growth hormone administration (Okuda et al., 2001). 

 

1.4.1d Cortisol 
Cortisol is another counterregulatory hormone that is secreted in response to 

hypoglycaemia (Fanelli et al., 2003; Porcellati et al., 2003). This hormone is a 

glucocorticoid that is secreted by the adrenal cortex in a pulsatile pattern in 

response to adrenocorticotrophic hormone (Kanaley & Hartman, 2002). Like 

growth hormone, cortisol is not considered vital for the acute regulation of blood 

glucose levels, but is important in the longer-term counterregulation against 

prolonged hypoglycaemia (Boyle & Cryer, 1991; De Feo et al., 1989a) since its 

effects on glucose turnover may take hours to become evident (De Feo et al., 

1989a).  

 

The long-term effects of cortisol on glucose turnover under conditions of 

prolonged hypoglycaemia include increased glucose production and attenuated 

glucose utilisation, which appear to manifest after ∼ 3 to 4 hours (De Feo et al., 

1989a). Similarly, prolonged infusion of cortisol (∼ 24 hours) increases blood 

glucose levels and reduces the glucose infusion rate required to maintain 

euglycaemia by enhancing glucose production and inhibiting glucose utilisation 

(Rizza et al., 1982; Rooney, et al., 1993). Like growth hormone, cortisol may 

also exert an indirect effect on glycaemia during prolonged hypoglycaemia via 

stimulation of FFA release (De Feo et al., 1989b), which as mentioned 

previously, has independent insulin-resistant or glucose sparing effects. 
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However, also like growth hormone, other studies have demonstrated a more 

acute effect of cortisol on glucose turnover with elevated blood glucose levels 

(Khani & Tayek, 2001) and inhibitory effects on glucose uptake and glucose 

clearance (Shamoon et al., 1980) within an hour of cortisol infusion. In addition, 

when in combination with elevated glucagon and epinephrine, elevated cortisol 

levels may stimulate a greater increase in glycaemia than glucagon and 

epinephrine alone (Eigler et al., 1979) by sustaining the usually transient increase 

in glucose production stimulated by these hormones independently. 

 

1.4.1e Additional Counterregulatory Factors 
Although these counterregulatory hormones are principally responsible for 

preventing the occurrence of hypoglycaemia in non-diabetic individuals, other 

factors have been shown to influence glucose regulation. However, these factors 

play minimal roles in comparison. Firstly, glucose autoregulation by the liver can 

modify glucose output in direct response to a change in blood glucose levels, 

independent of glucoregulatory hormones and other circulating metabolites 

(Moore et al., 1998). In addition, autonomic nerves directly innervating the liver 

can stimulate glucose production in response to glucose sensors in the 

hypothalamus of the brain (Corssmit et al., 2001), while several paracrine factors 

within the liver may also exert direct effects (Corssmit et al., 2001). Finally, the 

levels of circulating metabolites including amino acids, lactate, free fatty acids 

and glycerol can influence the regulation of blood glucose levels by acting as 

substrates for gluconeogenesis to increase glucose production, or as fuels for 

peripheral tissues to spare glucose, or by inhibiting insulin-mediated glucose 

uptake.  

 

1.4.2 Prevention and Correction of Hypoglycaemia in Individuals 
with Type 1 Diabetes  
In individuals with type 1 diabetes, many of these defences against 

hypoglycaemia are either absent or impaired. Firstly, there is an inability to 

endogenously decrease circulating insulin levels, which is the initial response to 

declining blood glucose levels in non-diabetic individuals. Instead, the levels of 

circulating insulin are controlled primarily by the rate of passive absorption from 

the site of exogenous insulin administration and the pharmacokinetics of the 
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particular type of insulin given. In addition, the counterregulatory hormonal 

response to hypoglycaemia is impaired in individuals with type 1 diabetes, with 

the threshold of blood glucose levels required for stimulation of release of these 

hormones being generally lower than in non-diabetic individuals (Meyer et al., 

1998). Moreover, the release of particular counterregulatory hormones may be 

disturbed, with attenuated or absent glucagon (Gerich et al., 1973b; Meyer et al., 

1998; Porcellati et al., 2003; Santiago et al., 1980) and attenuated epinephrine 

(Meyer et al., 1998; Porcellati et al., 2003) and norepinephrine secretion in 

response to hypoglycaemia compared to non-diabetic individuals (Meyer et al., 

1998). Thus the three most important hormones in the hierarchy for the 

prevention of declining blood glucose levels (decreased insulin, increased 

glucagon and increased catecholamine secretion) are deficient in most 

individuals with type 1 diabetes (Cryer et al., 2003).   

 

The degree of attenuation, absence or lowering of the glycaemic threshold for 

these counterregulatory responses in individuals with type 1 diabetes appears to 

be positively associated with a longer duration of disease (Bolli et al., 1983) and 

strict glycaemic control and intensive insulin therapy (Amiel et al., 1988; Levy et 

al., 1998; Simonson et al., 1985). Accordingly, intensive insulin therapy and 

improved glycaemic control are strongly associated with an increased risk for 

and severity of hypoglycaemia (DCCT, 1997). Also, those individuals with type 

1 diabetes that suffer from autonomic neuropathy (a long-term complication of 

type 1 diabetes discussed later) experience a further reduction in the 

catecholamine response to hypoglycaemia (Meyer et al., 1998).  

 

Other factors that influence the counterregulatory responses to hypoglycaemia 

include gender, exercise and the state of feeding. A lesser magnitude of response 

of epinephrine, glucagon and growth hormone to hypoglycaemia has been 

observed in women when compared to men (Davis et al., 2000c). An acute bout 

of exercise also attenuates the counterregulatory response to subsequent 

hypoglycaemia (Sandoval et al., 2004). Similarly, exercise training attenuates the 

response of glucagon, but augments the release of epinephrine and growth 

hormone in response to hypoglycaemia (Kjær et al., 1984). The state of feeding 

also has an effect, with an attenuated glucagon and catecholamine response to 
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postabsorptive hypoglycaemia compared to postprandial hypoglycaemia 

(Porcellati et al., 2003). Another factor influencing the counterregulatory 

response to hypoglycaemia is the nature of the hypoglycaemic event itself. A 

lesser response of epinephrine (and a trend for a lesser response from glucagon, 

cortisol and growth hormone) occurs in response to a rapid fall in blood glucose 

levels, compared with a slower decline to hypoglycaemic levels (Fanelli et al., 

2003). In contrast, the response of catecholamines, growth hormone and cortisol 

is potentiated, while the glucagon response is attenuated to a similar level of 

hypoglycaemia under greater hyperinsulinaemia (Galassetti & Davis, 2000). 

 

The counterregulatory response to hypoglycaemia is also affected by antecedent 

hypoglycaemia, with previous hypoglycaemia (even mild) lowering the 

magnitude of the response of and the threshold for stimulation of 

counterregulatory hormones and recognition of the symptoms of subsequent 

hypoglycaemia (Veneman et al., 1993). This bluntening of the counterregulatory 

responses to subsequent hypoglycaemia is greater in men than women (Davis et 

al., 2000c). Furthermore, recurrent episodes of hypoglycaemia are associated 

with additional attenuation of both the neuroendocrine responses to 

hypoglycaemia and the neurogenic symptoms, leading to a condition known as 

hypoglycaemia unawareness. This decreases the ability of affected individuals to 

recognise the symptoms and take subsequent action to prevent severe 

hypoglycaemia since affected individuals cannot identify when to eat food to 

correct impending hypoglycaemia. Thus, in addition to the direct threat imposed 

by an episode of severe hypoglycaemia, there are long-term implications for the 

risk of subsequent episodes of hypoglycaemia. This typically leads to a vicious 

cycle of further episodes of hypoglycaemia and a greater decrease in the 

counterregulatory response. Fortunately, hypoglycaemia unawareness is largely 

reversible, with improved threshold for and magnitude of neuroendocrine 

responses and recognition of symptoms taking place after careful avoidance of 

hypoglycaemia for just 2 weeks (Fanelli et al., 1993), thus emphasising the 

importance of preventing hypoglycaemia. 

 

Consequently, for individuals with type 1 diabetes, due to the attenuated 

endogenous counterregulatory response to hypoglycaemia, the main defence 
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against hypoglycaemia is early recognition of the symptoms in order to 

voluntarily ingest carbohydrates to prevent a further decline in blood glucose 

levels. However, in more severe cases of hypoglycaemia in which oral 

administration of carbohydrates is not possible, subcutaneous injection of 

glucagon may be required to stimulate a rapid increase in endogenous hepatic 

glucose production (Chiarelli et al., 1999). 

 

1.4.3 Hyperglycaemia: An Unsuitable Means to Prevent 
Hypoglycaemia 
In order to minimise the occurrence of hypoglycaemia, individuals with type 1 

diabetes must ensure that the body does not receive too much insulin in relation 

to carbohydrate ingestion. However, if the body does not obtain adequate insulin 

in relation to the daily carbohydrate intake, blood glucose levels may become 

elevated above the normal range resulting in hyperglycaemia (blood glucose > 8 

mmol/l). Although the risk of hypoglycaemia is reduced under these conditions, 

chronic hyperglycaemia extended over several years ultimately leads to 

disturbances in metabolism, long-term organ damage and severe health 

complications (Peirce, 1999).  

 

A common complication of chronic hyperglycaemia is damage to the micro-

blood vessels that nourish the eye (DCCT, 1993; Klein et al., 1988). This damage 

manifests as retinopathy (damage to the retina of the eye), which can progress in 

severity of symptoms from small reductions in vision to complete blindness. 

Another common complication of long-term hyperglycaemia is damage to the 

kidneys resulting in nephropathy (kidney disease), which destroys the delicate 

filtering system of the kidney, causing leakage of proteins and problems with 

fluid and electrolyte regulation, ultimately progressing to kidney failure, which is 

a major cause of death in insulin-treated individuals with type 1 diabetes 

(Barbosa et al., 1994; DCCT, 1993). Other complications involve the 

cardiovascular system, with chronic hyperglycaemia associated with increased 

risk of ischaemic heart disease, cerebrovascular disease and peripheral artery 

disease (Selvin et al., 2004).  Finally, hyperglycaemia extended over several 

years also affects the nervous system, with the potential for neuropathy (disease 

of the nervous system) to affect both the peripheral and autonomic nervous 
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systems (DCCT, 1993). Peripheral neuropathy causes malfunctions in peripheral 

muscle and skin resulting in numbness, coldness or tingling in limbs that can 

progress to complete loss of sensation in the extremities (Boulton et al., 1998). 

On the other hand, autonomic neuropathy causes alterations in the regulation of 

involuntary functions relating to the cardiovascular and gastrointestinal systems, 

with symptoms affecting the heart, bladder and thermoregulatory responses 

(Freeman, 2005). The risk of developing any of the above-mentioned 

complications is reduced by keeping blood glucose levels within the normal 

physiological range (Barbosa et al., 1994; DCCT, 1993; Klein et al., 1988). Thus, 

maintaining blood glucose levels on average < 6.6 mmol/l is the goal of most 

individuals with type 1 diabetes (Camacho et al., 2005) in order to maintain a 

healthy life. 

 

 

1.5 Regulation of Blood Glucose Levels During Moderate-
Intensity Exercise and Recovery 
  

Avoiding the acute effects of hypoglycaemia and the long-term complications of 

hyperglycaemia is not an easy task for individuals with type 1 diabetes. A factor 

that makes managing blood glucose levels even more difficult is exercise. 

Exercise adds another variable to the already complex equation of balancing 

insulin timing and dosage with food intake since it has a major impact on both 

blood glucose levels and the circulating levels of glucoregulatory hormones. For 

this reason, exercise is sometimes discouraged for individuals with type 1 

diabetes due to the difficulties involved in maintaining normal blood glucose 

levels during and after physical activity (Colberg, 2000). This difficulty is further 

exacerbated by the fact that the response of blood glucose levels varies with 

exercise intensity. 

 

1.5.1 Moderate-Intensity Exercise in Non-Diabetic Individuals 
Moderate-intensity exercise generally involves continuous, aerobic activity 

between 40 and 59% of O2max or 55 to 69% of maximal heart rate (American 

Diabetes Association Position Statement, 2004b). It is currently recommended 
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that all individuals accumulate at least 30 minutes of moderate-intensity physical 

activity on most days of the week (Pate et al., 1995). Energy for muscular 

contraction during this type of exercise is provided predominantly by the aerobic 

oxidation of both carbohydrate and fat. Examples of moderate-intensity exercise 

include continuous aerobic activities such as jogging, cycling and swimming. 

 

In non-diabetic individuals, the commencement of exercise results in a rapid 

increase in the uptake and utilisation of glucose by skeletal muscle due to the 

stimulatory effect of muscle contraction on glucose transport (Cortright & Dohm, 

1997). During moderate-intensity exercise, the increase in glucose uptake by the 

working skeletal muscles is approximately 2-fold (Davis et al., 2000a; Shilo et 

al., 1990). Despite this, the precise maintenance of blood glucose levels within 

narrow limits is achieved because the increased rate of glucose utilisation is 

closely matched by an increase in hepatic glucose production as a result of 

activation of both hepatic glycogenolysis and gluconeogenesis (Wolfe et al., 

1986). During recovery from moderate-intensity exercise in non-diabetic 

individuals, blood glucose levels continue to remain stable due to the ongoing 

close match between endogenous glucose production and glucose uptake, with 

both processes declining back to basal levels within 30 minutes of recovery 

(Simonson et al., 1984; Wolfe et al., 1986).  

 

There are extreme cases, however, in which blood glucose levels may decline 

during moderate-intensity exercise in non-diabetic individuals. This occurs when 

the duration of exercise is excessively prolonged (> 90 minutes), resulting in the 

depletion of muscle and hepatic glycogen stores (Brun et al., 2001). Under these 

conditions, hepatic gluconeogenesis alone cannot match the rate of glucose 

utilisation by the working muscles. Consequently, there is unmatched extraction 

of glucose from the bloodstream and blood glucose levels decline (McConell et 

al., 1999). This results in reduced time to fatigue in endurance performance, but 

can be prevented by adequate carbohydrate supplementation during exercise 

(McConell et al., 1999). 

 

The increase in hepatic glucose production during moderate-intensity exercise to 

match glucose uptake is facilitated by a decline in insulin secretion and increased 
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release of the counterregulatory hormones. Insulin secretion is suppressed by the 

exercise-induced increase in sympathetic nervous system activity and the levels 

of circulating catecholamines. With declining insulin, the glucagon to insulin 

ratio is increased whether glucagon levels remain unchanged (Simonson et al., 

1984) or increase (Shilo et al., 1990). At the same time, elevated catecholamines 

(Davis et al., 2000a; Shilo et al., 1990; Simonson et al., 1984; Wolfe et al., 1986), 

and late increments in growth hormone (Davis et al., 2000a; Shilo et al., 1990) 

and cortisol (Davis et al., 2000a; Shilo et al., 1990) may contribute to the 

increase in glucose production to match the increased uptake by the working 

muscles. The response of these counterregulatory hormones is generally 

intensity-dependent, with a greater magnitude of response with increasing 

intensity of exercise (Felsing et al., 1992; Ježová et al., 1985; McMurray et al., 

1987; Pritzlaff et al., 1999). Other responses to moderate-intensity exercise 

include marginal increases in the level of circulating lactate (Davis et al., 2000a), 

while FFAs may increase (Davis et al., 2000a) or remain unchanged (Simonson 

et al., 1984).  

 

Of these responses, the primary regulator of the rise in hepatic glucose 

production to precisely match the increased glucose utilisation and maintain 

stable glucose levels is the decline in insulin and the increase in glucagon 

secretion (Hirsch et al., 1991; Lavoie et al., 1997; Wolfe et al., 1986). The 

importance of these hormones has been demonstrated in studies where changes 

in these hormones in response to exercise were prevented, and consequently a 

decline in blood glucose levels occurred, even to reach hypoglycaemic thresholds 

in some individuals (Hirsch et al., 1991; Lavoie et al., 1997; Wolfe et al., 1986). 

Thus, glucagon has been recognised as the counterregulatory hormone that is 

largely responsible for the increment in glucose production observed during 

moderate-intensity exercise (Wasserman et al., 1989), whereas the 

catecholamines play a secondary role to glucagon, followed by cortisol and 

growth hormone, which become increasingly important as the duration of 

exercise is extended (Tabata et al., 1984; Utter et al., 1999). 

 

During recovery from moderate-intensity exercise, homeostasis is quickly 

restored with insulin levels rising back to basal levels (Wolfe et al., 1986), and 
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lactate and catecholamines rapidly decline (Simonson et al., 1984). In contrast, 

growth hormone and cortisol may continue to progressively increase and remain 

elevated throughout the short-term recovery period (Shilo et al., 1990). It has 

been proposed that this is partly related to variation in the secretion of these 

hormones due to their pulsatile pattern of secretion (Kjær, 1992). 

 

These glucoregulatory responses to moderate-intensity exercise are influenced by 

a variety of factors including the time of day that the exercise is performed, 

gender and previous exercise. Firstly, morning exercise stimulates a 

counterregulatory response of smaller magnitude than afternoon or evening 

exercise as a result of diurnal variation in the secretion of various hormones, 

particularly cortisol (Scheen et al., 1998). In addition, the counterregulatory 

response of women to moderate-intensity exercise has been shown to be different 

to men, with attenuated catecholamine increments, but a greater lipolytic 

response (Davis et al., 2000a). Conversely, a preceding bout of exercise reduces 

the magnitude of the counterregulatory response of catecholamines, growth 

hormone and cortisol to exercise in men, but not in women (Galassetti et al., 

2001). Exercise training also influences the counterregulatory response to 

moderate-intensity exercise; however, these effects depend on the intensity of 

exercise being compared. When exercising at the same absolute intensity, the 

counterregulatory response to exercise is attenuated in trained individuals 

(Bergman et al., 1999; Coggan et al., 1995; Gyntelberg et al., 1977, Kjær et al., 

1988), whereas during exercise at the same relative intensity following training, 

only the increase in glucagon is attenuated (Bergman et al., 1999; Gyntelberg et 

al., 1977), while the response of the catecholamines is intensified (Greiwe et al., 

1999).  

 
1.5.2 Moderate-Intensity Exercise in Individuals with Type 1 Diabetes  
In insulin-treated individuals with type 1 diabetes, moderate-intensity exercise 

stimulates a similar magnitude of increase in glucose uptake by the working 

muscles in comparison to non-diabetic individuals (Simonson et al., 1984). 

However, in type 1 diabetes, hepatic glucose production does not increase to the 

same extent to match this increased glucose uptake (Simonson et al., 1984), and 

consequently, blood glucose levels decline (Campaigne et al., 1987; Francescato 
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et al., 2004; Hübinger et al., 1985; McNiven Temple et al., 1995; Oskarsson et 

al., 1999; Rasmussen et al., 1994; Riddell et al., 1999; Schriffin et al., 1984; 

Simonson et al., 1984; Sonnenberg, Kemmer & Berger, 1990; Stratton et al., 

1988; Zinman et al., 1984). Likewise, during recovery from moderate-intensity 

exercise in individuals with type 1 diabetes, blood glucose levels continue to 

decrease (Hübinger et al., 1985), or may stabilise (Simonson et al., 1984) as both 

glucose uptake and hepatic glucose production decline back to basal levels. 

 

The inability of hepatic glucose production to increase to a level that matches 

glucose uptake during moderate exercise in individuals with type 1 diabetes is 

the result of inhibition by circulating insulin levels. Unlike non-diabetic 

individuals in whom insulin levels decrease during exercise of moderate-

intensity to allow for a full increment in hepatic glucose production, individuals 

with type 1 diabetes lack endogenous control over the delivery of exogenously 

administered insulin to circulation. As a result, insulin levels stay relatively 

stable (Simonson et al., 1984) and instead change at a rate determined primarily 

by the pharmacokinetics of the type of insulin administered. Thus, sustained 

insulin levels inhibit a full rise in hepatic glucose production despite the exercise-

induced increase in the levels of circulating counterregulatory hormones. 

 

Aside from high relative levels of circulating insulin, the counterregulatory 

response of individuals with type 1 diabetes to moderate-intensity exercise is 

similar to that of non-diabetic individuals, with increased (Galassetti et al., 2002) 

or unchanged levels of glucagon (Hübinger et al., 1985; Simonson et al., 1984; 

Sonnenberg et al., 1990), elevated levels of catecholamines (Galassetti et al., 

2002; Hübinger et al., 1985; Ruegemer et al., 1990; Shilo et al., 1990; Simonson 

et al., 1984; Sonnenberg et al., 1990), and growth hormone (Galassetti et al., 

2002; Hübinger et al., 1985; Karagiorgos et al., 1979; Shilo et al., 1990; 

Sonnenberg et al., 1990). Cortisol has been reported to remain stable (Hübinger 

et al., 1985; Sonnenberg, Kemmer & Berger, 1990) or to increase late with this 

type of exercise (Shilo, Sotsky & Shamoon, 1990). Such variations in the 

counterregulatory response reported across studies may be due to variation in the 

duration and intensity of the moderate exercise protocols examined or the timing 

of exogenous insulin administration and food intake in relation to exercise. Like 
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non-diabetic individuals, glucagon is the chief counterregulatory hormone 

responsible for increments in hepatic glucose production during this type of 

exercise (Shilo, Sotsky & Shamoon, 1990). Other glucoregulatory factors 

affected by this type of exercise include increased lactate and FFAs (Ruegemer et 

al., 1990). During recovery from moderate-intensity exercise, a continued post-

exercise decline in blood glucose levels also results from an inability to decrease 

circulating insulin levels, while the counterregulatory hormones that were 

elevated in response to exercise begin to return to baseline (Hübinger et al., 

1985; Ruegemer et al., 1990; Sonnenberg et al., 1990), although growth hormone 

and cortisol may remain elevated in the short-term (Shilo et al., 1990).  

 

The blood glucose lowering effect of moderate-intensity exercise in individuals 

with type 1 diabetes can considerably increase the risk of developing 

hypoglycaemia both during exercise and recovery (Bell et al., 1998; Campaigne 

et al., 1987; Daneman et al., 1989; MacDonald, 1987). During exercise, the risk 

may heighten, with the symptoms of hypoglycaemia that normally alert an 

individual to an oncoming episode, including sweating and tachycardia, being 

obscured by normal responses to the exercise itself (Grimm, 1999). However, the 

risk of hypoglycaemia during moderate exercise can be minimised by 

appropriately reducing insulin dosage (Rabasa-Lhoret et al., 2001) or ingesting 

additional carbohydrates (Riddell et al., 1999).  

 

The risk of hypoglycaemia extends for up to 31 hours after exercise (MacDonald, 

1987), as a result of increased insulin sensitivity and continued extraction of 

glucose from circulation for the replenishment of muscle and liver glycogen 

stores. The phenomenon of hypoglycaemia occurring more than 4 hours after the 

cessation of exercise is termed late-onset post-exercise hypoglycaemia (LOPEH). 

LOPEH is a significant issue, since this specific type of hypoglycaemia often 

manifests at night during sleeping when counterregulatory responses to 

hypoglycaemia (including epinephrine and cortisol secretion) may be attenuated 

(Jones et al., 1998). Strategies to prevent LOPEH include reducing insulin 

dosage prior to sleep following late-afternoon exercise and/or increasing 

carbohydrate intake (particularly in the form of slowly absorbed carbohydrates) 
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to match the increased demands on circulating glucose for adequate glycogen 

resynthesis. 

 

The risk of exercise-induced hypoglycaemia is of great concern considering the 

morbidity and mortality that can result from severe hypoglycaemia. It is of even 

more concern for children, with the consequences of hypoglycaemia being 

greatest in this age group (Becker & Ryan, 2000). For instance, in Western 

Australia, greater than usual physical activity was identified as the precipitating 

factor in 19% of cases of severe hypoglycaemia (Davis et al., 1997), while a 

Canadian study found that 42% of children patients that suffered severe 

hypoglycaemia believed exercise to be the predisposing factor (Daneman et al., 

1989). Accordingly, many individuals with type 1 diabetes are inactive as a result 

of being afraid and negative towards physical activity (Kemmer, 1992; 

Ludvigsson et al., 1980) or are discouraged from participating in sports and 

games by parents, school staff, or physicians (Fremion et al., 1987; Thompson et 

al., 1999). Some individuals may even be entirely excluded from participation by 

organisers, based on this fear of hypoglycaemia (Grimm, 1999). Others may 

avoid team sports to prevent upsetting their peers by a possible hypoglycaemic 

episode, or the “inconvenience” of their regular blood glucose levels checks and 

carbohydrate snacking (Grimm, 1999).  

 

Several factors may exaggerate the decline in blood glucose levels during 

moderate-intensity exercise in individuals with type 1 diabetes to further increase 

the risk of hypoglycaemia. These include extending the duration of exercise 

(Rabasa-Lhoret et al., 2001) or exercising when levels of circulating insulin are 

high. The latter condition depends on the type of insulin administered, the time 

of administration in relation to exercise and the site of administration. Firstly, 

exercise performed prior to the morning injection of insulin is associated with 

only a small or absent decline in blood glucose levels (Soo et al., 1996), whereas 

the decline in blood glucose levels is exaggerated when exercise is performed 

during the time of peak insulin action (Francescato et al., 2004; Tuominen et al., 

1995). For instance, exercise performed soon (~ 40 minutes) after the 

administration of rapid-acting insulin enhances the decline in blood glucose 

levels compared with short-acting insulin, as this time coincides with the peak in 
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the action of this type of insulin (Tuominen et al., 1995). In addition, injection of 

insulin into an exercising limb may augment the decline in glycaemia due to 

increased absorption of insulin from the injection site (Koivisto & Felig, 1978), 

as does intramuscular injection, in comparison to subcutaneous injection (Frid et 

al., 1990). On the other hand, the decline in blood glucose levels associated with 

moderate-intensity exercise can be attenuated by the ingestion of carbohydrate 

prior to (Soo et al., 1996) or during (Riddell et al., 1999) exercise, since it 

provides extra glucose for use by the exercising muscles. 

 

Other factors influence the response of counterregulatory hormones to moderate 

exercise in individuals with type 1 diabetes. Firstly, the response of the 

catecholamines and growth hormone to moderate exercise is attenuated in 

women, compared to men with type 1 diabetes (Galassetti et al., 2002). However, 

since these hormones play a secondary role to glucagon in the regulation of 

hepatic glucose production during moderate-intensity exercise, the increment in 

hepatic glucose production is not different between genders, as is the rate of 

glucose infusion required to maintain stable glucose levels (Galassetti et al., 

2002). On the other hand, the counterregulatory responses to moderate-intensity 

exercise are attenuated in individuals with type 1 diabetes following antecedent 

hypoglycaemia (Galassetti et al., 2003) and in individuals suffering from 

autonomic neuropathy (Hilsted et al., 1980), which may augment the decline in 

glycaemia and increase the risk of experiencing exercise-induced 

hypoglycaemia.  

 

Although blood glucose levels generally decline in response to moderate-

intensity exercise in individuals with type 1 diabetes, this is not the case when 

exercise is performed while the circulating levels of insulin are inadequate. 

Under hypoinsulinaemic conditions, blood glucose levels are typically already 

elevated prior to the commencement of exercise due to the lack of insulin-

mediated glucose uptake and inhibition of hepatic glucose production. 

Circulating levels of FFAs and ketone bodies may also be high. Thus, the 

commencement of exercise worsens the hyperglycaemic state as a result of the 

exercise-induced increase in the levels of counterregulatory hormones, 

particularly the catecholamines, which stimulate a further exaggerated increase in 
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hepatic glucose production (Berger et al., 1977), as well as increased levels of 

circulating FFAs and ketone bodies. For this reason, exercise in the 

hypoinsulinaemic state stimulates a metabolic response that can lead to diabetic 

ketoacidosis, which (as mentioned previously) is a potentially fatal condition. 

Consequently, it is recommended that individuals with type 1 diabetes avoid 

commencing exercise if blood glucose levels exceed 16.7 mmol/l or 13.9 mmol/l 

when in combination with the presence of ketosis (American Diabetes 

Association Position Statement, 2004b). 

