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Abstract 

Exercise has a wide range of benefits for patients with type 1 diabetes, including 

improvements in body composition, cardiovascular risk profile and glycaemic control. 

Unfortunately, exercise also increases the risk of hypoglycaemia in children with type 1 

diabetes, both at the time of exercise and for many hours afterwards. The availability of 

clear, evidence-based guidelines regarding appropriate adjustments in carbohydrate 

intake or insulin doses may help to prevent this exercise associated hypoglycaemia. 

However, current guidelines regarding exercise in children with type 1 diabetes rely 

heavily on adult literature or the consensus of experts. Therefore, further studies are 

needed in young people with diabetes to document the metabolic responses during and 

following exercise. In particular, the mechanisms underlying hypoglycaemia occurring 

many hours after exercise require further exploration. In addition, as children often 

exercise in the afternoon, studies performed at this time of the day are more likely to be 

transferrable to a real life situation.   

For this reason, we studied adolescents with type 1 diabetes to investigate physiological 

responses to exercise, focusing on afternoon activity and employing a novel variation of 

the euglycaemic insulin clamp technique. 

The core experiments involved studying diabetic adolescents on two occasions in a 

counterbalanced, paired design during and after afternoon exercise.  Insulin was infused 

at a constant rate based on the subjects’ usual daily insulin dose and glucose was 

infused to maintain euglycaemia. At 1600 hrs subjects either exercised at a moderate 

intensity (95% of their lactate threshold) for 45 minutes on a cycle ergometer (exercise 

study), or sat on the ergometer without exercising (rest study). Using this experimental 

design, it was found that glucose infusion rates (GIR) to maintain euglycaemia were 

elevated during and shortly following exercise and again from 7-11 hours after exercise 

compared with the rest study. Counterregulatory hormone levels were similar between 

the exercise and rest studies except for peaks in noradrenaline, cortisol and growth 

hormone levels at the end of exercise.  Glucagon and adrenaline levels did not increase 

with exercise. The observed biphasic increase in glucose requirements paralleled the 

observed clinical risk of hypoglycaemia immediately during exercise and the delayed 

risk of hypoglycaemia which often occurs overnight.  
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In that study, subjects slept from approximately 2300 hrs, just prior to the rise in 

glucose requirements. It was not clear however, whether the temporal pattern of the 

later increase in glucose requirements was related to the timing following exercise or 

the timing of sleep onset. Accordingly, we studied six participants who had already 

completed exercise and rest study nights, for an extra study night.  This additional study 

night involved an identical protocol to the exercise study night, but the subjects were 

kept awake for an additional two hours.  The results of this study suggested that there 

was no relationship between the timing of increase in glucose requirement and the 

timing of sleep onset.  

The mechanisms behind the increase in glucose requirements to maintain euglycaemia 

during and shortly following exercise in the initial study were not clear.  We therefore 

studied glucose kinetics using the same protocol, but also infusing [6,6-2H]glucose to 

allow for the calculation of glucose rates of appearance (Ra) and disappearance (Rd).  

The glucose Rd was elevated during and following exercise, and was accounted for by 

an increase in carbohydrate oxidation, and non-oxidative glucose disposal, respectively. 

There was no corresponding increase in the endogenous glucose Ra, and therefore 

exogenous glucose was required to maintain euglycaemia. Interestingly, although the 

levels of growth hormone, adrenaline and noradrenaline were increased, there was no 

increase in the levels of glucagon.  A lack of an increase in the portal glucagon to 

insulin ratio may have accounted for the lack of rise in endogenous glucose production.  

There is a paucity of information as to whether the metabolic responses to exercise are 

the same in adolescents with different levels of glycaemic control. Using the protocol 

from the first study, we compared the GIR to maintain euglycaemia between 

adolescents arbitrarily divided into two groups, those with HbA1c <8.0% (good control) 

and those with HbA1c ≥ 8.0% (poor control).  Analysis suggested that those with poor 

control required a significantly greater GIR during exercise and early recovery 

compared with the rest study, while those with good control required a greater GIR 

between 8-11 hours after exercise. This relationship did not exist however, when 

HbA1c was used as a continuous variable.  It will be important in further studies to 

investigate the impact of glycaemic control on responses to exercise. 
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In summary, the GIR to maintain euglycaemia following moderate intensity afternoon 

exercise is increased in a biphasic manner.  The early increase is related to a lack of 

increase in endogenous glucose Ra despite an increased glucose disposal. The later 

increase is not related in timing to sleep onset.  Glycaemic control may be a factor 

modulating the timing of increase in risk of hypoglycaemia.  
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Chapter 1 

Introduction 
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1.1  Intensive Management of Type 1 Diabetes in Children and 

Adolescents 

1.1.1  Benefits of Intensive Management 

1.1.1.1  Prevention of Microvascular Complications 

The landmark Diabetes Control and Complications Trial (DCCT) compared 

conventional management to intensive management in adults and adolescents with type 

1 diabetes (1).  Conventional management consisted of one or two injections of insulin 

and one blood glucose level per day with the aim of preventing symptomatic 

hypoglycaemia or hyperglycaemia (1).  The intensive management arm included at least 

three insulin injections per day or continuous subcutaneous insulin infusion, in addition 

to measuring blood glucose levels at least four times per day (1).  Glycaemic targets for 

the intensive group included a pre-meal glucose level of 3.9-6.7 mmol/l and a post-

prandial blood glucose level of 10 mmol/l (1). The study followed subgroup of 

participants aged 13-17 years for a mean of 7.4 years and these results were analysed 

separately (2). None of the participants had hyperlipidaemia, hypertension or severe 

complications of diabetes at baseline (2). One hundred and twenty-five subjects had no 

evidence of retinopathy at baseline and they comprised the primary prevention cohort. 

The secondary prevention cohort consisted of 70 subjects with pre-existing retinopathy 

(2).   

In the primary prevention cohort, intensive compared with conventional management 

reduced the risk of developing retinopathy by 53% (2).  Intensive management 

compared with conventional management also decreased the risk of progression of 

retinopathy in the secondary prevention cohort by 70%. In the same cohort, intensive 

management decreased the occurrence of microalbuminuria by 55% (2).  Unfortunately 

these benefits were partly offset by an almost three-fold increase in the risk of severe 

hypoglycaemia in the intensively managed group (2).  

Following the completion of the DCCT, subjects who had previously been in the 

conventional treatment group were given the option to change to intensive treatment. 

All subjects from both groups were then invited to continue to have follow-up by the 



3 

 

Epidemiology of Diabetes Interventions and Complications (EDIC) Research Group 

(3).  Of the initial 195 adolescents in the DCCT, 175 participated in EDIC (4).  Despite 

there being little difference in follow-up HbA1c between those previously treated with 

intensive versus conventional management, there were persisting benefits in progression 

of retinopathy for those who had been in the intensive group during the DCCT (4).   

 

1.1.1.2  Prevention of Cardiovascular Disease 

Similarly, for the DCCT participants as a whole, including adult participants, other 

ongoing benefits of intensive management have become apparent. In particular, the risk 

of any cardiovascular disease was reduced by 42% in those previously managed with 

intensive treatment, while the risk of serious cardiovascular disease was reduced by 

57% in that group (5). This risk reduction was mainly related to the difference in 

glycaemic control during the period of the DCCT (5).  The presence of 

microalbuminuria was also associated with an increased risk of cardiovascular disease 

(5).  More recently, coronary artery calcification, an index of atherosclerosis has been 

measured using computerised tomography as part of the EDIC study (6).  Again, there 

was a lower rate of atherosclerosis in the group who were previously in the intensive 

management group during the DCCT (6).   

These large studies have therefore shown clear benefits of tighter metabolic control of 

diabetes through intensive management.  However, the main obstacle to achieving 

optimal glycaemic control was the increased risk of hypoglycaemia associated with 

intensive management.   

 

1.1.2  Risks of Intensive Management 

1.1.2.1  Hypoglycaemia 

Studying a population based cohort of children with type 1 diabetes in Western 

Australia, Davis et al., found that rates of hypoglycaemia were increased by a factor of 

two and three, respectively, in those with HbA1c <8.0% and <7.0% (7); a finding 

consistent with DCCT outcomes. Contributing factors to hypoglycaemic episodes 
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included increases in activity levels and omitted meals (7).  Similarly, a large 

prospective cohort study by Rewers et al., demonstrated that in children  ≥  13 years, a 

lower HbA1c was associated with an increased risk of severe hypoglycaemia (8).  

Although the DCCT and other earlier studies showed an increased risk of severe 

hypoglycaemia in adolescents treated with intensive compared with conventional 

management (2), more recent studies have not uniformly demonstrated this degree of 

increased risk. Scrimgeour et al., reviewed 291 children and adolescents with mean age 

13.3 years before and after commencing continuous subcutaneous insulin infusion.  

CSII was associated with sustained improvements in glycaemic control and a reduction 

in severe hypoglycaemic episodes (9). Similarly, we reviewed 100 patients after the 

commencement of CSII treatment and found improvements in glycaemic control and 

quality of life measures as well as a significant reduction in hypoglycaemic episodes 

(10).   

A further study from Western Australia also suggests that newer treatment methods may 

not give the same increase in risk of hypoglycaemia demonstrated in the DCCT.  

Bulsara et al., reviewed data from Western Australia for 1335 children and a total of 

6928 patient years, and showed that following the DCCT, HbA1c continued to improve 

by 0.2% per year (11).  This improvement was initially associated with an increase in 

severe hypoglycaemic episodes. Interestingly however the rate of these episodes has 

been relatively static over the last five years, despite an ongoing improvement in 

glycaemic control (11). Insulin pump treatment was associated with reduced 

hypoglycaemia rates (11).  Although this was not a randomised controlled trial, data 

were collected prospectively and had the advantage of describing a true population-

based cohort.  These outcomes suggest that current treatment regimens can provide 

improved glycaemic control without a greater risk of hypoglycaemia.  

The main concern regarding this complication of diabetes management is that acute 

hypoglycaemia can lead to a decreased level of consciousness, coma and convulsion as 

well as permanent neurological disability or death (12).  Numerous studies have also 

documented the potential neurological sequelae, including cognitive difficulties, 

following recurrent hypoglycaemia in children (12).  It is therefore important to 

minimise the risk of hypoglycaemia while still aiming for optimal glycaemic control.  
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1.1.3  Current Guidelines 

Glycaemic targets and suggested insulin regimens vary depending on the age of the 

person with diabetes. Given the benefits of improved glycaemic control on 

microvascular complications, the American Diabetes Association recommends a HbA1c 

goal of <7.0% for adults with type 1 diabetes, and for some, even lower, if it is possible 

to avoid hypoglycaemia (13). They do however suggest that a higher target may be 

appropriate for toddlers (<8.5%), children (<8.0%) and adolescents (<7.5%) (13). 

Currently recommended treatment regimens mirror these suggested targets.  Intensive 

management with multiple daily injections or continuous subcutaneous insulin infusion 

is recommended for adults, with particular emphasis on adjusting pre-meal insulin dose 

based on planned activity, carbohydrate intake and current blood glucose level (13). 

They acknowledge that young people are more likely to achieve treatment goals through 

intensive management. However, they suggest that the clinician should consider other 

risks in children, such as hypoglycaemia, as well as adherence issues in adolescents 

when choosing the appropriate insulin regimen for a young person (13, 14).  

The International Society for Pediatric and Adolescent Diabetes (ISPAD) also 

recognises that basal bolus regimens with either multiple daily injections or insulin 

pump management are the most physiological methods of insulin replacement (15).  

They concede however that in addition to glycaemic control targets, other factors such 

as duration of diabetes, age of the child and family preferences are also important when 

choosing an insulin regimen (15).  As a result, they do not recommend one insulin 

regimen over another for all children and adolescents but suggest a treatment goal of 

HbA1c <7.5% (15, 16). 

Similarly, the Australasian Paediatric Endocrine group acknowledge the reduction in the 

risk of microvascular complications associated with intensive management in 

adolescents with type 1 diabetes and state that the evidence is less clear for children 

with type 1 diabetes (17).  They therefore recommend intensive management for 

adolescents but suggest a range of possible regimens for younger children (17).  They 

suggest that any regimen should be part of a treatment plan including appropriate 

dietary advice and exercise as well as ongoing follow up and psychological care (17).  
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Although they state that the recommended target for HbA1c is <7.5% in adolescents 

and older children, they suggest a higher target for younger children given the potential 

risks associated with hypoglycaemia (17). 

 

1.1.4  Conclusion 

Given the clear benefits in the reduction in risk of both microvascular and 

macrovascular complications provided by intensive management, it is important to aim 

for tight glycaemic control in adolescents with diabetes. However, given that 

hypoglycaemia remains a significant barrier to achieving optimal glycaemic control, 

despite newer treatment regimens, it will be important to explore ways of preventing 

this serious complication in adolescents with type 1 diabetes.  

 

1.2  Hypoglycaemia 

1.2.1  Physiological Responses to Hypoglycaemia 

In healthy adults without diabetes, small reductions in plasma glucose levels trigger a 

series of responses causing an elevation of glucose levels to the normal range. These 

responses have been studied and reviewed extensively.  Firstly, endogenous insulin 

production is switched off by the pancreatic beta cell (18, 19).  A further reduction in 

glucose levels also leads to the release of so-called counterregulatory hormones 

including glucagon, adrenaline, growth hormone and cortisol (18, 19). This change in 

the levels of insulin and counterregulatory hormones causes an increase in glucose 

production and a decrease in glucose utilisation, thereby leading to an increase in blood 

glucose levels (18).  

In acute hypoglycaemia, glucagon and adrenaline are the most important acute 

counterregulatory hormones and respond within minutes of the onset of hypoglycaemia.  

Glucagon, which is released by pancreatic alpha cells, acts primarily to increase hepatic 

glycogenolysis and gluconeogenesis (18, 19).  Adrenaline, released from the adrenal 

medulla, exerts its glucose raising effects by a number of mechanisms.  It aids in 

suppressing insulin production, increasing hepatic and renal gluconeogenesis, reducing 
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peripheral glucose utilisation and also stimulating lipolysis (18).  Responses in both 

hormones are required for adequate counterregulation.    

The effects of growth hormone and cortisol on glucose counterregulation are delayed by 

2-4 hours.  Growth hormone, secreted by the anterior pituitary gland, mediates it effects 

via the actions of free fatty acids and glycerol, which increase gluconeogenesis, reduce 

glucose utilisation and oxidation and induce insulin resistance following hypoglycaemia 

(18, 20).  Similarly, cortisol from the adrenal cortex stimulates lipolysis and causes an 

elevation in glycerol and free fatty acid levels, which subsequently leads to increased 

gluconeogenesis (18, 21).  Noradrenaline, predominantly from the sympathetic 

postganglionic fibres, exerts similar effects to adrenaline (18).   

 

1.2.2  Response to Hypoglycaemia in Children with Type 1 Diabetes 

A number of factors including diabetes, sleep, gender and previous hypoglycaemia or 

exercise can have a qualitative or quantitative impact on the response to hypoglycaemia.  

These effects have been studied extensively in adults (22-39) and a few studies in 

children have also emerged.   

Jones et al. compared the counterregulatory responses to hypoglycaemia between adults 

and children without diabetes and children with poorly controlled diabetes (mean HbA1 

15.1 ± 3.3%) (40).  The glucose level required to trigger a response in adrenaline levels 

was higher in healthy children than in adults (40).  Additionally, the children with 

poorly controlled diabetes demonstrated responses in adrenaline and growth hormone 

levels at glucose levels within the euglycaemic range (40). The investigators 

hypothesised that the antecedent chronic hyperglycaemia in the children with diabetes 

had increased the glucose threshold for counterregulatory responses (40).   However, it 

is probable that children with optimal glycaemic control and minimal antecedent 

hyperglycaemia would not demonstrate such responses, if related to chronic 

hyperglycaemia rather than diabetes per se.   

Bjorgaas et al., (41) compared counterregulatory responses to hypoglycaemia between 

children without diabetes and children with moderately controlled diabetes (HbA1c 9.8 

± 1.2%).  This study demonstrated findings that were almost the reverse of those of 
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Jones et al.  Both the glucose levels required to trigger counterregulatory responses in 

cortisol, glucagon and growth hormone, and the peak cortisol, adrenaline and glucagon 

levels were lower in those with diabetes (41).  However, two of the children with 

diabetes had had symptomatic hypoglycaemia in the preceding two days (41).  

Additionally, it is not stated whether any others had had recent asymptomatic 

hypoglycaemic episodes. Therefore, it is possible that antecedent hypoglycaemia may 

have affected the counterregulatory responses in this group.  Again, the average HbA1c 

of this group was significantly higher than current treatment goals and it is not clear 

from this study whether children with more optimal glycaemic control would have 

similar counterregulatory responses to hypoglycaemia.   

Glucagon responses to hypoglycaemia are impaired in people with diabetes (26).  It was 

initially unknown whether this impairment in counterregulation developed over time 

and whether it was present in children as well as adults.  Hoffman et al. (42) studied the 

counterregulatory responses to hypoglycaemia induced by an intravenous insulin bolus 

in a group of children (aged 12.6 ± 2.9 years) newly diagnosed with type 1 diabetes.  

These children were studied approximately 5-6 days after diabetes was diagnosed and 

after initial metabolic stabilisation had occurred (42).  The results of this group were 

compared to the results of studies on a group of children with established diabetes and a 

group with short stature and no diabetes (42).  Glucagon and adrenaline responses were 

similar between those with newly diagnosed diabetes and those with established 

diabetes, and were reduced compared with the control group (42).  

This study has a few limitations. Firstly, the group with established diabetes had been 

treated intensively in the preceding two to three days and it is not clear whether any 

participants had experienced any hypoglycaemia in that time.  Similarly it is not stated 

whether those with newly diagnosed diabetes had experienced hypoglycaemic episodes 

after the onset of treatment (42).  This may have impacted counterregulatory responses 

during the study.  In addition, the subjects in the control group were being investigated 

for short stature and consequently may not have been ideal controls (42).  If true healthy 

controls had been used there may have been a greater difference in response between 

subjects with diabetes and those without diabetes. Regardless, it appears that glucagon 

and adrenaline responses to hypoglycaemia are impaired early in the course of diabetes 

in children (42). 
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Ross et al., investigated the effect of puberty on counterregulation to hypoglycaemia.  

Instead of a using glucose clamp technique, the investigators lowered glucose levels by 

an infusion of insulin until an autonomic response occurred (43).  The study participants 

were separated by Tanner staging into three groups: pre-pubertal, mid-pubertal and 

post-pubertal.  The pre-pubertal group did not develop an autonomic response until 

blood glucose levels dropped to 2.0 mmol/l, while the mid-pubertal group responded at 

a glucose level of 2.5 mmol/l (p=0.005) (43) . There was no difference in the magnitude 

of counterregulatory hormone responses between any of the groups.  Although the 

threshold for an autonomic response positively correlated with HbA1c, this did not 

explain the difference between the pre-pubertal and mid-pubertal groups.  The authors 

conceded that unknown antecedent hypoglycaemic events may have been an 

aetiological factor in this difference.  Interestingly, only two subjects, both in the post-

pubertal group experienced sweating in association with hypoglycaemia (43).  

 

1.2.3  Factors Modulating the Response to Hypoglycaemia 

1.2.3.1  Effect of Previous Hypoglycaemia on the Response to Hypoglycaemia 

A large number of studies have demonstrated that in adults with and without diabetes, 

previous hypoglycaemia can blunt counterregulatory responses to subsequent 

hypoglycaemia.  For example, Davis et al., showed in adults with type 1 diabetes, that 

120 minutes of hypoglycaemia occurring 60 minutes after a prior hypoglycaemic period 

resulted in a reduction in peak growth hormone and cortisol responses compared with 

responses to the initial hypoglycaemic period (23).  Unfortunately, similar evidence is 

not yet available in children.   

In a study involving healthy men, Davis et al. demonstrated that two hours of 

hypoglycaemia at 3.9 mmol/l  resulted in blunting of adrenaline and glucagon responses 

to hypoglycaemia the next day (36).  In the same study, deeper hypoglycaemia to 3.3 

mmol/l also gave rise to next day blunting of noradrenaline and growth hormone level 

responses, in addition to a reduction in endogenous glucose production and lipolysis 

(36).   The same group subsequently demonstrated that two hours of morning 

hyperinsulinaemic hypoglycaemia at 2.9 mmol/l blunted the responses of adrenaline, 

noradrenaline, glucagon, growth hormone, cortisol and pancreatic polypeptide to same 
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day afternoon hyperinsulinaemic hypoglycaemia (32).  They also found that the 

morning hypoglycaemia induced a state of insulin resistance during the afternoon 

hypoglycaemia as evidenced by reduced infused glucose requirements and glucose 

oxidation during afternoon hypoglycaemia (32).   

This group has also studied the effects of differing durations of prior hypoglycaemia on 

responses to further hypoglycaemia on the following day (34).  They found that two 

hypoglycaemic episodes as short as 5 minutes had a similar blunting effect as two 

episodes of 30 or 90 minutes on adrenaline, glucagon, growth hormone, cortisol and 

pancreatic polypeptide responses to hypoglycaemia on the following day (34). 

Therefore, even very short periods of hypoglycaemia can impair the counterregulatory 

response to subsequent hypoglycaemia.  

 

1.2.3.2  Effect of Previous Exercise on the Response to Hypoglycaemia 

The effect of previous exercise on responses to hypoglycaemia has not been extensively 

studied in children with type 1 diabetes.  Sandoval et al. however assessed the effect of 

previous exercise on responses to subsequent hypoglycaemia in adults with type 1 

diabetes (22, 31).  Compared with euglycaemic rest, two 90 minutes bouts of previous 

day exercise at either low (30%  max) or moderate (50%  max) intensity caused 

a blunting of adrenaline and pancreatic polypeptide level responses to two hours of 

hypoglycaemia of 2.8 mmol/l (22). There was no difference between previous exercise 

and rest in the response of noradrenaline, growth hormone, glucagon and cortisol levels 

(22).  Additionally, prior exercise resulted in a reduction in endogenous glucose 

production and fat oxidation and an increase in oxidative glucose disposal (22).    

A further study addressed whether either same day moderate intensity (50%  max) 

exercise for 90 minutes or hypoglycaemia could similarly affect the counterregulatory 

responses to two hours of hypoglycaemia at 2.8 mmol/l in adults with type 1 diabetes 

(31).  Morning exercise and hypoglycaemia similarly blunted adrenaline responses to 

subsequent hypoglycaemia. However, there was a reduction in endogenous glucose 

production only following morning exercise and not following morning hypoglycaemia 

compared with morning euglycaemia (31). In addition, while the rate of glucose 

disappearance during hypoglycaemia was lower following morning hypoglycaemia, it 
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was maintained following morning exercise (31).  Furthermore, non-oxidative glucose 

disposal was increased following morning exercise compared with the other conditions 

(31). Thus it would appear that morning exercise compared with morning 

hypoglycaemia has a more extensive effect on the response to afternoon hypoglycaemia. 

These findings are slightly different to the study including previous day exercise (22), 

and it is therefore possible that the timing and duration of previous exercise are 

important factors in modulating the metabolic responses to hypoglycaemia (31). 

Similar clamp studies have not been replicated in children.  However, the DirecNet 

Group measured glucose and counterregulatory hormone levels hourly overnight in 

children after either rest or 75 minutes of moderate intensity afternoon exercise (44).   

Rates of nocturnal hypoglycaemia were higher following exercise days (44).  Only 

small increases in adrenaline and growth hormone but not in cortisol, glucagon or 

noradrenaline were demonstrated following nocturnal hypoglycaemia regardless of 

whether there had been prior exercise (44).  It is possible that a significant effect of 

sleep on hypoglycaemia response may have made it difficult to demonstrate an 

additional effect of exercise on this response. 

 

1.2.3.3  Effect of Gender on the Response to Hypoglycaemia 

In the study by Bjorgaas et al. including children with moderately controlled diabetes, 

females compared with males had a greater response of cortisol and growth hormone 

levels to hypoglycaemia (41).  However, it is possible that the lower nadir in glucose 

levels reached in girls in this study may have resulted in a greater counterregulatory 

response.  In addition, girls in the study had poorer glycaemic control than the boys 

(41). Accordingly, it is possible that boys may have experienced a greater number of 

antecedent hypoglycaemic episodes, thus offering an alternative reason for the gender-

related difference in counterregulatory responses in this study.    

Davis et al. studied adult men and women with diabetes and found different responses 

to two hours of hyperinsulinaemic hypoglycaemia (24).  Men had greater adrenaline, 

noradrenaline and growth hormone levels and greater endogenous glucose production.  

Despite these differences, both genders had similar autonomic symptom responses, lipid 

oxidation rates, and free fatty acid and glycerol levels (24).   The authors postulated that 
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women with type 1 diabetes had relatively increased lipolytic responses and autonomic 

symptom awareness than men with diabetes (24).  

Studies in adults without diabetes have also shown a gender difference in 

counterregulatory responses to hypoglycaemia.  During hyperinsulinaemic 

hypoglycaemia, adrenaline, noradrenaline, glucagon, growth hormone and pancreatic 

polypeptide levels and hepatic glucose production were lower and cortisol and glycerol 

levels were higher in females compared with males (38).  Based on the results of a study 

using a stepped clamp method, Diamond et al., postulated that this difference was due to 

different glycaemic thresholds for counterregulatory responses between the genders 

(37).   However, a further study using separate single-level hypoglycaemic clamps at 

different glucose levels did not demonstrate a difference in glycaemic thresholds 

between the genders and the authors postulated that the difference in response was due 

to reduced central nervous system efferent input in women (35).  

Interestingly, despite the reduced responses to hypoglycaemia demonstrated in a large 

number of studies, females are less susceptible than males to the blunting effects of 

antecedent hypoglycaemia (33).  This may explain why women with diabetes do not 

have an increase in incidence of severe hypoglycaemia compared with men (33).  None 

of these studies have been replicated in children so it is not clear whether the same 

gender differences exist in children and adolescents with type 1 diabetes.  

 

1.2.3.4  Effect of Sleep on the Response to Hypoglycaemia 

The incidence of spontaneous nocturnal hypoglycaemia in children with diabetes is 

reported to be between 30 and 56% (44-47).  Risk factors include younger age, lower 

HbA1c (45), exercise in the afternoon (44) and an increase in insulin sensitivity between 

midnight and 0400 h (48).  In earlier studies (45) subjects were managed with twice 

daily injections including NPH and it is possible that the peak in action of this 

intermediate acting insulin, coinciding with a time of increased insulin sensitivity may 

have contributed to the increased risk for overnight hypoglycaemia.  More recent 

studies (44, 47) have included children managed intensively although this treatment has 

included NPH insulin in some patients (44, 49).   
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Sleep can impair the counterregulatory hormone responses to hypoglycaemia in children 

with type 1 diabetes.  Several groups have studied these responses both in sleep 

laboratories and in the home environment.  Jones et al., studied the response to 

hyperinsulinaemic hypoglycaemia in adolescents with and without diabetes on three 

occasions:  while awake during the day and night, and while asleep at night (50).  

Adrenaline and cortisol responses were blunted in both groups of children during sleep 

compared with awake studies (50).  Additionally, adrenaline levels in response to 

hypoglycaemia were lower in the subjects with diabetes compared with controls during 

the awake studies (50).  Growth hormone responses to hypoglycaemia were not blunted 

during sleep (50).  Therefore, in adolescents, both sleep and diabetes can independently 

blunt the counterregulatory response to hypoglycaemia.  

Matyka et al. (51) studied 29 younger children with diabetes at home on two separate 

occasions.   They analysed the counterregulatory responses to spontaneous nocturnal 

hypoglycaemia in the 16 children (aged 5.9-12.9 years) who had experienced one night 

of hypoglycaemia and one night without hypoglycaemia (51).    Adrenaline levels were 

only measured in 8 of these subjects (51).  In contrast to the study by Jones et al. (50), 

peak adrenaline levels were higher in these subjects on the hypoglycaemia night 

compared with the night without hypoglycaemia (51).  However, it is not clear whether 

the children whose adrenaline levels were measured in this study were representative of 

the group as a whole (51).  It may also be possible that catecholamine responses to 

nocturnal hypoglycaemia are different between pre-pubertal and pubertal children.  

Growth hormone levels increased briefly in children in this study, approximately 90 

minutes after the onset of hypoglycaemia (51).  Similar to the Jones study (50), cortisol 

levels did not increase with hypoglycaemia during sleep and as with previous studies of 

awake children with diabetes, glucagon levels did not rise with hypoglycaemia (51).  

As mentioned above, the DirecNet Group studied nocturnal hypoglycaemia and the 

counterregulatory responses to it in children who had exercised or rested during the 

afternoon (44).  Hypoglycaemia during sleep only slightly increased adrenaline and 

growth hormone levels and caused no increase in noradrenaline, cortisol and glucagon 

levels (44).  The group in this study had had no severe hypoglycaemic episodes in the 

preceding two weeks, but it is not clear whether they had experienced any mild or 

moderate hypoglycaemia in the 24 hours prior to the study (44, 49).  Prior 
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hypoglycaemic episodes may therefore have affected the response to subsequent 

hypoglycaemia.  Additionally, given that samples were only collected hourly overnight, 

peaks in hormone levels may have been missed.  

Studies in children with diabetes have demonstrated varying effects of hypoglycaemia 

on sleep.  Porter et al. did not demonstrate any change in sleep stage during 

hypoglycaemia (46).  In contrast, Pillar et al. found that a rapid reduction in glucose 

levels may lead to increased arousals from sleep while a low glucose level per se did not 

result in increased arousals (47).  Consequently, it is possible that in combination with 

impaired counterregulatory responses during sleep, a lack of arousal from sleep may 

further increase the risk for severe and prolonged hypoglycaemia if individuals are not 

able to wake in response to and appropriately treat low glucose levels.  

 

1.2.4  Conclusion 

The above studies demonstrate that children with diabetes exhibit suboptimal 

counterregulatory responses to hypoglycaemia.  Sleep further impairs this response. In 

addition, in adults with and without diabetes, a number of factors including gender, and 

prior exercise and hypoglycaemia can all affect the counterregulatory response to 

hypoglycaemia.  As relatively few studies have been performed including children and 

adolescents with type 1 diabetes, it is not clear whether such factors have the same 

degree of impact on responses to hypoglycaemia in this group.   

 

1.3  Benefits of Exercise  

1.3.1  Benefits of exercise for Children 

Much of what is known about the benefits of exercise has originated from adult studies. 

In recent times, more studies have reported beneficial effects of physical activity in 

younger populations. These benefits include a reduction in the risk of developing the 

antecedents of adult disease.  Physical activity may decrease these risks both 

independently and through its relationship with reduced adiposity.  
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Strong et al. performed an extensive review of over 850 articles and based on the 

available evidence, provided guidelines for physical activity for children (52).  Benefits 

of exercise were identified in a number of domains including body composition, 

cardiovascular risk, mental health, academic performance and bone mineral status (52). 

Regarding obesity risk, those children who take part in greater amounts of exercise have 

less adiposity than those who exercise less frequently (52).  For obese children, 30-60 

minutes of exercise on 3-7 days per week will reduce both total and visceral fat stores 

(52).  In addition, components of the metabolic syndrome, which include abdominal 

obesity, elevated blood pressure, triglyceride and fasting glucose levels as well as 

reduced HDL cholesterol levels, can also be improved with exercise in obese children 

(52).  However, it is not clear how much exercise will prevent the development of the 

metabolic syndrome in children (52).  

Different durations and frequencies of exercise have been associated with improvements 

in cardiovascular risk factors.  At least 40 minutes of activity on five days per week for 

four months may result in an improvement in lipid profiles in children (52).  For young 

people with essential hypertension, 30 minutes of activity, three times per week at an 

intensity of 80% of the maximum heart rate is required to reduce blood pressure (52).  

The same frequency, duration and intensity of exercise is also required to improve 

cardiorespiratory fitness (52).  

Fewer studies have investigated the relationship between activity and mental health or 

academic outcomes.  There appears to be a positive relationship between activity and 

different domains of self concept, and in particular physical self concept (52). 

Interestingly, academic performance is improved slightly by physical education, and 

additional school time spent in physical activity does not negatively impact on academic 

performance (52). 

In a wide range of experiments, bone health has been shown to benefit from physical 

activity in childhood (52).  Studies with demonstrated benefit included different 

durations and frequencies of exercise.   

More recent studies since this important review have confirmed the value of exercise in 

children.  For example, a controlled trial of a 1-year intervention of 40 minutes of daily 

exercise at school in 5-7 year old boys showed a greater increase in lumbar bone 
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mineral density in the intervention group than the control group (53). In addition, 

beneficial effects of physical activity on self esteem have been found in this age group 

in a meta-analysis by Ekeland et al. (54). Nevertheless, the authors acknowledged that 

the number of good quality studies available in the literature for their review was 

relatively low (54).  

Other studies have verified that exercise is associated with improvements in body 

composition and metabolic risk. Hussey et al., (55) demonstrated an inverse relationship 

between body composition measures and cardiorespiratory fitness in both genders, and 

between body composition and time spent in vigorous activity in boys.  A cross-

sectional study of 640 twelve-year-old children showed a relationship between 

increased physical activity and decreased prevalence of metabolic syndrome 

components (56).  After controlling for body composition measures, insulin resistance 

as estimated by HOMA and levels of the inflammatory marker IL-6 were both inversely 

related to physical activity (56).  Similarly, the European Youth Heart Study generated a 

metabolic risk score based on metabolic syndrome components (57).  Metabolic risk 

was inversely related to cardiorespiratory fitness in adolescent girls, but the association 

was weaker after controlling for body fat (57).  

 

1.3.2  Specific Benefits of Exercise for Children with Diabetes 

In two large multicentre studies, Herbst et al. have evaluated the relationship between 

activity levels and both glycaemic control and measures of cardiovascular risk in 

children and adolescents with diabetes (58, 59).  A cross-sectional analysis including 

19143 subjects aged 3-20 years demonstrated that those who reported no days in the 

week of physical activity for at least 30 minutes had poorer glycaemic control than 

those who reported at least three episodes of activity per week (58).  Additionally, 

female subjects who exercised regularly had a lower mean BMI z-score than those who 

did not exercise (58).  The second study, including 23251 subjects aged 3-18 years, 

demonstrated a relationship between increased regular physical activity and an 

improvement in lipid profiles, including a decrease in triglycerides, LDL, and total 

cholesterol and an increase in HDL cholesterol levels (59).  In addition, the groups with 

higher physical activity levels had a lower percentage of subjects with elevated diastolic 
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blood pressure levels than the group with low reported activity (59).  Both papers 

acknowledged that self-reporting by subjects and not addressing exercise intensity were 

possible limitations of the study.  

The Hvidoere Study Group (60) recently showed a weak association between physical 

activity and metabolic control. In particular, less time spent using computers was 

associated with lower HbA1c levels (60). However, there was no direct relationship 

between HbA1c and physical activity, and as pointed out by Younk et al. (61), the 

method of assessing activity levels in this study may not have been sufficiently sensitive 

to detect a relationship.  

A smaller study including 138 subjects with type 1 diabetes, aged 13.6 ± 4.1 years and 

269 controls, related glycaemic control and lipid levels to physical activity (62).  They 

divided subjects by number of days in the week with at least 60 minutes of moderate to 

vigorous physical activity, again based on self-report (62).  Those who exercised for this 

duration on at least 5 days of the week had lower triglyceride levels and a smaller 

proportion had poor glycaemic control than the group with no days in the week with at 

least 60 minutes of physical activity (62).  This study did not assess LDL cholesterol or 

HDL cholesterol levels (62).  Interestingly, children with diabetes spent less time in 

physical activity than did control children (62).  

Other studies have addressed the relationship between physical activity and glycaemic 

control. Massin et al. estimated physical activity of 127 children (aged 3-16 years) with 

diabetes using heart rate monitoring for a 24 hour period on a week day (63).  Based on 

percentage of heart rate reserve, they calculated time for each subject spent in light, 

moderate and vigorous activity (63).   In those aged 7-12 years there was a negative 

correlation between HbA1c and time spent in light activity (63).  Other outcome 

measures were not assessed (63).  An important limitation of this study was the 

relatively short duration of observation and possible low correlation between activity 

levels in the 24 hour monitoring period and habitual activity levels. A number of other 

studies, as reviewed by Rachmiel et al., have shown either an improvement or no 

difference in HbA1c based on physical activity levels (64).  

In a smaller study including 29 subjects aged 12.5 ± 2.0 years, Roche et al. (65) did not 

demonstrate a relationship between HbA1c and either  peak or time in moderate to 
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vigorous physical activity (MVPA).  Heart rate monitoring in this study was used over a 

longer period including two week days and two weekend days. Interestingly a 

relationship was demonstrated between  peak and skin microvascular reactivity 

(65).  The authors concluded that improvements in aerobic fitness may impede the 

development of skin microvascular dysfunction (65).   

The previously mentioned cardiovascular benefits of exercise have even greater 

significance in people with diabetes compared with the general population. This is 

particularly pertinent given that dyslipidaemia is associated with an increased risk for 

the development of microalbuminuria and that increased body mass index is associated 

with an increased risk for all microvascular complications as well as cardiovascular 

diseases (16).  

Adult studies of type 1 diabetes have also shown an association between exercise and an 

improvement in quality of life measures and self esteem.  For example, Zoppini et al., 

studied 53 young adults with type 1 diabetes (mean age 26 ± 6 years) and found that in 

addition to better glycaemic control, there was greater satisfaction amongst those who 

exercised at least two times per week compared with those who were sedentary (66).  