 

 

1.6 Regulation of Blood Glucose Levels During High-
Intensity Exercise and Recovery 
 

Although moderate-intensity exercise is typically recommended for the general 

population (Pate et al., 1995), there are several instances in which high-intensity 

exercise may be performed. High-intensity exercise generally includes sudden, 

intense activities that are predominantly fuelled by creatine phosphate and 

anaerobic glycolysis, and involve exercise at greater than 80% O2max, or 75% 

of maximal heart rate (Grimm, 1999). This type of exercise cannot be maintained 

for a long duration and examples include exercise at or near maximal oxygen 

consumption or sprint activities.  

 

1.6.1 High-Intensity Exercise in Non-Diabetic Individuals  
In non-diabetic individuals, the commencement of sustained high-intensity 

exercise (~ 13 to 15 minutes at > 80% O2max), results in a rapid depletion of 

muscle glycogen, with an approximate 3-fold increase in the uptake of glucose 

from circulation (Marliss et al., 1991) and 7-fold increase in the rate of hepatic 

glucose production (Marliss et al., 1992). Consequently, the production of 

glucose exceeds glucose utilisation, and a progressive increase in glycaemia 

occurs (Kraemer et al., 2002; Kreisman et al., 2000; Marliss et al. 1991; Marliss 

et al., 2000; Mitchell et al., 1988; Purdon et al., 1993; Sigal et al., 1994; Sigal et 

al., 2000). The hyperglycaemic effect of high-intensity exercise can be evident 

even with a bout of exercise as short as 90 (Lavoie et al., 1987), 30 or 6 seconds 
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(Moussa et al., 2003). At the cessation of high-intensity exercise, blood glucose 

levels continue to rise for the first few minutes of recovery (Calles et al., 1983; 

Marliss et al., 1991; Marliss et al., 2000; Mitchell et al., 1988; Purdon et al., 

1993; Sigal et al., 1994), while glucose production remains higher than glucose 

utilisation (Marliss et al., 1991). Afterwards, hepatic glucose production rapidly 

declines, while the decline in glucose utilisation is much slower. This results in 

the rate of glucose uptake exceeding hepatic glucose production for 

approximately the next hour of recovery, and acts to decrease blood glucose 

levels back to basal within this period (Marliss et al., 2000).   

 

In contrast to moderate-intensity exercise during which the main contributor to 

the increase in hepatic glucose production to match glucose uptake during 

exercise is the decline in insulin secretion (and associated increase in the 

glucagon to insulin ratio), during high-intensity exercise insulin levels remain 

unchanged (Calles et al., 1983; Kraemer et al., 2002; Kresiman et al., 2000; 

Marliss et al., 1991) or may decrease only slightly (Marliss et al, 2000; Sigal et 

al., 2000). Thus, it has been proposed that during high-intensity exercise the 

principal regulator of the exercise-mediated increase in glucose production is the 

rapid and large surge in catecholamine levels (10 to 14 fold increase in 

epinephrine and a 10 to 18 fold increase in norepinephrine), rather than the levels 

of circulating pancreatic hormones (Calles et al., 1983; Marliss et al., 1991; 

Marliss et al., 2000; Sigal et al., 2000). Some findings even suggest that 

circulating insulin levels do not affect the rate of glucose production in this type 

of exercise (Sigal et al., 1996). Furthermore, during high-intensity exercise, 

insulin levels do not increase in response to the progressive rise in blood glucose 

levels. This is mainly due to inhibition of glucose-mediated stimulation of insulin 

secretion by the high levels of circulating catecholamines (Marliss & Vranic, 

2002). Thus, blood glucose levels remain elevated throughout the exercise 

period.  

 

Other counterregulatory responses to high-intensity exercise in non-diabetic 

individuals include increased cortisol (Kraemer et al., 2002), while glucagon 

levels may increase (Kraemer et al., 2002; Marliss et al., 1991) or remain 

unchanged (Calles et al., 1983; Kreisman et al., 2000). Metabolic responses 
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include increased lactate (Calles et al., 1983; Kreisman et al., 2000; Marliss et 

al., 1991; Marliss et al., 2000) and reduced levels of circulating FFAs (Marliss et 

al., 2000). An additional factor that appears to be involved in the stimulation of 

increased hepatic glucose output during high-intensity exercise is interleukin 6 

(IL-6) (Febbraio et al., 2004). IL-6 is a cytokine produced in and released from 

contracting muscles in an intensity-dependent manner (Helge et al., 2003), which 

has a hyperglycaemic effect (Harnish et al., 2005; Tsigos et al., 1997) and has 

been shown to contribute to increasing glucose production and clearance during 

exercise independently of the counterregulatory hormones (Febbraio et al., 

2004). 

 

During the immediate recovery period following high-intensity exercise, the 

continued rise in blood glucose levels is likely due to persistent high levels of 

circulating catecholamines, and in some instances a peak in glucagon levels 

(Marliss et al., 1991). Following these first few minutes of recovery, the 

exercise-induced surge in catecholamines recedes (Calles et al. 1983; Kreisman 

et al., 2000; Marliss et al., 1991; Marliss et al., 2000) and this decline in 

catecholamine levels is well correlated with the post-exercise decrease in glucose 

production, further supporting the notion that the catecholamines are the primary 

regulators of the exercise-induced increase in glucose production during this type 

of exercise. In addition, glucagon (Kraemer et al. 2002; Marliss et al., 1991) and 

lactate levels (Calles et al. 1983; Kreisman et al., 2000; Marliss et al., 1991; 

Marliss et al., 2000) decline within the first hour of recovery, while growth 

hormone (Pritzlaff et al, 2000) and cortisol (Buono et al., 1986; Kraemer et al. 

2002) are elevated during recovery from high-intensity exercise. Even a short 

maximal effort of 30 to 90 seconds results in a progressive increase in growth 

hormone to peak approximately 30 minutes after the cessation of exercise 

(Gordon et al., 1994; Nevill et al., 1996; Stokes et al., 2002), and also increased 

cortisol (Buono et al., 1986; Nevill et al., 1996). More importantly, insulin levels 

rise with the cessation of high-intensity exercise (Calles et al., 1983; Kraemer et 

al., 2002; Marliss et al., 1991; Marliss et al., 2000). This is in response to the 

exercise-induced elevation of blood glucose levels and the absence of high 

catecholamine levels. Elevated insulin during recovery contributes to sustaining a 

higher rate of glucose utilisation than glucose production for approximately the 
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first hour of recovery, and is the principal factor contributing to returning blood 

glucose to basal levels within this time period (Marliss & Vranic, 2002).  

 

The glucoregulatory response to high-intensity exercise is influenced by several 

factors. Unlike moderate-intensity exercise, training enhances the exercise-

induced increase in epinephrine and growth hormone levels, and contributes to a 

greater increase in glycaemia due to enhanced glucose production (Kjaer et al., 

1986). Also, the magnitude of the growth hormone response to this type of 

exercise is greater in sprint-trained, than endurance-trained athletes (Nevill et al., 

1996). In addition, the glucoregulatory responses to high-intensity exercise are 

affected by the state of feeding, with a reduced increment in blood glucose levels 

in response to postprandial compared to postabsorptive exercise (Kreisman et al., 

2000), whereas a 3-day low-carbohydrate diet enhances the catecholamine and 

blood glucose response to a 30 second maximal effort (Langfort et al., 1997), but 

a 24 hour diet has no effect (Lavoie et al., 1987). In contrast to moderate-

intensity exercise, men and women have a similar counterregulatory response 

and rise in glycaemia during this type of exercise; however, women experience a 

greater rise in glycaemia in the immediate post-exercise period (Marliss et al., 

2000). This is the result of a lesser increment in glucose utilisation, resulting in a 

greater difference between glucose production and utilisation, and later is 

associated with higher insulin levels post-exercise to return blood glucose levels 

to basal within a similar timeframe to men (Marliss et al., 2000). 

 

1.6.2 High-Intensity Exercise in Individuals with Type 1 Diabetes 
In individuals with type 1 diabetes, the blood glucose response during sustained 

high-intensity exercise (~ 15 minutes at > 80% O2max) is similar to non-diabetic 

individuals, with a progressive rise in glycaemia (Mitchell et al., 1988; Purdon et 

al., 1993; Sigal et al., 1994) as a result of a comparable increment in hepatic 

glucose production (~ 7 fold) that exceeds the increase in glucose utilisation (~ 4 

fold) (Purdon et al., 1993; Sigal et al., 1994). However, a shorter bout of high-

intensity exercise (2 to 4 minutes) does not change blood glucose levels in 

individuals with type 1 diabetes (Hübinger et al., 1985), and neither does a 10 

second sprint (Baptista, 2002). Also, as with non-diabetic individuals, blood 

glucose levels continue to rise at the cessation of high-intensity exercise in 
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individuals with type 1 diabetes for the first few minutes of recovery while 

glucose production remains higher than glucose utilisation (Purdon et al., 1993; 

Sigal et al., 1994). After this, both hepatic glucose production and glucose 

utilisation quickly decline to become equal again, with the decline in glucose 

utilisation being less rapid. In contrast to non-diabetic individuals, blood glucose 

levels remain elevated for longer during recovery from high-intensity exercise in 

individuals with type 1 diabetes due to impaired glucose clearance (Purdon et al., 

1993).  

 

The similarity in the glycaemic response during sustained high-intensity exercise 

in individuals with type 1 diabetes and non-diabetics is partly due to insulin 

levels remaining unchanged during this type of exercise (Calles et al., 1983; 

Kraemer et al., 2002; Kreisman et al., 2000; Marliss et al., 1991) or decreasing 

only slightly in non-diabetic individuals (Marliss et al, 2000; Sigal et al., 2000). 

Likewise, insulin levels remain stable in individuals with type 1 diabetes 

(Mitchell et al., 1988), since they have no endogenous control over circulating 

insulin levels. Also, individuals with type 1 diabetes experience a comparable 

rise in catecholamine levels to non-diabetic individuals (Mitchell et al., 1988; 

Purdon et al., 1993; Sigal et al., 1994), which as previously mentioned, has been 

implicated as the main regulator of the large increase in glucose production 

during high-intensity exercise. Other glucoregulatory responses to high-intensity 

exercise in individuals with type 1 diabetes include increased (Purdon et al., 

1993; Sigal et al., 1994) or unchanged glucagon (Hübinger et al., 1985; Mitchell 

et al., 1988), increased lactate (Mitchell et al., 1988; Sigal et al., 1994) cortisol 

(Purdon et al., 1993) and growth hormone levels (Hübinger et al., 1985).  

 

During recovery from high-intensity exercise, individuals with type 1 diabetes 

and non-diabetic individuals experience a similar rapid decline in catecholamines 

(Sigal et al., 1994) and lactate (Mitchell et al., 1988; Purdon et al., 1993; Sigal et 

al., 1994), and a return of FFAs to pre-exercise levels (Sigal et al., 1994). 

However, in contrast to non-diabetic individuals, there is an absence of the post-

exercise increase in insulin secretion that would normally stimulate increased 

glucose clearance to return blood glucose levels to basal within an hour of 

recovery. Consequently, the metabolic clearance rate of glucose is significantly 
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lower in individuals with type 1 diabetes (Purdon et al., 1993) and as a result, 

these individuals experience a more pronounced and prolonged hyperglycaemia 

than non-diabetics during recovery from high-intensity exercise (Mitchell et al., 

1988; Purdon et al., 1993; Sigal et al., 1994). Thus, the risk of hypoglycaemia is 

not increased during or immediately following participation in high-intensity 

exercise. However, the risk of LOPEH with high-intensity exercise remains to be 

investigated. 

 

1.7 Regulation of Blood Glucose Levels During 
Intermittent High-Intensity Exercise and Recovery 
 

Although the glucoregulatory responses to moderate and high-intensity exercise 

have been extensively examined, the response to a combination of these two 

types of exercise, a form of physical activity termed intermittent high-intensity 

exercise, is less well understood. This is partly due to the fact that intermittent 

exercise can encompass a wide range of exercise protocols with varying work to 

recovery ratios. For the purposes of this thesis, intermittent high-intensity 

exercise will be defined as exercise involving repeated bouts of short duration, 

intense activity, interrupting longer periods of low to moderate-intensity exercise 

or rest. This type of exercise is typical of the activity patterns of many team and 

field sports such as soccer, Australian Rules football, rugby, netball and hockey 

(Bangsbo et al., 1991; Docherty et al., 1988; Lothian & Farrally, 1994; McKenna 

et al., 1987), and also of spontaneous play in children (Bailey et al., 1995). The 

high-intensity periods of intermittent exercise are fuelled predominantly by 

anaerobic sources of ATP such as creatine phosphate and muscle glycogen stores 

(Gaitanos et al., 1993). On the other hand, the lower-intensity or rest periods 

between consecutive bouts of high-intensity exercise provide an opportunity for 

recovery from the high-intensity bouts, with resynthesis of ATP, creatine 

phosphate and muscle glycogen, and removal of some of the accumulated lactate 

(Essèn, 1978). 
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1.7.1 Intermittent High-Intensity Exercise in Non-Diabetic Individuals  
Since intermittent high-intensity exercise can include an infinite number of 

combinations of work to recovery ratios, there is much variation in the exercise 

protocols that have been employed to investigate the effect of this type of 

exercise on glucoregulation. Some studies have isolated the high-intensity work 

bouts for study, while others have included active recovery periods between 

high-intensity bouts consisting of common recovery activities like walking and 

jogging. Other researchers have utilised more complex exercise protocols with 

simulated match play involving periods of activity divided into quarters and 

including a half-time break, while some groups have measured variables of 

significance during real-match play. 

 

Laboratory studies on intermittent high-intensity exercise have attempted to 

isolate the effect of the repeated bouts of high-intensity activity on glycaemia by 

studying relatively long high-intensity work intervals (~ 45 to 60 seconds) 

interspersed with a resting recovery of 3 to 5 minutes between high-intensity 

bouts. This type of intermittent exercise has a similar effect on glycaemia as 

sustained high-intensity exercise, with a progressive increase in blood glucose 

levels after each work period (Hermansen et al., 1970; Näveri et al., 1985), and a 

continued rise in the immediate recovery period after the cessation of exercise, 

followed by a gradual decline back to baseline levels by approximately an hour 

of recovery (Hermansen et al., 1970).  

 

Glucoregulatory responses associated with this type of intermittent exercise are 

similar to those associated with sustained high-intensity exercise, with a large 

increase in catecholamines (8-fold increase in norepinephrine and 12-fold 

increase in epinephrine) that is primarily responsible for the rise in glycaemia, 

and elevation of glucagon (Näveri et al., 1985). Intermittent exercise bouts of 

similar duration (60 seconds) with only 1 minute rest between repeated bouts 

stimulates an additional acute increase in growth hormone levels (Karagiorgos et 

al., 1979). Other responses include a large increase in circulating lactate levels 

(Hermansen et al., 1970; Näveri et al., 1985). However, unlike sustained high-

intensity exercise, insulin levels have been observed to increase during this type 

of exercise (Hermansen et al., 1970). This may be the result of a lack of 
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inhibition of glucose-mediated stimulation of insulin secretion during the rest 

period between high-intensity bouts, when catecholamine levels and sympathetic 

nervous system activity likely subside. During recovery from such intermittent 

exercise protocols, the rise in insulin in response to the exercise-induced 

hyperglycaemia peaks, and is assumed to be primarily responsible for returning 

blood glucose levels back to baseline (Hermansen et al., 1970). 

 

A major limitation of these studies is that the work to recovery intervals 

examined do not accurately reflect the intermittent nature of most sports 

activities in which the high-intensity intervals are of much shorter duration. 

Time-motion analyses of various team and field sports have provided data 

concerning the frequency and duration high-intensity bouts and recovery 

throughout the length a game. In these types of studies, the activities of running 

(striding) and sprinting are often combined to be classified as high-intensity 

activities. The average duration of a high-intensity effort (sprinting or a 

combination of striding and sprinting) has been reported to range from 2 seconds 

in rugby union (Docherty et al., 1988), 2.7 seconds in Australian Rules Football 

(McKenna et al., 1987), 2 to 4.4 seconds in soccer (Bangsbo et al., 1991; 

Mayhew & Wenger, 1985; Withers et al., 1982; Yamanaka et al., 1987), 3.13 

seconds in hockey (Lothian & Farrally, 1994) and 2.15 to 4.06 seconds in Gaelic 

football (Keane et al., 1993; McErlean et al., 2000). This suggests that a high-

intensity bout of 2 to 5 seconds appears to be typical of the average sprint 

performed in field sports. Similarly, the median duration of high-intensity events 

in children’s spontaneous physical activities is approximately 3 seconds (Bailey 

et al., 1995).  

 

While the mean duration of high-intensity efforts during intermittent high-

intensity exercise is fairly similar across studies over a range of field sports and 

even children’s physical activities, there is much variation in the average 

duration of recovery between these high-intensity bouts. In soccer, Bangsbo and 

colleagues (1991) reported that sprints occur on average every 4 to 5 minutes, 

while Reilly and Thomas (1976) reported an average recovery of 90 seconds 

between sprints.  In other sports, such as rugby, Australian Rules football and 

hockey, sprints have been reported to occur every 120 seconds (Docherty et al., 
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1988), every 50 seconds (Hahn et al., 1979) and every 56 seconds (Lothian & 

Farrally, 1994), respectively. In addition, the recovery duration between bouts of 

high-intensity intermittent exercise in field sports can vary considerably within a 

game itself (Withers et al., 1982). Some game situations demand repeated bouts 

of high-intensity activity with limited recovery between bouts (~ 30 seconds), 

whereas there are other instances when more than 7 minutes of recovery may 

occur between sprints (Withers et al., 1982). Children’s physical activities follow 

a similar trend with short bursts of intense activity interspersed with highly 

variable intervals of low and moderate-intensity activities (Bailey et al., 1995).  

 

Investigations of the effect of intermittent high-intensity exercise that more 

accurately reflect the duration of work intervals observed in intermittent sports 

include laboratory studies on repeated short duration (6 second), maximal bouts 

of exercise interspersed with a resting recovery of a longer duration (30 seconds) 

to isolate the effect of repeated sprint activity on blood glucose levels. In these 

studies on non-diabetic individuals, blood glucose levels rise with each 

successive high-intensity bout (Brooks et al., 1990; Gaitanos et al., 1993; 

Hamilton et al., 1991). Likewise, Holmyard and co-workers (1987) observed an 

increase in glycaemia with repeated 6-second sprints whether the recovery 

between bouts was 30 or 60 seconds, although the increase was greater with the 

shorter recovery duration. In contrast, a study with a longer recovery period 

between high-intensity bouts (5 minutes) showed an initial decline in blood 

glucose levels before increasing in the final sprints of a series (Wouassi et al., 

1997). During recovery from this type of intermittent high-intensity exercise, the 

progressive increase in blood glucose levels continues after the last work bout for 

a few minutes before declining back to basal (Brooks et al., 1990; Gaitanos et al., 

1993; Hamilton et al., 1991).  

 

Again, glucoregulatory responses associated with these types of intermittent 

exercise are similar to sustained high-intensity exercise, with a large increment in 

catecholamine (Brooks et al., 1990; Gaitanos et al., 1993) and lactate levels 

(Brooks et al., 1990; Gaitanos et al., 1993; Hamilton et al., 1991; Holmyard et 

al., 1987; Wouassi et al., 1997). However, in contrast to longer work and 

recovery periods, insulin levels have been observed to decrease (Wouassi et al., 
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1997), perhaps due to the more constant exercise stimulus than experienced with 

longer recovery periods.  

 

While the above-mentioned studies provide a good indication of the blood 

glucose response to the repeated bouts of high-intensity exercise that characterise 

intermittent sports like soccer, hockey, rugby and Australian Rules football, in 

the field the repeated bouts of high-intensity exercise are not performed in 

isolation with complete passive rest in-between. Rather, recovery periods are 

typically characterised by the performance of low to moderate-intensity activities 

such as walking or jogging. Thus, to further elucidate the effect of intermittent 

high-intensity exercise on blood glucose levels and glucoregulatory hormones, 

others have employed intermittent exercise protocols in which the recovery 

period between high-intensity bouts is active, consisting of moderate-intensity 

exercise, to more closely simulate match play. For instance, Nevill and 

colleagues (1993) investigated 60 minutes of repeated 6 second sprints 

interspersed with ~ 2 minutes of recovery consisting of set periods of both 

walking and jogging. A rise in blood glycaemia was observed under these 

conditions.  

 

Others have attempted to more closely replicate the activity patterns of 

intermittent sports such as basketball (Welsh et al., 2002) or soccer (Bishop et 

al., 1999; Nicholas et a., 2000; Wilkinson et al., 1997) by using a number of 

separate blocks of activity to represent periods, quarters or halves of a game. 

These blocks of activity consist of repeated bouts of high-intensity exercise 

interspersed with longer periods of lower intensity exercise including cycles of 

activities such as walking, jogging or standing. In these studies, blood glucose 

levels generally increase for the first half of the simulation before declining back 

to pre-exercise levels by the end of the exercise period (Nicholas et al., 1999; 

Nicholas et al., 2002; Welsh et al., 2002; Wilkinson et al., 1997), although 

glucose has also been reported not to change during the game and then slightly 

decline during the first hour of recovery (Bishop et al., 1999). Other studies have 

examined the effects of real-match play on blood glucose levels in non-diabetic 

individuals and found glycaemia to be elevated under these conditions (Bangsbo, 

1994; Hübner-Woźniak et al., 1994). In association with these glycaemic 

 34



responses, is a large increment in catecholamines (Bangsbo, 1994), while insulin 

levels remain relatively unchanged (Welsh et al., 2002), but may decrease in the 

second half of a game (Bangsbo, 1994), possibly to prevent a decline in blood 

glucose levels. There is also an increase in lactate (Bishop et al., 1999; Hübner-

Woźniak et al., 1994; Nicholas et al., 1999; Nicholas et al., 2000; Welsh et al., 

2002; Wilkinson et al., 1997) and FFAs (Hübner-Woźniak et al., 1994; Welsh et 

al., 2002). 

 

1.7.2 Intermittent High-Intensity Exercise in Individuals with Type 1 
Diabetes  
Although the response of blood glucose levels and glucoregulatory hormones to 

intermittent high-intensity exercise has been reasonably well examined in non-

diabetic individuals, there is a lack of research on this type of exercise in 

individuals with type 1 diabetes. Only two studies have attempted to address this 

issue. Firstly, Sills and Cerny (1983) examined the response of blood glucose 

levels to 30 minutes of 1-minute bouts of cycling at 100% of maximal oxygen 

uptake with 1 minute of rest between each bout. The study participants 

experienced a decline in plasma glucose levels during this exercise protocol, but 

glycaemia remained stable during short-term recovery (Sills & Cerny, 1983). The 

other study by Ford and colleagues (1999) examined the response of blood 

glucose levels to six repeats of 20 second efforts at 120% O2max performed 

every 2 minutes with an active walking recovery in between. This exercise 

protocol did not result in any significant change in blood glucose levels during 

exercise or recovery, although there was a tendency for a slight increase. Only 

Sills and Cerny (1983) measured the response of glucoregulatory hormones to 

intermittent exercise in individuals with type 1 diabetes. They reported increased 

growth hormone, while cortisol and glucagon remained unchanged. Again, a 

major limitation of these studies is that the work to recovery intervals examined 

do not accurately reflect the intermittent nature of most sports activities in which 

the high-intensity intervals are of much shorter duration. Thus, the response of 

blood glucose levels (and hence, the risk of hypoglycaemia) to the type of 

exercise that reflects intermittent sports remains unknown. 
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1.8 Management of Blood Glucose Levels During Exercise 
by Individuals with Type 1 Diabetes  
 

Since participation in exercise makes managing blood glucose levels difficult for 

individuals with type 1 diabetes due to the intensity-dependent variation in the 

glucoregulatory response and the increased risk of experiencing hypoglycaemia 

associated with some types of exercise, many individuals with type 1 diabetes are 

afraid of and discouraged from participating in sports and games with their peers. 

Although the risk of exercise-induced hypoglycaemia is a legitimate fear, the 

American Diabetes Association Position Statement on Physical Activity and 

Exercise (2004) states that;  

 

“all levels of physical activity, including leisure activities, 

recreational sports, and competitive professional performance, 

can be performed by people with type 1 diabetes who do not 

have complications and are in good blood glucose control”.  

 

This is because it is possible to effectively manage blood glucose levels during 

exercise and recovery. However, this requires;  

 

“an adequate knowledge of the metabolic and hormonal 

responses to physical activity”.  

 

By knowing the glucoregulatory response to different types of exercise, 

precautions can be taken to adjust exogenous insulin administration and nutrition 

regimens accordingly to balance with exercise, thus maintaining blood glucose 

levels within the normal physiological range and minimising the risk of 

hypoglycaemia. Consequently, much research has been focused in this area to 

understand the metabolic and hormonal responses to exercise in order to develop 

evidence-based guidelines to allow for safe participation in a range of physical 

activities.  
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Most current guidelines are general (American Diabetes Association Position 

Statement, 2004b; Wasserman & Zinman, 1994), since the blood glucose 

response to exercise varies due to a wide variety of factors including time of day, 

temporal relationship to insulin administration and the amount, type and timing 

of carbohydrate consumption. In addition, the blood glucose response to exercise 

can be highly variable between individuals, unless the pre-exercise meal, 

exercise and insulin regimen are standardised (McNiven Temple et al., 1995). 

Often guidelines suggest the importance of the patient in monitoring his or her 

own blood glucose response to exercise and using this information to improve 

glycaemic control for next time the exercise is performed (American Diabetes 

Association Position Statement, 2004b; Kemmer, 1992).  

 

Although these general guidelines are valuable, they do not address the fact that 

the metabolic and hormonal responses to exercise vary significantly with 

exercise intensity. As discussed above, it is well established that moderate and 

high-intensity exercise have a contrasting effect on blood glucose levels and, 

thus, on the risk of hypoglycaemia. Unfortunately, most guidelines take no 

account of this (American College of Sports Medicine and American Diabetes 

Association Joint Position Statement, 1997; Horton, 1988; White & Sherman, 

1999), with some recent guidelines even perpetuating the misconception that 

excess insulin exacerbates the risk of hypoglycaemia more during intense rather 

than moderate exercise (Birrer & Sedaghat, 2003). 

 

While the glucoregulatory responses to moderate and high-intensity exercise are 

well established, the response of blood glucose levels to intermittent high-

intensity exercise in individuals with type 1 diabetes has been less well 

examined. The lack of research into the effect of intermittent high-intensity 

exercise on blood glucose levels and the risk of hypoglycaemia is also reflected 

in the current guidelines. For those guidelines that do take into consideration the 

intensity and duration of exercise, often only continuous forms of exercise are 

addressed and not intermittent exercise (e.g. Rabasa-Lhoret et al., 2001; 

Wallberg-Henriksson, 1989). This is likely because the response of blood 

glucose levels to intermittent exercise that reflects the high-intensity work to 

recovery ratios observed in intermittent sports is unknown. Thus, for those 
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guidelines that do attempt to address intermittent exercise, the recommendations 

are not evidence-based. Many may not even distinguish between continuous and 

intermittent exercise and suggest similar management strategies for blood 

glucose levels for both types of exercise. For instance, Birrer and Sedaghat 

(2003) recommend the same management for intermittent activities like 

basketball and soccer as for continuous activities like swimming and cycling, by 

classifying all of these activities as “more vigorous competitive activity”. 

Similarly, Mauvais-Jarvis and colleagues (2003) include individual exercises 

such as running, cycling and swimming, along with team sports such as 

basketball and football in their description of “intense” exercises. Likewise, 

Peirce (1999) suggests that management of blood glucose levels for vigorous 

team sports such as rugby, football and hockey is similar to that of extremely 

prolonged exercise such as marathons or triathlons with a 70 to 90% reduction in 

insulin dosage. Finally, more recent guidelines by Grimm and colleagues (2004) 

classify the intensity of exercise based on heart rate and thus recommend a 

similar amount of supplemental carbohydrate and/or reduction in insulin dosage 

for continuous activities like jogging and cycling that result in heart rate similar 

to intermittent sports like tennis, football and basketball. 

 

Others have considered intermittent exercise and high-intensity exercise to have 

the same effect on blood glucose levels (Marliss & Vranic, 2002). This is based 

on the assumption that the short repeated bouts of high-intensity exercise that 

characterise intermittent sports will have the same effect as continuous high-

intensity exercise. In fact, Mitchell and colleagues (1988) claimed that their 

investigation of ~ 10 minutes of high-intensity exercise at 80% O2max most 

resembled sports involving repeated short sprints such as hockey or basketball, 

and attempted to apply their findings, although hesitantly, in this manner. 