This relationship probably exists for children with type 1 diabetes.  Recently, in a large 

cross-sectional study, the Hvidoere Study Group (60) demonstrated associations 

between physical activity and a number of factors including quality of life, health 

perception, well-being, and physical and psychological symptoms in adolescents with 

type 1 diabetes. In a much smaller study, Edmunds et al. studied 36 children with type 1 

diabetes and quantified physical activity by using heart rate monitoring over a four day 

period (67). They did not demonstrate an association between physical activity levels in 

children and quality of life, self-efficacy, self-esteem or glycaemic control (67).  

Limitations of this study include the small number of participants and the relatively 

short duration of activity observation (67, 68).  In addition, it is possible that some 

children may have altered their patterns of activity knowing that the study was assessing 

their activity levels.  Consequently, if habitually inactive children increased their 

activity during the observation period, a true association if present may therefore not 

have been demonstrated.  
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1.3.3  Recommendations 

Based on their systematic review, Strong et al. have recommended minimum physical 

activity levels for children (52).  They acknowledged that the experiments that 

demonstrated benefits of exercise in different domains used a range of durations and 

frequencies of exercise (52).  Given that many studies used at least 30-45 minutes of 

exercise as an intervention, and that activity in childhood is intermittent rather than 

constant, they recommended at least 60 minutes of daily physical activity (52). Various 

organisations have promoted this recommendation as a method to prevent paediatric 

obesity (69).   

Current general physical activity guidelines for children differ throughout the world, 

despite being evidence based.  For example, in Australia, the Department of Health and 

Ageing recommends at least 60 minutes of moderate exercise daily for children and 

young people (70).  In the United States, an Expert Committee has also recommended 

60 minutes of moderate to vigorous daily activity for children and adolescents (69). 

Elsewhere however, the Canadian Society for Exercise Physiology and Public Health 

Agency of Canada recommend at least 90 minutes of physical activity per day for 10-14 

year olds (71, 72).  The fact that guidelines are not uniform internationally indicates that 

further research is needed to document benefits of exercise in different domains in 

children and adolescents.  

There is a paucity of evidence based guidelines, designed specifically for children with 

type 1 diabetes, regarding beneficial durations and frequencies of exercise.   The recent 

review by Rachmiel et al. (64) recommended 30-60 minutes of moderate to vigorous 

physical activity per day for children with diabetes, while the American Diabetes 

Association recommends 150 minutes of moderate intensity exercise per week for 

people of all ages with diabetes (14).  The Australasian Paediatric Endocrine Group 

recommends that the management of children and adolescents with diabetes should 

include physical activity, but no specific intensities or durations of exercise are 

suggested (17).   
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1.3.4  Conclusion 

Clearly, further research addressing exercise in children with type 1 diabetes is required 

to contribute to evidence based recommendations.  Regardless, given the clear benefits 

of exercise for young people with diabetes, it is important for clinicians to promote 

physical activity in this group.  

 

1.4  Acute Response to Exercise 

1.4.1  Normal Metabolic Responses to Exercise in Children 

A number of substrate sources meet the metabolic and energy requirements of the body 

during rest and exercise.  At rest, free fatty acids (FFA) from adipose tissue are 

predominantly used (71).  At the onset of exercise, there is a shift towards use of other 

substrates to allow for the increased energy demands.  In the first few minutes of 

aerobic exercise, although muscle glycogen is the main source, a combination of 

circulating FFAs, muscle triglycerides, and blood glucose from hepatic glycogen are 

also utilised (71, 73).  Following this there is a greater reliance on both circulating 

glucose from hepatic gluconeogenesis and circulating FFAs (73).  Substrate utilisation 

varies depending on the intensity of exercise (74).  For moderate intensity exercise, 

plasma derived FFAs are the predominant fuel source and as exercise intensity 

increases, there is a gradual increase in the proportion of carbohydrates oxidised (74).   

Circulating glucose is taken up into the muscles via the glucose transporter protein 

GLUT4 (75).   Although insulin is an important stimulus for the translocation of 

GLUT4 to the cell surface, exercise also independently facilitates this process (71, 75).  

 

1.4.2  Counterregulatory Responses to Exercise  

Changes in the levels of a number of hormones facilitate the above changes in substrate 

utilisation during exercise.  This counterregulatory hormone response to exercise is 

qualitatively similar to the counterregulatory response to hypoglycaemia.  For 

individuals without diabetes, these responses are intact. As a result, despite the 
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substantial increases in energy requirements and glucose utilisation that occur with 

exercise, healthy individuals can maintain their glucose levels within a narrow, 

euglycaemic range.  

Firstly, insulin secretion from the pancreas is reduced and glucagon levels are increased. 

The resulting increase in portal glucagon to insulin ratio causes in an increase in hepatic 

glycogenolysis and gluconeogenesis (76-79).  Levels of adrenaline, noradrenaline, 

cortisol and growth hormone also increase in response to exercise (76).  This causes an 

increase in endogenous glucose production, a reduction in glucose utilisation and an 

increase in lipolysis, which results in an increase in circulating FFAs and glycerol (76).  

These changes are also similar to those seen in response to hypoglycaemia (76).   

 

1.4.3  Counterregulatory Responses to Exercise in Children with T1DM 

Insulin injected into subcutaneous tissue is gradually released into the circulation.  

Individuals with T1DM will therefore continue to absorb insulin and fail to decrease 

insulin levels in response to exercise (78, 80, 81).  In addition, insulin inadvertently 

injected into muscle may be absorbed faster during exercise (82). These factors combine 

to cause a relative hyperinsulinaemia and therefore increase the risk of hypoglycaemia 

during exercise in individuals with insulin treated diabetes.  

Few studies have specifically looked at the counterregulatory response to exercise in 

children with type 1 diabetes.  Admon et al. compared the counterregulatory responses 

to moderate intensity exercise on separate days in children with type 1 diabetes with 

either insulin pumps infusing at 50% of the usual basal rate or with pumps suspended 

(83).  Subjects performed exercise two hours after a standard breakfast with a non-

reduced meal bolus (83). There was no difference between the study conditions in the 

rate of hypoglycaemia during exercise (83). Cortisol, growth hormone and 

noradrenaline levels all increased with exercise on both occasions. Insulin levels also 

increased with exercise but declined during recovery (83). Glucagon and adrenaline 

levels were not measured (83).  The fact that subjects in both conditions experienced 

hypoglycaemia indicates that despite the insulin dose reduction, the counterregulatory 

response to exercise was insufficient to maintain steady glucose levels.  
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The DirecNet Study Group has studied the effect of moderate intensity exercise on 10-

18 year olds with type 1 diabetes (84).  Subjects were excluded if they had experienced 

severe hypoglycaemia in the preceding two weeks but it is not stated whether any 

subjects had experienced any degree of hypoglycaemia in the preceding 24 hours (49). 

Exercise took place at 1600 h and consisted of four 15-minute sessions of moderate 

intensity exercise, each separated by 5 minutes of rest (84). The subjects’ usual insulin 

regimens were continued on the day of the study (84).  Twenty-six of the 50 subjects 

had a nadir in glucose of  ≤  3.9 mmol/l during or just following exercise. Growth 

hormone and noradrenaline levels peaked significantly during exercise but there was no 

significant change in cortisol or glucagon levels (84).  There was a trend towards higher 

peaks in growth hormone and noradrenaline levels in those in whom glucose fell below 

3.9 mmol/l and it is possible that there may have been a synergistic response in these 

hormone levels to hypoglycaemia and exercise (84).  It is also possible that recent minor 

hypoglycaemic episodes, if they occurred may have reduced the responses in cortisol 

levels. The impaired counterregulation in this group, particularly relating to cortisol and 

glucagon, appears to be responsible for the high rate of hypoglycaemia during exercise.  

Galassetti et al. studied the effects of higher intensity (80%  max) intermittent 

exercise for 30 minutes on the counterregulatory hormone responses of 11-15 year olds 

with and without T1DM (85).  Insulin and glucose infusions were used to maintain 

euglycaemia in individuals with diabetes (85).  Levels growth hormone increased to a 

similar extent in the two groups but growth hormone levels remained elevated following 

exercise in those with diabetes (85).  Glucagon levels increased in the adolescents 

without diabetes, similar to previous studies involving adults without diabetes (85).  

However this response was blunted in those with diabetes (85). Noradrenaline levels 

were generally higher in those with diabetes, but did not increase in response to exercise 

in either group (85). Cortisol and adrenaline levels also did not increase with exercise in 

either group (85).  Again in this study, it is possible that prior episodes of mild 

hypoglycaemia may have impacted on the counterregulatory response to exercise and in 

particular, the glucagon response, in children with diabetes (85).  

Heyman et al. studied levels of catecholamines prior to and during graded exhaustive 

exercise in adolescent girls with and without diabetes (86). Prior to these studies, 

participants avoided vigorous exercise for 48 hours, but it is not stated whether subjects 
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with diabetes experienced any antecedent hypoglycaemia (86). Catecholamine levels 

increased in response to exercise in both groups (86).  Noradrenaline levels were lower 

both at baseline and throughout exercise in those with diabetes compared with controls 

(86).  In contrast, adrenaline levels were higher prior to and during exercise in those 

with diabetes (86).  The apparent difference in sympathetic activity between those with 

diabetes and controls did not affect heart rate responses to exercise (86).  

 

1.4.4  Factors Modulating the Response to Exercise in Children with T1DM 

1.4.4.1  Exercise in a State of Insulin Deficiency 

In 1977 Berger et al compared responses to prolonged low intensity morning exercise 

between control subjects and subjects with diabetes who were either deprived of insulin 

for 18-48 hours to induce ketosis “ketotic”, or given two thirds of their usual evening 

insulin dose the previous day “moderate control” (87).  The ketotic group demonstrated 

an increase in blood glucose, ketone, cortisol and glucagon levels in response to 

exercise (87).  Conversely, blood glucose levels were elevated at baseline and then 

gradually decreased with exercise in those with moderate control (87). Ketone levels 

also gradually increased in this group (87).  Although total insulin levels were not 

measured in this group due to the presumed presence of insulin antibodies (87), this 

group is likely to have been relatively insulin deficient given the dosing regimen used.  

Interestingly, although glucagon levels increased in all three groups, there was a 

correlation between ketone levels and glucagon levels (87).  Cortisol levels failed to rise 

with exercise in the control subjects and in the moderate control group (87).  It was 

concluded that exercise in a state of insulin deficiency leads to an increased risk of 

ketosis, while exercise in diabetes with adequate insulin replacement results in a 

reduction in glucose levels (87).  Similar studies have not been repeated in children and 

are not likely to be repeated given the ethical considerations.  

 

1.4.4.2  Glycaemic control 

To date, no study has compared the metabolic responses to exercise between 

adolescents with different levels of glycaemic control.  
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1.4.4.3  Prior Hypoglycaemia 

Galassetti et al. have shown in some well designed studies, that prior hypoglycaemia 

blunts the counterregulatory response to subsequent prolonged moderate intensity 

exercise in adults with type 1 diabetes. In particular, following previous day 

hypoglycaemia to 2.9 mmol/l there was no glucagon response to exercise and a 

reduction in the peak levels of adrenaline, noradrenaline and cortisol (88).  Endogenous 

glucose production during exercise was also decreased, while the glucose infusion rate 

to maintain euglycaemia was increased (88).  The authors also studied the response to 

exercise following different levels of antecedent hypoglycaemia (3.9, 3.3 and 2.8 

mmol/l).  They found that with increasing depth of prior hypoglycaemia there was 

progressive increase in the blunting of peak glucagon, adrenaline, noradrenaline and 

cortisol levels as well as a reduction in endogenous glucose production and lipolysis 

(89).  Importantly, subjects were not studied if there were any documented glucose 

levels <3.9mmol/l in the preceding two weeks so that any blunting of responses that was 

demonstrated could be reliably attributed to the hypoglycaemia induced during the 

studies (88, 89). These studies were performed in lean, otherwise healthy young adults 

with T1DM and to date no similar studies have been published in children or 

adolescents with T1DM.  

 

1.4.4.4  Prior Exercise 

 The effect of antecedent exercise on the response to subsequent exercise has not been 

studied in children with T1DM.  This has however been studied by Galassetti et al. in 

healthy adults without diabetes (90).  Euglycaemia was maintained by a glucose clamp 

for the duration of the study (90).  Glycogen depletion was corrected by giving oral 

carbohydrate supplements to subjects following an initial 90 minutes of exercise at 48%  

 max (90).  The exercise was then repeated in the afternoon (90).  During afternoon 

exercise cortisol, growth hormone, adrenaline and noradrenaline responses were all 

blunted compared with the morning exercise in men but not in women (90).  Subjects 

required a five-fold greater rate of exogenous glucose to be infused during the second 
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compared with first period of exercise (90).  This was due to a combination of increased 

insulin sensitivity and reduced endogenous glucose production (90).  

 

1.4.4.5  Gender 

The same group have compared the counterregulatory responses to exercise between 

women and men with diabetes.  Compared with men, women had lower peak levels of 

adrenaline, noradrenaline and growth hormone during prolonged moderate intensity 

exercise (91). Despite this difference, there was no difference between men and women 

in endogenous glucose production or the glucose infusion rate required to maintain 

euglycaemia during exercise (91).  In this study, age and glycaemic control were well 

matched between gender groups, however the males were slightly overweight with a 

BMI of 27 ±1 kg/m2 (91).  

Galassetti et al. have also shown that following previous day hypoglycaemia, there is a 

greater degree of blunting of glucagon, catecholamine and growth hormone levels as 

well as changes in glucose kinetics in response to exercise in men compared with 

women with diabetes (92).  Therefore although women have reduced counterregulatory 

responses to exercise than men, they are less susceptible to the blunting effects of prior 

hypoglycaemia than men.  This is similar to the gender-associated differential blunting 

of counterregulatory responses to hypoglycaemia following antecedent hypoglycaemia 

previously demonstrated by Davis et al. (33).   

 

1.4.5  Fuel Utilisation During Exercise in Children with Type 1 Diabetes 

A few studies have observed the impact of either age or diabetes on fuel utilisation in 

exercise.  Compared with adult men, healthy boys without diabetes oxidised less total 

carbohydrates and more fat during 60 minutes of exercise at 70%  max (93).  

Despite this, boys oxidised a greater amount of exogenous carbohydrate then men (93).  

The authors hypothesised that such differences in substrate metabolism may serve to 

conserve endogenous fuels in the younger group and allow them to be used for growth 

(93).  They also suggested that immature development of the pathways for 

glycogenolysis or glycolysis may have contributed to the increased fat oxidation in boys 
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(93).  Due to ethical constraints, the study protocol did not include the performance of 

muscle biopsies to confirm this hypothesis.   

Raguso et al. studied men with and without diabetes during moderate and intense 

exercise (94).  During moderate intensity exercise, subjects with diabetes demonstrated 

impaired glucose uptake, decreased carbohydrate oxidation and greater lipid oxidation 

than men without diabetes (94).  In subjects with diabetes, the lipids oxidised were 

predominantly intramuscular triglycerides (94).  These differences between those with 

and without diabetes were not seen in intense exercise (94). It is possible that the higher 

fat oxidation in diabetes is an adaption to the decreased availability of glucose.  

Glucose levels at the time of exercise also appear to have an impact on fuel utilisation in 

people with type 1 diabetes.  Jenni et al., studied adult men with diabetes during 120 

minutes of exercise at 55-60%  max on two occasions. Insulin levels were identical 

on each occasion but glucose levels were clamped at either 5 or 11 mmol/l (95).  Lipid 

oxidation contributed to total energy consumption to a greater extent in the euglycaemic 

compared with the hyperglycaemic study (95).  Interestingly cortisol and growth 

hormone levels increased to a greater extent during euglycaemia (95).  It is therefore 

possible that these hormones caused an increase in peripheral lipolysis in the 

euglycaemia study (95). In keeping with this, levels of FFA were higher compared with 

the hyperglycaemia study (95).    

Riddell et al. compared adolescents with moderately to poorly controlled diabetes 

(HbA1c 9-15%) to healthy controls during 60 minutes of exercise at approximately 60%  

 max (96).  Subjects with diabetes tended to oxidise more fats and less 

carbohydrates compared to those without diabetes (96).  Interestingly boys with 

diabetes oxidised less exogenous glucose (96).  The authors offered a number of 

possible explanations for the difference including delayed absorption of oral glucose 

and impaired glucose uptake into muscles in that group (96).  It is also possible that the 

poor diabetes control may have caused insulin resistance and therefore contributed to 

the reduced glucose uptake.  
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1.4.6  Conclusion 

Based on the results of the preceding studies, it is apparent that adolescents with 

diabetes have significantly different counterregulatory responses to exercise to those 

without diabetes and that these differences result in an increased risk for hypoglycaemia 

during exercise.  It also appears that young age and diabetes both impact on fuel 

metabolism during exercise and result in a greater oxidation of fats and lesser oxidation 

of carbohydrates. It is not clear however whether adolescents with more optimal 

diabetes control have similarly altered patterns of fuel oxidation during exercise.   

 

1.5  Recovery from Exercise 

1.5.1  Normal Responses to Exercise 

1.5.1.1  Insulin Sensitivity and Glycogen Replacement 

Exercise causes a depletion of muscle glycogen stores.  In order for these stores to be 

replenished, a sequence of events must take place.  Firstly, glucose derived from dietary 

intake or hepatic glucose output from gluconeogenesis must be available.   Secondly, 

glucose must then be taken up into skeletal muscle (97).  Finally the glucose is 

incorporated into glycogen (98).  The rate limiting step of glycogen production is the 

incorporation of UDP-glucose into the glycogen molecule and this step is catalysed by 

the enzyme glycogen synthase (98).  

A number of factors affect the rate of glucose uptake following exercise. The carrier 

protein GLUT4 enables glucose to be taken into the cell by facilitated diffusion (97). 

Exercise, and in particular muscle contraction, triggers translocation of intracellular 

stores of GLUT4 to the cell surface to enable glucose uptake (97). This process occurs 

independently of insulin and is important in the early phase of glycogen replacement 

(98). Additionally, insulin also causes intracellular GLUT4 to be translocated to the cell 

surface, although it appears that the transporter protein in this circumstance originates 

from a separate intracellular pool (97).  Similarly, separate intracellular signalling 

pathways cause GLUT4 to translocate to the cell surface in response to each of these 

stimuli (97, 98).  Finally a greater degree of glycogen depletion also increases glucose 
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transport into the cell (97) although the mechanisms involved are not clear (98).  In 

addition to the above factors, paracrine and autocrine factors are also probably 

important in regulating the rate of glucose uptake into skeletal muscle following 

exercise (97).  

Similarly, a number of factors including recent exercise, the extent of glycogen 

depletion and the availability of glucose affect the rate of glycogen synthesis (98).  The 

rapid phase of glycogen synthesis which occurs in the first 30-60 minutes of recovery is 

thought to occur when there is significant depletion of glycogen (98).  Insulin is not 

required for this phase (98).  The slow phase of glycogen synthesis which follows the 

rapid phase occurs in the presence of insulin and adequate carbohydrates (98).  During 

this phase there is an increase in the insulin sensitivity of both muscle glucose uptake 

and glycogen synthesis, although again the mechanisms are not clear (98).  It is known 

however that prior exercise increases the sensitivity to insulin of glycogen synthase 

activity (98).  Other factors including the timing, amount, type and form of 

carbohydrates ingested are also thought to impact on the rate of synthesis of glycogen 

following exercise (98).  The time taken for full glycogen repletion also depends on the 

type and duration of exercise (73).   

 

1.5.2  Responses in Children with Diabetes 

Children with T1DM are at risk for hypoglycaemia for many hours following the 

completion of exercise (99).  MacDonald (99) prospectively followed approximately 

300 patients over a two year period.  Forty-eight patients experienced either moderate or 

severe hypoglycaemia following exercise (99).  Although most episodes occurred 6-15 

hours after exercise, some episodes occurred as early as three hours or as late as 31 

hours following exercise (99).  Tight glycaemic control was not thought to be a risk 

factor for post exercise hypoglycaemia (99).  The mechanisms thought to be 

contributing to this risk were the uptake of glucose into muscle to restore glycogen, 

increased insulin sensitivity, impaired counterregulation to hypoglycaemia and finally 

timing of meals and insulin doses (99). Given the wide degree of variability in timing of 

hypoglycaemia after exercise, it is not clear what factors determine the timing of this 

risk.  
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Admon et al. (83) performed continuous glucose monitoring (CGMS) for 24 hours in 

adolescents managed with continuous subcutaneous insulin infusion (CSII) who had 

performed moderate intensity exercise 2 hours after breakfast.  During the exercise 

periods, the basal insulin rates were either reduced to 50% of the usual rate or the pump 

was turned off (83). Following exercise, insulin pumps were run with the normal basal 

rates (83). Although subjects did not exercise for a prolonged period in the 24 hours 

prior to each study, it is not stated whether any had experienced hypoglycaemia during 

that time (83).  Following both conditions (pump on and pump off)  there was a high 

rate of post exercise hypoglycaemia (60-90%), occurring 2-12.5 hours after the end of 

exercise (83).  Interestingly, no episodes of overnight hypoglycaemia were reported 

(83).  The study was not designed to investigate metabolic responses following exercise 

so it is not clear what the mechanisms were behind the high rates of post exercise 

hypoglycaemia.  

The DirecNet Study Group (44, 49) reported an increased rate of nocturnal 

hypoglycaemia following moderate intensity afternoon exercise in adolescents with 

T1DM. These hypoglycaemic episodes were distributed evenly throughout the night 

(44).  The increased risk of hypoglycaemia was not related to  HbA1c, age, gender, 

mode of insulin delivery, insulin dose, BMI or frequency of usual exercise (49).  Those 

who exercised regularly had an increased rate of nocturnal hypoglycaemia whether they 

had exercised or not (49).  The authors proposed that this increased hypoglycaemia rate 

may have been due to a combination of increased insulin sensitivity and relative 

hyperinsulinaemia as the overnight insulin delivery was not modified on the exercise 

night (49). They acknowledged that the study was not designed to address the 

mechanisms behind the increase in insulin sensitivity.  

 

1.5.3  Conclusion 

Given the paucity of studies involving exercise in children with T1DM, a number of 

questions remain unanswered.  Such questions include whether the risk of post exercise 

hypoglycaemia is related to an increase in insulin sensitivity, an increase in glycogen 

synthesis or an increase in carbohydrate oxidation.  
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1.6  Statement of the Problem 

Exercise provides clear benefits for children and adolescents with type 1 diabetes, 

particularly in improving body composition, cardiovascular risk profile and glycaemic 

control (58, 59, 62, 63, 65). It is therefore important for health professionals to actively 

promote participation in regular physical activity in this population. Additionally, 

improved glycaemic control through intensive management of diabetes can also 

contribute to preventing cardiovascular disease and to preventing or delaying the 

progression of the microvascular complications of diabetes (2, 4-6).  Unfortunately, 

both exercise and intensive management are also associated with increased rates of 

hypoglycaemia in this population (2, 84, 99).   

Concern about hypoglycaemia may be a significant barrier to children with type 1 

diabetes achieving the recommended physical activity targets required to prevent 

disease and maintain health (62, 100). Indeed, in a recent study of adults with type 1 

diabetes, fear of hypoglycaemia was the most important reason for avoiding exercise 

(101). Accordingly, it is possible that if children and adolescents with type 1 diabetes 

could reliably avoid exercise associated hypoglycaemia, then they may be more inclined 

to take part in physical activity.   

Clear guidelines regarding appropriate adjustments of insulin doses and carbohydrate 

supplementation during and following exercise may help young people with diabetes to 

prevent exercise associated hypoglycaemia. Currently, there is a paucity of true 

evidence based guidelines for this purpose (64, 102, 103).  Suggested management 

strategies include reducing the insulin dose or increasing carbohydrate intake prior to 

exercise to prevent hypoglycaemia around the time of exercise (64, 102). In order to 

prevent late onset post exercise hypoglycaemia, guidelines suggest ingesting 

supplemental carbohydrates prior to bed or reducing the nocturnal insulin dose (64, 

102).  It is not clear which changes are the most important and in fact, many 

recommendations in current guidelines are based on expert opinion or the results of 

adult studies (64, 102). In addition, available guidelines are still not able to provide 

advice guaranteed to maintain normal glucose levels during and following exercise.  As 

a result, the authors suggest that any change to diabetes management should be 

evaluated and then adjusted as needed (102).   
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Further understanding about the mechanisms involved in exercise-associated 

hypoglycaemia will help to contribute to future evidence based guidelines. Clearly, 

more studies specifically including children and adolescents with diabetes are needed. 

Furthermore, given that exercise in young people often takes place following school, 

more studies are needed to look at the specific responses to exercise in the afternoon in 

this group. In addition, many studies in the past have studied children with less than 

optimal diabetes control (96). Given that is not clear whether children and adolescents 

with more optimal HbA1c levels will have similar metabolic responses to exercise, 

more studies looking at these responses in young people using current diabetes 

treatment regimens are needed.  

Previous observational studies have compared the rate of nocturnal hypoglycaemia 

between exercise and rest conditions (49).  Given that hypoglycaemia is an unpleasant 

side effect of insulin treatment, it would be ideal to quantify the risk of hypoglycaemia 

without actually inducing hypoglycaemia. In line with this, it is also not clear exactly 

how much additional glucose is required to avoid hypoglycaemia during and following 

exercise in adolescents with type 1 diabetes, and when this additional glucose is 

required.   

In addition to changes in glucose requirements, further information is still needed 

regarding changes in substrate oxidation, glucose kinetics and counterregulatory 

hormone responses during and following moderate intensity afternoon exercise in 

adolescents with diabetes. Also, although the risk of late onset post exercise 

hypoglycaemia is recognised, the mechanisms around it remain unclear and need to be 

studied further. Improved understanding of these acute and delayed responses to 

exercise will help to provide further evidence for advice for young people to exercise 

safely and without the fear of hypoglycaemia.  

 

1.7  Aims 

The primary aim of this thesis is to investigate the effect of moderate intensity afternoon 

exercise on; glucose requirements to maintain euglycaemia, counterregulatory hormone 

responses, substrate oxidation and glucose kinetics, in adolescents with type 1 diabetes. 

The study should provide insights into the risk of hypoglycaemia during and following 
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after-school exercise and thus provide more evidence to help young people with 

diabetes to safely take part in physical activity. 

Specifically, this thesis aims to investigate: 

• The responses of counterregulatory hormone levels and changes in glucose infusion 

rates required to maintain euglycaemia during and following moderate intensity 

afternoon exercise compared with no exercise, in adolescents with type 1 diabetes.  

• The temporal pattern, in relation to the timing of sleep onset, of the overnight 

changes in glucose requirements to maintain euglycaemia following moderate 

intensity afternoon exercise compared with no exercise, in adolescents with type 1 

diabetes. 

• The responses of glucose production and utilisation rates to moderate intensity 

afternoon exercise compared with no exercise in adolescents with type 1 diabetes.  

• Whether glycaemic control affects the magnitude and temporal pattern of changes in 

glucose requirements to maintain euglycaemia following moderate intensity 

afternoon exercise compared with no exercise, in adolescents with type 1 diabetes.  

 

1.8  Research Hypotheses 

The hypotheses relating to these aims are that: 

• Counterregulatory hormone levels will increase in response to moderate intensity 

afternoon exercise, compared with no exercise, in adolescents with type 1 diabetes. 

• Glucose requirements to maintain euglycaemia will be increased during moderate 

intensity afternoon exercise and throughout recovery, compared with no exercise, in 

adolescents with type 1 diabetes.  

• The increase in nocturnal glucose requirements following moderate intensity 

afternoon exercise, compared with no exercise, will be temporally related to sleep 

onset in adolescents with type 1 diabetes. 
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• The increase in glucose requirements during and following exercise, compared with 

no exercise, will be explained by an increase in carbohydrate oxidation rate during 

and following exercise, and an increase in non-oxidative glucose disposal following 

exercise in adolescents with type 1 diabetes.  

• The counterregulatory hormone response to moderate intensity afternoon exercise 

will facilitate an increase in endogenous glucose production in adolescents with type 

1 diabetes. 

• Adolescents with lower HbA1c levels will have a greater increase in glucose 

infusion rate requirements to maintain euglycaemia following moderate intensity 

afternoon exercise, compared with no exercise, than adolescents with higher HbA1c 

levels.  

 

1.9  Organisation and Structure of the Thesis 

This thesis is presented as a series of papers, with one already published (chapter 2). A 

second has been submitted for publication (chapter 4) while two are being prepared to 

submit for publication (chapters 3 and 5). Following this Introduction and review of the 

literature is a series of four chapters (Chapters 2, 3, 4 and 5) addressing particular 

aspects relating to glucose requirements to maintain euglycaemia during and following 

moderate intensity exercise in adolescents with type 1 diabetes.  These chapters are 

presented in a logical format to address the issues raised in the Introduction. Finally, the 

last chapter aims to integrate the findings of this thesis by providing a General 

Discussion (Chapter 6) including conclusions, implications, limitations and directions 

for future research. The manuscripts comprising chapters 2, 3, and 4 have been or will 

be submitted to journals using American spelling.  These chapters therefore contain text 

with American spelling, while the remainder of the thesis contains text with English 

spelling.  
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Chapter 2 

Glucose Requirements to Maintain Euglycemia after 

Moderate Intensity Afternoon Exercise in Adolescents 

with Type 1 Diabetes are Increased in a Biphasic Manner 
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2.1  Abstract 

Context: Exercise increases the risk of hypoglycemia in type 1 diabetes.   

Objective: This study aimed to investigate how the amount of glucose required to 

prevent an exercise-mediated fall in glucose level changes over time in adolescents with 

type 1 diabetes.    

Setting:  The study took place at a tertiary pediatric referral center.  

Design, Participants and Intervention: Nine adolescents with type 1 diabetes mellitus 

(five males, four females, aged 16 ± 1.8 yr, diabetes duration 8.2 ± 4.1 yr, HbA1c 7.8 ± 

0.8%, mean ± SD) were subjected on two different occasions to a rest or 45 min of 

exercise at 95% of their lactate threshold.  Insulin was administered iv at a rate based on 

their usual insulin dose, with similar plasma insulin levels for both studies (82.1 ± 19.0, 

exercise vs 82.7 ± 16.4 pmol/l, rest).  Glucose was infused to maintain euglycemia for 

18 h.    

Main Outcome Measures: Glucose infusion rates required to maintain euglycemia and 

levels of counterregulatory hormones were compared between rest and exercise study 

nights.  

Results: Glucose infusion rates to maintain stable glucose levels were elevated during 

and shortly following exercise compared with the rest study, and again from 7-11 h 

following exercise.  Counterregulatory hormone levels were similar between exercise 

and rest studies except for peaks in the immediate postexercise period (epinephrine, 

norepinephrine, GH and cortisol peaks: 375.6 ± 146.9 pmol/l, 5.59 ± 0.73 nmol/l, 71.9 ± 

14.8 mIU/l and 558 ± 69 nmol/l, respectively).  

Conclusions: The biphasic increase in glucose requirements to maintain euglycemia 

after exercise suggests a unique pattern of early and delayed risk for nocturnal 

hypoglycemia following afternoon exercise.   
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2.2  Introduction 

Physical activity in adults provides physiological and psychological benefits including 

blood pressure reduction, improvement in lipid profiles, increased lean body mass and 

enhanced self-esteem (104-106).   For people with diabetes, these benefits may be of 

even more importance since macrovascular complications are a major cause of 

morbidity and mortality (106).  In children, physical activity in play and sport is an 

important component of normal development (52).  Unfortunately for insulin-treated 

individuals with diabetes, exercise increases the risk of hypoglycemia (7).  This risk 

may be either immediate, that is during or shortly after exercise, or delayed by several 

hours after activity (49, 99).  

A number of factors contribute to the early onset of exercise-mediated hypoglycemia in 

type 1 diabetes mellitus (T1DM).  Insulin-treated patients with T1DM remain relatively 

hyperinsulinemic during exercise, in part due to the absence of a physiological decrease 

in insulin secretion and an increase in the absorption of insulin if previously injected in 

the exercising limbs (19, 76).  As a result there is a rise in the rate of muscle glucose 

transport (97) that increases the risk of hypoglycemia.  In addition, release of counter-

regulatory hormones such as cortisol, GH, glucagon and norepinephrine have been 

shown in various circumstances to be suboptimal in adults and children with T1DM (19, 

76, 79, 84, 85, 88).  As a consequence of the resulting elevated portal insulin to 

glucagon ratio, the hepatic glucose output may be insufficient to maintain euglycemia 

during exercise, thus resulting in hypoglycemia.  A recent report from the DirecNet 

Study Group found 22% of adolescents became hypoglycemic during a standardized 

exercise regimen (49).  

Late-onset postexercise hypoglycemia, which may occur up to 6-15 h after exercise 

(99), is also multifactorial in origin.  A contributing factor may be impaired 

counterregulation in response to hypoglycemia in T1DM (99).  In addition, the increase 

in glucose uptake by skeletal muscles for the replenishment of muscle glucose stores 

and a rise in insulin sensitivity after exercise also contribute to the delayed risk of 

hypoglycemia (99, 107).  Finally, because exercise in children often takes place in the 

afternoon after school, and counterregulatory responses to hypoglycemia are impaired 

during sleep (50), it is likely that the risk of late-onset postexercise hypoglycemia is 
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further increased overnight in adolescents with T1DM.  To date, literature on late-onset 

postexercise hypoglycemia in children has been confined to studies reporting incidence 

of hypoglycemia, and more recently studies observing the counterregulatory response to 

postexercise hypoglycemia (49, 99).   

One approach to prevent blood glucose levels from falling during and after exercise is to 

ingest adequate amounts of carbohydrates, but the increase in glucose intake that is 

required to maintain euglycemia after exercise still remains to be established.  For this 

reason, the primary aim of this study was to determine the increased glucose 

requirements to maintain euglycemia after a defined period of moderate intensity 

exercise and to determine the temporal pattern of change over which these additional 

substrates are required.  Because increased glucose consumption and glucose 

requirements are important determinants of hypoglycemia risk in the insulin-treated 

person with diabetes we also aimed to indirectly evaluate the risk of early and late-onset 

postexercise hypoglycemia in these subjects.  

 

2.3  Subjects and Methods 

2.3.1  Subjects 

Nine adolescents (five males, four females) with mean age 16.0 ± 1.8 yr (mean ± SD) 

and duration of diabetes 8.2 ± 4.1 yr were recruited.  Insulin treatment was by multiple 

daily injections or continuous sc insulin infusion.  The mean HbA1c at the time of the 

first study was 7.8 ± 0.8% and body mass index was 24.5 ± 4.5 kg/m2.  The peak rate of 

oxygen consumption (  peak) of the participants and their mean lactate thresholds 

expressed relative to power output or  peak were 37.99 ± 2.92 ml/kg/min, 115 ± 12 

Watts, and  54.9 ± 2.8%  peak,  respectively.  No subjects had evidence of 

microvascular complications.  The institution’s ethics committee approved the study 

and informed consent was obtained from the parents and assent was obtained from the 

participants.  

 



39 

 

2.3.2  Exercise clamp studies 

After a familiarization session during which the anthropometric characteristics, lactate 

threshold and  peak, of all participants were determined, they were required to 

attend the laboratory on two further occasions.  These visits consisted of an exercise 

(exercise study) and a control (rest study) testing session and took place approximately 

four weeks apart using a counterbalanced, paired design with subjects acting as their 

own controls.  Subjects only attended for the main study days if they had not had any 

known hypoglycemic episodes for 48 h and had not taken part in any exercise for 24 h.  

In addition, females were only studied in the midfollicular phase of the menstrual cycle.  

To ensure that the diet was matched between studies, all subjects kept a food diary for 

24 h before the first study and then consumed similar foods prior to the second study.  

Finally, on the morning of the testing, all subjects consumed their normal breakfast at 

home and had their usual doses of either insulin Aspart or insulin Lispro.  No 

intermediate or long-acting insulin was administered on the day of the study. 

After arrival of the participant in the laboratory at 1100 h, a cannula was inserted in a 

retrograde fashion in a vein in the dorsum of one hand for sampling blood and a second 

cannula was inserted into a vein in the contralateral antecubital fossa for infusion of 

insulin and glucose.  Insulin (Lispro) was infused at a constant rate and at a dose based 

on 50% of the subject’s usual total daily insulin dose to mimic basal insulin.  Blood 

glucose levels were clamped for the duration of the studies at 5-6 mmol/l by titrating 

infusion of a 20% (w/v) dextrose solution.  To facilitate this, blood samples were 

collected every 15 min for glucose assays and glucose infusion rates were adjusted 

accordingly.  At 1200 h, a standard lunch of 1-2 sandwiches designed to match the 

participant’s usual lunch size was given with a bolus of intravenous insulin based on the 

participant’s usual lunchtime boluses for the amount of carbohydrates consumed.  The 

subjects fasted for the remainder of the study.  