However, it is essential to appreciate there may be fundamental differences in the 

metabolic responses to intermittent exercise compared to other types of exercise. 

Confusion is further exaggerated by those studies that have addressed the 

response of intermittent exercise (Ford et al., 1999; Sills & Cerny, 1983) and 

claim their findings to be applicable to intermittent sports such as soccer, 

basketball and hockey, although the intermittent exercise protocols investigated 
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do not accurately reflect the work-to-recovery ratios observed in intermittent 

sports. 

 

 

1.9 Statement of the Problem 
 

Individuals with type 1 diabetes are faced with the daily challenge of maintaining 

their blood glucose levels within the normal physiological range through control 

of diet and regular insulin injections. Although exercise is recommended for 

these individuals, it makes managing blood glucose levels more difficult. For this 

reason, much research has focused on understanding the metabolic and hormonal 

responses to different types of exercise in order to develop evidence-based 

guidelines for adjusting insulin and nutrition regimens for safe participation in 

such activities. Although the glucoregulatory response to moderate and high-

intensity exercise is well established, the effect of intermittent exercise typical of 

that performed in common team and field sports is unknown. Previous research 

on this type of activity has employed exercise protocols that do not accurately 

reflect the work to recovery ratios typically observed in intermittent sports and 

spontaneous play in children, where the high-intensity intervals are of much 

shorter duration. Thus, research is required on the effect of intermittent high-

intensity exercise that reflects intermittent sports on blood glucose levels and 

glucoregulatory hormones in individuals with type 1 diabetes. Improved 

understanding of the glucoregulatory response to this type of exercise should 

provide an indication of associated risk of hypoglycaemia, which in turn should 

assist in the development of evidence-based guidelines for individuals with type 

1 diabetes to safely participate in sports and games along with their peers. 

 

 

1.10 Aims 
 

The primary goal of this thesis is to investigate the effect of intermittent high-

intensity exercise that reflects the work-to-recovery ratios observed in team and 

field sports on blood glucose levels and glucoregulatory hormones in individuals 
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with type 1 diabetes. This should provide insight into the risk of hypoglycaemia 

associated with this type of exercise and, thus, valuable information for health 

professionals and individuals with type 1 diabetes to allow for safe participation 

in intermittent activities. 

 

Specifically, the aims of this thesis are to investigate; 

 

• The response of blood glucose levels and glucoregulatory hormones to 

intermittent high-intensity exercise compared to rest in individuals with type 

1 diabetes.  

 

• The response of blood glucose levels and glucoregulatory hormones to 

intermittent high-intensity exercise compared to continuous moderate-

intensity exercise in individuals with type 1 diabetes. 

 

• The response of glucose production and utilisation to intermittent high-

intensity exercise compared with continuous moderate-intensity exercise in 

individuals with type 1 diabetes. 

 

 

1.11 Research Hypotheses 
 

The hypotheses relating to these aims are that; 

 

• The decline in blood glucose levels associated with intermittent high-

intensity exercise will be less than that associated with sedentary rest in 

individuals with type 1 diabetes. 

 

• The decline in blood glucose levels associated with intermittent high-

intensity exercise will be less than that associated with an equivalent bout of 

continuous moderate-intensity exercise in individuals with type 1 diabetes. 
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• Intermittent high-intensity exercise will stimulate a hormonal response that 

is counterregulatory to hypoglycaemia. 

 

• Intermittent high-intensity exercise will be associated with a more 

pronounced increase in endogenous glucose production compared to an 

equivalent bout of continuous moderate exercise. 

 

• Intermittent high-intensity exercise will be associated with a similar increase 

in endogenous glucose production compared to an equivalent bout of 

continuous moderate exercise. 

 

 

1.12 Organisation and Structure of Thesis 
 

This thesis is organised as a series of chapters, with two of these already 

published (Chapter 3 and 4). Following this Introduction and Review of the 

Literature is a chapter describing the General Materials and Methods (Chapter 

2) used for all research relating to this thesis. Next, a series of three chapters 

(Chapter 3, 4 and 5) address particular aspects relating to the effect of 

intermittent high-intensity exercise on glucoregulation in individuals with type 1 

diabetes. Finally, the last chapter aims to integrate the findings of the thesis by 

providing a General Discussion (Chapter 6) including conclusions, implications 

and directions for future research. 

 

 

1.13 Significance of the Study 
 

It is important for individuals with type 1 diabetes, especially children and young 

adults, to have a life as close as possible to normal. This includes being 

physically active and being able to participate in sports and recreational 

activities. However, due to a lack of research in this area, there are relatively few 

guidelines for the exercising individual with type 1 diabetes (Peirce, 1999) and 

none that are evidence-based for those desiring to participate in intermittent high-
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intensity exercise. This is unfortunate, since this type of activity accounts for 

much of the selection of sports played by children and adolescents with type 1 

diabetes (Ludviggson et al., 1980; Raile et al., 1999), and also spontaneous play 

in children (Bailey et al., 1995). Furthermore, it has been suggested that 

managing blood glucose levels is more difficult with this type of activity 

compared with progressive or prolonged efforts (Dorchy & Poortmans, 1989). 

 

Approximately 10% of children and adolescents with type 1 diabetes become 

serious athletes with interests in furthering their athletic goals (Blackett, 1988), 

and many athletes with type 1 diabetes have even achieved the status of world-

class athletes and become Olympic gold medallists (Blackett, 1988; Dorchy & 

Poortmans, 1989; Peirce, 1999). On the other hand, some patients are 

discouraged from engaging in vigorous exercise by parents, school staff or 

physicians because of a fear of exercise-induced hypoglycaemia (Fremion et al., 

1987). This is despite the fact that exercise is generally recommended for 

individuals with type 1 diabetes for the same reasons as for the general 

population, which relate to the inverse relationship between all-cause mortality 

and level of physical fitness (Kampert et al., 1996). Furthermore, a similar 

relationship has been demonstrated specifically in individuals with type 1 

diabetes, with increased levels of physical activity being associated with 

decreased mortality (LaPorte et al., 1986; Moy et al., 1993) and long-term 

diabetes-related complications (Kriska et al., 1991; LaPorte et al., 1986).  

 

More specifically, although most studies have shown that regular exercise does 

not improve glycaemic control (Campaigne et al., 1985; Laaksonen, 2000; 

Roberts et al., 2002; Yki-Jarvinen et al., 1984; Zinman et al., 1984), it is 

generally recommended for individuals with type 1 diabetes for its 

cardiovascular benefits including lowering of blood pressure (Norris et al., 

1990), blood triglycerides, low-density lipoprotein, very-low-density lipoprotein 

and total cholesterol levels and increasing high-density lipoproteins (Campaigne 

et al., 1985; Laaksonen et al., 2000; Yki-Jarvinen et al., 1984). Exercise is also 

advocated because it can increase lean body mass, help to attain ideal body 

weight and increase physical work capacity (Campaigne et al., 1984; Campaigne 

et al., 1985; Laaksonen et al., 2000; Yki-Jarvinen et al., 1984). All of these 
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cardiovascular benefits are significant for individuals with type 1 diabetes 

because of their increased risk for cardiovascular disease. Another condition that 

individuals with type 1 diabetes are at increased risk for compared to the general 

population is osteoporosis (Tuominen et al., 1999), which may also be attenuated 

by regular physical activity (American College of Sports Medicine Position 

Stand, 2004). Additionally, exercise results in increased sensitivity to insulin, 

which cumulatively may result in lower postprandial insulin requirements to 

achieve adequate glycaemic control (Yki-Jarvinen et al., 1984). 

 

As well, exercise may present a significant benefit to children with type 1 

diabetes who have been shown to compare unfavourably with non-diabetic peers 

in certain fitness parameters such as body composition, abdominal strength and 

endurance, and lower back and hamstring flexibility (Kertzer et al., 1994). 

Furthermore, children that participate in organised sport have greater total daily 

energy expenditure and watch less television than those who do not participate in 

organised sports (Katzmarzyk & Malina, 1998), which is an important 

implication given the concern over the increasing incidence of obesity in our 

population. 

 

Finally, in addition to the many physiological benefits, regular participation in 

exercise has several psychological benefits including increased sense of well-

being, self-esteem and quality of life, and it assists in coping with stress (Norris 

et al., 1990; Norris et al., 1992; Wasserman & Zinman, 1994). Particularly in 

children, participation in sports is an important recreational and social activity 

that benefits social interaction and peer group assimilation (Wasserman & 

Zinman, 1994). Sports participation can also build character and foster values 

relating to fair play, sportspersonship and working as part of a team (Weinberg & 

Gould, 1999). These are important values that may be translated into other 

aspects of life. The psychological benefits of exercise are significant for 

individuals with type 1 diabetes because of the increased incidence of depression 

in this population (Eaton et al., 2002). 

 

In order to provide proper advice aimed at helping individuals with type 1 

diabetes to safely participate in intermittent high-intensity exercise, we need to 
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develop a better understanding of the effect of this type of activity on glycaemia. 

This in turn should help with the development of appropriate guidelines to allow 

individuals with type 1 diabetes to exercise safely and achieve the maximum 

benefits and enjoyment of regular physical activity.  
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Chapter Two 

 
 

General Materials and Methods 
 



2.1 Participants 
 

2.1.1 Selection Criteria 
The research described in this thesis involved healthy, active, young adults (both 

male and female) with type 1 diabetes. Specifically, the selection criteria for the 

inclusion of participants in these studies were as follows:  

• Aged between 16 and 30 years of age, 

• In reasonable glycaemic control (glycated haemoglobin levels < 9% for 

the past 6 months), 

• Diagnosed with type 1 diabetes mellitus for a minimum of 2 years, 

• Not on any medication other than insulin, 

• Free from any clinical evidence of macrovascular, microvascular or 

neurological complications associated with diabetes mellitus, 

• Physically active, 

• Unchanged insulin regimen for the past month, 

• Stable body mass for the past month, 

• Regularly menstruating (for females), 

• Hypoglycaemia aware (particularly at night), 

• Staying at home with at least one adult.  

 

2.1.2 Justification of Selection Criteria 
The justification for each of these selection criteria is as follows; 

 

• Both male and female participants were included in the study in 

accordance with the National Institutes of Health policy of inclusion of 

women in clinical research (National Institutes of Health, United States of 

America). Although some quantitative differences do exist in the 

glucoregulatory responses to exercise in men and women with type 1 

diabetes, the pattern of these responses is similar (Galassetti et al., 2002), 

and hence the data collected for this thesis were not analysed for gender 

differences. Another reason for this was that the number of participants 

involved in the study was adequate only to examine the glucoregulatory 

responses to intermittent exercise in general, and not enough for a gender 

 46



comparison. However, since it is acknowledged that the phase of the 

menstrual cycle may affect the response of blood glucose levels (Galliven 

et al., 1997; Horton et al., 2002), glucose kinetics and carbohydrate 

oxidation (Zderic et al., 2001) to exercise, all female participants were 

tested during the follicular phase of the menstrual cycle. During this 

phase, the hormone profile of women is more stable and similar to that of 

men, with relatively low levels of circulating oestrogen and progesterone, 

compared to the luteal phase. 

 

• The participants included in the study were between 16 and 30 years of 

age.  Children and young adolescents were not included to control for any 

effect of the hormonal changes and varying levels of insulin resistance 

during different stages of puberty (Moran et al., 1999). Thus, participants 

were required to be at least 16 years of age. 

 

• Only individuals in reasonable glycaemic control (glycated haemoglobin 

levels < 9% for the past 6 months) were included in the studies to prevent 

any possible influence of glycaemic control on the counterregulatory 

response to exercise. 

 

• Included participants had been diagnosed with type 1 diabetes for at least 

2 years, since after this duration of diagnosis it is unlikely that the beta-

cells would still be producing insulin.  

 

• Only individuals that were not on any medication other than insulin were 

included in the study to control for the possibility that such 

pharmacological substances might influence glycaemia or the levels of 

circulating glucoregulatory hormones. 

 

• The participants were free from any clinical evidence of macrovascular, 

microvascular or neurological complications associated with diabetes 

mellitus, since in some cases exercise may exacerbate such complications 

(American Diabetes Association Position Statement, 2004b). 
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• The participants were physically active to ensure that they would be able 

to tolerate the exercise protocols involved in the studies. 

 

• The participants were required to have an unchanged insulin regimen for 

the prior month to avoid the metabolic disruption associated with changes 

in insulin dosage and to ensure that insulin regimens remained matched 

between trials. 

 

• Stable body mass for the past month was required as an indication of 

good glycaemic control and being in energy balance, and thus properly 

insulinised. 

 

• Female participants were regularly menstruating to allow for easy 

determination of phase of menstrual cycle, which was necessary since all 

experimental sessions were conducted when they were in the follicular 

phase.  

 

In addition, the following selection criteria were enforced to minimise the 

likelihood of any occurrence of late onset post-exercise hypoglycaemia as a 

consequence of participation in the study. 

 

• Only individuals that were hypoglycaemia aware (particularly at night) 

were recruited to the study. 

 

• Only individuals that were staying at home with at least one adult on the 

night of the study were included. 

 

It is conceded that the results of this thesis will only be directly applicable to this 

specific population. Further research will be required to determine whether the 

findings extend also to other populations of individuals with type 1 diabetes. 
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2.2 Anthropometric Measurements 
 

Standing height was measured by positioning each participant against a 

Stadiometer (School of Human Movement and Exercise Science, University of 

Western Australia, Australia) before lowering the headboard to touch the vertex 

of the head. In this position, the participant’s head was aligned in the Frankfort 

plane and the vertebral column gently stretched by pulling up from under the 

mastoid process (Bloomfield, Ackland & Elliott, 1994), at which time the height 

indicated by the stadiometer was recorded. Body mass was measured using 

electronic scales (August Sauter, Germany), with the participant centred on the 

scales and wearing minimal clothing. 

 

 

2.3 Exercise Testing 
 

All exercise testing was performed on a Front Access Cycle Ergometer (Repco, 

Melbourne, Australia) connected to a computer, running a program (Cyclemax, 

School of Human Movement and Exercise Science, University of Western 

Australia, Australia) that allowed for the measurement of work and power output 

(Figure 2.1). Although not specific to running and sprinting, the use of this type 

of ergometer provides an alternative to field testing that keeps the participant 

stationary to facilitate the sampling of blood and venous infusion, while still 

allowing the individual to perform maximal bouts of exercise in the upright 

position (Figure 2.1). The pedals of the ergometer were fitted with toe clips and a 

heel strap to allow for maximal efforts without slipping from the pedals. In 

addition, use of the ergometer and cyclemax program allowed for the 

quantification of work and power. This set-up has previously been used to 

simulate the repeated sprint aspect of intermittent sport performance in a 

laboratory setting (Bishop et al., 2001; Fitzsimons et al., 1993).  
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Figure 2.1. Exercise on the Front Access Cycle Ergometer. 
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2.3.1 Determination of Peak Oxygen Consumption Rate 

Each individual participant’s rate of peak oxygen consumption ( O2peak) was 

determined using an incremental exercise protocol that lasted for approximately 

20 minutes and involved cycling at an initial intensity of 50 watts, with the 

intensity progressively increased at 3 minute intervals by 25 or 30 watts, 

depending on the participants exercise history, with larger increments for more 

active individuals. The test continued until volitional exhaustion, when the 

participant could no longer cycle at the required intensity. During the test, the 

participant’s wore a heart rate monitor (Polar, Australia) and for the studies 

described in chapters 3 and 4, they breathed through a mouthpiece connected to a 

Hans Rudolph valve and tubing into a computerised gas analysis system (Meta 

2000, School of Human Movement, University of Western Australia, Australia). 

This system consisted of a ventilometer (Morgan, Kent, United Kingdom) to 

measure the volume of inspired air ( I) and a Metabolic Cart containing Ametek 

Applied Electrochemistry S-3A/I oxygen and CD-3A carbon dioxide analysers 

(AEI Technologies, Pittsburgh, USA) to measure the percentage of O2 (FEO2) 

and CO2 (FECO2) in expired air. The same incremental exercise protocol was 

used to determine ( O2peak) in the study detailed in Chapter 5, but expired 

respiratory gases were analysed instead using a Vmax Spectra respiratory 

analysis system (SensorMedics Corporation, USA). This system consisted of a 

Mass Flow Sensor to measure the volume of expired air ( E) and an 

electrochemical fuel cell oxygen and non-disperse infrared thermopile carbon 

dioxide analyser to measure the percentage of O2 (FEO2) and CO2 (FECO2) in 

expired air.  

 

Prior to testing, the computerised gas analysis system was calibrated. For the 

testing involved in Chapters 3 and 4, this involved firstly calibrating the volume 

of air measured by the ventilometer using a 1 litre syringe, followed by 

calibration of the O2 and CO2 analysers against a beta gas containing a known 

physiological concentration of O2 and CO2 (BOC Gases Australia Limited, 

Australia). A similar procedure was employed in the study detailed in Chapter 5 

using the Vmax Spectra, with the volume of air measured by the Mass Flow 

Sensor calibrated using a 3 litre syringe, followed by calibration of the O2 and 
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CO2 analysers against alpha gases containing a known physiological 

concentration of O2 and CO2 (BOC Gases Australia Limited, Australia). 

 

During the performance of the incremental exercise test, data were recorded by 

the computerised gas analysis system every 15 seconds (Meta 2000, School of 

Human Movement, University of Western Australia, Australia; Chapters 3 and 

4), or using breath-by-breath analysis (SensorMedics Corporation, USA; Chapter 

5). Both systems automatically calculated a variety of respiratory parameters 

including the volume of expired air ( E), oxygen consumption ( O2) and carbon 

dioxide production ( CO2). O2peak was determined from the highest minute 

average from the data, and confirmed by one or more of the following criteria; 

• RER value greater than 1.1 

• Plateau rise in O2 

 
 

2.3.2 Determination of the O2 – Power Relationship 

Using the data obtained from the O2peak test, the O2 – power relationship was 

determined to calculate the power that would be equivalent to 40% O2peak. To 

this end, the O2 achieved in the last minute of each workload was plotted 

against the actual workload (obtained from the Cyclemax computer program) and 

a linear trendline was fit using the following equation, where m was the slope 

and b was the intercept (Figure 2.2):  

y = mx + b  

Using this equation, the power that would be required to elicit 40% O2peak was 

determined. 
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Table 2.1. Example of data obtained from a O2peak test. 

Stage Target Workload 

(Watts) 

Actual Workload 

(Watts) 
(measured by Cyclemax) 

O2  

(ml/kg/min) 
(in final minute of stage) 

1 50 50.5 12.59 

2 75 71.8 20.44 

3 100 98.8 27.68 

4 125 120.6 33.94 

5 150 147.8 41.68 

6 175 176.6 50.34 
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Figure 2.2. Example plot of the relationship between O2 and workload. 
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2.3.3 Intermittent High-Intensity Exercise Protocol 
The intermittent high-intensity exercise (IHE) protocol was designed to replicate 

the physiological demands of field sports. This protocol consisted of 4-second 

high-intensity bouts repeated every 2 minutes on the Front Access Cycle 

Ergometer. The work period of 4 seconds was selected based on the average 

duration of high-intensity bouts recorded in the field via time-motion analysis 

(Bangsbo et al., 1991; Docherty et al., 1988; Keane et al., 1993; Lothian & 

Farralley, 1994; Mayhew & Wenger, 1985; McErlean et al., 2000; McKenna et 

al., 1987; Withers et al., 1982; Yamanaka et al., 1987; Table 2.2). Similarly, the 

recovery period of 2 minutes between high-intensity bouts was chosen to reflect 

the average recovery duration observed in the field (Bangsbo et al., 1991; 

Docherty et al., 1988; Keane et al., 1993; Lothian & Farralley, 1994; Mayhew & 

Wenger, 1985; McErlean et al., 2000; McKenna et al., 1987; Withers et al., 1982; 

Yamanaka et al., 1987; Table 2.2). Exercise protocols with similar work-to-

recovery ratios have previously been employed to simulate field sports in the 

laboratory setting (Bishop & Claudius, 2005; Schneiker et al., in press). 

Although this experimental design constitutes a simplification of the complex 

activity and recovery patterns typical of team games, it does provide a model for 

the investigation of the glycaemic response associated with this type of activity 

in the controlled environment of a laboratory. 

 

For the high-intensity bouts, the participants were required to pause in the 

“ready” position, which involved standing in the pedals up off the seat with the 

legs at a 45° angle (Figure 2.3a). The Cyclemax computer program, which was 

linked to the ergometer, ensured the precise timing of the high-intensity exercise 

bouts and recovery in addition to registering total work and peak power. Each 4-

second high-intensity bout was commenced following a 3 second count down, 

after which the participant was instructed to cycle as hard as possible and 

received verbal encouragement for the duration of the effort.  

 

During recovery between high-intensity bouts of exercise, the participants were 

instructed to sit on the cycle ergometer seat (Figure 2.3b). If the recovery 

between the repeated high-intensity bouts was passive (Chapter 3), the 
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participants were encouraged to slow their cadence to a complete stop after the 

maximal effort and rest. In contrast, if the recovery was active (Chapters 4 and 

5), the participants were required to slow their cadence until reaching a power 

output that was equivalent to 40% O2peak as determined from their individual 

O2 – power relationship. This intensity was chosen to simulate a light jog, since 

jogging and walking together account for approximately 73% of game time 

respectively (Ali & Farrally, 1991, Bangsbo et al., 1991; Docherty et al., 1988; 

Keane et al., 1993; Mayhew & Wenger, 1985; McErlean et al., 2000; McKenna 

et al., 1987; Yamanaka et al., 1987, Table 2.3), and thus account for the majority 

of activity performed during the recovery period between high-intensity bouts in 

the field.  
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Figure 2.3 A participant performing the intermittent exercise protocol (a) in the 

“ready position” prior to a high-intensity bout and (b) seated on the Front Access 

Cycle Ergometer during recovery between high-intensity bouts. 
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2.4 Testing Restrictions 
 

All participants were required to adhere to the following restrictions prior to each 

testing sessions: 

 

• No caffeine or alcohol was ingested 24 hours prior to testing, since both 

substances have an effect on glucose metabolism. Caffeine decreases insulin 

sensitivity by increasing circulating epinephrine and FFAs (Keijzers et al., 

2002), while the ingestion of alcohol influences both carbohydrate and lipid 

metabolism and may decrease the availability of circulating glucose, 

irrespective of whether alcohol is acutely ingested or is ingested in the 13 

hours prior (Heikkonen et al., 1998). The consumption of alcohol also 

increases the risk of hypoglycaemia in individuals with type 1 diabetes 

(Turner et al., 2001). 

 

• Testing was rescheduled if participants experienced any episode of 

hypoglycaemia 48 hours prior to testing, since antecedent hypoglycaemia 

blunts the counterregulatory response to subsequent exercise in individuals 

with type 1 diabetes (Davis et al., 2000b; Galassetti et al., 2003). 

 

• Physical activity (except light walking) was avoided 24 hours prior to 

testing, since antecedent exercise blunts both the metabolic and 

neuroendocrine response to subsequent exercise (Galassetti et al., 2001) and 

the counterregulatory response to subsequent hypoglycaemia (Sandoval et 

al., 2004).  

 

• A similar diet was consumed on the day prior to testing, as confirmed by diet 

records (Appendix 5). 

 

• The participants were instructed to administer a similar dosage of insulin at a 

similar time the evening prior to testing sessions. 

 

• Insulin dosage and diet were not adjusted in anticipation of exercise. 
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2.5 Prevention of Hypoglycaemia 
 

The risk of exercise-induced hypoglycaemia was managed during testing since 

blood glucose levels were regularly monitored at 15 minutes intervals. In the 

studies described in chapter 3 and 4, the experiment was ended if blood glucose 

declined below 4 mmol/l, and the participants were fed to prevent the occurrence 

of hypoglycaemia. In contrast, for the study described in chapter 5, the risk of 

hypoglycaemia was controlled by subjecting the participants to a euglycaemic 

clamp that kept glucose stable at ~ 5.5 mmol/l.  

 

Given that the risk of exercise-induced hypoglycaemia also extends into the 

recovery period for up to 31 hours after exercise (MacDonald, 1987), the 

following measures were taken to minimise the occurrence of LOPEH after the 

participants had left the Laboratory: 

 

• Only participants who were hypoglycaemia aware were recruited to the 

study. 

 

• At the end of testing sessions, the participants were fed with at least one 

carbohydrate portion and instructed to carry at least two carbohydrate 

portions with them before leaving for home. 

 

• Testing was performed only when a parent or another adult was at home to 

welcome participants after testing. 

 

In addition, the participants were asked to inform the tester of any incidence of 

late-onset post-exercise hypoglycaemia.  
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2.6 Experimental Design 
 

Various approaches have been utilised in this thesis to examine the response of 

blood glucose levels and glucoregulatory hormones to intermittent high-intensity 

exercise. This includes approaches based on the simulation of “real-life” 

situations in which blood glucose levels are allowed to change, and an approach 

in which blood glucose levels are clamped to remain stable. The following is a 

discussion of these protocols. 

 

2.6.1 Real-Life Protocols  
2.6.1a Background 
Several researchers have employed “real-life” protocols to examine the blood 

glucose response to various forms of exercise. These studies generally 

commence in the morning after an overnight fast with participants injecting their 

normal or a reduced insulin dosage prior to consuming breakfast. Following a 

given time period, exercise is commenced, with blood being sampled at regular 

time intervals to measure the response of blood glucose levels and also 

glucoregulatory hormones to exercise (Hübinger et al., 1985; McNiven Temple 

et al., 1995; Rabasa-Lhoret et al., 2001; Trovati et al., 1988). In addition, some 

investigators administer a carbohydrate snack (Francescato et al., 2004; 

Tuominen et al., 1995) or drink (Riddell, et al, 1999) to patients closer to the 

commencement of exercise if scheduled a significant amount of time after 

breakfast. Other morning exercise research designs include an overnight fast with 

the commencement of exercise before the patient administers their morning 

insulin dose and consumes breakfast, either in the fasted state (Nathan et al., 

1985; Schiffrin et al., 1984), or after a small carbohydrate supplement (Nathan et 

al., 1985; Soo et al., 1996). Other “real-life” protocols have investigated 

afternoon exercise following lunch (Ruegemer et al., 1990) and a pre-exercise 

snack (Hernandez et al., 2000), or evening exercise following the evening insulin 

dose and a standard dinner (Campaigne et al., 1987). These “real-life” protocols 

offer the advantage of providing an element of reality by simulating the normal 

conditions under which exercise may be commenced in individuals with type 1 

diabetes. However, the downfall of such protocols is the potential sacrifice of 
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some experimental control, with blood glucose levels being difficult to match 

between experimental trials.  

 

2.6.1b Experimental Design 
For the studies based on “real-life” protocols in this thesis (Chapters 3 and 4), the 

participants were required to arrive at the Exercise Physiology Laboratory at the 

University of Western Australia at 8am following an overnight fast and phone 

contact with the tester to confirm that the testing restrictions had been adhered to 

(Section 2.4). Testing was rescheduled if these conditions were not met.  

 

Upon arrival to the laboratory, blood glucose levels were determined from a 

fingerpick capillary blood sample and analysed using a glucometer (Accu-Check 

Active, Roche Diagnostics, Germany). Next, the participant was instructed to 

self-administer their normal pre-breakfast insulin dosage into the abdomen. The 

abdomen was used as the standardised site of insulin injection since it is 

generally recommended to administer insulin away from the working limbs prior 

to exercise (Peirce, 1999; Wasserman & Zinman, 1994) to minimise the risk of 

hypoglycaemia occurring as a result of increased absorption of insulin from the 

site of injection (Koivisto & Felig, 1978). Following insulin administration, the 

participants consumed their normal breakfast, which was provided by the testers 

and standardised to be identical between trials.  