At 1600 h, subjects either exercised for 45 minutes on a cycle ergometer (Evolution, 

Geelong, Australia) at an intensity of 95% of their lactate threshold (exercise study), 

which corresponded to 54.9 ± 2.8%  peak, or sat on the bike without pedaling (rest 

study).  Throughout recovery and for the remainder of the study, all participants rested 

in a seated or supine position in bed.  Also, before, during and hourly after exercise, the 

rate of O2 consumption, CO2 production and respiratory exchange ratio (RER) were 
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measured, using a mask during exercise and a canopy following exercise, both linked to 

an indirect calorimetry system (Sensormedic, Viasys Australia).   Finally, blood glucose 

samples were obtained every 15 min and were analyzed using a YSI analyzer (YSI, 

Yellow Springs, Ohio).   Samples for the assessment of hormones and metabolites were 

obtained at 15-min intervals during exercise and hourly after exercise from arterialized 

venous blood.  The study ceased at 0600 h, when subjects were given breakfast with 

their usual morning insulin.   

 

2.3.3  Lactate threshold and  peak determination 

The lactate threshold and  peak were determined concurrently by exercising each 

subject on the same cycle ergometer as that used for testing.  Initial workload was set at 

50 watts and subsequently increased by 25 watts every three min until exhaustion.  

Arterialized capillary blood samples were collected every three min for lactate levels 

and rates of oxygen consumption and CO2 production were also determined throughout 

testing as described above.   

 

2.3.4  Biochemical analyses 

Plasma C-peptide and serum progesterone were measured by competitive 

chemiluminescent immunoassay using the Immulite and Immulite 2000 respectively 

(Diagnostic Products Corp., Los Angeles).  Whole blood HbA1c was measured using 

latex immunoagglutination inhibition (DCA 2000 Analyzer, Bayer, Indianapolis, USA).  

Serum testosterone and serum estradiol were analyzed by Coat-a-Count solid phase RIA 

and Double Antibody RIA respectively, both by Diagnostic Products Corp.  The 

remainder of the hormones and metabolites were analyzed as described previously 

(108).  
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2.3.5  Statistical Analyses 

Data were analyzed using SPSS V12.0 for Windows (SPSS Inc., Chicago, IL) with a 

p<0.05 considered statistically significant. Hormone and substrate levels at specific time 

points were compared for each subject between the exercise and rest studies using the 

Wilcoxon Signed Ranks Test.  The mean hormone and substrate levels for all subjects 

were calculated.  Mixed effect models were used to assess glucose infusion rate by 

analyzing the repeated measure data of glucose infusion rates taken at various time 

points (109, 110).  The model was used to adjust for possible confounding effects of 

demographic and biochemical variables. The model included age, gender, HbA1c, rate 

of insulin infusion and work performed during exercise on the exercise day as it was not 

known how these variables would affect the difference in glucose infusion rates 

between the rest and exercise studies for individual subjects.  To control for the 

confounding effect of repeated measures of outcome variables, several correlation 

structures including Compound Symmetry, Auto Regressive (109) and Unstructured 

were assessed using Akaike’s Information Criterion (AIC) to select the most appropriate 

correlation structure (111).  All mixed model fitting were done using SAS V9 PROC 

MIXED (SAS Institute, Cary, NC).  Unless otherwise stated, all results are expressed as 

means ± SEM.  

 

2.4  Results 

There was no significant difference in blood glucose and plasma insulin levels between 

the exercise and rest studies at any time point.  The time point with the greatest 

variation in blood glucose levels was at the end of exercise with mean ± SEM levels 

being 4.51 ± 0.52 and 5.47 ± 0.26 mmol/l for exercise and rest studies, respectively 

(Range 3.00 -7.22 mmol/l).  All subjects were euglycemic at the following time point.  

Mean insulin levels were 82.1 ± 19.0 and 82.7 ± 16.4 pmol/l in the exercise and rest 

studies respectively, which were in the low therapeutic range as planned (Figure 2.1 A 

and B).  

 



42 

 

Figure 2.1  Responses of plasma free insulin (pmol/l) (A), blood glucose (mmol/l) (B), 

plasma free fatty acid (g/l) (C), serum cortisol (nmol/l) (D), serum GH (ng/ml) (E), 

norepinephrine (nmol/l) (F), epinephrine (pmol/l) (G) and plasma glucagon (ng/l) (H) to 

exercise (solid lines) and rest (dashed lines) studies.  Hatched box: exercise period. *, 

p<0.05 
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2.4.1  Effect of Exercise and Recovery on Glucose Infusion Rate  

During the rest study, the glucose infusion rate to maintain euglycemia remained 

relatively stable (Figure 2.2A).  However, in response to exercise, glucose infusion rates 

increased during and for the first 90 min following exercise, when average glucose 

requirements were elevated (2.57 ± 0.28 mg/kg/min) compared with the rest study 

requirements (1.58 ± 0.08 mg/kg/min, p<0.05).  For the next 5 h, mean glucose infusion 

rates were similar for both studies (1.76 ± 0.05 mg/kg/min, exercise and 1.84 ± 0.02 

mg/kg/min, rest) and not significantly different from preexercise glucose infusion rates.  

However, between 7 and 11 h after the completion of exercise (from 2330 h until 0400 

h), a second period of higher average glucose infusion rates on the exercise (1.97 ± 0.04 

mg/kg/min) compared with rest (1.45 ± 0.03 mg/kg/min) study was noted (Figure 2.2A).  

Eight of the nine subjects required a greater glucose infusion during this later time 

period.   
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Figure 2.2  Responses of glucose infusion rate (mg/kg/min) (A), difference in glucose 

infusion rate (GIR) between exercise and rest studies (mg/kg/min) (B), rate of 

carbohydrate oxidation (mg/kg/min) (C), and rate of lipid oxidation (D) to exercise 

(solid lines) and rest (dashed lines) studies.  Hatched box, exercise period.  Numbers 

represent time periods: 1, start exercise to 90 min following end of exercise;. 2, 90-390 

min after end of exercise; 3, 390-690 min after end of exercise; 4, more than 690 mins 

after end of exercise.  *, p<0.05  

 

To compare further glucose infusion rates between the experimental conditions across 

different time periods, a mixed model was used.  After fitting the model, the glucose 

infusion rate in the exercise study was also found to be significantly higher than in the 

rest study during and for 90 min following exercise and from 2330 h until 0400 h 
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(Figure 2.2A).  The difference in glucose infusion rate between exercise and rest was 

calculated for each subject at each time point.  As shown in figure 2.2B, there was a 

higher difference in glucose infusion rate during exercise and in the first hour of 

recovery compared with rest (mean difference = 1.58 ± 0.42 mg/kg/min) and also 

between both studies over the time period extending between 2400 and 0400 h (mean 

difference =1.02 ± 0.03 mg/kg/min).   The additional amount of glucose required to 

maintain euglycemia throughout recovery (252 ± 204 mg/kg) was lower than the 

additional carbohydrate oxidized during exercise (707 ± 114 mg/kg) with 55% of this 

extra glucose being administered between 7 and 11 hours of recovery.   

 

2.4.2  Fuel Metabolism 

Before exercise, oxygen consumption rates (0.27 ± 0.02 vs 0.26 ± 0.02 l/min), carbon 

dioxide production rates (0.25 ± 0.01 vs 0.23 ± 0.02 l/min) and RER (0.90 ± 0.02 vs 

0.91 ± 0.01) were similar for exercise and rest days, respectively.  During exercise, the 

absolute rate of carbohydrate oxidation increased compared with the rest study (17.20 

±2.51 vs 2.32 ± 0.35 mg/kg/min, Figure 2.2C) and returned to basal levels within 1 h of 

recovery.   The rate of fat oxidation increased in the exercise study compared with the 

rest study both during exercise (4.30 ± 0.64 vs 0.85 ± 0.08 mg/kg/min, Figure 2.2D) and 

also 3 h after exercise (1.03 ± 0.13 vs 0.62 ± 0.09 mg/kg/min, Figure 2.2D).  

 

2.4.3  Hormones and Metabolites 

Before, during and late after exercise there was no difference in plasma nonesterified  

fatty acid (NEFA) levels between exercise and rest studies.  However, plasma NEFA 

levels on the exercise night (0.122 ± 0.025 g/l) were elevated 2 h after the completion of 

exercise compared with the rest night (0.053 ± 0.018g/l, p<0.05. Figure 2.1C).   In 

female subjects, serum estradiol levels were 82.5 ±30.0 and 70.0 ±23.6 pmol/l (exercise 

vs rest) and serum progesterone levels were 1.3 ±0.29 mmol/l for both exercise and rest 

studies, consistent with levels in the midfollicular phase of the menstrual cycle.  Serum 

cortisol (558 ± 69 vs 286 ± 28 nmol/l, p<0.01) and GH levels (27.7 ± 5.7 vs 11.1 ± 3.0 

ng/ml, p<0.05) peaked at the end of exercise compared with the rest study (Figure 2.1, 
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D and E), respectively, and serum cortisol levels remained elevated for the next 2 h (244 

± 69 vs 108 ± 20 nmol/l, p<0.05).  Following this, there was no significant difference in 

cortisol or GH levels between the exercise and control studies (Figure 2.1, D and E).   

Norepinephrine concentrations also peaked at the end of exercise (5.59 ± 0.73 nmol/l) 

compared with rest (1.36 ± 0.14 nmol/l, p<0.01; Figure 2.1F).  In contrast, there was no 

significant difference in epinephrine levels between exercise (375.6 ± 146.9 pmol/l, end 

exercise) and rest studies (184.4 ± 31.6 pmol/l, NS) at any time point (Figure 2.1G).  

There was no significant increase in glucagon levels in response to exercise (58.0 ± 4.8 

vs 52.2 ± 3.4 ng/l, exercise vs rest, Figure 2.1H). 

 

2.5  Discussion 

A recommended approach to minimizing the risk of hypoglycemia after exercise in 

T1DM is to ingest additional carbohydrates.  However, both the amount and timing of 

those additional carbohydrates required remain to be established.  The sample size of 

this study, although small, was sufficient to demonstrate significant results.  This study 

shows for the first time that glucose requirements to maintain euglycemia after 

afternoon exercise in adolescents with T1DM increase in a biphasic manner: during and 

shortly after exercise and also between 2400 and 0400 h.  The observation that there 

was no difference in glucose requirements between the exercise and rest studies in the 

time between the end of the initial 90 min of recovery and 2400 h has never been 

reported before.  

The increase in the amount of exogenous glucose required to maintain euglycemia 

during exercise is likely the result of a mismatch between endogenous rates of glucose 

production and use.   This mismatch is probably due, at least in part, to the lack of 

suppression of insulin levels (79, 81).   In nondiabetic individuals, insulin levels fall 

with exercise and the levels of counterregulatory hormones are increased, resulting in 

increased hepatic glucose output (28, 77, 78).  Here, however, insulin was infused at a 

constant rate throughout and remained at stable levels, thus probably opposing any 

increase in hepatic glucose production.  In addition, these elevated insulin levels are 

likely to have contributed further to the high rates of glucose infusion during exercise 

due to the additive effect of insulin and muscle contraction on peripheral glucose 
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disposal.  In support of this, a recent study from the DirecNet group (112) has 

demonstrated a reduction in hypoglycemia rates during exercise when basal rates on the 

insulin pump are suspended rather than continued during exercise.  Finally it is also 

possible that an insufficient increase in epinephrine and glucagon in response to 

exercise, might have contributed to an impaired increase in hepatic glucose output as 

suggested by the results of others showing impaired or absent counterregulatory 

response to exercise in T1DM (79, 81, 84, 85).  

The finding that exercise performed late in the afternoon does not increase the amount 

of carbohydrate required to maintain euglycemia during the evening was surprising 

given that both the exercise-mediated fall in muscle glycogen stores and increase in 

insulin sensitivity (77, 113) were expected to result in a rise in peripheral rates of 

glucose disposal (78, 99, 114).  It is possible that the elevated plasma NEFA levels 

during that time might have countered the exercise-mediated rise in glucose use via 

either increased NEFA oxidation, as suggested by the increased rate of fat oxidation 

during early recovery or via NEFA-dependent but oxidation-independent mechanisms 

(115).  Because cortisol increases lipolysis and therefore levels of NEFA (21), and GH 

increases lipid oxidation and decreases both muscle glucose uptake and muscle 

glycogen synthase activity (20) this raises the possibility that the elevated levels of these 

hormones at the onset of recovery might have had a long-lasting effect in opposing, at 

least in part, the expected exercise-mediated rise in postexercise rate of glucose use.   

In contrast to the early postexercise period, there was a difference in glucose infusion 

rates between the exercise and rest studies from 2400 to 0400 h.  This suggests an 

imbalance between glucose production and use during that time, resulting in a higher 

need for exogenous glucose.   Given that there was no difference between studies with 

respect to absolute glucose oxidation rates during night time, it is possible that the 

relative increase in glucose requirements to maintain euglycemia late at night in the 

exercise study serves to support the repletion of muscle glycogen stores.   It is also 

important to note that the delayed increase in glucose requirements on the exercise night 

compared with the rest night was coincident with the onset of sleep and therefore that 

sleep may be a contributing factor to the increase in risk for hypoglycemia.  Indeed, 

postexercise hypoglycemia at night has been shown to have an early onset in younger 

patients and this may be related in timing to the onset of sleep (99).  
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On clinical grounds, the measurement of the amount of glucose required to maintain 

euglycemia in response to exercise might provide an indirect and novel approach for 

assessing some aspects of the risk of hypoglycemia associated with exercise while 

maintaining euglycemia.  In this respect, a recently published study has confirmed that 

episodes of hypoglycaemia were indeed more frequent after afternoon exercise in 

juveniles with diabetes (49).  It is important to note, however, that a further contributing 

factor to the risk of late onset postexercise hypoglycemia is the impaired 

counterregulation to hypoglycemia after exercise (99), because antecedent exercise 

diminishes the responses of glucagon, norepinephrine and epinephrine to subsequent 

hypoglycemia (116, 117).    Given that all subjects remained euglycemic for the 

duration of the experimental protocol adopted here, this current study was not designed 

to evaluate the counterregulatory responses to hypoglycemia.  We have previously 

shown, however, that the counterregulatory responses of children to hypoglycemia 

during sleep are blunted (50).   

 

2.6  Conclusions 

This study shows that adolescents with T1DM taking part in moderate intensity exercise 

in the afternoon have increased glucose requirements at the time of and shortly after the 

completion of exercise and also from approximately 2400 to 0400 h.  This together with 

the reported diminished counterregulatory responses to hypoglycemia after exercise 

may lead to a greater risk of hypoglycemia overnight.  It remains to be established, 

however, the extent to which the ingestion of one or several meals after exercise as 

opposed to the continuous infusion of glucose is likely to affect the temporal pattern of 

change in both the amount of glucose required to stabilize glucose levels after exercise 

and the associated risk of hypoglycemia.   
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Chapter 3 

The Timing of the Overnight Increase in Glucose 

Requirements following Moderate Intensity Afternoon 

Exercise in Adolescents with Type 1 Diabetes is not 

Related to the Onset of Sleep  
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3.1  Abstract 

Background: Glucose requirements to maintain nocturnal euglycemia following 

moderate intensity afternoon exercise are increased in adolescents with type 1 diabetes. 

We hypothesized that the timing of the increase in requirements was related to the onset 

of sleep. 

Subjects and Methods: We studied six adolescent subjects with type 1 diabetes (4 

males, two females, aged 15.8 ± 1.8 years, diabetes duration 7.4 ± 3.7 years and 

hemoglobin A1c 8.1 ± 1.0%).  All had previously been subjected on two different 

occasions to a rest or 45 minutes of exercise at 95% of their lactate threshold.  On both 

occasions subjects were allowed to sleep from 2300 h.  During the third study, subjects 

completed an identical exercise task to the initial exercise study and were then kept 

awake until approximately 0100 h. Insulin was administered iv in all studies at a rate 

based on subjects’ usual insulin doses.  Glucose was infused to maintain euglycemia for 

18 hours in each study.  Counterregulatory hormone levels were measured and 

calorimetry was performed during and following exercise. 

Results:  Levels of GH, norepinephrine and epinephrine peaked in both exercise studies 

while cortisol only increased significantly in the initial exercise study.  The increase in 

glucose infusion rates to maintain overnight euglycemia had no temporal relationship to 

the timing of sleep onset.  

Conclusions: Factors other than sleep onset are likely to impact on the timing of the 

delayed increase in glucose requirements following exercise.   
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3.2  Introduction 

There is increasing evidence that exercise is beneficial for children and adolescents with 

type 1 diabetes.  These benefits include improvement in cardiovascular risk factors such 

as blood pressure and lipid profile, in addition to an improvement in quality of life 

measures (59, 62, 66).   Recent studies have also indicated that participation in regular 

exercise is associated with improved metabolic control (59, 62).  Unfortunately for 

people with diabetes, exercise is also associated with an increase in the risk of 

hypoglycemia both at the time of exercise and after a delay of many hours. 

The risk of hypoglycemia at the time of exercise is multifactorial in origin and has been 

extensively studied.  Firstly, part of the normal response to the onset of exercise in 

healthy individuals is a reduction in insulin secretion.  For the individual with diabetes, 

insulin release from subcutaneous injection sites cannot be regulated in a similar way 

and in fact, insulin may be absorbed more quickly from exercising limbs (82).  

Secondly, the counterregulatory hormone response to exercise is impaired in individuals 

with diabetes compared with healthy controls (76, 79, 84, 85).  Finally, this 

counterregulatory response may be even further impaired by both antecedent 

hypoglycemia and exercise (88-90).  These factors all contribute to an increased risk of 

hypoglycemia during and immediately following exercise.  

The phenomenon of late-onset post-exercise hypoglycemia has been recognised for 

some time (99).  Recently, studies have attempted to quantify and explain this risk after 

exercise in young people with type 1 diabetes.  The DirecNet Group found an increased 

rate of nocturnal hypoglycemia following moderate-intensity afternoon exercise in 

children and adolescents (44).   The participants also demonstrated an inadequate 

counterregulatory response to nocturnal hypoglycemia, regardless of whether they had 

exercised in the afternoon (44).    

We have recently demonstrated that glucose requirements to maintain euglycemia after 

afternoon exercise of moderate intensity are increased both during exercise and early 

recovery, and again between midnight and 0400 h (Chapter 2) (118).   It is likely that 

this later increase in requirement is related to an increase in the rate of glucose 

utilization.  As the rate of carbohydrate oxidation did not increase during this time, we 
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concluded that the increase in glucose requirement was likely to be due to an increase in 

peripheral glucose uptake to replenish glycogen stores (118).    

The mechanisms behind the delay in increase in glucose requirements are not clear.  

During our initial study, subjects exercised from 1600 h until 1645 h and then slept 

from approximately 2300 h (118).  A majority of subjects in that study demonstrated a 

similar pattern of increased glucose requirements from approximately midnight 

onwards, and this change coincided with sleep onset.  Interestingly, sleep is associated 

with physiological changes such as a reduction in catecholamine levels (119), and this 

may predispose to nocturnal hypoglycemia.  As such, it is not clear whether the 

temporal pattern of increased glucose requirements that was observed was linked to the 

onset of sleep or was simply related to the time from the end of exercise.   