 

After breakfast, blood glucose was measured every 15 minutes using the 

glucometer to monitor the postprandial peak in glycaemia (Figure 2.4a). Later, as 

blood glucose levels began to decline, an antecubital vein was cannulated and 

kept patent with regular infusion of saline. Also, Finalgon cream (Boehringer 

Ingelheim) was placed on one earlobe for approximately 5 minutes or until the 

earlobe began to feel warm in order to induce hyperaemia, before being wiped 

off. From this time, capillary blood was sampled from the hyperaemic earlobe 

(Section 2.7.1) every 15 minutes for determination of blood glucose levels using 

a blood gas analyser (ABL™ 625, Radiometer, Copenhagen). In addition, a heart 

rate monitor (Polar, Australia) was placed on the participant to record heart rate 

throughout the experimental trials, as well as an arm splint to keep the arm from 

 62



excessively bending and obstructing the flow of blood from the cannulae (Figure 

2.4b). 

 

In the study described in Chapter 3, approximately 1.5 hours following the 

administration of insulin (and when blood glucose levels had declined to 

approximately 10 mmol/l), the participant was moved to the Front Access Cycle 

ergometer (that was located adjacent to the resting participant) and the exercise 

protocol was commenced. In contrast, for the study described in Chapter 4, the 

commencement of the exercise was delayed to ~ 3.5 hours following insulin 

administration. To extend the time required for blood glucose levels to decline to 

10 mmol/l for this study, additional carbohydrate supplementation was 

administered after breakfast in the form of oral Polycose® (Abbott Laboratories, 

USA). A blood glucose level of 10 mmol/l was selected as the target level to 

commence exercise as it is within with recommended range (6.7 to 10 mmol/l - 

Birrer & Sedaghat, 2003; 10 to 12 mmol/l - Peirce, 1999) for avoiding 

hypoglycaemia, and thus represents a typical “real-life” situation. 

 

After exercise, the participant was moved from the bike back to the resting seated 

position in which he or she remained for the duration of the recovery period 

(Figure 2.4c). Both capillary and venous blood was sampled at baseline, during 

exercise and for up to an hour of recovery. Capillary samples were used to 

determine blood glucose, lactate and pH using the blood gas analyser, whereas 

the venous blood was used to determine free insulin, glucagon, epinephrine, 

norepinephrine, growth hormone, cortisol and free fatty acids as detailed in 

Section 2.9. 
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Figure 2.4. (a) Blood glucose measurement using a glucometer, (b) blood 

sampling from a cannulated antecubital vein and (c) recovery from exercise. 
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2.6.2 Euglycaemic Clamp Protocol 
2.6.2a Background 
One limitation of these “real-life’ protocols is that it is difficult to match blood 

glucose levels at a similar time from insulin injection between trials. In order to 

overcome this limitation, many studies have used experimental protocols that 

“clamp” blood glucose at a constant level by the infusion of glucose and or 

insulin. The most common type of clamp used in the research setting is the 

euglycaemic clamp. This technique involves continuous intravenous infusion of a 

predetermined, constant amount of insulin, while blood glucose levels are 

maintained in the euglycaemic range (between 5 and 6 mmol/l) by infusing a 

variable amount of glucose. The rate of exogenous glucose infusion required to 

maintain stable glycaemia is determined by manual negative feedback, with 

regular measurement of blood glucose levels guiding the adjustment. Thus, 

instead of examining the actual change in blood glucose levels that occurs under 

various conditions using real-life protocols, clamp protocols enable for the 

comparison of differences in the rate of exogenous glucose infusion required to 

maintain stable glycaemia. Another advantage of this experimental approach 

over “real-life” designs is that longer exercise protocols can be examined without 

the need for carbohydrate consumption, since the risk of blood glucose levels 

declining to hypoglycaemic levels is minimised. 

 

In addition, the euglycaemic clamp technique can be applied in combination with 

a glucose isotope to gain further information about a number of aspects of 

glucose metabolism. Specifically, the use of glucose isotopes enables the 

investigator to distinguish whether differences in blood glucose levels or the rate 

of glucose infusion required to maintain euglycaemia are the result of changes in 

glucose production, utilisation or the rate of metabolic clearance. Furthermore, 

when used in combination with indirect calorimetry (Section 2.11), these 

methods allow for the calculation of the rate of glucose oxidation and non-

oxidative glucose disposal. In this type of study, blood glucose levels are 

maintained constant using a clamp technique, while a non-radioactive glucose 

isotope is added to the exogenous glucose infusion at both a constant and a 

variable rate. This method, commonly termed the HOT Ginf method, has been 
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shown to maintain the specific activity of the tracer in plasma, which if not 

achieved may invalidate calculations of the rate of glucose production and 

utilisation when a high rate of exogenous glucose infusion is required (Finegood 

et al., 1987). 

 

Despite these advantages over “real-life” protocols, isotopic euglycaemic clamps 

are expensive and invasive. Furthermore, results may not be as applicable as 

those obtained from more realistic protocols since blood glucose levels do not 

remain constant in “real-life”, and the decline or increase in glucose in response 

to exercise itself may trigger responses that have a glucoregulatory effect. 

 

2.6.2b Experimental Design 
For the study that utilised the euglycaemic clamp technique in combination with 

a stable isotope (Chapter 5), each participant was required to arrive at the 

Clinical and Metabolic Research Unit at Princess Margaret Hospital at 7:30am, 

following an overnight fast and phone contact with the tester that morning to 

confirm that the participant’s waking blood glucose levels were within the 

expected range and that the testing restrictions (Section 2.4) had been adhered to; 

otherwise testing was rescheduled. 

 

On arrival at the Laboratory, a dorsal hand vein and a contralateral antecubital 

vein were cannulated. The dorsal hand vein was cannulated retrogradely, and the 

hand was subsequently warmed in a HotBox (Omega CN 370) at ~ 60 ºC for the 

duration of the study in order to allow for sampling of arterialised venous blood 

(Liu et al., 1992). This cannula was kept patent with regular infusion of saline. 

Conversely, the cannulated contralateral antecubital vein provided for the 

infusion of insulin, dextrose and the glucose isotope. 

 

Following cannulation, the infusion of insulin (Humalog, Eli Lilly Australia Pty 

Ltd, Australia, diluted to 1 unit per ml in Gelofusin® plasma substitute for 

intravenous infusion, B. Braun, Bella Vista, NSW, Australia) was commenced at 

a constant rate of 20 mU/m2/min using an Alaris Asena® GH syringe pump 

(Alaris Medical Systems, United Kingdom). This rate of insulin infusion was 

selected to reproduce the levels of circulating insulin in individuals with type 1 
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diabetes on a basal/bolus regimen, with the intention of making any findings 

more clinically applicable. Concurrently, blood glucose levels were maintained 

at ~ 5.5 mmol/l for the duration of the experiment by infusing a variable amount 

of 20% dextrose using a Graseby 3000 Modular Infusion Pump (Sims Graseby 

Ltd, United Kingdom). The rate of dextrose infusion required to maintain stable 

blood glucose levels was determined via manual negative feedback from blood 

glucose levels measured in arterialised venous blood sampled from the 

cannulated dorsal hand vein at 15 minute intervals.  

 

Approximately 30 minutes following the commencement of the euglycaemic 

clamp, a blood sample was drawn for determination of background enrichment 

and [6,6-2H]glucose (Cambridge Isotope Laboratories, Andover, Massachusetts, 

USA) was added to the infusate. This specific isotopic tracer is a non-radioactive 

isotope of glucose that differs only in that the two hydrogen atoms bonded to 

carbon 6 of the glucose molecule are replaced by deuterium (Figure 2.5). 

 

This specific isotope was used because it is considered superior for determining 

endogenous glucose production since there is little chance of both deuteriums 

being recycled back to the carbon 6 position via gluconeogenesis following 

glycolysis. Thus, this isotope gives an estimation of glucose production that 

represents hepatic glucose production from glycogenolysis and gluconeogenesis, 

but not glucose output from substrate cycling since the deuterium C-6 label is not 

lost in this process (Wolfe & Chinkes, 2005). 

 

Infusion of [6,6-2H]glucose was initiated with a priming bolus of 3 mg/kg  (to 

reduce the time to reach isotopic equilibrium) given through the infusion line, 

followed by the commencement of a constant infusion of 2.4 mg/kg/hr that was 

continued for the duration of the experiment. In addition, the variable infusion of 

dextrose was “spiked” with [6,6-2H]glucose (2.48mg/ml) to enhance the stability 

of the isotopic enrichment of plasma despite adjustments to the glucose infusion 

rate. This was continued for ~ 2.5 hours to allow for steady state enrichment, 

which was confirmed via blood sampling at 15 minutes intervals between 90 and 

150 minutes following the commencement of the isotope infusion. 
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After this equilibration period, arterialised venous blood was sampled for 

baseline measurements and the participant was moved to the Front Access Cycle 

ergometer (located adjacent to the resting participant). The rate of constant 

isotope infusion was then doubled and the exercise was commenced (Figure 2.6). 

Doubling the rate of isotope infusion during exercise was performed to attenuate 

changes in isotopic enrichment (Davis et al., 2000; Purdon et al., 1993). During 

exercise, blood was sampled regularly for determination of glucose, lactate, 

isotopic enrichment and glucoregulatory hormones. After exercise, the constant 

rate of tracer infusion was returned to pre-exercise levels and maintained for 2 

hours of recovery, during which blood continued to be sampled at regular time 

intervals. At the end of the experiment, the participant was fed and allowed to 

leave the laboratory if blood glucose levels were above 5 mmol/l. 
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Figure 2.5. Molecular structure of (a) glucose and (b) [6,6-2H]glucose 
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Figure 2.6. Exercise during the euglycaemic clamp. 
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2.7 Blood Sampling 
 

The concentration of glucose in blood sampled from different sites (artery, vein, 

or capillaries) can vary since glucose is transported to the peripheral tissues in 

arterial blood where it is taken up from circulation. Thus, arterial blood sampling 

gives the best indication of the concentration of glucose being delivered to the 

body tissues. Although this type of blood sampling is generally considered a safe 

procedure, it is not without the possible risk of serious complications including 

temporary occlusion, sepsis, local infection, pseudoaneurysm, haematoma and 

bleeding at the puncture site (Scheer et al., 2002). Consequently, alternative 

methods of blood sampling are commonly employed in research. These include 

capillary, venous and arterialised venous blood sampling. 

 

2.7.1 Capillary Blood Sampling Procedures 
Capillary blood sampling is a rapid, simple, minimally invasive and reliable 

alternative to arterial blood sampling (Yang et al., 2002). Advantages of capillary 

sampling over arterial sampling for the participant include less discomfort and 

risk of complications, while still reflecting the composition of arterial blood (Liu 

et al., 1992). In addition, it does not require trained medical personnel to conduct 

the sampling. In the studies described in chapter 3 and 4, capillary blood was 

sampled from the hyperaemic earlobe for determination of glucose, lactate, pH 

and bicarbonate. This first involved placing Finalgon cream (Boehringer 

Ingelheim) on one earlobe to induce hyperaemia. After approximately 5 minutes 

(or when the earlobe began to feel warm), the cream was removed with a tissue. 

The earlobe was then sterilised with an alcohol swab and subsequently pierced 

using an Accu-Chek® Softclix® lancet device (Roche Diagnostics, Castle Hill, 

Australia). Blood was collected in 35 or 125 μl heparinised capillary tubes 

(Clinitubes, Radiometer, Copenhagen) and analysed immediately using an 

ABLTM 625 Blood Gas System (Radiometer, Copenhagen). The 35-μl samples 

were used for the determination of blood glucose and lactate levels, while the 

125-μl samples were used to allow for additional measurement of pH and 

bicarbonate levels. 

 71



2.7.2 Venous Blood Sampling Procedures 
Since only a relatively small amount of capillary blood can be sampled at a time, 

venous blood sampling offers an alternative technique that allows for the 

collection of a greater volume of blood, which is often required when assaying 

blood for a range of different variables. Hence, venous blood sampling was 

employed for the studies based on “real-life” protocols (Chapters 3 and 4) for the 

measurement of glucoregulatory hormones. In these studies, venous blood was 

sampled from a cannulated antecubital vein by a registered nurse. The cannulae 

was kept patent with regular infusion of saline, and when sampling was 

necessary, 1 to 2 ml of blood was drawn and discarded prior to the actual sample 

being taken.  

 

2.7.3 Arterialised Venous Blood Sampling Procedures 
Although venous blood sampling is a safer alternative to arterial blood sampling 

and allows for the collection of a greater volume of blood compared with 

capillary sampling, the composition of blood may vary from that of arterial 

blood, particular with respect to glucose concentrations. This difference in 

composition from arterial blood can be minimised by sampling arterialised 

venous blood, which involves sampling from a vein that is warmed. Warming the 

area in which the vein is located increases blood flow and thereby has the effect 

of “arterialising” the blood since there is less opportunity for metabolites to be 

extracted, thus making it a similar composition to arterial blood (Liu et al., 

1992). The difference between arterial and arterialised venous blood glucose is 

only small, with arterialised venous blood being only ~ 0.1 mmol/l lower (Liu et 

al., 1992). 

 

This technique was utilised in the study involving isotopic tracers (Chapter 5). 

Blood was sampled from a cannulated dorsal vein of a hand warmed in a HotBox 

(Omega CN 370) at ~ 60 ºC (Figure 2.7). The cannulae was kept patent with 

regular infusion of saline, and when sampling was necessary, 1 to 2 ml of blood 

was drawn and discarded prior to the actual sample being taken. This technique 

was used for this study since arterialised blood is necessary for the measurement 

of glucose Ra and Rd, due to smaller correction and intra-individual variation 

(McGuire et al., 1976). The blood sampled was also used for the determination of 
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glucoregulatory hormones including insulin, glucagon, catecholamines, growth 

hormone and cortisol. 

 

 

2.8 Blood Treatment 
 

Each venous or arterialised venous blood sample was aliquotted in the following 

manner: 

 

• For determination of free insulin levels: 2 ml into a lithium heparin tube. 

 

• For determination of catecholamine levels: 2 ml into a lithium heparin 

tube with an added 1 - 2 mg of sodium metabisulphite (Ajax Chemicals 

Ltd, Sydney, Australia) to prevent oxidation. 

 

• For determination of glucagon levels: 2 ml into an ethylene diamine tetra-

acetic acid (EDTA) tube with an added 200 μL of Trasylol (Bayer 

Pharmaceuticals, USA) to prevent proteolysis. 

 

• For determination of growth hormone and cortisol: 4 ml into a serum clot 

activator tube. 

 

• For determination of free fatty acids levels: 2 ml into an EDTA tube. 

 

• For determination of isotopic enrichment: 2 ml into a lithium heparin 

tube. 

 

All blood samples were centrifuged (Jouan BR 3.11, France) for 10 minutes at a 

speed of 3000 rpm and a temperature of 4 °C, except that collected in the 4 ml 

serum clot activator tube, which was centrifuged only after being left at room 

temperature for approximately 1 hour to clot. The resulting plasma or serum 

supernatant was collected from the respective tubes and stored at –80 °C for later 

analysis (Section 2.9). 
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Figure 2.7. Retrogradely cannulated dorsal hand vein being warmed in the 

Hotbox. 
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2.9 Assay of Hormones and Metabolites 
 

The plasma or serum supernatant obtained after blood treatment was analysed in 

the following manner; 
 

• The plasma obtained for the measurement of free insulin levels was first 

treated with Poly-ethylene Glycol to remove insulin antibodies. 

Following this, insulin levels were determined by solid-phase 

radioimmunoassay (RIA) using the Coat-a-Count® Insulin Kit 

(Diagnostic Products Corporation, USA). 
 

• Catecholamine levels were determined on collected plasma (for the 

studies described in Chapter 3 and 4) via reverse phase high performance 

liquid chromatography using a Waters Novapak C18 reverse phase 

column and a model 5200A Coulochem detector (ESA Inc., USA). 
 

• Catecholamine levels were determined on collected plasma (for the study 

described in Chapter 5) using the BI-CAT® ELISA Kit (Diagnostika, 

Germany). 
 

• Measurement of glucagon was performed by RIA using the Linco 

Glucagon RIA Kit (Linco Research, USA). 
 

• Growth hormone was measured in serum by immunometric assay on an 

Immulite analyser using the Immulite Growth Hormone Assay Kit 

(Diagnostic Products Corporation, USA). 
 

• Cortisol was measured in serum by competitive immunoassay on an 

Immulite analyser using the Immulite Cortisol Assay Kit (Diagnostic 

Products Corporation, USA). 
 

• For measurement of free fatty acid levels, blood plasma was assayed by 

optimised enzymatic colourimetric assay using the Roche Half Micro 

Test Free Fatty Acids Assay Kit (Roche Diagnostics, Germany). 
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2.10 Determination of Isotopic Enrichment 
 

Plasma samples (300 μl) were deproteinised by adding 1 ml of ice-cold acetone, 

vortexed, and left at 3 °C for 1 hour before being centrifuged at 8500 rpm for 10 

minutes (Eppendorf Centrifuge 5417C, Crown Scientific Pty Ltd, Moorebank, 

NSW, Australia). The resulting supernatant was collected and dried under 

vacuum (SpeedVac centrifugational concentrator, Savant, Farmingdale, NY).  

The residue obtained was derivatised by adding 150 µl of 0.2 M hydroxylamine 

hydrochloride in pyridine and heated at 90°C for 40 minutes. The samples were 

then cooled, and subsequently reheated with the addition of 200 µl of acetic 

anhydride at 90°C for 60 minutes. Derivatised samples were then dried under a 

stream of nitrogen and the resulting residue dissolved in 1 ml toluene. 

 

Isotopic enrichment was determined via gas chromatography mass spectrometry 

(GCMS). For each sample, 1 µl of prepared sample was injected into a GCMS 

(Agilent Technologies 6890 gas chromatograph interfaced to an Agilent 5973 

Mass Selective Detector, Agilent Technologies, Ryde, NSW, Australia). The gas 

chromatography was conducted in splitless mode using HP-5MS capillary 

columns (30 m x 0.25 mm i.d.), with the oven temperature set to 70°C for 1 

minute before increasing at a rate of 35°C per minute up to 250°C. The injection 

temperature was 230°C, while the GCMS interface heater, the ion source and 

quadrupole temperatures were maintained at 280°C, 180°C and 106°C 

respectively. All MS analyses were performed in positive chemical ionisation 

mode, with the reagent gas (Ultrapure grade methane, Matheson Gas Products 

Incorporated) at a flow control setting of 20%. The GCMS was operated in 

selective ion monitoring, recording ions at m/z 328 and m/z330 for the 

unlabelled and labelled glucose respectively. 
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2.11 Indirect Calorimetry 
 

2.11.1 Measurement of Oxygen Consumption and Carbon Dioxide 
Production at Rest and During Exercise 
Indirect calorimetry was performed for the study described in Chapter 5 by 

having participants breathe into a mask connected to a Vmax Spectra respiratory 

analysis system (SensorMedics Corporation, USA) for a duration of 10 minutes 

when at rest (Figure 2.8). The expired air was analysed for the volume of expired 

O2 and CO2, and the average from the final minute of sampling was recorded and 

used in subsequent calculations. Expired air was also analysed throughout 

exercise with the average O2 and CO2 of the 10th, 20th and 30th minute of 

exercise being recorded and used in subsequent calculations. 

 

 

2.12 Calculations 
 
2.12.1 Calculation of Glucose Rate of Appearance and 
Disappearance 
The measured enrichment was smoothed using the Optical Segments procedure 

to minimise the random error of measurement influencing later calculated Ra 

(Finegood & Bergman, 1983). Next, all samples were corrected for baseline 

enrichment from blood samples taken prior to the commencement of the isotope 

infusion. Glucose rate of appearance (Ra) and disappearance (Rd) were estimated 

using Steele’s one-compartment model (1956), as modified by Finegood and 

colleagues (1987) to account for the added infusion of labelled and unlabelled 

exogenous glucose required for the euglycaemic clamp. The assumptions of this 

model are that there is a single well-mixed glucose pool in the body and that 

there is uniform and instantaneous mixing of the infused labelled glucose with 

the unlabelled glucose pool and the two are metabolically indistinguishable 

(Finegood et al., 1987). The equations used are as follows; 
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In these equations, F is the rate of infusion of the [6,6-2H] tracer (mg/kg/min), 

pV is the estimated volume of distribution of glucose, C1 is the concentration of 

glucose at time t1, C2 is the concentration of glucose at time t2, t1 is time 1 of 

sampling, t2 is time 2 of sampling, IE1 is the isotopic enrichment at t1, IE2 is the 

isotopic enrichment at t2, IEg is the isotopic enrichment of the exogenous glucose 

infusate and Ginf is the rate of exogenous glucose infusion (mg/kg/min). The 

resulting Ra and Rd are expressed in mg/kg/min. 

 

2.12.2 Calculation of the Apparent Rate of Carbohydrate Oxidation 
The apparent rate of carbohydrate oxidation (Cox) was calculated from the 

measured rates of oxygen consumption and carbon dioxide production, as 

described in the methods of Frayn (1983).  

 

 

 

 

 

In these equations, Cox represents grams of carbohydrate oxidised per minute and 

n is grams of urinary nitrogen excreted per minute. Nitrogen excretion was 

assumed to be 135 μg/kg/min based on the average value measured by Carraro 

and colleagues (1990), which was similar at rest, during and after exercise. 
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Figure 2.8. Resting calorimetry measurement. 
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2.13 Statistical Analyses 
 

All data was analysed using SPSS 11.0 for Windows computer software package. 

The statistical methods used specifically for each study are described in each 

respective chapter. Briefly, data was analysed using two-way (time x trial) 

repeated measures analysis of variance, followed by post-hoc paired t-tests to 

determine at which time points statistical significance was reached. A p value of 

< 0.05 determined statistical significance for all studies. 
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Chapter Three 

 
 

Glucoregulatory Responses to 
Intermittent High-Intensity 

Exercise Compared to Rest in 
Individuals with Type 1 Diabetes 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

As based on a paper reviewed and published in Diabetes Care: 

 

Kym J. Guelfi, Timothy W. Jones & Paul A. Fournier (2005). Intermittent 

high-intensity exercise does not increase the risk of early post-exercise 

hypoglycaemia in individuals with type 1 diabetes. Diabetes Care, 28(2), 

416-418. 
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3.1 Introduction 
 

It is important for individuals with type 1 diabetes mellitus, especially children 

and young adults, to lead a normal life by being physically active and able to 

participate in sports and recreational activities along with their peers. In addition, 

exercise is recommended for individuals with type 1 diabetes without 

complications because it is associated with numerous physiological (Campaigne 

et al., 1984; Campaigne et al., 1985; Laaksonen et al., 2000) and psychological 

(Norris et al., 1990; Wasserman & Zinman et al., 1994) benefits. However, 

participation in exercise can also increase the risk of experiencing severe 

hypoglycaemia both during exercise and for up to 31 hours of recovery 

(MacDonald, 1987). Consequently, some patients with type 1 diabetes are 

discouraged from engaging in vigorous exercise by parents, school staff, or 

physicians because of a fear of exercise-induced hypoglycaemia (Fremion et al., 

1987).  

 

Existing guidelines to minimise the risk of hypoglycaemia associated with 

exercise are often general (American Diabetes Association Position Statement, 

2004b), and few guidelines take into account that different precautions are 

required for exercise of varying duration and intensity. For example, moderate-

intensity exercise is generally associated with a decrease in blood glucose levels, 

thereby increasing the risk of hypoglycaemia both during exercise (Rabasa-

Lhoret et al., 2001; Rasmussen et al., 1994; Tuominen et al., 1995) and recovery 

(Campaigne et al., 1987; Nathan et al., 1985). In contrast, high-intensity exercise 

(>80% O2max) can result in an increase in blood glucose levels during the early 

stages of recovery (Mitchell et al., 1988; Purdon et al., 1993; Sigal et al., 1994). 

However, the response of blood glucose levels to a combination of moderate and 

high-intensity exercise, a type of exercise referred to as intermittent high-

intensity exercise (IHE), has not been previously investigated. In particular, the 

effect of the repeated high-intensity bouts that characterise IHE on the risk of 

hypoglycaemia is not known. This is a significant issue for individuals with type 

1 diabetes, since IHE is typical of not only many team and field sports, but also 

of manual labour occupations and spontaneous play in children. In addition, the 
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selection of sports played by children and adolescents with type 1 diabetes is 

characterised mainly by this type of activity (Raile et al., 1999). Given that the 

risk of hypoglycaemia associated with IHE in patients with type 1 diabetes is not 

known, the aim of this study was to address this issue by investigating the effect 

of IHE that simulates the high-intensity work to recovery ratios observed in 

intermittent sports on blood glucose levels and glucoregulatory hormones in 

individuals with type 1 diabetes. This should provide timely and useful 

information for the prevention of exercise-induced hypoglycaemia, and assist 

individuals with type 1 diabetes to safely enjoy the benefits of regular physical 

activity. 

 

 

3.2 Research Design and Methods 
 
3.2.1 Participants 
Eight healthy, physically active male (n = 5) and female (n = 3) volunteers with 

type 1 diabetes (See Table 3.1 for characteristics of study participants) were 

informed of the purpose of the study and the possible risks associated with 

exercise and blood sampling. Informed consent was obtained in accordance with 

both the University of Western Australia and Princess Margaret Hospital Human 

Ethics Committees (Appendix A). The participants were in good glycaemic 

control (HbA1c 7.0 ± 0.4%), free of complications, not taking any prescribed 

medication other than insulin and all females were regularly menstruating. Six of 

the participants were on a multiple injection regimen consisting of short or rapid-

acting insulin given before each meal and intermediate acting insulin at bedtime. 

Of the other two participants, one was on a twice-daily regimen with short and 

intermediate acting insulin administered before breakfast and dinner, while the 

other was treated using a subcutaneous insulin infusion pump.  
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Table 3.1. Characteristics of Study Participants 

Characteristic Mean SD 

Age (years) 18.6 2.1 

Height (cm) 174.4 11.9 

Weight (kg) 67.1 8.3 

BMI (kg/m2) 22.1 1.5 

Duration of Diabetes (years) 7.0 4.6 

Glycaemic Control (% HbA1c) 7.0 0.4 

O2peak (ml/kg/min) 42.4 7.3 

 

 

3.2.2 Experimental Design 
The participants were required to visit the Exercise Physiology Laboratory at the 

University of Western Australia on three occasions, each separated by at least 

one week. The first visit was a familiarisation session during which 

anthropometric measurements, determination of peak oxygen uptake ( O2peak) 

and familiarisation of the participants with the IHE protocol was performed. The 

familiarisation session was followed by either a control rest (CON) or IHE trial. 

The order of the CON and IHE trials was randomised and counterbalanced so as 

to avoid any order effect. Participants were instructed to consume a similar diet 

and avoid caffeine, alcohol and physical activity in the 24 hours prior to all 

testing sessions. In addition, testing was rescheduled if a participant experienced 

an episode of hypoglycaemia in the 48 hours prior to testing. For female 

participants, all testing was performed during the follicular phase of their 

menstrual cycle (day 9 ± 3). 

 

For the CON and IHE trials, the participants arrived in the Laboratory at 8 am 

where they injected their usual morning short or rapid-acting insulin into the 

abdomen (mean dose 9.4 ± 4.8 U), with the one patient on a twice-daily regimen 

self-administering both rapid and intermediate acting insulin as per normal, and 

the one participant on subcutaneous insulin infusion pump administering his or 

her normal pre-breakfast insulin bolus and then continuing his or her basal 

insulin infusion rate as per normal. Following this, all participants consumed 
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their normal breakfast, which was standardised to be identical on both visits. No 

adjustments in insulin dose or food intake from the participant’s usual morning 

routine were made in anticipation of exercise or to adjust for pre-prandial glucose 

levels.  

 

Next, a 21-gauge cannula (BD InsyteTM) was inserted into an antecubital vein for 

five of the participants and kept patent with regular infusion of 0.9% saline, 

while Finalgon cream (Boehringer Ingelheim) was placed on one earlobe of 

every participant for approximately 5 minutes before being wiped off to induce 

hyperaemia. Capillary blood (35 μl) was sampled from the hyperaemic earlobe 

every 15 minutes for determination of blood glucose levels. Collection of each 

sample involved sterilizing the earlobe with an alcohol swab prior to perforating 

the skin using an Accu-Chek® Softclix® lancet device (Roche Diagnostics, 

Castle Hill, Australia). Blood glucose levels peaked postprandially (13.7 ± 2.5 

mmol/l) and then declined to approximately 11 mmol/l. At this time (109 ± 29 v 

116 ± 26 minutes after exogenous insulin administration; CON v IHE; p = 

0.594), 15 ml of venous blood was sampled for baseline measurements, and 

either the CON or the 20 minute IHE protocol was commenced. This blood 

glucose level of 11 mmol/l was selected to represent a typical “real-life” pre-

exercise glucose level and to minimise urinary glucose loss during exercise. 