To address this issue, we studied subjects again after exercise at the same time (1600 h) 

but delayed the onset of sleep by two hours.  We hypothesized that the delay in sleep 

onset would also result in a delay in the nocturnal increase in glucose requirements 

following moderate-intensity afternoon exercise in adolescents with type 1 diabetes. 

 

3.3  Methods 

3.3.1  Subjects 

Adolescent volunteers with type 1 diabetes aged 13-18 years with no evidence of 

microvascular complications, who were C-peptide free and who had participated in 

previous studies assessing the effects of exercise on glucose requirements were invited 

to take part in a third overnight study.    The institution’s ethics committee approved the 

study and informed consent was obtained from the parents and assent was obtained 

from the participants.   

 

3.3.2  Exercise Clamp Studies 

Subjects had already completed a familiarization session during which height, weight, 

lactate threshold, and peak rate of oxygen uptake (  peak) were obtained, and had 
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attended the laboratory on two further occasions.  These two visits consisted of exercise 

(exercise study) or control (rest study) nights and occurred approximately 4 weeks apart 

in random order in a counterbalanced paired design.  Subjects then attended for a third 

overnight study which also involved exercise (delayed sleep study).  Subjects were 

tested only if they had not reported any hypoglycemic episodes in the previous 48 hours 

and had not exercised in the previous 24 hours.  Food intake over the 24-hour period 

prior to attending the laboratory was matched between exercise, rest and delayed sleep 

studies.  Females were studied in the midfollicular phase of the menstrual cycle.   

Subjects consumed their normal breakfast on the morning of the study with only insulin 

Aspart or insulin Lispro.  No intermediate acting insulin was given on the day of the 

study and long acting analog insulin was not given within 24 hours of the study.   

On arrival at the laboratory at 1100 h, a retrograde cannulation was performed in a vein 

on the dorsum of one hand for sampling blood, and a second cannula was inserted in the 

contralateral antecubital fossa for infusing insulin and glucose.  Insulin Lispro was 

infused at a constant rate based on 50% of the subject’s total daily insulin dose to mimic 

basal insulin.  Blood glucose levels were measured every 15 minutes using a YSI 

analyzer (YSI, Yellow Springs, OH) and clamped for the duration of the study at 5-6 

mmol/l by titrating an infusion of a 20% (wt/vol) dextrose solution.   

At 1200 h, a standard lunch of one to two sandwiches designed to mimic the 

participant’s usual lunch was given with a bolus of intravenous insulin based on the 

individual’s usual lunch time insulin dose.  Subjects were then fasted for the remainder 

of the study.  At 1600 h, participants exercised for 45 minutes on a cycle ergometer 

(Evolution, Geelong, Australia) at an intensity of 95% of their lactate threshold in the 

exercise study and the delayed sleep study, or sat on the ergometer without pedaling in 

the rest study.   They then rested in a seated or supine position for the remainder of the 

study.  Before, during and hourly following exercise, the rates of O2 consumption, CO2 

production and respiratory exchange ratio were measured, using a mask during exercise 

and a canopy after exercise, both linked to an indirect calorimetry system (Sensormedic, 

Viasys, Australia).  Blood samples for the measurement of hormones and metabolites 

were obtained at 15 minute intervals during exercise, and second hourly after exercise, 

from arterialized venous blood.   During recovery in the rest study and the exercise 

study, subjects were allowed to sleep from approximately 2300 h.  During recovery 
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from exercise in the delayed sleep study, subjects remained awake for an additional two 

hours, until approximately 0100 h.  The studies ceased at 0600 h, and subjects were 

given breakfast with their usual morning insulin.  

   

3.3.3  Sleep 

Since part of the study extended into the night, and because it was not known whether 

our findings could be affected by the phase of the sleep cycle of the participants, 

polysomnography sleep analyses based on the measurements of electro-encephalogram, 

electro-oculogram and electro-myogram were performed from 2300 h onwards during 

the exercise and rest studies and from 0100 h in the delayed sleep study.  Sleep was 

classified according to standard criteria as wakefulness, sleep stages 1-4 and REM sleep 

(120). 

 

3.3.4  Measurements 

Plasma C-peptide was measured by competitive chemiluminescent immunoassay using 

the Immulite (Diagnostic Products Corporation DPC, Los Angeles).  Whole blood 

HbA1c levels were measured using latex immunoagglutination inhibition (DCA 2000 

Analyzer, Bayer, Indianapolis, USA).  Serum epinephrine and norepinephrine were 

measured by competitive enzyme linked immunoassay (BI-CAT ELISA, DLD 

Diagnostika, Hamburg, Germany).  The levels of the remainder of the hormones and 

metabolites were analyzed as described previously (108).  Lactate threshold and  

peak determination were as described in detail elsewhere (Chapter 2) (118).   

 

3.3.5  Data Analysis 

Data were analyzed using SPSS V15.0 for Windows (SPSS Inc, Chicago, IL) with p 

<0.05 considered statistically significant.  Hormone and substrate levels as well as 

glucose infusion rates (GIR) were compared between exercise, rest and delayed sleep 

studies using the Wilcoxon signed ranks test.  Mixed model effects were used to 
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compare carbohydrate oxidation and lipid oxidation between study days and were 

adjusted for the confounding effects of age, gender, duration of diabetes and work load 

during exercise on the exercise days as it was not known how these variables would 

affect substrate oxidation.   Unless otherwise stated, all results are expressed as means ± 

SEM.  Mixed effect models were also used to assess difference in GIR (ΔGIR) between 

exercise and rest, and delayed sleep and rest, by analyzing the repeated measure data of 

glucose infusion rates taken at various time points (109, 110).  The model included age, 

gender, HbA1c, duration of diabetes and work performed during exercise on the 

exercise days as it was not known how these variables would affect the difference in 

GIR between the rest, exercise and delayed sleep studies for individual subjects.  To 

control for the confounding effect of repeated measures of outcome variables, several 

correlation structures including Compound Symmetry, Auto Regressive (109) and 

Unstructured were assessed using Akaike’s Information Criterion (AIC) to select the 

most appropriate correlation structure (111).  This was performed using SAS (SAS 

Institute, Cary, NC).  Student’s t-tests were used to compare sleep parameters between 

study conditions.  

 

3.4  Results 

Six adolescents (4 males, 2 females) agreed to take part in the delayed sleep study.  As 

this additional exercise study night followed the initial exercise study night in all cases, 

mean age (15.8 ± 1.8 vs 15.2 ± 1.7 years, mean ± SD, p<0.05) and duration of diabetes 

(7.4 ± 3.7 vs 6.8 ± 3.6 years, mean ± SD, p<0.05) were significantly greater for the 

exercise study with delayed sleep compared with the initial exercise night, respectively.  

There was no significant difference between mean HbA1c (8.1± 1.0 vs 8.0 ± 0.5 %, 

mean ± SD, NS), height (1.744 ± 0.042 vs 1.728 ± 0.055 m, mean ± SD, NS) or weight 

(69.5 ± 3.9 kg vs 67.2 ± 5.8 kg, NS), on the two exercise study nights, respectively.  

Peak rate of oxygen consumption (  peak) was 41.93 ± 5.12 ml/kg/min and 95% of 

the lactate threshold expressed relative to power output was 113 ± 15W.  The amount of 

work performed during exercise was similar between the delayed sleep (4.41 ± 0.51 

kJ/kg) and exercise (4.17 ± 0.49 kJ/kg) studies (NS). 
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During the euglycemic clamp, blood glucose levels remained in the euglycemic range 

and were similar between exercise, rest and delayed sleep studies (Figure 3.1A).  

Glucose levels during the exercise study reached a nadir of 3.98 ± 0.42 mmol/l at the 

end of exercise but increased at the following time-point.  There was no difference in 

insulin levels between the study nights (Figure 3.1B).  

 

 

Figure 3.1  Blood glucose (mmol/l) (A) and plasma insulin (pmol/l) (B) levels during 

the exercise ( ○ ), rest (□) and exercise with delayed sleep (delayed sleep) (●) studies.  

Hatched box represents exercise period.  Results are expressed as means ± SE. 

*Statistically significant difference (p<0.05) between exercise and rest studies.  

†Statistically significant difference (p<0.05) between delayed sleep and rest studies.  

‡Statistically significant difference (p<0.05) between exercise and delayed sleep 

studies.  

 

3.4.1  Effect of exercise and recovery on glucose infusion rate 

The GIR required to maintain euglycemia was calculated for each subject at each time 

point during the exercise, rest and delayed sleep studies and the means for each study 

are plotted in Figure 3.2A.  Glucose requirements were increased in the exercise relative 

to the rest study briefly during early recovery and then between approximately midnight 

and 0330 h.  Glucose requirements in the delayed sleep study were increased relative to 
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the rest study during exercise and early recovery, at approximately 2330 h and then 

from 0300 h until the end of the study.  The GIR to maintain euglycemia was greater in 

the delayed sleep compared with the exercise study during the exercise period (Figure 

3.2A). The ΔGIR between exercise and rest studies and between the delayed sleep and 

rest studies was calculated for each subject at each time point.  The ΔGIR relative to the 

rest study was significantly greater for the delayed sleep compared with the exercise 

study between 1745 h and 1915 h, between 2230 h and 2330 h and again between 0345 

h and 0515 h (Figure 3.2B).  The glucose requirements for exercise, rest and delayed 

sleep studies for individual subjects are plotted in Figure 3.3, A to F.  There was no 

apparent relationship between the timing of sleep onset and increase in glucose 

requirements following exercise for individual subjects.   
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Figure 3.2  Glucose infusion rate (GIR) (mg/kg/min) (A) during the exercise ( ○ ), rest 

(□) and exercise with delayed sleep (delayed sleep) (●) studies.  Difference in GIR 

(mg/kg/min) (B) between exercise and rest study ( ○ ) and between the exercise with 

delayed sleep (delayed sleep) and rest study (●).  Rate of carbohydrate (CHO) oxidation 

(mg/kg/min) (C) and rate of lipid oxidation (mg/kg/min) (D) during the exercise  (○) , 

rest (□) and exercise with delayed sleep (delayed sleep) (●) studies.   Hatched box 

represents exercise period.  Results are expressed as means ± SE. *Statistically 

significant difference (p<0.05) between exercise and rest studies.  †Statistically 

significant difference (p<0.05) between delayed sleep and rest studies.  ‡Statistically 

significant difference (p<0.05) between exercise and delayed sleep studies.  
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Figure 3.3  Glucose infusion rate (GIR) (mg/kg/min) during the exercise ( ○ ), rest ( □ ) 

and exercise with delayed sleep (delayed sleep) ( ● ) studies for individual subjects (A-

F).  Hatched box represents exercise period. Asterisk (*) represents approximate timing 

of sleep onset in exercise and delayed sleep studies.  
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3.4.2  Fuel metabolism 

There was no difference in baseline rates of carbohydrate oxidation (3.27 ± 0.26 vs 3.44 

± 0.33 vs 3.46 ± 0.37 mg/kg/min) or lipid oxidation (0.83 ± 0.17 vs 0.61 ± 0.11 vs 0.55 

± 0.21 mg/kg/min) between exercise, rest and delayed sleep studies, respectively. 

During exercise, the absolute average rate of carbohydrate oxidation (Figure 3.2C) 

increased compared with the rest study in both the exercise and delayed sleep studies 

(p<0.05).  There was no significant difference in carbohydrate oxidation rates during 

exercise between the exercise and delayed sleep studies.   The average rate of lipid 

oxidation during exercise only increased significantly in the exercise study compared 

with the rest study (Figure 3.2D, p<0.05) and did not increase significantly in the 

delayed sleep study.  There was no further difference in carbohydrate or lipid oxidation 

rates between exercise, rest and delayed sleep studies for the remainder of the evening 

or night.  

 

3.4.3  Hormones and metabolites 

Serum growth hormone levels (Figure 3.4A) increased with exercise during both the 

exercise and delayed sleep studies (p<0.05) and returned to baseline levels within 2 

hours of recovery.  Growth hormone levels varied throughout the night in all studies, 

consistent with increases in growth hormone levels during sleep. Serum cortisol levels 

peaked significantly during the exercise study (Figure 3.4B, p<0.05).  The increase in 

cortisol levels during exercise in the delayed sleep study did not reach statistical 

significance.  Plasma glucagon levels (Figure 3.4C) did not increase in response to 

exercise in either the exercise or delayed sleep studies.  Norepinephrine levels (Figure 

3.4E) increased by similar amounts during exercise in both the exercise and delayed 

sleep studies relative to the rest study (p<0.05).  Epinephrine levels (Figure 3.4F) also 

increased with exercise during both the exercise and delayed sleep studies (p<0.05) but 

this increase was significantly greater in the exercise study compared with the delayed 

sleep study (p<0.05).  Nonesterified fatty acid (NEFA) levels (Figure 3.4D) were 

significantly lower during exercise compared with rest during the delayed sleep study, 

but there were no significant differences between any of the groups at any other time-

point.   
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Figure 3.4  Serum growth hormone (μg/l) (A), serum cortisol (nmol/l) (B), plasma 

glucagon (ng/l) (C) , plasma nonesterified fatty acid (g/l) (D), serum norepinephrine 

(nmol/l) (E) and serum epinephrine (pmol/l) (F) levels during the exercise ( ○ ), rest ( □) 

and exercise with delayed sleep (delayed sleep) ( ● ) studies.  Hatched box represents 

exercise period.  Results are expressed as means ± SE. *Statistically significant 

difference (p<0.05) between exercise and rest studies.  †Statistically significant 

difference (p<0.05) between delayed sleep and rest studies.  ‡Statistically significant 

difference (p<0.05) between exercise and delayed sleep studies.  
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3.4.4  Sleep 

As expected, the duration of sleep (sleep period) was shorter in the delayed sleep study 

(291 ± 12 min) compared with both the exercise (376 ± 22 min, p<0.05) and rest (401 ± 

14 min, p<0.05) studies.  The time from lights out to sleep onset (sleep latency) was 

shorter in the delayed sleep study (8 ± 5 min) than the exercise (34 ±9 min, p=0.08) and 

rest (33 ± 12, p=0.08) studies but this did not reach statistical significance.  The time 

from sleep onset to the first appearance of rapid eye movement sleep (REM latency) 

was significantly shorter in the delayed sleep (99 ± 16 min) compared with the exercise 

(164 ± 18) study (p<0.05).  There was no difference in the proportion of time in stage 1, 

2, 3, 4 or REM sleep between any of the study conditions.  

 

3.5  Discussion 

The differences in timing of the increases in GIR between exercise and delayed sleep 

studies could not be explained by the timing of sleep onset.  The mean GIR for the 

exercise study did increase at around the time of sleep onset and remained elevated until 

approximately 0330 h.  However, the mean GIR to maintain overnight euglycemia in 

the delayed sleep study was increased at two times.  The first increase in GIR to 

maintain euglycemia occurred before midnight and therefore before sleep onset, and the 

second occurred from around 0300 h or approximately two hours after sleep onset.  If 

the trigger for a delayed increase in glucose requirements following exercise was indeed 

sleep onset, one would have also expected a sharp rise in GIR during the delayed sleep 

study at approximately 0100 h.  In addition none of the individual subjects displayed a 

pattern of increase in GIR that was related to the onset of sleep.   

Previous studies have not addressed the timing of overnight glucose requirements to 

maintain euglycemia following exercise in relation to sleep onset, and therefore no 

study is available for comparison.  In the past however, it has been assumed that sleep 

may be a risk factor for post-exercise hypoglycemia.  Indeed, in an early paper reporting 

the incidence of late-onset post-exercise hypoglycemia in children with diabetes, it was 

commented that hypoglycemia occurred as early as 2100 hours in younger children who 
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went to bed earlier (99), thus implying that sleep was a risk factor.  However, more 

recent studies observing the onset of post-exercise hypoglycemia with either CGMS 

(83) or blood glucose sampling (44, 49) have identified the onset of hypoglycemic 

episodes between 2.5 and 12 hours following the completion  of exercise. In fact, the 

DirecNet group demonstrated that following exercise at 1600 h,  hypoglycemic episodes 

occurred any time, and at a relatively even spread, between 2200 h and 0600 h (44). 

This would support the presumption that the timing of the overnight increase in glucose 

requirement is not related to sleep onset.  

Similar to the findings of our previous study (118), glucose requirements to maintain 

euglycemia were increased around the time of exercise in both of the exercise studies.  

Interestingly however, the glucose requirements both before and during exercise were 

significantly greater in the exercise study with delayed sleep compared with the initial 

exercise study.   This increase in glucose requirement was not related to a greater 

workload during exercise.  In addition, despite the similar workload, there was a 

difference in substrate metabolism during exercise between the two studies with a 

smaller amount of lipids oxidised during exercise in the delayed sleep study.  The 

reason for this difference is not clear but may be explained in part by differences in 

hormone responses to exercise between the studies.   

Cortisol and epinephrine levels were greater during exercise in the exercise study 

compared with the delayed sleep study. Cortisol acts to stimulate lipolysis which leads 

to elevated levels of glycerol and free fatty acids and this leads to an increase in 

gluconeogenesis (18, 21, 76). Epinephrine increases gluconeogenesis, decreases 

peripheral glucose utilization and stimulates lipolysis (18, 76).  In keeping with the 

differences in hormone responses, levels of NEFA were lower during exercise in the 

delayed sleep study than in the exercise study.  These factors combined may have 

reduced the requirement for exogenous glucose in the exercise study.  Accordingly, it is 

also possible that the lower lipid utilization as a result of the altered counterregulatory 

response in the delayed sleep study led to a greater reliance on carbohydrate utilization 

during exercise and hence a greater GIR to maintain euglycemia.    

Given that the same intensity of exercise was performed during the exercise and delayed 

sleep studies, one would have expected a similar counterregulatory response in the 

levels of epinephrine and cortisol (71, 74).  Interestingly, these hormones also increase 
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during psychological distress and anticipatory stress (71, 74, 121).  Since the exercise 

study took place before the delayed sleep study in all cases, it is possible that other 

factors, such as anticipatory stress about the exercise to be performed, may have 

increased the responses of epinephrine and cortisol in the exercise study.  Conversely, 

greater familiarity with the exercise laboratory and the tasks required may have 

alleviated anticipatory stress in the delayed sleep study.   

The unintentional drop in glucose levels at the end of exercise during the exercise study 

could also have resulted in a greater increase in epinephrine and cortisol levels.  The 

DirecNet group has previously shown a greater norepinephrine response to exercise in 

adolescent subjects who became hypoglycaemic (84).  However, this is not likely to be 

the main reason for the difference in counterregulatory responses in the current study as 

the peak epinephrine levels occurred prior to the decrease in glucose level.  