 

The IHE protocol was selected to simulate the high-intensity work to recovery 

ratios observed in intermittent sports. It was based on time-motion analyses of 

various field sports (Docherty et al., 1988; Lothian & Farrally, 1994; Keane et 

al., 1993; Mayhew & Wenger, 1895; Withers et al., 1982) and of spontaneous 

play in children (Bailey et al., 1995) that have reported the mean duration of 

high-intensity bouts and recovery. The IHE protocol consisted of eleven 4-

second maximal sprint efforts repeated every 2 minutes on a Repco Front Access 

Cycle Ergometer (Repco, Melbourne, Australia). The total duration of this 

protocol was 20 minutes. The 2-minute recovery period between high-intensity 

sprint bouts was passive with complete rest required. Although this experimental 

design constitutes a simplification of the complex activity and recovery patterns 

typical of team sports, it provides an objective basis for the investigation of the 
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blood glucose and glucoregulatory response to the repeated high-intensity bouts 

involved in this type of exercise in the controlled environment of a laboratory. 

The CON protocol required the participants to be seated on the Repco Front 

Access Cycle Ergometer for 20 minutes during which time they did not exercise. 

 

During both 20-minute protocols (CON and IHE), capillary blood (35 μl) was 

sampled every 5 minutes for determination of blood glucose and lactate levels. 

On completion of the CON or IHE protocol, both venous (15 ml) and capillary 

blood (35 μl) were sampled at 0, 5, 10, 15, 30, 45 and 60 minutes of recovery or 

until blood glucose levels dropped below 4 mmol/l, in which case the experiment 

was ended and the participants were fed to prevent the occurrence of 

hypoglycaemia. Extra capillary blood (125 μl) was sampled immediately pre and 

post exercise for determination of pH and bicarbonate levels. 

 

3.2.3 Measurement of Metabolites 
Capillary blood was used to measure blood glucose, lactate, pH and bicarbonate 

levels using an ABLTM 625 Blood Gas System (Radiometer, Copenhagen). In 

contrast, the venous blood was assayed for the levels of free insulin, free fatty 

acids (FFAs), epinephrine, norepinephrine, growth hormone, cortisol and 

glucagon. Free insulin levels were determined by a solid-phase 

radioimmunoassay (RIA) of heparinised plasma treated with Poly-ethylene 

Glycol using the Coat-a-Count Insulin Kit (Diagnostic Products Corporation, 

USA).  For measurement of free fatty acid levels, venous blood was added to 

Ethylene diamine tetra-acetic acid (EDTA) coated tubes, and plasma was assayed 

by optimised enzymatic colourimetric assay using the Roche Half Micro Test 

Free Fatty Acids Assay Kit (Roche Diagnostics, Germany). Catecholamine levels 

were determined via reverse phase high performance liquid chromatography 

using a Waters Novapak C18 reverse phase column and a model 5200A 

Coulochem detector (ESA Inc., USA) on plasma obtained from blood dispensed 

into lithium heparin tubes containing 1-2 mg of sodium metabisulphite. Serum 

was collected for measurement of growth hormone and cortisol. Growth 

hormone levels were measured by immunometric assay on an Immulite analyser 

using the Immulite Growth Hormone Assay Kit (Diagnostic Products 

Corporation, USA), and cortisol levels were measured by competitive 
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immunoassay on an Immulite analyser using the Immulite Cortisol Assay Kit 

(Diagnostic Products Corporation, USA). Measurement of glucagon was 

performed by RIA on EDTA treated plasma collected with Trasylol (Bayer 

Pharmaceuticals, USA) using the Linco Glucagon RIA Kit (Linco Research, 

USA). 

 

3.2.4 Statistical Analyses 
Data was analysed for changes over time and differences between CON and IHE 

protocols using SPSS 11.0 for Windows computer software package. Measures 

of each variable were subjected to two-way (time x trial) Repeated-Measures 

Analysis of Variance to determine whether differences existed, followed by 

paired t-tests to determine where the differences lay. Statistical significance was 

accepted at the p < 0.05 level. Data are expressed as mean ± SD when referred to 

in the text and as mean ± SEM in all figures 

 

 

3.3 Results 
 

3.3.1 Blood Glucose Response to IHE 
Mean blood glucose level prior to the commencement of exercise was 10.9 ± 1.9 

and 11.0 ± 1.8 mmol/l in CON and IHE respectively. Blood glucose results were 

normalised relative to these starting levels and expressed accordingly (Figure 

3.1a). During the first 15 minutes of IHE, a greater decline in blood glucose 

levels was observed compared to CON (-3.0 ± 1.6 vs -1.7 ± 1.3 mmol/l; p < 

0.05). However, at the end of the 20 minute IHE and CON protocols, there was 

no difference in glucose levels between conditions. During the subsequent 60 

minutes of recovery, blood glucose remained stable following IHE, while it 

continued to decrease with CON (p < 0.05). Following the completion of both 

trials, blood glucose levels had declined a total of -3.7 ± 1.2 and -3.8 ± 3.1 

mmol/l for the CON and IHE trials respectively. 
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3.3.2 Free Insulin Response to IHE 
All trials were commenced when plasma insulin levels were near maximal (109 ± 

29 vs 116 ± 26 min post insulin injection; CON vs IHE), as indicated by the free 

insulin levels, which gradually decreased during recovery (Figure 3.1b). There 

was no difference in insulin levels between trials at any time point. 

 

3.3.3 Total Work and Heart Rate Response to IHE 

The total work performed during the IHE was 470 ± 110 J/kg (Figure 3.2a) Heart 

rate increased in response to exercise and returned to control levels by 30 

minutes of recovery (p < 0.05; Figure 3.2b).  

 

3.3.4 Blood Lactate, pH, Bicarbonate and Free Fatty Acid Response 
to IHE 
In response to IHE, blood lactate increased progressively to peak at 6.0 ± 2.1 

mmol/l at the cessation of exercise and then returned to CON levels by 30 

minutes of recovery (p < 0.05; Figure 3.3a). The increase in blood lactate during 

exercise was accompanied by the decrease in both pH and bicarbonate (p < 0.05; 

Figure 3.4a and 3.4b). In contrast, the levels of circulating FFAs did not change 

in response to either IHE or CON, and there was no difference in FFA between 

the two trials (Figure 3.3b). 

 

3.3.5 Glucoregulatory Response to IHE 
Immediately following 20 minutes of IHE, there was a 5-fold increase in 

epinephrine (p < 0.05; Figure 3.5a) and a 3-fold increase in norepinephrine levels 

(p < 0.05; Figure 3.5b). Epinephrine returned to CON levels within 5 minutes of 

recovery, while norepinephrine remained elevated for up to 30 minutes of 

recovery. Both epinephrine and norepinephrine levels remained stable for the 

duration of CON. Similarly, mean growth hormone levels increased from 

baseline following 20 minutes of IHE and peaked at 30 minutes of recovery (p < 

0.05), while remaining stable with CON (Figure 3.6a). No change in plasma 

cortisol was observed in either CON or IHE, and there was no difference 

between the two trials (Figure 3.6b). A similar trend was observed for glucagon 
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(Figure 3.7a) and the ratio of glucagon to insulin (Figure 3.7b), with no change 

or difference between trials. 
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Figure 3.1. Effect of 20 minutes (represented by box) of IHE (●) or CON (○) on 

(a) normalised blood glucose and (b) free insulin levels. Results are expressed as 

mean ± SEM. aIndicates statistically significant difference (p < 0.05) between 

IHE and CON. bIndicates statistically significant difference (p < 0.05) from the 

start of exercise (time 0 minutes). cIndicates statistically significant difference (p 

< 0.05) from the start of recovery (time 20 minutes). 
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Figure 3.2. Effect of 20 minutes (represented by box) of IHE (●) or CON (○) on 

(a) total work and (b) heart rate. Results are expressed as mean ± SEM. aIndicates 

statistically significant difference (p < 0.05) between IHE and CON. bIndicates 

statistically significant difference (p < 0.05) from the start of exercise (time 0 

minutes).  
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Figure 3.3. Effect of 20 minutes (represented by box) of IHE (●) or CON (○) on 

(a) lactate and (b) free fatty acid levels. Results are expressed as mean ± SEM. 
aIndicates statistically significant difference (p < 0.05) between IHE and CON. 
bIndicates statistically significant difference (p < 0.05) from the start of exercise 

(time 0 minutes). 
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Figure 3.4. Effect of 20 minutes of IHE (■) or CON (□) on (a) pH and (b) 

bicarbonate levels. Results are expressed as mean ± SEM. aIndicates statistically 

significant difference (p < 0.05) between IHE and CON. bIndicates statistically 

significant difference (p < 0.05) from pre-exercise. 
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Figure 3.5. Effect of 20 minutes (represented by box) of IHE (●) or CON (○) on 

(a) epinephrine and (b) norepinephrine levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between IHE and 

CON. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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Figure 3.6. Effect of 20 minutes (represented by box) of IHE (●) or CON (○) on 

(a) growth hormone and (b) cortisol levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between IHE and 

CON. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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Figure 3.7. Effect of 20 minutes (represented by box) of IHE (●) or CON (○) on 

(a) glucagon and (b) the glucagon to insulin ratio. Results are expressed as mean 

± SEM. aIndicates statistically significant difference (p < 0.05) between IHE and 

CON. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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3.4 Discussion 
 

This is the first study to investigate the risk of hypoglycaemia associated with an 

IHE protocol that simulates the high-intensity work to recovery ratios observed 

in intermittent sports in individuals with type 1 diabetes. The experiment was 

designed to reproduce a “real-life” situation, in which insulin is injected and food 

is consumed as per normal prior to participation in exercise, as opposed to a 

more controlled experiment in which glucose levels are clamped. Although the 

exercise was performed when insulin levels were maximal, a time when exercise 

is generally not recommended, this timing was enforced to provide an insight 

into the “worst-case” scenario in terms of the risk of hypoglycaemia. During the 

early stages of IHE, blood glucose levels declined more rapidly compared to 

CON, indicating that the risk of hypoglycaemia was increased at this time. 

However, during the subsequent 60 minutes of recovery from IHE, blood glucose 

levels remained stable while it continued to decline in CON, suggesting that the 

risk of hypoglycaemia was not increased during early recovery from IHE in 

individuals with type 1 diabetes. This is an important observation, since 

individuals with type 1 diabetes may be discouraged from engaging in vigorous 

exercise because of a fear of exercise-induced hypoglycaemia (Fremion et al., 

1987). 

 

There are relatively few guidelines for exercising individuals with type 1 

diabetes to assist them in overcoming the risk and fear of exercise-induced 

hypoglycaemia, and more importantly, no evidence-based guidelines are 

available for those desiring to participate in IHE. Only two studies have 

attempted to investigate the effect of intermittent exercise on glucose levels in 

type 1 diabetes. Firstly, Sills and Cerny (1983) examined the response of blood 

glucose in individuals with type 1 diabetes to 30 minutes of intermittent exercise 

that consisted of repeated bouts of 1 minute of cycling at 100% O2max with 1 

minute of rest between each bout. This exercise protocol resulted in a decline in 

glucose levels during exercise and 20 minutes of recovery. A different study by 

Ford and colleagues (1999) examined the glucose response to six 20 second 

efforts at 120% O2max repeated every 2 minutes with a walking recovery 
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between consecutive high-intensity exercise bouts. These authors reported no 

change in glucose levels during or 20 minutes after exercise. However, the main 

limitation of these studies is that the exercise protocols employed do not 

accurately reflect the intermittent nature of most sports activities and of 

spontaneous play in children, in which the high-intensity intervals are of much 

shorter duration (2 to 4 seconds; Bailey et al., 1995; Lothian & Farrally, 1994; 

Keane et al., 1993; Withers et al., 1982).  

 

The decrease in blood glucose levels during IHE in this study is in contrast with 

the hyperglycaemic effect of IHE in non-diabetic individuals (Hamilton et al., 

1991, Hermansen et al., 1970; Gaitanos et al., 1993). The difference in the 

response of blood glucose levels between type 1 diabetic and non-diabetic 

individuals might be due to the high circulating insulin levels in the present 

participants. Indeed, free insulin levels were maximal at the start of IHE as a 

result of the prior subcutaneous insulin injection (Figure 3.1b), whereas reported 

levels of insulin were much lower in the studies mentioned above on non-

diabetic individuals (Hermansen et al., 1970). It is also important to note that the 

IHE protocols adopted in these studies involved longer high-intensity bouts (6 to 

60 seconds) than the present study, perhaps stimulating a counter-regulatory 

hormonal response more conducive to hyperglycaemia.  

 

Although a significantly greater decline in blood glucose levels was observed 

during the first 15 minutes of IHE compared to CON, there was no further 

decrease in blood glucose during the subsequent 60-minute recovery period. This 

suggests that IHE does not increase the risk of early post-exercise hypoglycaemia 

in individuals with type 1 diabetes. This is surprising since the exercise was 

commenced when plasma insulin levels were maximal, a time when exercise is 

generally not recommended due to an increased risk of hypoglycaemia (Rabsas-

Lhoret et al., 2001). In addition, a greater decline in blood glucose levels during 

recovery from IHE may be expected due to increased sensitivity to insulin and 

stimulation of glucose uptake for the repletion of muscle glycogen stores 

(Bangsbo et al., 1997). 
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Some of the metabolic and hormonal responses to IHE might contribute to 

preventing a decline in blood glucose levels during recovery compared to CON. 

In particular, the rise in catecholamine levels may contribute to the stabilisation 

of blood glucose levels in the early stages of recovery. Catecholamines are the 

primary mediators of the large increase in hepatic glucose production associated 

with intense exercise (Marliss et al., 1991; Purdon et al., 1993; Sigal et al., 1994; 

Sigal et al., 1996). In addition, elevated catecholamine levels may inhibit insulin-

mediated glucose uptake during exercise and early recovery (Marliss et al., 1991; 

Sigal et al., 1996). Similarly, the rise in growth hormone may contribute to the 

stabilisation of blood glucose levels following IHE by also impairing insulin-

mediated glucose uptake (Møller et al., 1990a; Møller et al., 1990b). Growth 

hormone may play a further role in the stabilisation of blood glucose levels by 

inhibiting insulin-mediated activation of glycogen synthase (Bak et al., 1991; 

Kim et al., 1999). Other hormones such as glucagon and cortisol are unlikely to 

contribute to the stabilisation of glucose following IHE, since no change in the 

levels of either of these hormones was observed with IHE or CON trials. 

 

In addition to the glucoregulatory hormones, other factors that may contribute to 

the stabilisation of glycaemia following IHE include elevated levels of blood 

lactate and FFAs. The increase in lactate associated with IHE might play a role 

by being converted to glucose via hepatic gluconeogenesis (Miller et al., 2002). 

In addition, elevated lactate levels may inhibit glucose oxidation (Miller et al., 

2002) and the action of insulin on peripheral glucose uptake in skeletal muscle 

(Vettor et al., 1997). Similarly, elevated levels of FFAs have been shown to 

inhibit insulin-stimulated utilisation of glucose and glucose oxidation (Ferrannini 

et al., 1983; Johnson et al., 1992). However, assuming that the rate of FFA 

oxidation by skeletal muscle is governed primarily by the circulating levels of 

FFAs in plasma, FFAs are unlikely to contribute to the stabilisation of blood 

glucose levels following IHE in this study, since circulating FFA levels were 

similar during recovery for both IHE and CON. 

 

In summary, this is the first study to investigate the response of blood glucose 

levels and glucoregulatory hormones to an IHE protocol designed to simulate the 

high-intensity work to recovery ratios observed in intermittent sports, in order to 

 100



assess the associated risk of hypoglycaemia in individuals with type 1 diabetes. 

The present results indicate that participation in 20 minutes of IHE when plasma 

insulin levels are maximal increased the risk of hypoglycaemia early in exercise. 

However, there was no further decline in blood glucose levels during the 

subsequent 60 minutes of recovery, suggesting that the risk of hypoglycaemia is 

not increased during early recovery from 20 minutes of IHE in individuals with 

type 1 diabetes, probably because of the IHE-stimulated increase in 

catecholamine and growth hormone levels. Caution should be taken, however, 

against the application of these findings to IHE in general. Firstly, the recovery 

between high-intensity bouts was passive, while in the field the intense bursts of 

high-intensity activity are often interspersed by periods of lower intensity activity 

rather than passive rest (Docherty et al., 1988; Lothian & Farrally, 1994; Keane 

et al., 1993; Mayhew & Wenger, 1895; Withers et al., 1982). In addition, the 

duration of exercise examined here was only representative of a portion of a 

game, with some team sport games lasting for up to 90 minutes. Finally, the 

exercise was performed when insulin levels were maximal, a time when exercise 

is generally not recommended. Thus, further research of the kind described here 

is required to further characterise the risk of hypoglycaemia associated with IHE, 

and to assist in the development of more detailed guidelines to allow individuals 

with type 1 diabetes to safely achieve the maximum benefits and enjoyment of 

regular physical activity. 
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As based on a paper reviewed and published in Diabetes Care: 

 

Kym J. Guelfi, Timothy W. Jones & Paul A. Fournier (2005). The decline 

in blood glucose levels is less with intermittent high-intensity compared 

with moderate exercise in individuals with type 1 diabetes. Diabetes 

Care, 28(6), 1289-1294. 
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4.1 Introduction 
 

Exercise is generally recommended for individuals with type 1 diabetes mellitus 

for the same reasons as the rest of the population. That is, regular physical 

activity has physiological benefits including improved physical work capacity, 

body composition, blood pressure and blood lipid profile (Campaigne et al., 

1985; Laaksonen et al., 2000; Norris et al., 1990), and is associated with less risk 

of diabetic complications and mortality in individuals with type 1 diabetes (Moy 

et al., 1993). In addition, exercise has psychological benefits including increased 

sense of well-being, quality of life and ability to cope with stress (Norris et al., 

1990). Particularly in children, participation in sports is an important recreational 

and social activity that benefits both social interaction and peer group 

assimilation (Wasserman & Zinman, 1994). 

 

Unfortunately, participation in exercise can also increase the risk of experiencing 

hypoglycaemia in individuals with type 1 diabetes, both during exercise (Rabasa-

Lhoret et al., 2001; Tuominen et al., 1995) and for up to 31 hours of recovery 

(MacDonald, 1987). Consequently, many individuals with type 1 diabetes feel 

negatively towards physical activity (Ludvigsson et al., 1980) and are 

discouraged from participating in sports and games by their parents, school staff, 

or physicians (Fremion et al., 1987).  

 

Existing guidelines to minimise the risk of hypoglycaemia associated with 

exercise are often general (American Diabetes Association Position Statement, 

2004b) and fail to take into account that different precautions are required for 

exercise of varying type, duration and intensity. Specifically, there are no 

evidence-based guidelines for individuals wanting to participate in intermittent 

high-intensity exercise (IHE), a type of activity involving short repeated bouts of 

intense activity interrupting longer periods of low to moderate-intensity exercise 

or rest. This is unfortunate given that this type of activity is typical of most team 

and field sports (Keane et al., 1993; Lothian & Farrally, 1994; Withers et al., 

1982) and also of spontaneous play in children (Bailey et al., 1995). Furthermore, 

it has been suggested that managing blood glucose levels during this type of 
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activity is more difficult, compared with continuous or prolonged efforts (Dorchy 

& Poortmans, 1989).  

 

The lack of adequate guidelines for managing blood glucose levels during IHE 

can be attributed to little research on this type of exercise in individuals with type 

1 diabetes. Recently, the response of blood glucose to IHE that simulates the 

activity patterns of team sports in individuals with type 1 diabetes was examined 

for the first time (Guelfi et al., 2005a; Chapter 3). However, the recovery 

between the high-intensity exercise bouts in this study was passive, while in the 

field intense bursts of high-intensity activity are often interspersed by periods of 

lower intensity activity (Keane et al., 1993; Lothian & Farrally, 1994; Withers et 

al., 1982). For these reasons, it was the purpose of the current study to investigate 

the response of blood glucose and glucoregulatory hormones to IHE with active 

recovery (moderate-intensity exercise) between high-intensity bouts. In addition, 

the aim of this study was to compare the glucoregulatory response to IHE with 

that of moderate-intensity exercise (MOD) alone. This should assist in the 

development of improved guidelines to allow individuals with type 1 diabetes to 

safely enjoy the benefits of regular physical activity. 

 

 

4.2 Research Design and Methods 
 

4.2.1 Participants 
Seven healthy, physically active male (n = 4) and female (n = 3) volunteers with 

type 1 diabetes (see Table 4.1 for characteristics of participants) were informed 

of the purpose of the study and the possible risks associated with exercise and 

blood sampling. These individuals gave informed consent in accordance with 

both the University of Western Australia and Princess Margaret Hospital Human 

Ethics Committees that approved the study (Appendix B). Six of the participants 

were on a multiple injection regimen consisting of rapid or short-acting insulin 

given before each meal and intermediate acting insulin at bedtime. The other 

participant was on a twice-daily regimen with short and intermediate acting 

insulin administered before breakfast and dinner. All participants were in 

moderate glycaemic control (HbA1c 7.4 ± 1.5%), free of complications, not 
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taking any prescribed medication other than insulin and females were regularly 

menstruating.  

 

 

Table 4.1. Characteristics of Study Participants 

Characteristic Mean SD 

Age (years) 21.6 4.0 

Height (cm) 175.8 9.1 

Weight (kg) 80.0 13.1 

BMI (kg/m2) 24.7 3.5 

Duration of Diabetes (years) 8.6 5.0 

Glycaemic Control (% HbA1c) 7.4 1.5 

O2peak (ml/kg/min) 39.3 7.4 

 

 

 
4.2.2 Experimental Design 
The participants visited the Exercise Physiology Laboratory at the University of 

Western Australia on three occasions, each separated by at least one week. 

Firstly, they attended a familiarisation session during which anthropometric 

measurements, determination of peak oxygen uptake ( O2peak) and 

familiarisation with the IHE and MOD protocols were performed. This visit was 

followed by either a MOD or IHE trial administered in a randomised, 

counterbalanced order. Participants were instructed to consume a similar diet and 

avoid caffeine, alcohol and physical activity in the 24 hours prior to all testing 

sessions. In addition, testing was rescheduled if a participant experienced an 

episode of hypoglycaemia in the 48 hours prior to testing. All female participants 

were tested during the follicular phase of the menstrual cycle (days 9 ± 4) with 

approximately 1 month between trials. 

 

At 8am on MOD and IHE trials, the participants self-injected their usual morning 

short or rapid-acting insulin into the abdomen (mean dose 14.8 ± 7.5 U), with the 

one patient on a twice-daily regimen self-administering both rapid and 
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intermediate acting insulin as per normal. Thus insulin dosage was the same for 

both trials. Following this, all participants consumed their typical breakfast, 

which was standardised to be identical on both visits. No adjustments in insulin 

dose or food intake from the participant’s usual morning routine were made in 

anticipation of exercise or to adjust for pre-prandial glucose levels. A 21-gauge 

cannula (BD InsyteTM) was then inserted into an antecubital vein and kept patent 

with regular infusion of 0.9% saline. At the same time, Finalgon cream 

(Boehringer Ingelheim) was placed on one earlobe for approximately 5 minutes 

before being wiped off to induce hyperaemia, after which capillary blood (35 μl) 

was sampled every 15 minutes for the determination of blood glucose levels. 

Collection of each sample involved sterilizing the earlobe with an alcohol swab 

prior to perforating the skin using an Accu-Chek® Softclix® lancet device 

(Roche Diagnostics, Castle Hill, Australia).  

 

The MOD or IHE protocols were commenced approximately 3.5 hours (215 ± 30 

v 208 ± 18 minutes; MOD v IHE; p = 0.305) after insulin injection and at a blood 

glucose level of approximately 11 mmol/l. Six of the participants required 

administration of additional carbohydrate supplementation in the form of oral 

Polycose® (Abbott Laboratories, USA) to achieve this desired glucose level at 

the appropriate time. There was no difference in Polycose administration 

between trials (1.5 ± 1.6 v 1.5 ± 2.1 portions of carbohydrate; MOD v IHE; p = 

1.000).  

 

Prior to exercise, 15 ml of venous blood was sampled for baseline measurements, 

and either the MOD or IHE protocol was commenced. The MOD protocol 

consisted of 30 minutes of continuous exercise at 40% O2peak performed on a 

Front Access Cycle Ergometer (Repco, Melbourne, Australia) to simulate the 

intensity of a light jog. The IHE protocol also involved continuous cycling 

exercise at 40% O2peak, but this was interspersed with additional 4-second 

maximal sprint efforts performed every 2 minutes to simulate the activity 

patterns of team sports (16 sprints in total). The duration of the high-intensity 

bouts and recovery was based on time-motion analyses of various field sports 
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(Keane et al., 1993; Lothian & Farrally, 1994; Withers et al., 1982) and of 

spontaneous play in children (Bailey et al., 1995).  

 

During both 30-minute exercise protocols, capillary blood (35 μl) was sampled at 

10-minute intervals for determination of blood glucose and lactate levels. On 

completion of the MOD or IHE protocol, both venous (15 ml) and capillary 

blood (35 μl) were sampled at 0, 5, 10, 15, 30, 45 and 60 minutes of recovery or 

until blood glucose declined to 4 mmol/l, in which case the experiment was 

ended and the participants were fed to prevent the occurrence of hypoglycaemia. 

Extra capillary blood (125 μl) was sampled immediately pre and post exercise for 

determination of pH and bicarbonate levels. 
 

4.2.3 Measurement of Metabolites 
Capillary blood was used to measure blood glucose, lactate, pH and bicarbonate 

using an ABLTM 625 Blood Gas System (Radiometer, Copenhagen), while 

venous blood was used to determine free insulin, free fatty acids (FFAs), 

glucagon, growth hormone, cortisol and catecholamines. Heparinised plasma 

treated with poly-ethylene glycol was assayed for free insulin (Coat-a-Count 

Insulin Kit, Diagnostic Products Corporation, USA), while FFAs were measured 

in EDTA treated plasma (Roche Half Micro Test Free Fatty Acids Assay Kit, 

Roche Diagnostics, Germany). Glucagon was assayed from EDTA treated 

plasma collected with Trasylol (Bayer Pharmaceuticals, USA) (Linco Glucagon 

RIA Kit, Linco Research, USA), while growth hormone and cortisol were 

determined from venous serum (Immulite Growth Hormone and Cortisol Assay 

Kits, Diagnostic Products Corporation, USA). Catecholamine levels were 

determined via reverse phase high performance liquid chromatography using a 

Waters Novapak C18 reverse phase column and a model 5200A Coulochem 

detector (ESA Inc, USA) on heparinised plasma treated with sodium 

metabisulphite. 
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4.2.4 Statistical Analyses 
Data was analysed for changes over time and differences between MOD and IHE 

protocols using SPSS 11.0 for Windows computer software package. Measures 

of each variable were subjected to two-way (time x trial) Repeated-Measures 

Analysis of Variance to determine whether differences existed, followed by 

paired t-tests to determine where the differences lay. Statistical significance was 

accepted at the p < 0.05 level. Data are expressed as mean ± SD when referred to 

in the text and as mean ± SEM in all figures. 

 

 

4.3 Results 
 

4.3.1 Response of Blood Glucose to MOD and IHE 
Mean blood glucose levels immediately prior to exercise was 11.0 ± 2.3 mmol/l 

and 11.5 ± 3.9 mmol/l in MOD and IHE trials respectively (p = 0.636), and blood 

glucose results were normalised relative to these starting levels (Figure 4.1a). 

Both exercise protocols resulted in a decline in blood glucose levels; however, 

the decline was greater with MOD (-4.4 ± 1.2 mmol/l) compared to IHE (-2.9 ± 

0.8 mmol/l; p = 0.006). During the subsequent 60 minutes of recovery, glucose 

levels remained stable following IHE (p = 0.378), while continuing to decrease 

following MOD (p = 0.009). After the completion of both trials, blood glucose 

had declined a total of 6.3 ± 1.8 and 3.3 ± 2.6 mmol/l for the MOD and IHE 

respectively (p = 0.021). On three occasions (during one IHE and two MOD 

trials), in two separate individuals, blood glucose levels declined to below 4 

mmol/l. There was no difference in free insulin levels between trials at any time 

point (Figure 4.1b; p = 0.677). 