Additionally, the peak cortisol levels occurred at the same time as the decrease in 

glucose level rather than in response to the decrease.  Regardless, in future studies, more 

frequent measurements of glucose levels and adjustments of GIR may be needed to 

maintain euglycemia during exercise.  

This study has a number of limitations.  Firstly, given the study design, the delayed 

sleep study was the final study for all subjects.  As previously mentioned, familiarity 

with the study procedures may have impacted on the counterregulatory response to 

exercise.  Secondly, other confounding factors such as age or duration of diabetes may 

have impacted on the results.  Thirdly, the number of subjects was low due to the 

difficulty in recruiting for such studies.  Regardless, given the lack of pattern in any 

individual subject to suggest a rise in glucose requirement coincident with the onset of 

sleep, a larger study is unlikely to have produced positive results.   

 

3.6  Conclusion 

It is likely that factors other than sleep are responsible for the timing of the delayed 

increase in glucose requirements following afternoon exercise.  As we have previously 

postulated, because carbohydrate oxidation was not increased at any time coincident 

with in a delayed increase in GIR, the greater exogenous glucose requirements may be 

related to an overnight increase in non-oxidative glucose disposal (118).  Factors such 
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as the extent of glycogen depletion following exercise, the availability of glucose and 

the type and duration of exercise may affect the rate at which glycogen is synthesized 

(73, 98) and therefore may affect the timing of the delayed increase in GIR required to 

maintain euglycemia.  
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Chapter 4 

Moderate Intensity Afternoon Exercise in Adolescents 

with Type 1 Diabetes is not Associated with an Increase in 

Rate of Endogenous Glucose Appearance 
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4.1  Abstract 

Context: Glucose requirements to maintain euglycemia increase during and following 

exercise in type 1 diabetes 

Objective: The study aimed to investigate the mechanisms underlying this exercise-

associated increase in glucose requirements.  

Setting: The study took place in a tertiary pediatric referral centre.  

Design, Participants and Interventions: Eleven adolescents with type 1 diabetes (7 

males, 4 females aged 14.5 ± 1.3 yr, diabetes duration 6.8 ± 5.1 yr and HbA1c 8.3 ± 

0.9%, mean±SD) were subjected on two different occasions to a rest or 45 minutes of 

moderate intensity exercise at 95% of their lactate threshold. Insulin was administered 

iv at a constant rate based on participants’ usual doses with similar plasma insulin levels 

for both studies. Glucose and [6,6-2H]glucose were infused during exercise and 

recovery to maintain euglycemia and to calculate glucose rates of appearance (Ra) and 

disappearance (Rd), respectively.  

Main Outcome Measures: Glucose infusion rates (GIR) to maintain euglycemia, 

glucose kinetics and counterregulatory hormone levels were compared between exercise 

and rest studies.   

Results: GIR to maintain euglycemia increased during and immediately following 

exercise. While peripheral glucose Rd increased during and directly after exercise, 

endogenous glucose Ra did not rise. During and directly after exercise, the increased 

glucose Rd was accounted for by increased oxidative and non-oxidative glucose 

disposal rates, respectively. Levels of GH, epinephrine and norepinephrine increased 

with exercise.  

Conclusions: A failure to increase endogenous glucose production following exercise 

combined with an increase in glucose disposal explains the increased exogenous 

glucose requirements to maintain euglycemia during and shortly following exercise.  
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4.2  Introduction 

Exercise has well-established benefits for children and adolescents with type 1 diabetes. 

In particular, regular physical activity is associated with improved glycemic control, 

body mass index, lipid profiles and diastolic blood pressure in adolescents with diabetes 

(58, 59, 62, 63). The metabolic benefits of exercise are particularly valuable for people 

with diabetes given that dyslipidemia is associated with an increased risk for the 

development of microalbuminuria and that increased body mass index is associated with 

an increased risk for all microvascular complications of diabetes as well as 

cardiovascular diseases (16). 

Unfortunately for people with insulin-treated diabetes, exercise also increases the risk of 

hypoglycemia both at the time of exercise and many hours later (80). This exercise-

mediated hypoglycemia is due in part to the absence of a fall in plasma insulin levels.  

The relative hyperinsulinemia contributes to both increasing glucose utilization and 

inhibiting hepatic glucose production during exercise (80). This together with 

counterregulatory failure promotes a more rapid fall in blood glucose levels and an 

increase in the risk of hypoglycemia (80).  Finally, insulin inadvertently injected into 

muscle may be absorbed faster during exercise, thus resulting in even higher insulin 

levels and a greater risk of hypoglycemia (82). 

There is a paucity of quantitative evidence-based guidelines about the changes in 

carbohydrate intake or insulin dosage required to maintain euglycemia and prevent 

exercise-mediated hypoglycemia in people with type 1 diabetes. This is highlighted by 

the most recent guidelines published by the American Diabetes Association, where a 

trial-and-error approach is advocated to prevent exercise-mediated hypoglycemia, and 

few practical guidelines are available to clinicians and people with type 1 diabetes 

(103).  The International Society for Pediatric and Adolescent Diabetes (102) and others 

(64) have made a number of recommendations including reducing insulin doses prior to 

exercise or consuming additional carbohydrates before, during and after exercise. They 

acknowledge however that  individuals should record the response of their own glucose 

levels to these changes, in order to determine the correct magnitude of adjustment for 

future exercise bouts (102).  Recently, however, we have introduced and tested a novel 

experimental approach to assess the extra amount of carbohydrates that must be given 



71 

 

during and following exercise as a means to maintain euglycemia in adolescents with 

type 1 diabetes, by comparing the differences in the amount of glucose that must be 

infused to maintain euglycemia between exercised and non-exercised conditions 

(Chapter 2) (118).  

With the help of this experimental approach, we found that the glucose infusion rate 

(GIR) necessary to maintain euglycemia in adolescents with type 1 diabetes in the post-

absorptive state increases abruptly during exercise and the first hour of recovery and 

returns to basal over the next 5-6 hours (118).  The levels of several counterregulatory 

hormones such as catecholamines, GH and cortisol as well as nonesterified fatty acids 

(NEFA) increased significantly in response to exercise and during early recovery and 

then returned to pre-exercise levels later during recovery (118). These findings, 

however, provided little insight into the mechanisms underlying the exercise-mediated 

rise in glucose requirements to maintain euglycemia. It is the primary purpose of this 

study to address this question by studying glucose kinetics in detail in adolescents with 

type 1 diabetes subjected to moderate intensity afternoon exercise in the post-absorptive 

state.  

 

4.3  Materials and Methods 

4.3.1  Subjects 

Eleven adolescents (seven males, four females) with mean age 14.5 ± 1.3 yr (mean ± 

SD) and duration of diabetes 6.8 ± 5.1 yr (mean ± SD) were recruited.  Insulin treatment 

was by continuous sc insulin infusion or two to four insulin injections per day.  The 

HbA1c at the start of the study was 8.3 ± 0.9% (mean ± SD), weight was 64.4 ± 8.5 kg 

(mean ± SD) and body mass index was 23.1 ± 2.9 kg/m2 (mean ±SD). The peak rate of 

oxygen consumption (  peak) of the participants and their mean lactate thresholds 

expressed relative to power output and  peak were 40.52 ± 2.31 ml/kg/min, 107 ± 7 

W and 55.0 ± 1.9%  peak (mean ± SEM) respectively.  No subjects had evidence of 

microvascular complications.  The institution’s ethics committee approved the study.  

Informed consent was obtained from the parents and assent was obtained from the 

adolescents.   



72 

 

 

4.3.2  Exercise clamp studies 

The study protocol is described in detail elsewhere (Chapter 2) (118) and is summarized 

here.  After a familiarization session during which baseline anthropometric data , lactate 

threshold and  peak were determined, subjects attended the department on two 

further occasions for exercise (exercise study) and control (rest study)  testing sessions.  

These studies took place approximately 4 weeks apart using a counterbalanced paired 

design with subjects acting as their own controls.  Subjects were tested only if they had 

not experienced any hypoglycemia in the 48 hours prior to the experiment and had not 

exercised in the previous 24 hours.  Females were studied in the midfollicular phase of 

the menstrual cycle determined by patient history and confirmed by measuring estradiol 

and progesterone levels.  In female subjects, serum estradiol levels were 150 ± 75 and 

serum progesterone levels were 1.3 ± 0.3 consistent with levels in the midfollicular 

phase of the menstrual cycle. The paricipants’ individual diets were matched between 

studies and they consumed a normal breakfast at home on the day of the study with 

either insulin Aspart or Lispro. Intermediate acting insulin was not given on the 

morning of the study and long acting analog insulin was not administered within 24 h of 

either study.  

On arrival of the participant to the laboratory at 1100 h, a retrograde cannula was 

inserted into the dorsum of one hand for sampling and an antegrade cannula was 

inserted into the contralateral antecubital fossa for the infusion of insulin and glucose. 

Insulin was infused at a constant rate based on 50% of the individual’s usual total daily 

insulin dose and a 20% (wt/vol) dextrose solution was infused to maintain the glucose 

levels at 5-6 mmol/l.  Venous blood was collected for glucose analysis every 15 min to 

facilitate this and glucose infusion rates were adjusted accordingly.  At 1200 h subjects 

were given a standard lunch of one or two sandwiches designed to match the 

individual’s usual lunch time carbohydrate intake, along with a bolus of iv insulin based 

on the participant’s usual lunchtime bolus for the amount of carbohydrates consumed. 

The subjects fasted for the remainder of the study. 

Administration of [6,6-2H]glucose was commenced at 1330 h with a priming bolus of 3 

mg/kg and a constant infusion of 2.4 mg/kg/hour, and from that time onwards, the 20% 
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(w/v) dextrose was spiked with 1.2% molar excess of [6,6-2H]glucose.  For all subjects, 

the constant infusion rate of [6,6-2H]glucose was doubled to 4.8 mg/kg/hour during 

exercise to minimize changes in enrichment. In addition, before, during and hourly after 

exercise, the rate of O2 consumption, CO2 production and respiratory exchange ratio 

(RER) were measured using a mask during exercise and then a canopy after exercise, 

both linked to an indirect calorimetry system (Sensormedic, Viasys Australia).  Urine 

was also collected throughout the testing session in order to quantify the contribution of 

glucose spill-over to total glucose disappearance. 

At 1600 h, subjects either exercised for 45 min on a cycle ergometer (Evolution, 

Geelong, Australia) at an intensity of 95% of their lactate threshold (exercise study), 

which corresponded to 55.0 ± 1.9 %  peak, or sat on the cycle ergometer without 

pedaling (rest study).  During recovery and for the remainder of the study, the 

participants rested in a seated or supine position in bed for four hours.  

Blood glucose samples were obtained every 15 minutes and were analyzed using a YSI 

analyzer (YSI, Yellow Springs, OH).  Samples for the assessment of hormones and 

metabolites were obtained at 15-min intervals during exercise and second hourly after 

exercise from arterialized venous blood. Epinephrine and norepinephrine levels were 

measured during exercise and after two hours of recovery.  

 

4.3.3  Lactate threshold and  peak determination 

The lactate threshold and  peak were determined concurrently as described 

elsewhere (Chapter 2)  (118). 

 

4.3.4  Biochemical analyses 

Catecholamine levels were measured on heparinized plasma treated with sodium 

metabisulphite using a BI-CAT ELISA kit, DLD Diagnostika, Hamburg, Germany).  

The levels of the remainder of the hormones and metabolites were analyzed as 

described previously (108, 118).   
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4.3.5  Glucose Kinetics Analysis 

Blood [6,6-2H]glucose enrichment was determined using gas chromatography mass 

spectrometry after converting[6,6-2H]glucose to an aldononitrile derivative as described 

previously (122).  Glucose Ra and Rd were calculated from the changes in glucose 

enrichment using the one-compartment fixed-volume model of Steele (123-125).  The 

endogenous glucose Ra was calculated by subtracting the GIR from the total Ra for 

each subject at each time point (126).  Whole body rate of carbohydrate oxidation 

during testing was calculated using RER and oxygen consumption (127).  Finally non-

oxidative glucose disposal was calculated as the difference between Rd and whole body 

glucose oxidation. 

 

4.3.6  Statistical analyses 

Data were analysed using SPSS V15.0 for Windows (SPSS Inc., Chicago, IL) with 

p<0.05 considered statistically significant.  Hormone and substrate levels and rates of 

glucose turnover at specific time points were compared for each subject between the 

exercise and rest studies using the Wilcoxon signed ranks test.  The mean hormone and 

substrate levels for all subjects were calculated.  Carbohydrate and lipid oxidation rates 

were also compared between exercise and rest studies using a mixed model in SPSS.  

Unless otherwise stated, all results are expressed as means ± SEM.  

 

4.4  Results 

During the euinsulinemic euglycemic clamp, plasma insulin levels were similar between 

exercise and rest studies at all time points. Mean insulin levels were 111.3 ± 11.4 vs. 

101.6 ± 12.7 pmol/liter in the exercise and rest studies, respectively, which were in the 

low therapeutic range as planned (NS, Figure 4.1A). Glucose levels were similar 

between exercise and rest studies and were within the target range at most time points 

(Figure 4.1B). There was an unintentional decrease in glucose levels during the exercise 

study at the end of exercise (4.14 ± 0.27 mmol/l) compared with the rest study (5.64 ± 
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0.20 mmol/l, p<0.05) but glucose levels were similar again and in the euglycemic range 

within 15 min of recovery. 
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Figure 4.1  Responses of plasma free insulin (pmol/liter) (A) and blood glucose 

(mmol/liter) (B) to exercise (solid lines) and rest (dashed lines) studies.  Hatched box, 

Exercise period. *, P<0.05. 

 

4.4.1  Effect of exercise and recovery on glucose infusion rate 

During the rest study, the GIR to maintain euglycemia remained relatively stable 

(Figure 4.2A).  In contrast, in response to exercise, GIR was increased during and for 
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the first hour following exercise with the peak GIR reaching 4.93 ± 0.86 mg/kg/ min at 

the end of exercise compared with 1.72 ± 0.48 mg/kg/min at the same time during the 

rest study (p<0.05).  The difference in GIR (ΔGIR) between exercise and rest studies 

was calculated for each subject at each time point and the mean value for all patients 

was determined. There was a significant increase in ΔGIR during exercise and in the 

first hour of recovery (Figure 4.2B). The mean additional total glucose requirements to 

maintain euglycemia during the exercise period and first hour of recovery compared to 

the control studies were 2.2 ± 1.4 g and 9.3 ± 2.0 g, respectively. The mean difference 

in total glucose requirements between the exercise and rest studies for the total duration 

of the study was 13.6 ± 5.5 g.  Of this total additional glucose requirement, a mean of 

92.5% was infused during exercise and the first 90 minutes of recovery.  
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Figure 4.2  Responses of glucose infusion rate (mg/kg/min) (A), difference in glucose 

infusion rate (ΔGIR) between exercise and rest studies (mg/kg/min) (B), rate of 

carbohydrate oxidation (mg/kg/min) (C), rate of lipid oxidation (mg/kg/min) (D), rate of 

appearance (Ra) of glucose (mg/kg/min) (E), rate of endogenous glucose appearance 

(Ra) (mg/kg/min) (F), rate of disappearance (Rd) of glucose (G) and  non-oxidative 

glucose disposal (mg/kg/min) (H), to exercise (solid lines) and rest (dashed lines) 

studies. Hatched box, Exercise period. *, P<0.05.  
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4.4.2  Fuel metabolism  

During exercise the average rate of carbohydrate oxidation increased compared with the 

rest study (p<0.05, Figure 4.2C) and returned to basal levels within one hour of 

recovery.  A mean additional 48.6 ± 5.2g of carbohydrates were oxidized during the 

exercise period compared with the same time during the rest study.  Similarly, the rate 

of lipid oxidation increased in the exercise study compared with the rest study (p<0.05, 

Figure 4.2D) and returned to baseline levels within one hour of recovery.   

 

4.4.3  Glucose kinetics  

Glucose enrichments before and during testing in the exercise and rest studies were 

similar and increased gradually over the duration of the study.  The endogenous glucose 

Ra was not different between exercise and rest studies at any time point (NS, Figure 

4.2F). In response to exercise, glucose Rd increased significantly (p<0.05) and returned 

to basal pre-exercise levels within two hours (Figure 4.2G). In contrast, glucose Rd in 

the rest studies remained stable and was significantly lower than levels in the exercise 

study during exercise and early recovery (p<0.05, Figure 4.2G).  During the first sixty 

minutes of recovery from exercise, the rates of non-oxidative glucose disposal were 

significantly increased compared with the rest study at the same time (p <0.05, Figure 

4.2H).  There was no significant difference between the study conditions in non-

oxidative glucose disposal following that time.   

 

4.4.4  Counterregulatory hormones and metabolites 

In response to exercise, the levels of plasma NEFA did not change compared to pre-

exercise levels, but two hours following the end of exercise, plasma NEFA levels were 

increased compared with the pre-exercise levels and the rest study (p<0.05, Figure 

4.3A).    Serum GH (p<0.05, Figure 4.3B), epinephrine (p<0.05, Figure 4.3C) and 

norepinephrine (p<0.05, Figure 4.3D) levels all peaked at the end of exercise compared 

with the pre-exercise levels and the rest study and returned to basal levels following 

exercise. In contrast, serum cortisol levels did not increase significantly during exercise 
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compared with the rest study (NS, Figure 4.3E). There was also no significant increase 

in glucagon levels in response to exercise and compared to the rest study (NS, Figure 

4.3F).  
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Figure 4.3  Responses of plasma nonesterified fatty acids (NEFA) (g/l) (A), serum GH 

(ng/ml) (B), epinephrine (pmol/l) (C), norepinephrine (nmol/l) (D),  serum cortisol 

(nmol/l) (E), and plasma glucagon (ng/l) (F) to exercise (solid lines) and rest (dashed 

lines) studies.  Hatched box, Exercise period. *, P<0.05. 

 

4.5  Discussion 

Recently, we reported that the rates at which glucose must be infused to maintain 

euglycemia increase during and following moderate intensity exercise in post-

absorptive adolescents with type 1 diabetes (Chapter 2) (118).  Here we not only 

corroborate these findings (118), but show that during exercise, the increase in glucose 

requirement to prevent hypoglycemia is due to a rise in glucose Rd and carbohydrate 

oxidation rate, combined with the absence of an increase in endogenous glucose Ra.  
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During early recovery, the rise in both glucose Rd and non-oxidative glucose disposal 

together with the absence of an increase in the endogenous glucose Ra accounts for the 

increase in the GIR required to maintain euglycemia.    

The pattern of change in glucose Ra during and after exercise in this study differs from 

those reported in overnight fasted adults with type 1 diabetes (128) and in non-diabetic 

individuals.  After an overnight fast, endogenous glucose Ra increased during 30 

minutes of exercise at 40%  peak in young adults with type 1 diabetes (128). Other 

studies in adult men without diabetes under different conditions have either shown an 

increase (129) or a lack of increase in endogenous glucose Ra (130, 131) during 

moderate intensity exercise. 