 

4.3.2 Total Work and heart Rate Response to MOD and IHE 
A greater amount of total work was performed during the IHE protocol compared 

to MOD (p = 0.011; Figure 4.2a). The greater amount of work involved in IHE 

was associated with a greater elevation of heart rate during this exercise protocol 

in comparison to MOD (p = 0.002; Figure 4.2b).  
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Figure 4.1. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) normalised blood glucose and (b) free insulin levels. Results are expressed as 

mean ± SEM. aIndicates statistically significant difference (p < 0.05) between 

MOD and IHE. bIndicates statistically significant difference (p < 0.05) from the 

start of exercise (time 0 minutes). cIndicates statistically significant difference (p 

< 0.05) from the start of recovery (time 30 minutes). 
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Figure 4.2. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) total work and (b) heart rate. Results are expressed as mean ± SEM. aIndicates 

statistically significant difference (p < 0.05) between MOD and IHE. bIndicates 

statistically significant difference (p < 0.05) from the start of exercise (time 0 

minutes). 
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4.3.3 Blood Lactate, pH, Bicarbonate and Free Fatty Acid Response 
to MOD and IHE 
Blood lactate increased from resting levels in response to both exercise protocols. 

However, the increase was greater with IHE compared to MOD (p = 0.011; 

Figure 4.3a). The greater rise in lactate with IHE was accompanied by the 

significant decrease in both pH and bicarbonate immediately post-exercise in 

IHE only (p < 0.05; Figure 4.4a and 4.4b). In contrast, the levels of circulating 

FFAs did not change in response to either exercise protocols and were not 

different between MOD and IHE trials (Figure 4.3b). 

 

4.3.4 Glucoregulatory Response to MOD and IHE 
Both epinephrine (Figure 4.5a) and norepinephrine (Figure 4.5b) levels were 

increased in response to exercise, with the increase in norepinephrine being 

greater with IHE compared to MOD (p = 0.001). Similarly, growth hormone 

levels increased in response to IHE (p = 0.022; Figure 4.6a). In contrast, cortisol 

(Figure 4.6b), glucagon (Figure 4.7a) and the ratio of glucagon to insulin (Figure 

4.7b) were not altered in response to MOD or IHE, and there was no difference 

between trials. 
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Figure 4.3. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) lactate and (b) free fatty acid levels. Results are expressed as mean ± SEM. 
aIndicates statistically significant difference (p < 0.05) between MOD and IHE. 
bIndicates statistically significant difference (p < 0.05) from the start of exercise 

(time 0 minutes). 
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Figure 4.4. Effect of 30 minutes of MOD (□) or IHE (■) on (a) pH and (b) 

bicarbonate levels. Results are expressed as mean ± SEM. aIndicates statistically 

significant difference (p < 0.05) between MOD and IHE. bIndicates statistically 

significant difference (p < 0.05) from pre-exercise. 
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Figure 4.5. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) epinephrine and (b) norepinephrine levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between MOD and 

IHE. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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Figure 4.6. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) growth hormone and (b) cortisol levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between MOD and 

IHE. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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Figure 4.7. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) glucagon and (b) the glucagon to insulin ratio. Results are expressed as mean 

± SEM. aIndicates statistically significant difference (p < 0.05) between MOD 

and IHE. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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4.4 Discussion 
 

This study compared the response of blood glucose levels and glucoregulatory 

hormones between MOD and an IHE protocol that simulated the high-intensity 

work to recovery ratios observed in intermittent sports, in individuals with type 1 

diabetes. The experiment was designed to reproduce a “real-life” situation in 

which insulin is injected and food was consumed as per normal prior to exercise. 

This study shows for the first time, that under these conditions the decline in 

blood glucose levels is less with IHE compared to MOD during both exercise 

and early recovery. The lesser decline in blood glucose occurred despite a higher 

heart rate and greater total work performed during the IHE trial. This observation 

has implications for safe participation in exercise by individuals with type 1 

diabetes, with a greater decline in blood glucose levels suggesting that the risk of 

hypoglycaemia may be increased with MOD compared to IHE. This is an 

important observation, since many individuals with type 1 diabetes are 

discouraged from engaging in vigorous exercise because of a fear of exercise-

induced hypoglycaemia (Fremion et al., 1987). 

 

There are relatively few guidelines to assist individuals with type 1 diabetes in 

managing the risk of exercise-induced hypoglycaemia. Existing guidelines are 

often general and emphasise an individualised trial and error approach to 

adjusting insulin dosage and carbohydrate intake based on the patient’s own 

blood glucose response to exercise (American Diabetes Association Position 

Statement, 2004b). The American Diabetes Association Position Statement on 

Physical Activity/Exercise and Diabetes (2004) also states that avoiding 

exercise-induced hypoglycaemia requires an understanding of the metabolic and 

hormonal responses to exercise. However, until recently, the blood glucose 

response to IHE that simulates the high-intensity work to recovery ratios 

observed in team and field sports was not known (Guelfi et al., 2005a; Chapter 

3). Prior to the study described in Chapter 3, research on intermittent exercise 

(Ford et al., 1999; Sills & Cerny, 1983) was limited by the use of exercise 

protocols that do not accurately reflect the intermittent nature of most sports 

activities and spontaneous play in children, in which the high-intensity intervals 
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are of much shorter duration (2 to 4 seconds; Bailey et al., 1995; Keane et al., 

1993; Lothian & Farrally, 1994; Withers et al., 1982). Consequently, there are no 

evidence-based guidelines for safe participation in IHE, which accounts for much 

of the physical activity played by children and adolescents with type 1 diabetes 

(Ludvigsson et al. 1980; Raile et al., 1999). In addition, current general 

guidelines often do not distinguish between continuous and intermittent exercise 

and may recommend similar strategies to manage blood glucose levels for these 

distinct types of activities. For instance, Birrer and Sedaghat (2003) recommend 

a similar reduction in insulin and increase in carbohydrate supplementation for 

intermittent activities such as soccer and basketball, as they recommend for more 

continuous activities like jogging and cycling. Similarly, Peirce (1999) suggests 

that the appropriate reduction of insulin prior to vigorous team sports like 

football and hockey should be more pronounced than for moderate exercise and 

may be similar to that required for intense prolonged exercise including 

marathons or triathlons. These non-evidence based recommendations for 

minimising the risk of exercise-induced hypoglycaemia are not supported by the 

present findings. 

 

The smaller decline in blood glucose levels with IHE compared to MOD during 

both exercise and early recovery is most likely attributed to the repeated bouts of 

high-intensity exercise, which stimulate a metabolic and hormonal response that 

would be expected to be antagonistic to declining glucose levels (Guelfi et al., 

2005a; Chapter 3). Firstly, the elevated lactate levels compared to MOD may 

contribute to attenuating the decline in glucose during IHE and early recovery by 

inhibiting the action of insulin on peripheral glucose uptake in skeletal muscle 

(Vettor et al., 1997), and supporting the production of glucose via hepatic 

gluconeogenesis (Miller et al., 2002). In addition, the increase in catecholamine 

levels in response to IHE would likely stimulate increased hepatic glucose 

production (Kreisman et al., 2003), and inhibit insulin-mediated glucose uptake 

(Deibert & DeFronzo, 1980). Elevated levels of growth hormone may further 

support the inhibition of insulin-mediated glucose uptake following IHE (Møller 

et al., 1990a; Møller et al., 1990b). In contrast, FFAs and other glucoregulatory 

hormones such as glucagon and cortisol are unlikely to contribute to the lesser 
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decline in blood glucose with IHE compared to MOD, since there was no 

difference in their response to the two exercise protocols.  

 

In summary, this study shows that participation in 30 minutes of IHE compared 

to MOD is associated with a smaller decline in blood glucose levels both during 

exercise and for the first hour of recovery, despite being more total work. The 

attenuated decline in blood glucose levels with IHE is most likely attributed to 

the repeated bouts of high-intensity exercise, which stimulate an increase in 

catecholamine and growth hormone levels. Consequently, an additional practical 

implication of these results is that the decline in blood glucose levels associated 

with MOD, such as a light jog or cycling, may be reduced if this type of exercise 

is interspersed with several short high-intensity bouts of activity. Caution should 

be taken, however, against the generalisation of these findings to all types of 

IHE, since typical team games may last for up to 90 minutes and the risk of late-

onset post-exercise hypoglycaemia has not yet been investigated. In addition, 

varied work to recovery ratios may elicit a different blood glucose response. 

Clearly, further research of the kind described here is required for the 

development of more detailed, evidence-based guidelines to allow individuals 

with type 1 diabetes to safely enjoy the benefits of regular physical activity. 
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Chapter Five 

 
 

Effect of Intermittent High-
Intensity Exercise Compared to 
Continuous Moderate-Intensity 
Exercise on the Rate of Glucose 

Production and Utilisation in 
Individuals with Type 1 Diabetes 

 



5.1 Introduction 
 

Managing blood glucose levels to avoid the acute implications of hypoglycaemia 

and the long-term complications of hyperglycaemia is a difficult task for 

individuals with type 1 diabetes. Unfortunately, exercise is an additional factor 

that makes managing blood glucose level more complex. In particular, exercise is 

often associated with an increased risk of experiencing hypoglycaemia both 

during exercise (Rabasa-Lhoret et al., 2001; Tuominen et al., 1995) and for up to 

31 hours of recovery (MacDonald, 1987). Consequently, individuals with type 1 

diabetes may fear (Ludvigsson et al., 1980) or be discouraged from participating 

in exercise (Fremion et al., 1987; Thompson et al., 1999). This is despite the 

well-established physiological and psychological benefits of physical activity 

(Campaigne et al., 1985; Laaksonen et al., 2000; Moy et al., 1993; Norris et al., 

1990). 

 

Although exercise-induced hypoglycaemia is a legitimate fear, the American 

Diabetes Association Position Statement on Physical Activity/Exercise and 

Diabetes (2004) states that it is possible for individuals with type 1 diabetes to 

safely enjoy the benefits of all types of physical activity by balancing exogenous 

insulin administration and carbohydrate intake to maintain glucose levels within 

the euglycaemic range. However, effective adjustment of these parameters 

requires an understanding of the metabolic and hormonal responses to exercise 

(Zinman et al., 2004). Consequently, much research has been focused on 

investigating the glucoregulatory responses to exercise in order to develop 

evidence-based guidelines to allow for safe participation in a range of physical 

activities.  

 

It is well established that continuous exercise of moderate-intensity causes a 

decline in blood glucose levels (Francescato et al., 2004; McNiven Temple et al., 

1995; Oskarsson et al., 1999; Rasmussen et al., 1994; Riddell et al., 1999). In 

contrast, sustained high-intensity exercise (~ 15 minutes at > 80% O2max) 

stimulates a progressive rise in glycaemia during exercise and prolonged 

hyperglycaemia during recovery (Mitchell et al., 1988; Purdon et al., 1993; Sigal 
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et al., 1994). However, the response of blood glucose levels to a combination of 

moderate and high-intensity exercise, a pattern of physical activity referred to as 

intermittent high-intensity exercise (IHE), is less well understood. IHE involves 

repeated bouts of short, intense activity, interrupting longer periods of lower 

intensity activity or rest. This type of exercise characterises most team and field 

sports, and accounts for much of the selection of activities participated in by 

individuals with type 1 diabetes (Ludviggson et al., 1980; Raile et al., 1999), as 

well as spontaneous play in children (Bailey et al., 1995). 

 

Recently, the glucoregulatory response to IHE that reflects the work-to-recovery 

ratios observed in team and field sports has been compared to continuous 

moderate-intensity exercise (MOD; Guelfi et al., 2005b; Chapter 4). The results 

of this study demonstrated that the decline in blood glucose was less with IHE 

both during exercise and throughout the first hour of recovery. This was 

attributed to the repeated bouts of high-intensity exercise involved in IHE, which 

stimulated a greater rise in catecholamines and increased growth hormone levels. 

It was also hypothesised that the lesser decline in glycaemia with IHE resulted 

from a greater increase in hepatic glucose production and attenuated insulin-

mediated glucose utilisation. Since this issue has not previously been addressed, 

the purpose of the present study was to compare the effect of IHE and MOD on 

the rate of glucose production and utilisation during and after exercise in 

individuals with type 1 diabetes. 

 

 

5.2 Research Design and Methods 
 

5.2.1 Participants 
Nine healthy, physically active male (n = 5) and female (n = 4) volunteers with 

type 1 diabetes (see Table 5.1 for characteristics of participants) were informed 

of the purpose of the study and the possible risks associated with exercise and 

blood sampling. These individuals gave informed consent in accordance with the 

Princess Margaret Hospital Human Ethics Committee that approved the study. 

Six of the participants were on a multiple injection regimen and three were 

treated with a subcutaneous insulin infusion pump. Of those on a multiple 
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injection regimen, three were taking short-acting insulin before each meal and 

intermediate acting insulin at bedtime, while the other three participants were 

taking rapid acting insulin before meals and either intermediate or long-acting 

insulin once a day. All participants were in moderate glycaemic control (HbA1c 

7.7 ± 0.8%), free of complications, not taking any prescribed medication other 

than insulin and females were regularly menstruating. 

 

Table 5.1. Characteristics of Study Participants 

Characteristic Mean SD 

Age (years) 22.6 5.7 

Height (cm) 177 11 

Weight (kg) 77.2 13.1 

BMI (kg/m2) 24.6 2.2 

Duration of Diabetes (years) 5.6 3.9 

Glycaemic Control (% HbA1c) 7.7 0.8 

O2peak (ml/kg/min) 41.8 4.6 

 

 

5.2.2 Experimental Design 
The participants visited the Clinical and Metabolic Research Unit at Princess 

Margaret Hospital on three occasions, each separated by at least one week. The 

first visit involved a familiarisation session during which anthropometric 

measurements, determination of peak oxygen uptake ( O2peak) and 

familiarisation with the IHE and MOD protocols were performed. The initial 

visit was followed by either a MOD or IHE trial administered in a randomised, 

counterbalanced order. Participants were instructed to consume a similar diet for 

both trials (diet records given) and avoid caffeine, alcohol and physical activity 

in the 24 hours prior to all testing sessions. In addition, testing was rescheduled if 

a participant experienced an episode of hypoglycaemia in the 48 hours prior, in 

order to avoid attenuation of the counterregulatory responses to subsequent 

exercise (Galasssetti et al., 2003). All female participants were tested during the 

follicular phase of the menstrual cycle (day 8 ± 3), with approximately 4 weeks 

between trials. 
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On MOD and IHE trials, participants arrived at the Laboratory by 7:30am in an 

overnight fasted state with their usual morning insulin injection or bolus omitted. 

On arrival, a cannula was inserted retrogradely into a superficial dorsal hand vein 

for blood sampling. This hand was warmed in a HotBox (Omega CN370) at ~ 60 

ºC for the sampling of arterialised venous blood (Liu et al., 1992). A second 

cannulae was inserted into an antecubital vein on the contralateral arm to allow 

for the infusion of insulin, dextrose and [6,6-2H]glucose. Following cannulation, 

a euglycaemic clamp was commenced with a constant infusion of 20 mU/m2/min 

of insulin (Humalog, Eli Lilly Australia Pty Ltd, NSW, Australia) diluted to 1 

unit per ml in Gelofusin® (B. Braun, Bella Vista, NSW, Australia), using an 

Alaris Asena® GH syringe pump (Alaris Medical Systems, UK). This rate of 

insulin infusion was selected to reproduce the levels of circulating insulin in 

individuals with type 1 diabetes on a basal-bolus insulin regimen. Blood glucose 

levels were maintained at ~ 5.5 mmol/l for the duration of the experiment by 

infusing a 20% dextrose solution using a Graseby 3000 Modular Infusion Pump 

(Sims Graseby Ltd, UK). The rate of dextrose infusion required to maintain 

stable blood glucose levels was adjusted via manual feedback from blood 

glucose levels measured in arterialised venous blood sampled from the 

cannulated dorsal hand vein at 15 minute intervals. 

 

Approximately 15 minutes after the commencement of the euglycaemic clamp, a 

blood sample was drawn for determination of background enrichment and the 

infusion of [6,6-2H]glucose (Cambridge Isotope Laboratories, Andover, MA, 

USA) was initiated (n = 8) with a priming bolus of 3 mg/kg and a constant 

infusion of 2.4 mg/kg/hr which was continued for the duration of the experiment. 

In addition, the variable infusion of dextrose described above was “spiked” with 

[6,6-2H]glucose (2.48 mg/ml) to minimise changes in the isotopic enrichment of 

plasma glucose in response to adjustments in the glucose infusion rate (Finegood 

et al., 1987). For the next 150 minutes the participant remained rested in a seated 

position to allow for isotope equilibration, with stable enrichment confirmed via 

blood sampling in the final 30 minutes of this period. While resting, expired air 

was collected for the determination of baseline rates of O2 consumption and CO2 

production. This required the participants to breathe into a mask connected to a 
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Vmax Spectra respiratory analysis system (SensorMedics Corporation, USA) for 

at least 10 minutes. 

 

After this equilibration period (∼ 11am), arterialised venous blood was sampled 

for baseline measurements, and the participant was moved to a Front Access 

Cycle ergometer (Repco, Australia) located adjacent to the resting participant. 

The rate of constant isotope infusion was doubled to attenuate changes in 

isotopic enrichment during exercise (Davis et al., 2000a; Davis et al., 2000b; 

Purdon et al., 1993), and the participant commenced either 30 minutes of MOD 

or IHE. The MOD protocol consisted of 30 minutes of continuous cycling at 40% 

O2peak to simulate the intensity of a light jog. The IHE protocol also involved 

continuous cycling at 40% O2peak, but this was interspersed with additional 4-

second maximal sprint efforts performed every 2 minutes to simulate the high-

intensity work to recovery ratios observed in intermittent sports (Bailey et al., 

1995; Keane et al., 1993; Lothian & Farrally, 1994; Withers et al., 1982). During 

both 30-minute exercise protocols, blood was sampled at 5-minute intervals for 

determination of blood glucose, lactate and isotopic enrichment. In addition, 

expired air was collected for the determination of the rate of O2 consumption and 

CO2 production during exercise. 

 

At the completion of exercise, the rate of isotope infusion was returned to the 

pre-exercise rate and maintained until 2 hours post-exercise during which time 

the participants remained seated. Blood was sampled at regular intervals 

throughout recovery for the determination of blood glucose, isotopic enrichment, 

lactate, free fatty acids (FFAs), pH and glucoregulatory hormones including free 

insulin, glucagon, catecholamines, growth hormone and cortisol. Expired air was 

also collected at 60 and 120 minutes of recovery for determination of post-

exercise O2 consumption and CO2 production. On completion of the experiment, 

each participant was fed and allowed to leave the laboratory if blood glucose 

levels were above 5 mmol/l. 
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5.2.3 Measurement of Metabolites 
Blood glucose and lactate levels were determined using a YSI glucose and lactate 

analyser (YSI Life Sciences, Yellow Springs, Ohio, USA), and pH and 

bicarbonate were measured using an ABLTM 625 Blood Gas System 

(Radiometer, Copenhagen). Isotopic enrichment was determined by gas 

chromatography mass spectrometry (GCMS; Agilent Technologies 6890 gas 

chromatograph interfaced to an Agilent 5973 Mass Selective Detector, Agilent 

Technologies, Ryde, NSW, Australia). The remaining arterialised venous blood 

was assayed for free insulin (Coat-a-Count Insulin Kit, Diagnostic Products 

Corporation, USA), FFAs (Roche Half Micro Test Free Fatty Acids Assay Kit, 

Roche Diagnostics, Germany), catecholamines (BI-CAT® ELISA, Diagnostika, 

Germany), glucagon (Linco Glucagon RIA Kit, Linco Research, USA), growth 

hormone (Immulite Growth Hormone Assay Kit, Diagnostic Products 

Corporation, USA) and cortisol levels (Immulite Cortisol Assay Kits, Diagnostic 

Products Corporation, USA). 

 

5.2.4 Calculations 
The isotopic enrichment determined by GCMS was corrected for background 

enrichment and the values obtained were smoothed using a spline-fitting 

procedure to minimise random error of measurement (Finegood & Bergman, 

1983). The rate of endogenous glucose production (Ra) and glucose utilisation 

(Rd) were then estimated using Steele’s one-compartment fixed-volume model 

(1956), as modified by Finegood and colleagues (1987) to account for the added 

infusion of exogenous glucose required for the euglycaemic clamp. A volume of 

distribution of 100 ml/kg was used for the calculations. In addition, the rate of 

carbohydrate oxidation was determined using the equations of Frayn (1983), with 

nitrogen excretion assumed to be 135 μg/kg/min based on data published by 

Carraro and colleagues (1990). 

 

5.2.5 Statistical Analyses 
Data was analysed for changes over time and differences between MOD and IHE 

protocols using SPSS 11.0 for Windows computer software package. Measures 

of each variable were subjected to two-way (time x trial) Repeated-Measures 
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Analysis of Variance to determine whether differences existed, followed by 

paired t-tests to determine where the differences lay. Baseline data used for 

glucose infusion rate (GIR), Ra and Rd were the mean levels over the 30 minutes 

prior to exercise. Statistical significance was accepted at the p < 0.05 level. Data 

are expressed as mean ± SD when referred to in the text and as mean ± SEM in 

all figures. 

 

 

5.3 Results 
 

5.3.1 Euglycaemic Clamp 
Blood glucose levels were maintained at ~5.5 mmol/l for the duration of both 

trials, with no difference between study days (Figure 5.1a). The constant infusion 

of insulin resulted in free insulin levels of 153.8 ± 63.5 v 165.4 ± 63.2 pmol/l at 

the commencement of MOD and IHE, respectively. The circulating 

concentration of insulin increased during exercise, but remained stable for the 

duration of recovery, with no difference between trials at any time (Figure 5.1b). 

The GIR required to maintain euglycaemia was similar between trials at baseline 

and increased with the commencement of both exercise protocols; however, the 

pattern of response was different for the two types of exercise (Figure 5.2). 

During IHE, the increase in GIR peaked earlier (15 – 20 minutes of exercise) 

before beginning to decline, while during MOD the GIR increased progressively 

until the cessation of exercise. Despite this different pattern of response, GIR was 

not statistically different between the two protocols during exercise. During early 

recovery from exercise, GIR remained elevated following both types of exercise, 

but GIR was significantly higher following MOD compared to IHE at 5 minutes 

of recovery (p = 0.049). During later recovery from MOD, GIR returned to 

baseline, while remaining elevated above pre-exercise levels after IHE, although 

there was no difference in GIR between protocols except at 2 hours of recovery 

(p = 0.013).  
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Figure 5.1. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) blood glucose and (b) free insulin levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between MOD and 

IHE. bIndicates statistically significant difference (p < 0.05) from pre-exercise 

(time 0 minutes). 
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Figure 5.2. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

the GIR required to maintain euglycaemia. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between MOD and 

IHE. bIndicates statistically significant difference (p < 0.05) from pre-exercise. 
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5.3.2 Response of Glucose Ra and Rd to MOD and IHE 
Isotopic enrichment was stable prior to the commencement of exercise and 

remained relatively constant for the duration of the experiment (See Table 5.2; 

Coefficient of Variation = 7.8%). Basal endogenous Ra was similar for both trials 

and increased progressively from the onset of exercise to peak at the cessation of 

exercise (Figure 5.3a). However, the rise in Ra commenced sooner and was of a 

greater magnitude during IHE compared to MOD, with the latter difference 

approaching statistical significance at 15 and 20 minutes of exercise (p = 0.051 

and p = 0.057 respectively). After both exercise protocols, Ra rapidly declined, 

but remained above baseline levels for the first hour of recovery. During the 

second hour of recovery, Ra returned to baseline with MOD, while remaining 

slightly elevated after IHE. 

 

Basal glucose Rd was equivalent in both trials and progressively increased to a 

similar extent in response to exercise, however, the rise commenced earlier 

during IHE (Figure 5.3b). Immediately after exercise, Rd rapidly declined back to 

baseline with IHE, while remaining elevated after MOD. During later recovery 

from IHE, Rd rose again above baseline, while Rd remained at baseline from 30 

minutes of recovery following MOD. At 2 hours post-exercise, Rd was 

significantly higher after IHE compared with MOD (p = 0.045). 
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Figure 5.3. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) glucose Ra and (b) Rd. Results are expressed as mean ± SEM. aIndicates 

statistically significant difference (p < 0.05) between MOD and IHE. bIndicates 

statistically significant difference (p < 0.05) from the start of exercise. († 

indicates p = 0.051, ‡ indicates p = 0.057). 
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5.3.3 Total Work, Heart Rate and Oxygen Uptake Response to MOD 
and IHE 
A greater amount of total work was performed during the IHE protocol compared 

to MOD (p = 0.000; Figure 5.4a). This greater amount of total work was 

reflected by the response of heart rate and oxygen consumption to exercise. 

Although heart rate increased during both exercise protocols, the increase was 

greater with IHE compared to MOD (p = 0.000; Figure 5.4b). Similarly, oxygen 

consumption increased in response to both protocols, with a greater rise during 

IHE (Figure 5.5a). The greater average rate of oxygen consumption during IHE 

corresponded to approximately 55% of O2peak compared to approximately 40% 

during MOD (Figure 5.5b). The respiratory exchange ratio (RER) followed a 

similar trend with increased values during exercise, and a greater rise during IHE 

measured at 30 minutes of exercise (Figure 5.6a). However, it is important to 

note that the rise in RER is likely exaggerated during IHE due to excess carbon 

dioxide output resulting from bicarbonate buffering of hydrogen ions during 

exercise (Beaver & Wasserman, 1991). As a result, it is likely that the calculated 

rate of carbohydrate oxidation during IHE is inflated and should be interpreted 

with caution (Figure 5.6b). The apparent rate of carbohydrate oxidation increased 

in response to exercise, but to a greater magnitude during IHE before returning to 

comparable baseline rates during recovery.  

 
5.3.4 Blood Lactate, pH, Bicarbonate and Free Fatty Acid Response 
to MOD and IHE 
Blood lactate increased from resting levels in response to both exercise protocols, 

but the increase was greater with IHE compared to MOD (p = 0.000; Figure 

5.7a). During recovery from exercise, lactate returned immediately to baseline 

following MOD, while remaining elevated for 45 minutes after IHE. In contrast, 

the levels of circulating FFAs became elevated 2 hours after the completion of 

both exercise protocols and were not different between MOD and IHE (Figure 

5.7b). The results for blood pH (Figure 5.8a) and bicarbonate (Figure 5.8b) 

differed between MOD and IHE trials, with decreased pH in response to IHE, 

and a greater decline in bicarbonate levels in response to IHE. pH returned 

quickly to baseline following IHE, while bicarbonate returned to pre-exercise 

levels within 30 minutes of recovery. 
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Figure 5.4. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) total work and (b) heart rate. Results are expressed as mean ± SEM. aIndicates 

statistically significant difference (p < 0.05) between MOD and IHE. bIndicates 

statistically significant difference (p < 0.05) from the start of exercise (time 0 

minutes). 
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Figure 5.5. Effect of 30 minutes (represented by box) of MOD (□) or IHE (■) on 

(a) the rate of oxygen consumption ( O2) and (b) relative oxygen consumption. 

Results are expressed as mean ± SEM. aIndicates statistically significant 

difference (p < 0.05) between MOD and IHE. bIndicates statistically significant 

difference (p < 0.05) from the start of exercise (time 0 minutes). 
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Figure 5.6. Effect of 30 minutes (represented by box) of MOD (□) or IHE (■) on 

(a) the respiratory exchange ratio (RER) and (b) the apparent rate of 

carbohydrate oxidation. Results are expressed as mean ± SEM. aIndicates 

statistically significant difference (p < 0.05) between MOD and IHE. bIndicates 

statistically significant difference (p < 0.05) from the start of exercise (time 0 

minutes). 
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Figure 5.7. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) lactate and (b) free fatty acid levels. Results are expressed as mean ± SEM. 
aIndicates statistically significant difference (p < 0.05) between MOD and IHE. 
bIndicates statistically significant difference (p < 0.05) from the start of exercise 

(time 0 minutes). 
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Figure 5.8. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) blood pH and (b) bicarbonate levels. Results are expressed as mean ± SEM. 
aIndicates statistically significant difference (p < 0.05) between MOD and IHE. 
bIndicates statistically significant difference (p < 0.05) from the start of exercise 

(time 0 minutes). 
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5.3.5 Glucoregulatory Response to MOD and IHE 
Epinephrine levels were not significantly increased in response to MOD or IHE 

and there was no difference between protocols (Figure 5.9a). In contrast, 

norepinephrine levels increased in response to both exercise protocols, with the 

increase being greater in response to IHE compared to MOD (Figure 5.9b; p = 

0.012). During recovery from exercise, norepinephrine returned quickly to 

baseline levels, however, levels remained higher after IHE compared to MOD at 

15 minutes of recovery (p = 0.026). Growth hormone levels also rose in response 

to IHE, remaining elevated for the first 15 minutes of recovery, but did not 

change in response to MOD (Figure 5.10a), while cortisol levels were not altered 

in response to either protocol (Figure 5.10b). Similarly to cortisol, glucagon was 

not changed during exercise; however, after 60 minutes of recovery from IHE 

levels declined, resulting in a significant difference from MOD at this time 

(Figure 5.11a; p = 0.027). Despite this difference in glucagon at 60 minutes of 

recovery, there was no difference in the ratio of glucagon to insulin observed at 

any time (Figure 5.11b). 
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Figure 5.9. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) on 

(a) epinephrine and (b) norepinephrine levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between MOD and 

IHE. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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Figure 5.10. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) 

on (a) growth hormone and (b) cortisol levels. Results are expressed as mean ± 

SEM. aIndicates statistically significant difference (p < 0.05) between MOD and 

IHE. bIndicates statistically significant difference (p < 0.05) from the start of 

exercise (time 0 minutes). 
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Figure 5.11. Effect of 30 minutes (represented by box) of MOD (○) or IHE (●) 

on (a) glucagon levels and (b) the ratio of glucagon to insulin. Results are 

expressed as mean ± SEM. aIndicates statistically significant difference (p < 

0.05) between MOD and IHE. bIndicates statistically significant difference (p < 

0.05) from the start of exercise (time 0 minutes). 
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5.4 Discussion 
 

The purpose of this study was to compare the effect of IHE and MOD on the rate 

of glucose production and utilisation during and after exercise in individuals with 

type 1 diabetes. It was found that the exercise-induced rise in glucose production 

commenced sooner, and was of a greater magnitude during IHE compared to 

MOD. Similarly, the rate of glucose utilisation rose sooner during IHE, but by 

the end of exercise the total increase was comparable to MOD. During early 

recovery from exercise, the rate of glucose utilisation rapidly declined following 

IHE, while remaining elevated after MOD. Throughout the second hour of 

recovery, the rates of glucose production and utilisation returned to and remained 

at baseline levels following MOD, but remained slightly above baseline after 

IHE, resulting in a significantly higher rate of glucose utilisation with IHE at 2 

hours of recovery. Consistent with these changes in the rate of glucose 

production and utilisation, the GIR required to maintain euglycaemia was 

significantly lower during early recovery from IHE, but higher after 2 hours of 

recovery compared to MOD. 

 

The more rapid increase in glucose production and utilisation in response to IHE, 

as suggested by the changes in Ra and Rd, were consistent with the higher 

workload associated with this exercise protocol, as indicated by the greater 

amount of total work performed and the more pronounced rise in heart rate and 

blood lactate levels. Since the only difference between the two exercise protocols 

was accounted for by the added 4-second maximal efforts involved in IHE, it is 

likely that these short, intense bouts were responsible for the early differences in 

glucose Ra and Rd observed. Although the response of glucose Ra and Rd to an 

isolated short bout of high-intensity exercise has not previously been 

investigated, it is well established that both glucose Ra and Rd increase with 

exercise intensity as a result of an increased reliance on carbohydrate oxidation 

(van Loon et al., 2001). The higher RER and calculated apparent rate of 

carbohydrate oxidation during early IHE compared to MOD in the present study 

support this notion. However, these results should be interpreted with caution 

since IHE also resulted in a mild acidosis and a decrease in blood bicarbonate 
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levels, suggesting that the calculated rate of carbohydrate oxidation was 

overestimated (Beaver & Wasserman, 1991). It is also well established that 

during more sustained high-intensity exercise (10 – 15 minutes at > 80% 

O2max), the increase in Ra is disproportionately greater than the increase in Rd 

(Purdon et al., 1993; Sigal et al., 1994). Although maximal efforts of only 4 

seconds in duration are unlikely to stimulate an equivalent response, it is likely 

that the greater rise in Ra during IHE compared to MOD can be attributed to the 

repeated bouts of maximal exercise. 

 

The mechanism by which the repeated bouts of high-intensity exercise involved 

in IHE stimulated a more rapid increase in glucose Ra and Rd and a greater 

increase in Ra compared to MOD is likely related to the exercise-mediated 

changes in counterregulatory hormone levels. Firstly, the larger rise in 

norepinephrine during IHE might contribute to a greater early increment in Ra 

compared to MOD, since the catecholamines are potent stimulators of hepatic 

glucose output (Kreisman et al., 2003). In addition, the higher levels of lactate 

produced in response to the repeated high-intensity bouts may contribute to a 

more rapid and greater rise in Ra by increasing the supply of gluconeogenic 

precursors (Miller et al., 2002).  

 

On the other hand, the earlier rise in Rd during IHE might be explained by the 

higher intensity of exercise. High-intensity exercise typically stimulates a greater 

release of Ca2+ from the sarcoplasmic reticulum and a greater activation of AMP-

activated protein kinase (AMPK; Chen et al., 2003), both factors that mediate the 

muscle contraction-stimulated increase in glucose transport in skeletal muscle 

(Wright et al., 2004). It is noteworthy that despite the earlier rise in Rd, by the 

end of both exercise protocols the total increase was comparable, even though 

the apparent rate of carbohydrate oxidation was significantly higher during IHE. 

This observation may be the result of a greater reliance on muscle glycogen 

breakdown and an associated rise in glycolytic flux during IHE, which has been 

implicated as a factor that attenuates glucose Rd via glucose-6-phosphate-

mediated inhibition of glucose transport (Watt et al., 2001). It is also possible 

that the greater rise in norepinephrine stimulated by IHE attenuated the increase 

in glucose uptake during this type of exercise (Howlett et al., 1999; Jansson et 
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al., 1986; Sigal et al., 1994; Watt & Hargreaves, 2002). The high levels of 

growth hormone towards the end of exercise may have had a similar inhibitory 

effect on glucose utilisation (Møller et al., 1990a; Møller et al., 1990b), as may 

lactate (Miller et al., 2002). In contrast, it is unlikely that insulin, glucagon, 

cortisol or FFAs contributed to the differences observed in glucose Ra and Rd 

during MOD and IHE, since the circulating levels of these variables were similar 

during both exercise protocols. 

 

The exercise-induced changes in counterregulatory hormones might also explain, 

in part, the differences in the pattern of change of glucose Rd observed with the 

cessation of exercise. The rapid decline in Rd following IHE may be attributed to 

the above-mentioned higher levels of the catecholamine norepinephrine and 

growth hormone at this time, since both of these hormones have been shown to 

attenuate glucose uptake (Møller et al., 1990a; Møller et al., 1990b; Sherwin et 

al., 1980). In addition, high levels of lactate during early recovery may inhibit 

glucose uptake (Miller et al., 2002). Despite elevated levels of these 

counterregulatory factors, the rapid decline in Rd immediately after IHE was 

surprising, given that the high-intensity bouts of exercise would be expected to 

deplete muscle glycogen to a greater extent (Gaitanos et al., 1993) and thus 

stimulate a higher rate of glucose uptake for glycogen resynthesis during 

recovery from exercise (Price et al., 1994). Perhaps the high levels of 

norepinephrine, growth hormone and lactate during early recovery were 

sufficient to counter the stimulatory effect of low glycogen levels on glucose 

uptake. Consistent with this interpretation, it is possible that during the second 

hour of recovery, when the levels of catecholamines, lactate and growth hormone 

had returned to baseline, the higher Rd after IHE was a manifestation of increased 

glucose requirements for glycogen resynthesis. 

 

The differences in the pattern of response of glucose Ra and Rd between IHE and 

MOD were consistent with the changes in the GIR required to maintain 

euglycaemia. In response to exercise, the increase in GIR was similar for both 

protocols. Although visual inspection of the results suggests that GIR increased 

earlier and began to decline towards the end of IHE, while continuing to 

progressively increase during MOD, these differences were not statistically 
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significant. On the other hand, during early recovery, the significantly lower GIR 

required to maintain euglycaemia after IHE compared to MOD was consistent 

with the rapid decline in Rd after IHE, with Rd remaining elevated at this time 

after MOD. Finally, the increase in GIR during the second hour of recovery from 

IHE might be explained partly by the rise in Rd at that time. 

 

The above-mentioned changes in Ra, Rd and GIR in response to MOD and IHE 

explain only in part the previous observation that the decline in blood glucose 

levels is less during, and for the first hour after, IHE compared to MOD (Guelfi 

et al., 2005b; Chapter 4). Based on this earlier study, it was expected that a lower 

GIR would be required to maintain euglycaemia during IHE in comparison to 

MOD. However, there was no significant difference in the GIR required to 

maintain euglycaemia between the two exercise protocols in the present study. 

On the other hand, the observation that the decline in blood glucose levels was 

less with IHE is consistent with the lower GIR required to maintain euglycaemia 

during early recovery from IHE. However, since the GIR after 2 hours of 

recovery from IHE became greater than MOD, this suggests that the decline in 

blood glucose levels might be more pronounced at this time after IHE compared 

to MOD if no carbohydrates were to be administered. 

 

The lack of complete consistency between the findings of the present study and 

the previous observation that the decline in blood glucose levels during exercise 

and for the first hour of recovery is less with IHE compared to MOD is likely 

explained by the differences in the experimental design of these two studies and 

the physiological conditions of their participants. Firstly, the participants in the 

present study were fasted overnight, but in a post-absorptive state in the study of 

Guelfi and colleagues (2005b; Chapter 4). The resulting lower pre-exercise 

hepatic glycogen levels in the present study may have impaired the exercise-

induced rise in hepatic glucose production (Vissing et al., 1989; Wise et al., 

1997). In addition, the circulating levels of insulin in the present study were 

higher than those reported by Guelfi et al. (2005b), and thus may have further 

attenuated the exercise-induced increase in glucose production, while enhancing 

glucose uptake (Camacho et al., 2004). Although comparison of the two studies 

reveals similar patterns of change and increments in counterregulatory hormones, 
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the higher levels of circulating insulin in the present study may have increased 

the threshold levels of these counterregulatory hormones to effectively counter 

insulin-mediated inhibition of glucose production and stimulation of glucose 

utilisation. Another factor to consider is the infusion of exogenous glucose, 

which has been shown to attenuate glucose production and increase uptake 

during exercise (Manzon et al., 1998). Finally, since blood glucose levels were 

kept stable in the present study, but allowed to decline in the study of Guelfi and 

colleagues (2005b; Chapter 4), this might account for some of the differences in 

results since the actual change in glucose level itself may be important in 

stimulating glucoregulatory responses (Santiago et al., 1980). 

 

In summary, this study shows that that early during IHE there is a more rapid and 

greater increment in endogenous glucose production compared to MOD, which is 

likely attributed to the greater rise in norepinephrine in response to the repeated 

bouts of high-intensity exercise. On the other hand, glucose utilisation declines 

rapidly during early recovery from IHE while remaining elevated after MOD, 

probably as a result of elevated norepinephrine and a rise in growth hormone 

levels. Consistent with these findings, the GIR required to maintain euglycaemia 

during early recovery from IHE is significantly lower than for MOD despite the 

performance of more total work. These events assist in explaining, in part, the 

previous observation that the decline in blood glucose is less with IHE compared 

to MOD in individuals with type 1 diabetes, and indicate that the risk of 

hypoglycaemia may be lower at these time with IHE compared to MOD. On the 

other hand, during the second hour of recovery following IHE the glucose 

requirements to maintain euglycaemia rise, while remaining at pre-exercise 

levels after MOD, suggesting that the risk of hypoglycaemia may increase during 

this period. Thus, carbohydrates might have to be consumed late during recovery 

from IHE to prevent an increased risk of delayed-hypoglycaemia. 
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Chapter Six 

 
 

General Discussion 
 



6.1 Conclusions 
 

Individuals with type 1 diabetes are faced with the daily challenge of maintaining 

their blood glucose levels within the normal physiological range through regular 

insulin injections and careful control of diet. Although exercise is recommended 

for these individuals, it makes managing blood glucose levels more difficult. In 

particular, the response of glycaemia to intermittent high-intensity exercise (IHE) 

that reflects the work-to-recovery ratios observed in common team and field 

sports is not known, making recommendations for adjusting insulin 

administration of carbohydrate intake to avoid hypoglycaemia difficult to give. 

Thus, the primary goal of this thesis was to examine the glucoregulatory 

responses to this type of exercise in individuals with type 1 diabetes.  

 

To this end, three studies were conducted. The first two studies of this thesis 

simulated a “real-life” situation in which the participants injected their normal 

morning dose of insulin and consumed their typical breakfast prior to the 

performance of exercise. The initial study examined the effect of the repeated 

bouts of high-intensity exercise that characterise IHE, compared to remaining 

inactive, on blood glucose and glucoregulatory hormone levels. In this study, the 

recovery between the high-intensity bouts was passive, although in the field 

intense bursts of high-intensity activity are more often interspersed by periods of 

lower intensity exercise. For this reason, the second study of this thesis 

investigated the effect of IHE with active recovery (moderate-intensity exercise) 

between high-intensity bouts, compared to continuous moderate-intensity 

exercise (MOD) alone. In order to better understand the findings of this second 

study, the third study of this thesis also compared IHE to MOD; however, rather 

than simulating “real-life” conditions, this study was conducted under conditions 

of a euglycaemic clamp in conjunction with the infusion of a glucose isotope to 

compare the rates of glucose production and utilisation associated with these two 

types of exercise. 
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Overall, these studies have shown that; 

 

• Under “real-life” conditions, the decline in blood glucose levels was greater 

in response to IHE compared to remaining inactive. However, during the 

first hour of recovery after IHE, blood glucose levels remained stable, while 

continuing to decrease when no prior exercise had been performed. Overall, 

after an hour of recovery from IHE, the total decline in blood glucose levels 

was similar to that experienced when remaining sedentary. 

 

• Under “real-life” conditions, the decline in blood glucose levels was less 

with IHE compared to MOD both during exercise and for the first hour of 

recovery. This was despite the performance of a greater amount of total 

work with IHE. 

 

• Under conditions of a euglycaemic clamp, the exercise-induced rise in 

glucose Ra commenced sooner and was of a greater magnitude early during 

IHE compared to MOD. Similarly, the rate of glucose Rd rose sooner during 

IHE, but by the end of exercise the increase in Rd was to a similar extent as 

that elicited by MOD. During early recovery from exercise, Rd rapidly 

declined following IHE, while remaining elevated after MOD. During the 

second hour of recovery, Ra and Rd returned to and remained at baseline 

levels following MOD, but remained slightly above baseline after IHE, with 

a significantly higher Rd than MOD at 2 hours of recovery.  

 

• The changes in glucose Ra and Rd during early recovery from IHE and MOD 

were consistent with the pattern of change in the GIR required to maintain 

euglycaemia, with lower rates of infusion during early recovery from IHE, 

but higher glucose demands after 2 hours of recovery compared to MOD. 

 

• The repeated bouts of high-intensity exercise involved in IHE stimulate an 

increase in the levels of catecholamines and growth hormone, which appear 

to play an important role in these above-mentioned observations. 
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6.2 Implications  
 

Many individuals with type 1 diabetes are inactive as a result of being afraid of 

or feeling negatively towards physical activity (Ludvigsson et al., 1980). Others 

are discouraged from participating in vigorous exercise by parents, school staff 

or physicians because of a fear of exercise-induced hypoglycaemia (Fremion et 

al., 1987). Although this may be a legitimate fear considering the morbidity and 

mortality that can result from severe hypoglycaemia, not all types of exercise 

carry the same risk. The findings of this thesis indicate that the repeated bouts of 

high-intensity exercise that replicates the work-to-recovery ratios observed in 

typical team and field games stimulate a hormonal response that is 

counterregulatory against hypoglycaemia with elevated levels of catecholamines 

and growth hormone. These repeated high-intensity bouts result in not only an 

equivalent decline in blood glucose levels an hour after IHE compared to 

remaining inactive over the same time period, but also lessen the decline in 

glycaemia associated with MOD. Such findings are heartening for those wanting 

to encourage individuals with type 1 diabetes to participate in exercise. 

 

The findings of this thesis also have implications for current recommendations 

aimed at managing blood glucose levels during and after exercise to avoid 

hypoglycaemia. By knowing the metabolic and hormonal response to different 

types of exercise, precautions can be taken to adjust exogenous insulin 

administration and nutrition regimens to balance with exercise, thus maintaining 

blood glucose levels within the normal range. Although most current guidelines 

for avoiding exercise-induced hypoglycaemia are general (American Diabetes 

Association Position Statement, 2004b; Wasserman & Zinman, 1994), those that 

do take into consideration the intensity and duration of exercise often only 

address continuous forms of exercise and not intermittent exercise (e.g. Rabasa-

Lhoret et al., 2001; Wallberg-Henriksson, 1989). This is likely because the 

glucoregulatory response to IHE that reflects the physiological demands of team 

and field sports has not previously been investigated in individuals with type 1 

diabetes. 
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Unfortunately, specific recommendations that do attempt to address intermittent 

exercise are not evidence-based and often suggest similar management strategies 

to prevent hypoglycaemia for both continuous (e.g. swimming, cycling, 

triathlons and marathons) and intermittent (e.g. basketball, rugby, football and 

hockey) exercises (Birrer & Sedaghat, 2003; Peirce, 1999). This recommendation 

of similar management strategies is not supported by the findings of this thesis. 

Furthermore, others have suggested that the short repeated bouts of high-

intensity exercise that characterise intermittent sports would have the same 

hyperglycaemic effect as continuous, sustained (10 - 15 minutes) high-intensity 

(~ 80% O2max) exercise (Marliss & Vranic, 2002; Mitchell et al., 1988). Again, 

this prediction is not supported by the present findings of this thesis.  

 

Other recent guidelines by Grimm and colleagues (2004) classify the intensity of 

exercise based on heart rate and thus recommend a similar amount of 

supplemental carbohydrate and/or reduction in insulin dosage for continuous 

activities like jogging and cycling that result in an equivalent heart rate to 

intermittent sports like tennis, football and basketball. The premise of this 

strategy is that a greater reduction in insulin and increase in carbohydrate 

supplementation would be recommended for high-intensity exercise (> 75% of 

max heart rate), compared to moderate-intensity exercise (60 to 75% of max 

heart rate), and to low-intensity exercise (< 60% of maximum heart rate) of 

similar duration (Grimm et al., 1999). The findings of this thesis do not support 

this suggestion, since the decline in blood glucose levels was less for IHE 

compared to MOD under “real-life” conditions, despite IHE eliciting a heart rate 

equivalent to ~ 85% of maximum compared to ~ 67% of maximum during MOD. 

 

In contrast to many of the above recommendations, the results of this thesis 

indicate that the risk of hypoglycaemia may be lower with IHE compared to 

MOD. On this basis, perhaps IHE should be recommended for complication-free 

individuals with type 1 diabetes in preference to MOD to minimise the risk of 

exercise-induced hypoglycaemia. Furthermore, since the rate of decline in blood 

glucose levels is less with IHE compared to MOD, the former type of exercise 

may be less dangerous from the perspective that fast-fall hypoglycaemia 

deteriorates cognitive function more and activates the responses of 
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counterregulatory hormones less than slow-fall hypoglycaemia in the 

postprandial state (Fanelli et al., 2003).  

 

An additional practical implication of these findings is that the decline in blood 

glucose levels associated with MOD, such as light jogging or cycling, may be 

attenuated if interspersed with several short bursts of high-intensity activity. IHE 

may also be recommended in preference to sustained high-intensity exercise, 

since it does not worsen metabolic control. In fact, IHE appears to elicit a 

glucoregulatory response that is partly balanced between the exercise-induced 

decline in glycaemia stimulated by MOD and the hyperglycaemia elicited by 

sustained high-intensity exercise. 

 

In addition to the benefits of IHE relating to the risk of hypoglycaemia, IHE may 

confer added physiological benefits over MOD as a result of the overall higher 

intensity of exercise. The greater intensity of exercise ( O2), heart rate and 

amount of total work elicited by IHE would likely result in greater improvements 

in aerobic capacity and blood lipid profile (Duncan et al., 2005; Okura et al., 

2003) compared to MOD if regularly performed. A higher intensity of exercise 

also has positive effects on well-being (Norris et al., 1992). Finally, the greater 

energy expenditure associated with IHE compared to MOD would have 

implications for weight management (Hunter et al., 1998; Okura et al., 2003). 

 

 

6.3 Limitations 
 

Although the results of this thesis have useful applications, the following 

limitations do apply; 

 

• The aforementioned findings and recommendations arising from this thesis 

may be limited to the specific population of individuals with type 1 diabetes 

tested in this thesis. 
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• Specifically, for the females studied, the application of these results may be 

limited to the follicular phase of the menstrual cycle. 

 

• Although the laboratory protocols used in this study provide a basis for the 

investigation of the physiological stresses resulting from IHE in the 

controlled environment of a laboratory, they cannot precisely reflect the 

complex activity and recovery patterns of common team and field sports. 

 

• The generalisation of the findings of this thesis to all types of IHE is limited 

since typical team games may last for up to 90 minutes and varied work-to-

recovery ratios may elicit a different glucoregulatory response. 

 

 

6.4 Directions for Future Research 
 

To allow the results of this thesis to be applicable to all complication-free 

individuals with type 1 diabetes wanting to participate in intermittent sports, 

future research should aim to determine; 

 

• The glucoregulatory responses to IHE in other populations of individuals 

with type 1 diabetes. 

 

• The glucoregulatory responses of females with type 1 diabetes in the luteal 

phase of the menstrual cycle to IHE. 

 

Although men and women were studied, it was not the purpose of this thesis to 

examine gender differences and thus there were not enough participants to allow 

for meaningful statistical comparison. This leaves a number of gender-related 

issues to be addressed including; 

 

• Whether there are gender differences in the glucoregulatory responses to 

IHE.  

 

 155



• Whether the phase of menstrual cycle influences the glucoregulatory 

responses to IHE. 

 

In addition, the variable nature of intermittent activities raises a number of 

interesting areas for future investigation including; 

 

• The effect of varied work-to recovery ratios on the glucoregulatory response 

to IHE 

 

• The effect of a full duration of a game on the glucoregulatory response to 

IHE 

 

Furthermore, the studies of this thesis involved exercise protocols that simulated 

the work-to-recovery ratios observed in field sports on a cycle ergometer, 

however, the blood glucose response to an actual field game remains to be 

determined. This would bring additional factors of study including; 

 

• The effect of the additional stress of a competitive game situation on the 

glucoregulatory response to IHE 

 

• The effect of quarter-time and half-time breaks on the glucoregulation. 

 

Clearly, further research of the kind described here is required for the 

development of more detailed, evidence-based guidelines to allow all individuals 

with type 1 diabetes to safely enjoy the benefits of regular physical activity. 
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Testing Information Sheet 
 

RESPONSE OF BLOOD GLUCOSE TO INTERMITTENT EXERCISE 
 

Intermittent high-intensity exercise involves repeated bouts of short, intense activity, 

interrupting longer periods of lower intensity activity or rest. This type of exercise 

characterises the activity patterns of team sports including soccer, Australian Rules 

football, rugby and hockey. However, there is no research on the effect of this type of 

exercise on blood glucose levels in individuals with type 1 diabetes mellitus. For this 

reason, the purpose of this study is to investigate the effect of intermittent high-

intensity exercise on blood glucose levels in individuals with type 1 diabetes to 

provide the basis for the development of guidelines for safe participation in these 

types of activities.  

 

You will be asked to visit the Exercise Physiology Laboratory at the School of Human 

Movement and Exercise Science at UWA on three separate occasions. On your first 

visit, you will be introduced to the members of the research team, equipment and 

procedures. During this visit your height and weight will be measured and your fitness 

level will be determined by measuring your maximal rate of oxygen consumption on 

an exercise bike. This test lasts for 12-15 minutes and consists of cycling at a set 

intensity while breathing through a mouthpiece into an oxygen analyser system. Every 

3 minutes, the exercise intensity will increase progressively by increasing the 

resistance applied on the exercise bike until you reach your maximal rate of oxygen 

consumption and can no longer cycle at the required intensity.   

 

The next two separate occasions will require either rest, or the performance of 20 

minutes of intermittent exercise. The intermittent exercise will involve repeated 4-

second bouts of pedalling at maximum speed on an exercise bike, interspersed with 2 
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minutes of rest. Venous blood sampled from a forearm vein and capillary blood will 

be sampled from both earlobes for a total of 12 times on each occasion. 

 

It is important that before each testing session that you meet the following restrictions: 

• You must not have experienced an episode of low blood sugar over the past 48 

hours before testing. 

• You must have avoided any physical activity (except light walking) for 24 hours 

before testing. 

• On the day of testing, you must bring your glucometer and test strips, and three 

portions of carbohydrates. 

• Please maintain a similar diet on each day of testing session. 

• Do not adjust your diet or insulin in anticipation of exercise. 
 

On each day of testing, you will arrive at the Exercise Physiology Laboratory at the 

School of Human Movement and Exercise Science at UWA at 8am, where you will be 

provided with breakfast and perform your usual routine insulin injection. Blood 

glucose will be monitored throughout the morning and exercise will be started when 

blood glucose levels are at approximately 10 mM and declining. Testing will be 

stopped if blood glucose levels drop below 4 mM. 
 

While the risk of delayed exercise-mediated hypoglycaemia is likely to be small 

because of the short duration of the exercise protocols described here, a series of 

measures will be taken to reduce if not eliminate the risks: 

• You will be required to be hypoglycaemia aware in order to participate in the 

study. 

• At the end of the testing session you will be fed with at least one carbohydrate 

portion before leaving the laboratory.  You must carry with you at least two 

carbohydrate portions before leaving for home. 

• The experiments will be scheduled just before a meal.  This will ensure that you 

eat your next meal when the risk of delayed hypoglycaemia is at its highest. 

• You will be sent home by car, taxi or bus to avoid any additional exercise that 

might increase the risk of hypoglycaemia. 
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• Testing will take place only when parents or another adult are at home to 

welcome you after testing (parents will be contacted prior to sending the subject 

back home). 

• You will be asked to measure blood glucose levels at least twice during the 

evening and once before bedtime. 

• We will phone you in the evening following testing to ensure that blood glucose 

has been measured and to record the level of your blood glucose. 

• You will be asked to keep a record of any hypoglycaemia occurring.  

 

It is important to stress that at any stage during the study you will retain the right to 

withdraw your consent and to stop your participation in the study generally or in any 

specific aspect of it. Should you have any further questions concerning the study, 

please contact Kym Guelfi (9380 1383), or Dr Paul Fournier (9380 1356).   
 

The Human research Ethics Committee at the University of Western Australia requires that all participants are 
informed that, if they have any complaint regarding the manner, in which a research project is conducted, it may be 
given to the researcher or, alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, 
University of Western Australia, 35 Stirling Highway, Crawley, WA 6009 (telephone number 9380 3703). 
Alternatively, the Executive Director, Medical Services at Princess Margaret Hospital may be contacted on 9340 
8222.  All study participants will be provided with a copy of the information sheet and consent form for their 
personal records. 
 

 199



Map of Parking at UWA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 200



 
 
Ky

 
 
 

m Guelfi 

 (Hons) 

PhD Candidate 

 
School of Human Movement and Exercise Science 

 The University of Western Australia 
35 Stirling Highway, Crawley WA 6009 
Phone +61 8 6488 1383 
Fax +61 8 6488 1039 
Email kguelfi@cyllene.uwa.edu.au 

BSc

CONSENT FORM (UNDER 17) 
 

Response of Blood Glucose to Intermittent Exercise 
 
I, (print your name) ____________________, agree to allow (full name of participant 
and relationship of participant to signatory) __________________________ to be a 
subject in a study conducted by Kym Guelfi and Dr Paul Fournier which purpose is to 
examine the response of blood glucose to intermittent high intensity exercise. 
 
I declare that the purposes of this study have been fully explained to me.  I realise that 
(name of participant) _________________________ will be required to attend the 
exercise physiology laboratory on three separate occasions, and I am aware of the 
procedures (including the sampling of venous and capillary blood) that will take place 
on each of these occasions. I understand that blood sampling is essential to this study 
and that the risks associated with this study are minimal, which may include minimal 
discomfort and minimal pain and bruising at the site of sampling. 
 
I understand that I retain the right to withdraw my consent at any time and to 
discontinue (name of participant) _______________________ participation in the 
study generally or in any specific aspect of it. I understand that (name of participant) 
_____________________________ participation in this study does not prejudice any 
right to compensation, which he/she may have under statute or common law. I have 
read and understood the information sheet about testing and any question I have asked 
has been answered to my satisfaction. 
 
Should you have any further questions concerning this project please contact:  
Kym Guelfi on 9380 1383 or Dr Paul Fournier on 9380 1356. 
 
Finally I declare that any research obtained from the results of the test to be conducted 
can be published in scientific papers, provided that no name is mentioned. 
 
 
___________________________   _________________________ 
Signature of participant    Date 
 
 
___________________________   _________________________ 
Signature of guardian      Date 
 
 
__________________________   _________________________ 
Signature of investigator    Date 
 
The Human research Ethics Committee at the University of Western Australia requires that all participants are informed that, if 
they have any complaint regarding the manner, in which a research project is conducted, it may be given to the researcher or, 
alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, University of Western Australia, 35 
Stirling Highway, Crawley, WA 6009 (telephone number 9380 3703). All study participants will be provided with a copy of the 
information sheet and consent form for their personal records. 
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School of Human Movement and Exercise Science 
 The University of Western Australia 

35 Stirling Highway, Crawley WA 6009 
Phone +61 8 6488 1383 
Fax +61 8 6488 1039 
Email kguelfi@cyllene.uwa.edu.au 

BSc

PhD Candidate

 
Response of Blood Glucose to Intermittent Exercise 

 
I, the undersigned (print your name) _______________________________________ 
do freely and voluntarily give consent to be a subject in a study conducted by Kym 
Guelfi and Dr Paul Fournier which purpose is to examine the response of blood 
glucose to intermittent high intensity exercise. 
 
I declare that the purposes of this study have been fully explained to me.  I realise that 
I will be required to attend the exercise physiology laboratory on three separate 
occasions, and I am aware of the procedures (including the sampling of venous and 
capillary blood) that will take place on each of these occasions.  I understand that 
blood sampling is essential to this study and that the risks associated with this study 
are minimal, which may include minimal discomfort and minimal pain and bruising at 
the site of sampling. 
 
Whilst I hereby indicate my willingness to act as a subject in this study, I retain the 
right to withdraw my consent at any time and to discontinue my participation in the 
study generally or in any specific aspect of it.  I understand that my participation in 
this study does not prejudice any right to compensation, which I may have under 
statute or common law.  I have read and understood the information sheet about 
testing and any question I have asked have been answered to my satisfaction. 
 
Should you have any further questions concerning this project please contact:  
Kym Guelfi on 9380 1383 or Dr Paul Fournier on 9380 1356. 
 
Finally I declare that any research obtained from the results of the test to be conducted 
can be published in scientific papers, provided that my name is not mentioned. 
 
 
 
___________________________   _________________________ 
Signature of participant    Date 
 
 
 
__________________________   _________________________ 
Signature of investigator    Date 
 
The Human research Ethics Committee at the University of Western Australia requires that all participants are informed that, if 
they have any complaint regarding the manner, in which a research project is conducted, it may be given to the researcher or, 
alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, University of Western Australia, 35 
Stirling Highway, Crawley, WA 6009 (telephone number 9380 3703).  All study participants will be provided with a copy of the 
information sheet and consent form for their personal records. 
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m Guelfi 
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School of Human Movement and Exercise Science 
 The University of Western Australia 

35 Stirling Highway, Crawley WA 6009 
Phone +61 8 6488 1383 
Fax +61 8 6488 1039 
Email kguelfi@cyllene.uwa.edu.au 

PhD Candidate

Testing Information Sheet 
 

RESPONSE OF BLOOD GLUCOSE TO INTERMITTENT EXERCISE 

 

Intermittent high-intensity exercise involves repeated bouts of short, intense activity, 

interrupting longer periods of lower intensity activity or rest. This type of exercise 

characterises the activity patterns of team sports including soccer, Australian Rules 

football, rugby and hockey. However, there is no research on the effect of this type of 

exercise on blood glucose levels in individuals with type 1 diabetes mellitus. For this 

reason, the purpose of this study is to investigate the effect of intermittent high-

intensity exercise on blood glucose levels in individuals with type 1 diabetes to 

provide the basis for the development of guidelines for safe participation in these 

types of activities.  

 

You will be asked to visit the Exercise Physiology Laboratory at the School of Human 

Movement and Exercise Science at UWA on three separate occasions. On your first 

visit, you will be introduced to the members of the research team, equipment and 

procedures. During this visit your height and weight will be measured and your fitness 

level will be determined by measuring your maximal rate of oxygen consumption on 

an exercise bike. This test lasts for approximately 15 minutes and consists of cycling 

at a set intensity while breathing through a mouthpiece into an oxygen analyser 

system. Every 3 minutes, the exercise intensity will increase progressively by 

increasing the resistance applied on the exercise bike until you reach your maximal 

rate of oxygen consumption and can no longer cycle at the required intensity.   

 

The next two separate occasions will require the performance of 30 minutes of either 

moderate or intermittent exercise. The moderate exercise will involve light cycling, 

while the intermittent exercise will involve repeated 4-second bouts of pedalling at 

maximum speed on an exercise bike, interspersed with 2 minutes of light cycling. 
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Venous blood will be sample from a forearm vein and capillary blood will be sampled 

from both earlobes for a total of 12 times on each occasion. 

 

It is important that before each testing session that you meet the following restrictions: 

• You must not have experienced an episode of low blood sugar over the past 48 

hours before testing. 

• You must have avoided any physical activity (except light walking) for 24 hours 

before testing. 

• On the day of testing, you must bring your glucometer and test strips, and three 

portions of carbohydrates. 

• Please maintain a similar diet on each day of testing session. 

• Do not adjust your diet or insulin in anticipation of exercise. 

 

On each day of testing, you will arrive at the Exercise Physiology Laboratory at the 

School of Human Movement and Exercise Science at UWA at 8am, where you will be 

provided with breakfast and perform your usual routine insulin injection.  Blood 

glucose will be monitored throughout the morning and exercise will be started 

approximately 4 hours after insulin injection. Blood glucose levels will be monitored 

for the 30 minute duration of exercise and for an hour of recovery after exercise. 

Testing will be stopped if blood glucose levels drop below 4 mM. 

 

While the risk of delayed exercise-mediated hypoglycaemia is likely to be small 

because of the short duration of the exercise protocols described here, a series of 

measures will be taken to reduce if not eliminate the risks: 

• You will be required to be hypoglycaemia aware in order to participate in the 

study. 

• At the end of the testing session you will be fed with at least one carbohydrate 

portion before leaving the laboratory.  You must carry with you at least two 

carbohydrate portions before leaving for home. 

• The experiments will be scheduled just before a meal.  This will ensure that you 

eat your next meal when the risk of delayed hypoglycaemia is at its highest. 

• You will be sent home by car, taxi or bus to avoid any additional exercise that 

might increase the risk of hypoglycaemia. 
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• Testing will take place only when parents or another adult are at home to 

welcome you after testing (parents will be contacted prior to sending the subject 

back home). 

• You will be asked to measure blood glucose levels at least twice during the 

evening and once before bedtime. 

• We will phone you in the evening following testing to ensure that blood glucose 

has been measured and to record the level of your blood glucose. 

• You will be asked to keep a record of any hypoglycaemia occurring.  

 

It is important to stress that at any stage during the study you will retain the right to 

withdraw your consent and to stop your participation in the study generally or in any 

specific aspect of it.  Should you have any further questions concerning the study, 

please contact Kym Guelfi (9380 1383) or Dr Paul Fournier (9380 1356).   

 
The Human research Ethics Committee at the University of Western Australia requires that all participants are 
informed that, if they have any complaint regarding the manner, in which a research project is conducted, it may be 
given to the researcher or, alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, 
University of Western Australia, 35 Stirling Highway, Crawley, WA 6009 (telephone number 9380 3703). 
Alternatively, the Executive Director, Medical Services at Princess Margaret Hospital may be contacted on 9340 
8222.  All study participants will be provided with a copy of the information sheet and consent form for their 
personal records. 
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 Kym Guelfi 

 (Hons) 

 

 
School of Human Movement and Exercise Science 

 The University of Western Australia 
35 Stirling Highway, Crawley WA 6009 
Phone +61 8 6488 1383 
Fax +61 8 6488 1039 
Email kguelfi@cyllene.uwa.edu.au 

 BSc
 PhD Candidate
 
 

CONSENT FORM (UNDER 17) 
 

Response of Blood Glucose to Intermittent Exercise 
 
I, (print your name) ____________________, agree to allow (full name of participant 
and relationship of participant to signatory) ________________________________ to 
be a subject in a study conducted by Kym Guelfi and Dr Paul Fournier which purpose 
is to examine the response of blood glucose to intermittent high intensity exercise. 
 

I declare that the purposes of this study have been fully explained to me.  I realise that 
(name of participant) ___________________________ will be required to attend the 
exercise physiology laboratory on three separate occasions, and I am aware of the 
procedures (including the sampling of venous and capillary blood) that will take place 
on each of these occasions. I understand that blood sampling is essential to this study 
and that the risks associated with this study are minimal, which may include minimal 
discomfort and minimal pain and bruising at the site of sampling. 
 
I understand that I retain the right to withdraw my consent at any time and to 
discontinue (name of participant) _______________________ participation in the 
study generally or in any specific aspect of it. I understand that (name of participant) 
_____________________________ participation in this study does not prejudice any 
right to compensation, which he/she may have under statute or common law. I have 
read and understood the information sheet about testing and any question I have 
asked has been answered to my satisfaction. 
 
Should you have any further questions concerning this project please contact:  
Kym Guelfi on 9380 1383 or Dr Paul Fournier on 9380 1356. 
 
Finally I declare that any research obtained from the results of the test to be 
conducted can be published in scientific papers, provided that no name is mentioned. 
 
 
___________________________   _________________________ 
Signature of participant    Date 
 
 
___________________________   _________________________ 
Signature of guardian      Date 
 
 
__________________________   _________________________ 
Signature of investigator    Date 
 
The Human research Ethics Committee at the University of Western Australia requires that all participants are 
informed that, if they have any complaint regarding the manner, in which a research project is conducted, it may be 
given to the researcher or, alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, 
University of Western Australia, 35 Stirling Highway, Crawley, WA 6009 (telephone number 9380 3703). All study 
participants will be provided with a copy of the information sheet and consent form for their personal records. 

 208



 Kym Guelfi 

 (Hons) 

 

 
School of Human Movement and Exercise Science 

 The University of Western Australia 
35 Stirling Highway, Crawley WA 6009 
Phone +61 8 6488 1383 
Fax +61 8 6488 1039 
Email kguelfi@cyllene.uwa.edu.au 

 BSc

 PhD Candidate

 
 

CONSENT FORM 
 

Response of Blood Glucose to Intermittent Exercise 
 
I, the undersigned (print your name) _______________________________________ 
do freely and voluntarily give consent to be a subject in a study conducted by Kym 
Guelfi and Dr Paul Fournier which purpose is to examine the response of blood 
glucose to intermittent high intensity exercise. 
 
I declare that the purposes of this study have been fully explained to me.  I realise that 
I will be required to attend the exercise physiology laboratory on three separate 
occasions, and I am aware of the procedures (including the sampling of venous and 
capillary blood) that will take place on each of these occasions.  I understand that 
blood sampling is essential to this study and that the risks associated with this study 
are minimal, which may include minimal discomfort and minimal pain and bruising at 
the site of sampling. 
 
Whilst I hereby indicate my willingness to act as a subject in this study, I retain the 
right to withdraw my consent at any time and to discontinue my participation in the 
study generally or in any specific aspect of it.  I understand that my participation in 
this study does not prejudice any right to compensation, which I may have under 
statute or common law.  I have read and understood the information sheet about 
testing and any question I have asked have been answered to my satisfaction. 
 
Should you have any further questions concerning this project please contact:  
Kym Guelfi on 9380 1383 or Dr Paul Fournier on 9380 1356. 
 
Finally I declare that any research obtained from the results of the test to be conducted 
can be published in scientific papers, provided that my name is not mentioned. 
 
 
 
 
___________________________   _________________________ 
Signature of participant    Date 
 
 
 
__________________________   _________________________ 
Signature of investigator    Date 
 
The Human research Ethics Committee at the University of Western Australia requires that all participants are informed that, if 
they have any complaint regarding the manner, in which a research project is conducted, it may be given to the researcher or, 
alternatively to the Secretary, Human Research Ethics Committee, Registrar’s Office, University of Western Australia, 35 
Stirling Highway, Crawley, WA 6009 (telephone number 9380 3703).  All study participants will be provided with a copy of the 
information sheet and consent form for their personal records. 
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Appendix C 

 
 

Testing Information Sheet and 
Consent Forms (RE Chapter. 5)



 

 

 

Department of Health 
Government of Western Australia 
 
Women’s and Children’s Health Service 

 
 
 

 

TESTING INFORMATION SHEET 
 

Management of glycaemia following moderate versus intermittent 
exercise in individuals with type 1 diabetes mellitus: 

Measurement of liver glucose production and whole body glucose 
utilisation 

 

Purpose of the study 

Intermittent exercise involves repeated bouts of short, intense activity, interrupting 

longer periods of lower intensity activity or rest. This type of exercise characterises the 

activity patterns of team sports including soccer, Australian Rules football, rugby and 

hockey. However, there is little research on the effect of this type of exercise on blood 

sugar (glucose) levels in individuals with type 1 diabetes mellitus. Our laboratory has 

recently found that the risk of hypoglycaemia (low blood glucose) may be reduced 

following the performance of intermittent exercise, compared to moderate exercise. 

We are further investigating this issue by examining glucose production by the liver 

and glucose usage by the muscles with these two types of exercise. The findings of 

this study should provide a basis for the development of guidelines for safe 

participation in these types of activities. 

 

What does the study involve? 

You will be asked to visit our laboratory at Princess Margaret Hospital (PMH) on 3 

separate occasions.  On your first visit, you will be introduced to the members of the 

research team, equipment and procedures.  During this visit your height and weight 

will be measured and we will determine your fitness level by measuring your maximal 

rate of oxygen consumption on an exercise bike. This test lasts for 12-15 minutes and 

consists of cycling at a set intensity while breathing through a mouthpiece into an 

oxygen analyser system.  Every 3 minutes, the exercise intensity will increase 

progressively by increasing the resistance applied on the exercise bike until you reach 
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your maximal rate of oxygen consumption and can no longer cycle at the required 

intensity. 

 

For your next 2 separate visits, you will arrive at PMH at 7:30am in a fasted state. On 

arrival, a local anaesthetic (Emla) will be applied on the back of your hand and a 

registered nurse will place a catheter into a superficial vein of your hand. Blood will 

be removed through this cannula. A second cannula will be inserted into your forearm 

for the infusion of insulin, glucose and also labelled glucose tracer.  This will allow us 

to keep track of the glucose inside your body.  It is important to note that the labelled 

glucose tracer is harmless and that it is already present in moderate amounts in your 

body (close to 1g). 

 

We will infuse insulin and glucose through the cannula to keep your blood sugar levels 

at about 6 mM for the duration of the experiment.  At approximately 10:30am we will 

ask you to perform either 30 minutes of moderate exercise (light cycling), or 30 

minutes of intermittent exercise. The intermittent exercise will involve repeated 4-

second bouts of pedaling at maximum speed on an exercise bike, interspersed with 2 

minutes of light cycling. After the exercise, you will remain in a seated position in the 

laboratory for 2 hours. Blood will be sampled at regular time intervals while you rest. 

A maximum of 200 ml of blood will be sampled to measure your hormonal response 

to exercise as well as to follow your labelled glucose. 

 

Other things to note 

It is important that before each testing visit that you meet the following restrictions: 

• No caffeine or alcohol must be consumed for 24 hours before testing. 

• You must not have experienced an episode of low blood sugar over the past 48 

hours before testing. 

• You must have avoided any physical activity (except light walking) for 24 hours 

before testing. 

• On the day of testing, you must bring your glucometer and test strips, and three 

portions of carbohydrates. 

• Please maintain a similar diet on each day of testing. 

• Do not adjust your diet or insulin in anticipation of exercise. 
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While the risk of delayed exercise-mediated hypoglycaemia is likely to be small 

because of the short duration of the exercise protocol described here, a series of 

measures will be taken to reduce if not eliminate the risks: 

• You will be required to be hypoglycaemia aware in order to participate in the 

study. 

• At the end of the testing session you will be fed with at least one carbohydrate 

portion before leaving the laboratory.  You must carry with you at least two 

carbohydrate portions before leaving for home. 

• The experiments will be scheduled just before a meal.  This will ensure that you 

eat your next meal when the risk of delayed hypoglycaemia is at its highest. 

• You will be sent home by car, taxi or bus to avoid any additional exercise that 

might increase the risk of hypoglycaemia. 

• Testing will take place only when parents or another adult are at home to welcome 

you after testing (parents will be contacted prior to sending you back home). 

• You will be asked to measure blood glucose levels at least twice during the 

afternoon and once before bedtime. 

• We will phone you in the evening following testing to ensure that blood glucose 

has been measured and to record the level of your blood glucose. 

• You will be asked to keep a record of any hypoglycaemia occurring.  

 

It is important to stress that at any stage during the study you will retain the right to 

withdraw your consent and to stop your participation in the study generally or in any 

specific aspect of it. Should you have any further questions concerning the study, 

please contact Kym Guelfi (Ph. 6488 1383), Dr Paul Fournier (Ph. 6488 1356) or Dr 

Tim Jones (9340 8090). If you have any complaints regarding the conduct of this 

study, please contact the Executive Director, Medical Services, PMH on 9340 8222. 

 
The Human research Ethics Committee at Princess Margaret Hospital requires that all participants are informed 

that, if they have any complaint regarding the manner, in which a research project is conducted, to please contact 

the Executive Director, Medical Services, PMH on 9340 8222.  All study participants will be provided with a copy 

of the information sheet and consent form for their personal records. 
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Department of Health 
Government of Western Australia 
 
Women’s and Children’s Health Service 

CONSENT FORM (UNDER 17) 
 

Management of glycaemia following moderate versus intermittent 
exercise in individuals with type 1 diabetes mellitus: 

Measurement of liver glucose production and whole body glucose 
utilisation 

 
I, (print your name) ___________________________, agree to allow (full name of 
participant and relationship of participant to signatory) 
_______________________________ to be a subject in a study conducted by Ms 
Kym Guelfi, Dr Paul Fournier and Dr Tim Jones which purpose is to measure liver 
glucose production and whole body glucose utilisation in response to moderate 
compared to intermittent high intensity exercise. 
 
I declare that the purposes of this study have been fully explained to me. I realise that 
(name of participant) ________________________ will be required to attend Princess 
Margaret Hospital on three separate occasions, and I am aware of the procedures 
(including the sampling of venous blood and infusion of insulin and labelled glucose) 
that will take place on each of these occasions. I understand that blood sampling is 
essential to this study and that the risks associated with this study are minimal, which 
may include minimal discomfort and minimal pain and bruising at the site of 
sampling. 
 
I understand that I retain the right to withdraw my consent at any time and to 
discontinue (name of participant) _______________________ participation in the 
study generally, or in any specific aspect of it. I understand that (name of participant) 
_____________________________ participation in this study does not prejudice any 
right to compensation, which he/she may have under statute or common law. I have 
read and understood the information sheet about testing and any question I have asked 
has been answered to my satisfaction. 
 
Should you have any further questions concerning this project please contact: Ms 
Kym Guelfi 6488 1383, Dr Paul Fournier on 6488 1356 or Dr Tim Jones 9340 8090. 
 
Finally I declare that any research obtained from the results of the test to be conducted 
can be published in scientific papers, provided that no name is mentioned. 
 
 
______________________________________   _________________________ 
Signature of participant    Date 
 
 
______________________________________   _________________________ 
Signature of guardian      Date 
 
 
______________________________________   _________________________ 
Signature of investigator    Date 
 
The Human research Ethics Committee at Princess Margaret Hospital requires that all participants are informed that, if they have 
any complaint regarding the manner, in which a research project is conducted, to please contact the Executive Director, Medical 
Services, PMH on 9340 8222.  All study participants will be provided with a copy of the information sheet and consent form for 
their personal records. 
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Department of Health 
Government of Western Australia 
 
Women’s and Children’s Health Service 

CONSENT FORM 
 

Management of glycaemia following moderate versus intermittent 
exercise in individuals with type 1 diabetes mellitus: 

Measurement of liver glucose production and whole body glucose 
utilisation 

 

I, (print your name) _______________________________________, do freely and 
voluntarily agree to be a subject in a study conducted by Ms Kym Guelfi, Dr Paul 
Fournier and Dr Tim Jones which purpose is to measure liver glucose production and 
whole body glucose utilisation in response to moderate compared to intermittent high 
intensity exercise. 
 
I declare that the purposes of this study have been fully explained to me. I realise that 
I will be required to attend Princess Margaret Hospital on three separate occasions, 
and I am aware of the procedures (including the sampling of venous blood and 
infusion of insulin and labelled glucose) that will take place on each of these 
occasions. I understand that blood sampling is essential to this study and that the risks 
associated with this study are minimal, which may include minimal discomfort and 
minimal pain and bruising at the site of sampling. 
 
I understand that I retain the right to withdraw my consent at any time and to 
discontinue my participation in the study generally, or in any specific aspect of it. I 
understand that my participation in this study does not prejudice any right to 
compensation, which I may have under statute or common law. I have read and 
understood the information sheet about testing and any question I have asked has been 
answered to my satisfaction. 
 
Should you have any further questions concerning this project please contact:  
Ms Kym Guelfi 6488 1383, Dr Paul Fournier on 6488 1356, or Dr Tim Jones 9340 
8090. 
 
Finally I declare that any research obtained from the results of the test to be conducted 
can be published in scientific papers, provided that no name is mentioned. 
 
 
___________________________   _________________________ 
Signature of participant   Date 
 
 
__________________________   _________________________ 
Signature of investigator   Date 
 
The Human research Ethics Committee at Princess Margaret Hospital requires that all participants are informed that, if they have 
any complaint regarding the manner, in which a research project is conducted, to please contact the Executive Director, Medical 
Services, PMH on 9340 8222.  All study participants will be provided with a copy of the information sheet and consent form for 
their personal records. 
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Appendix D 

 
 

Data Collection Sheets 



Familiarisation Sessions (Chapters 3, 4 & 5) 
 
 
 
FAMILIARISATION  Date:____________________  

        

 
 
Name:______________________ Age:_____________________  

 
Height:______________________ Weight:___________________  

 BMI:________________________ HbA1c:__________(Date:_____)  

 
 
   Seat Height:________________  

 
   

 

   

      

 
 
 

       

 O2 peak Test   

 

 

 TIME (min) HR ACTUAL O2 WORKLOAD 

WORLOAD         

 
 

(last min) 

 0 to 3         

3 to 6        
  

  

 
 
 
 
 
 

6 to 9         

 9 to 12        

 12 to 15         

 15 to 18        

 18 to 21         

 
 

    O2 peak:______________ 
    40 % O2 peak:__________

     40 % workload:_________
      

      

 IHE Familiarisation: Y / N    

      

 Indirect Calorimetry Familiarisation: Y / N   

      

 Meal Record given: Y / N    
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Glucoregulatory responses to IHE compared to rest in 
individuals with type 1 diabetes (Chapter 3) 

 
Name: ________________________  Seat height: _________________ 
 
Date of birth: __________________  Test date: ___________________ 
 
Height: _______________________  Weight: ____________________ 
 
Temperature: __________________  Humidity: __________________ 
  
Day of menstrual cycle: __________  Protocol:  CON  /  IHE 
   

Time 
Point 

Actual 
Time 

Sample 
no. pO2 pH Bicarb Glucose Lactate Heart 

Rate 

Waking         

Arrival at 
Lab         

INJECT INSULIN Type:                     Units:            CONSUME BREAKFAST Description: 

INSERT CANNULAE                             PUT FINALGON ON EARLOBE 

-105 min         

-90 min         

-75 min         

-60 min         

-45 min         

-30 min         

-15 min         

Ex 0min         

Ex 5min         

Ex 10min         

Ex 15min         

Ex 20min         

Rec 5min         

Rec 10min         

Rec 15min         

Rec 30min         

Rec 45min         

Rec 60min         

 

 218



Glucoregulatory responses to IHE compared to MOD in 
individuals with type 1 diabetes (Chapter 4) 

 
Name: _____________________  Test date: ____________________ 
 
Seat height: _________________  Date of birth: __________________ 
 
Weight: _____________________  Height: ______________________ 
 
Temperature: _________________  Humidity: ___________________ 
 
Day of menstrual cycle: __________  Protocol:  MOD  /  IHE 
 

Time 
Point 

Actual 
Time 

Sample 
no. pO2 pH Bicarb Glucose Lactate Heart 

Rate Polycose 

Waking          

Arrival          

INJECT INSULIN Type:                     Units:                   CONSUME BREAKFAST Description: 

-180 min          

-165 min          

-150 min          

-135 min          
                                 INSERT CANNULAE                             PUT FINALGON ON EARLOBE 
-120 min          

-105 min          

-90 min          

-75 min          

-60 min          

-45 min          

-30 min          

-15 min          

Ex 0          

Ex 10          

Ex 20          

Ex 30          

Rec 5          

Rec 10          

Rec 15          

Rec 30          

Rec 45          

Rec 60          
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Glucoregulatory responses to IHE compared to MOD in 
individuals with type 1 diabetes (Chapter 5) 

 
Name: _____________________  Test date: ____________________ 
 
Date of birth: __________________  Weight: _____________________ 
 
Day of menstrual cycle: __________  Protocol:  MOD  /  IHE 
 

Time 
Point 

Actual 
Time BGL GIR Lactate HR pH Bicarb Calorimetry 

Waking         
Arrival         

INSERT CANNULAE AND WARM HAND 
Insulin Infusion Rate: 

Priming Bolus:                    Constant rate of Infusion:                Variable rate of Infusion: 
Inf 0         

Inf 15         
Inf 30         
Inf 45         
Inf 60         
Inf 75         
Inf 90         
Inf 105         
Inf 120         
Inf 135         

DOUBLE RATE OF ISOTOPE INFUSION 
Ex 0        
Ex 5        

Ex 10        
Ex 15        
Ex 20        
Ex 25        
Ex 30        

 

HALVE RATE OF ISOTOPE INFUSION 
Rec 5         

Rec 10         
Rec 15         
Rec 30         
Rec 45         
Rec 60         
Rec 75         
Rec 90         

Rec 105         
Rec 120         
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Appendix E 

 
 

Meal Record 



Diet Record 
 
 
 
 MEAL RECORD      
 
 
 
       

     
 
DAY BEFORE FIRST VISIT  

 INSULIN DOSAGE Before dinner:____________________   
 
 
 
 Before bed:______________________   

 
 
       

 MEALS Dinner time:______________________  

 What did you have for dinner:_________________________

    _________________________

   _________________________ 

   _________________________ 

       

After dinner snacks / dessert: _________________________ 

    _________________________

Time of snacks / dessert:  ______________________________

       

       

DAY BEFORE 2ND VISIT      

INSULIN DOSAGE Before dinner:____________________   

 Before bed:______________________   

       

MEALS Dinner time:______________________  

 What did you have for dinner:_________________________

    _________________________

   _________________________ 

   _________________________ 

       

After dinner snacks / dessert: _________________________ 

    _________________________

Time of snacks / dessert:  ______________________________
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