The mechanisms underlying the different patterns of Ra response to exercise and 

recovery between this study in post-absorptive individuals and previous studies in fasted 

adults with (128) and without (129) diabetes remain to be elucidated.  In this current 

study during moderate intensity exercise, levels of GH, epinephrine and norepinephrine 

were all increased. However, these hormones are generally acknowledged not to play an 

important role in the stimulation of hepatic glucose production during exercise in people 

with and without diabetes (77, 132).  In people without diabetes, a rise in the portal 

glucagon to insulin ratio during moderate intensity exercise is the most important 

regulator of hepatic glucose production (132). Since normal responses of insulin and 

glucagon levels were not demonstrated in our subjects with type 1 diabetes this may 

partly explain the lack of increase in endogenous glucose production in our subjects.   

Other factors may have inhibited a rise in hepatic glucose production in subjects in this 

study. Firstly, the infusion of glucose may have prevented a rise as both ingested (130, 

131) and infused (133) glucose have been implicated in inhibiting hepatic glucose 

production during exercise. However, this is unlikely in our subjects as glucose levels 

did not rise. In addition, the infusion of insulin, even at low rates may have been 

sufficient to suppress hepatic glucose production.  Indeed, exercise has been shown to 

increase the insulin sensitivity of hepatic glucose production in subjects with type 2 

diabetes (134).  However, this has not been demonstrated in obese and lean people 

without diabetes (134, 135) and has not been studied in individuals with type 1 diabetes. 

Clearly more studies are required to assess the effect of exercise on the insulin 

sensitivity of hepatic glucose production in people with type 1 diabetes. 
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As consistently reported in previous studies of individuals with and without type 1 

diabetes, exercise and recovery are associated with a rise in glucose Rd (77, 96, 128-

130, 132).  The rates of substrate oxidation here are consistent with the results of a 

study including boys with and without type 1 diabetes (96). It is important to note, 

however that the increase in glucose Rd in this study accounts for only a small 

proportion of the carbohydrates oxidized during exercise. This suggests that glycogen 

metabolism in skeletal muscle supports most of the carbohydrate oxidized during 

exercise and may even limit the rise in glucose Rd, since high rates of glycogen 

metabolism inhibit glucose uptake into skeletal muscle (136). Our findings also suggest 

that following exercise the increased rate of non-oxidative glucose disposal contributes 

significantly to the elevated Rd.  The availability of infused glucose and the above-

physiological plasma insulin levels are likely to have facilitated the rapid glycogen 

replacement that occurs following exercise (98) and hence produced the elevated rates 

of non-oxidative glucose metabolism. It is however also possible that the glycogen 

repletion rate may be suboptimal due to the elevated post-exercise levels of GH and 

catecholamines, since these hormones have the capacity to decrease both the uptake of 

glucose into muscle and the activity of glycogen synthase (20).  

One important clinical observation arising from this study is that the increased rate of 

carbohydrate oxidation during exercise cannot predict the increase in glucose 

requirement to prevent hypoglycemia during and after exercise. This is partly because 

the rise in carbohydrate oxidation rate is far greater than the rise in exogenous glucose 

requirement to prevent hypoglycemia during and following exercise. Specifically, an 

average of 48.6g of extra carbohydrate was oxidised during exercise while an additional 

13.6g of infused glucose was required to prevent hypoglycemia during exercise and 

recovery. Also challenging the use of carbohydrate oxidation rates to predict the 

additional carbohydrates needed to prevent hypoglycemia is the observation that there 

was no direct relationship between the rates of carbohydrate oxidation and the 

requirement for additional infused glucose. Additionally, although the mismatch 

between glucose Rd and endogenous glucose Ra could theoretically provide a means to 

calculate the amount of glucose required to prevent exercise-associated hypoglycemia, 

there was a large degree of inter-individual variability in the additional glucose 

required. Therefore, for a given intensity of exercise it would be difficult to estimate 

exactly how much carbohydrate should be given to people with type 1 diabetes to 
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prevent hypoglycemia. Finally, in a real life situation, carbohydrates would be ingested 

rather than infused, to prevent hypoglycemia and it is not clear whether a similar 

amount of carbohydrates would be required if given orally.  

 

4.6  Conclusions 

We conclude that during and immediately following afternoon exercise of moderate 

intensity in post-absorptive adolescents with type 1 diabetes, there is an increase in the 

rate of carbohydrate oxidation and non-oxidative glucose disposal, respectively, and a 

failure of endogenous glucose production despite raised catecholamine levels and basal 

insulin levels. This explains in part why more exogenous glucose is required during and 

after exercise to prevent hypoglycemia. Given that different patterns and intensities of 

exercise cause different changes in glucose kinetics (128), it is not possible to generalize 

the results of this study to all types of exercise. Therefore more research is needed to 

explore further how insulin levels, time of day, dietary state and exercise type affect 

glucose requirements to prevent hypoglycemia in young people with type 1 diabetes.   
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Chapter 5 

The Effect of Glycaemic Control on Counterregulatory 

Responses to Exercise and Glucose Requirements to 

Maintain Euglycaemia after Exercise in Adolescents with 

Type 1 Diabetes 
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5.1  Abstract  

Aims/hypothesis: To evaluate the impact of glycaemic control on counterregulatory 

and metabolic responses to moderate intensity exercise in adolescents with type 1 

diabetes.  

Methods: Seven adolescents (two males, five females aged 16.0 ± 1.9 years, diabetes 

duration 10.7 ± 2.5 years and HbA1c 7.4 ± 0.5%) were compared with nine adolescents 

(7 males, two females, aged 14.7 ± 1.5 years, diabetes duration 4.4 ± 3.9 years and 

HbA1c 8.6 ± 0.6%). Insulin was infused from 1200 h at a constant rate based on the 

individual’s usual dose, and glucose infusions were titrated to maintain euglycaemia for 

18 h.  At 1600 h all were subjected on different occasions to either rest or 45 min of 

exercise at 95% of their lactate threshold.  Hormone and substrate levels were measured 

during and after exercise. 

Results: Glucose infusion rates to maintain euglycaemia increased significantly during 

exercise only in the poorly controlled group (p<0.05). In contrast, between 0100 h and 

0400 h, glucose infusion rates increased only in the better glycaemic control group. 

There was however no linear relationship between additional glucose requirements at 

this time and HbA1c. The rate of carbohydrate oxidation was greater in the poorly 

controlled group during exercise, whereas lipid oxidation was greater in the well 

controlled group (p<0.05). During exercise, growth hormone and noradrenaline levels 

increased in both groups while cortisol and adrenaline levels increased only in the well 

controlled group (p<0.05).   

Conclusions: The effects of glycaemic control on substrate metabolism and timing of 

increased glucose requirements to maintain euglycaemia after exercise may result in 

different risk periods for hypoglycaemia associated with exercise in adolescents with 

type 1 diabetes.  
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5.2  Introduction 

Physical activity is associated with improvement in cardiovascular parameters and self-

esteem in adults and children (59, 104-106).  For individuals with type 1 diabetes, this 

has a greater significance as macrovascular complications are an important cause of 

increased morbidity and mortality (106).  Benefits of exercise for those individuals 

include improved insulin sensitivity and lipid profiles, in addition to an increase in lean 

mass and small artery compliance (59, 71, 74).  Exercise also has a favourable influence 

on glycaemic control in children with type 1 diabetes (58). Unfortunately, exercise is 

also associated with an increased risk of hypoglycaemia in insulin-treated individuals 

with type 1 diabetes (49, 84, 99).  This exercise-mediated hypoglycaemia in children 

and adolescents may occur not only during and immediately following exercise (49, 

84), but also many hours after exercise as shown by the DirecNet group and others (49, 

99).   

The hypoglycaemia risk at the time of exercise is secondary to a number of factors 

including relatively high insulin concentrations, due to increased absorption of 

previously injected subcutaneous insulin from the exercising limb and to absence of 

physiological decrease in insulin levels at the onset of exercise (76).  The relatively high 

insulin levels are in turn associated with increased muscle glucose uptake (97).  

Counterregulatory failure, with inadequate increases in cortisol, growth hormone, 

glucagon and catecholamine levels, has also been extensively investigated as a 

contributing factor to exercise-mediated hypoglycaemia (19, 76, 85, 88).   

We have recently demonstrated that glucose requirements to maintain euglycaemia in 

adolescents with type 1 diabetes are increased during and immediately following 

afternoon exercise of moderate intensity and again between approximately 2400 h and 

0400 h (Chapter 2) (118).  This delayed increase in glucose requirement combined with 

impaired counterregulatory responses to hypoglycaemia as a result of both previous 

exercise (117) and sleep (50) further increases the risk for severe nocturnal 

hypoglycaemic episodes in adolescents with diabetes following afternoon exercise.  The 

majority of subjects in our initial study (118) were in relatively good glycaemic control, 

with HbA1c <8.0%.  To date, no study has compared the metabolic responses to 

exercise between adolescents with different levels of glycaemic control. It is therefore 
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not clear whether glycaemic control affects the early or late increase in hypoglycaemia 

risk in adolescents with type 1 diabetes.   

We aimed to address this question indirectly by comparing the effect of moderate 

intensity exercise on glucose requirements to maintain euglycaemia following afternoon 

exercise in adolescents with type 1 diabetes with different levels of glycaemic control.  

Additionally, it is not known if other factors such as age, gender and duration of 

diabetes further influence overnight glucose requirements following afternoon exercise. 

We therefore also planned to observe the relationship between these factors and 

nocturnal glucose requirements in the study subjects.  

 

5.3  Methods 

5.3.1  Participants 

Adolescent volunteers with type 1 diabetes aged 13-18 years with no evidence of 

microvascular complications, and who were C-peptide free were separated into two 

groups based on HbA1c levels.  Those with HbA1c <8.0% were compared with those 

with HbA1c ≥ 8.0%.  The groups of participants with HbA1c <8.0% and ≥ 8.0% were 

operationally defined in this study as good glycaemic control and poor glycaemic 

control groups, respectively. The cut-off HbA1c of 8.0% was chosen as this is the 

median HbA1c of our clinic population.   The institution’s ethics committee approved 

the study and informed consent was obtained from the parents and assent was obtained 

from the participants.   

 

5.3.2  Exercise Clamp Studies  

Following a familiarisation session during which height, weight, lactate threshold, and 

 peak were obtained, subjects attended the laboratory on two further occasions.  

These two visits consisted of exercise (exercise study) or control (rest study) nights and 

occurred approximately four weeks apart using a counterbalanced paired design.  

Subjects were tested only if they had not reported any hypoglycaemic episodes in the 

previous 48 hours and had not exercised in the previous 24 hours.  Food intake over the 
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24 hour period prior to attending the laboratory was matched between exercise and rest 

studies.  Females were studied in the midfollicular phase of the menstrual cycle, 

determined by recall and confirmed by measurement of oestradiol and progesterone.   

Subjects consumed their normal breakfast on the morning of the study with only insulin 

Aspart or insulin Lispro.  No intermediate acting insulin was given on the day of the 

study and long acting analog insulin was not given within 24 hours of the study.   

On arrival at the laboratory at 1100h, a cannula was inserted in a retrograde fashion in a 

vein on the dorsum of one hand for sampling blood, and a second cannula was inserted 

in the contralateral antecubital fossa for infusing insulin and glucose.  Insulin Lispro 

was infused at a constant rate based on 50% of the subject’s total daily insulin dose to 

mimic basal insulin for the individual.  Blood glucose levels were measured every 15 

min using a YSI analyser (YSI, Yellow Springs, OH) and clamped for the duration of 

the study at 5-6 mmol/l by titrating an infusion of a 20% (wt/vol) dextrose solution.   

At 1200 h, a standard lunch of one to two sandwiches designed to mimic the 

participant’s usual lunch was given with a bolus of intravenous insulin based on the 

individual’s usual lunch time insulin bolus.  They were then fasted for the remainder of 

the study.  At 1600 h hours, participants exercised for 45 min on a cycle ergometer 

(Evolution, Geelong, VIC, Australia) at moderate intensity, equalling 95% of their 

lactate threshold in the exercise study, or sat on the ergometer without pedalling (rest 

study).   They then rested in a seated or supine position for the remainder of the study.  

Before, during and hourly following exercise, the rate of O2 consumption, CO2 

production and respiratory exchange ratio were measured, using a mask during exercise 

and a canopy after exercise, both linked to an indirect calorimetry system (Sensormedic, 

Viasys, Australia).  Blood samples for the measurement of hormones and metabolites 

were taken at 15 min intervals during exercise, and second hourly after exercise, from 

arterialised venous blood.   The study ceased at 0600 h, and subjects were given 

breakfast with their usual morning insulin.    

 

5.3.3  Assays  

Catecholamine levels were measured on heparinised plasma treated with sodium 

metabisulphite using a BI-CAT ELISA kit, (DLD Diagnostika, Hamburg, Germany).  
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The levels of the remainder of the hormones and metabolites were analysed as described 

previously (Chapter 2) (108, 118).   

 

5.3.4  Lactate threshold and  peak determination 

Lactate threshold and  peak determination were as described in detail elsewhere 

(Chapter 2) (118).   

 

5.3.5  Statistical analyses  

Data were analysed using SPSS V15.0 for Windows (SPSS Inc, Chicago, IL) with p 

<0.05 considered statistically significant.  Hormone and substrate levels as well as 

glucose infusion rates were compared within each group (good or poor control) between 

exercise and rest studies using the Wilcoxon signed ranks test.  Levels between groups 

on either exercise or rest nights were compared using the Mann Whitney U test.  Mixed 

model effects using a linear mixed model with SPSS were used to compare 

carbohydrate oxidation and lipid oxidation between groups and were adjusted for the 

confounding effects of age, gender, duration of diabetes and work load during exercise 

on the exercise day as it was not known how these variables would affect substrate 

oxidation.   Unless otherwise stated, all results are expressed as mean ± SEM. Pearson 

correlations were performed relating mean difference in glucose infusion rates between 

the rest and exercise studies between midnight and 0400 h for each subject to a number 

of factors including age, duration of diabetes, HbA1c, gender, insulin dose, work 

performed,  peak and 95% of the lactate threshold expressed relative to weight.  

Mixed effect models were used to assess difference in glucose infusion rate between 

exercise and rest by analyzing the repeated measure data of glucose infusion rates taken 

at various time points (109, 110).  The model included age, gender, HbA1c, duration of 

diabetes and work performed during exercise on the exercise day as it was not known 

how these variables would affect the difference in glucose infusion rates between the 

rest and exercise studies for individual subjects.  To control for the confounding effect 

of repeated measures of outcome variables, several correlation structures including 
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Compound Symmetry, Auto Regressive (109) and Unstructured were assessed using 

Akaike’s Information Criterion (AIC) to select the most appropriate correlation 

structure (111).  This was performed using SAS (SAS Institute, Cary, NC).  

 

5.4  Results 

Seven adolescents (2 males, 5 females) with HbA1c 7.4 ± 0.5% (mean ± SD, median 

7.4%, range 6.5-7.8%), were compared with nine adolescents (7 males, 2 females) with 

HbA1c 8.6 ± 0.6% (mean ± SD, median 8.6%, range 8.0-9.9%, p <0.05).  Mean age was 

16.0 ± 1.9 and 14.7 ± 1.5 years (mean ± SD, NS) and duration of diabetes was 10.7 ± 

2.5 and 4.4 ± 3.9 years (mean ± SD, p <0.05) for good and poor glycaemic control 

groups, respectively.  There was no difference between the groups in anthropometric 

measures.  Average heights for the good and poor glycaemic control groups were 1.703 

± 0.072 and 1.678 ± 0.079 m, while weights were 70.9 ± 11.7 and 64.5 ± 9.2 kg, and 

BMI was 24.6 ± 4.9 and 22.9 ± 2.9 kg/m2 respectively (mean ± SD, all NS).  Peak rate 

of oxygen consumption (  peak) was 35.6 ± 2.1and 42.1 ± 3.7 ml/kg/min (NS) and 

95% of the lactate threshold expressed relative to power output was 105±11 and 111±10 

W for good and poor glycaemic control groups, respectively (NS).  There was no 

difference in total daily insulin dose (68 ± 8 vs  69 ± 8 U/day, NS), or insulin dose 

adjusted for weight (1.0 ± 0.1 vs 1.1 ± 0.1 U/kg/day, NS) between the good and poor 

glycaemic control groups, respectively. In female subjects serum oestradiol (130 ± 40 

pmol/l) and progesterone (1.3 ± 0.2 mmol/l) were consistent with levels in the 

midfollicular phase of the menstrual cycle.  

During the euglycaemic clamp, blood glucose levels remained in the euglycaemic range 

and were similar between exercise and rest studies in both good and poor control groups 

(Figure 5.1A).  No subjects reported symptoms of hypoglycaemia.  Insulin infusion 

rates were 1.4 ± 0.2 and 1.6 ± 0.1 U/h in the groups with good and poor control (NS).  

Moreover, there was no difference in insulin levels between study groups on either the 

exercise or rest night at any time point (Figure 5.1B).  Mean insulin levels were 93.2 ± 

24.8 and 88.7 ± 10.8 pmol/l (good vs poor, respectively, NS), which were in the low 

therapeutic range as planned.  
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Figure 5.1  Blood glucose (mmol/l) (A) and plasma insulin (pmol/l) (B) levels during 

the exercise studies for the groups with good (white circles) and poor (black circles) 

glycaemic control, and the rest studies for the groups with good (white squares) and 

poor (black squares) glycaemic control.  Hatched box represents exercise period.  

Results expressed as means ± SE.   

 

5.4.1  Effect of exercise and recovery on glucose infusion rate  

The difference in glucose infusion rate between exercise and rest study (ΔGIR) was 

calculated for each subject at each time point.  Glucose requirements to maintain 

euglycaemia during exercise were increased significantly in the poorly controlled group 

(p<0.05, Figure 5.2A) but not in the well controlled group (Figure 5.2B). In contrast, 

between 0100 h and 0400 h, that is 8-11 hours after exercise, there was a period of 

increased glucose requirement in the group with good glycaemic control (Figure 5.2B, 

p<0.05) and there was no further increase in glucose requirement during that time in the 

poor glycaemic control group (Figure 5.2A).    
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Figure 5.2  Difference in glucose infusion rate (GIR) (mg/kg/min) between exercise 

and rest for the groups with poor (A) and good (B) glycaemic control.  Carbohydrate 

(C) and lipid (D) oxidation rates (mg/kg/min) during the exercise study in the groups 

with good (white circles) and poor (black circles) glycaemic control and during the rest 

study the groups with good (white squares) and poor (black squares) glycaemic control.  

Hatched box represents exercise period.  Results expressed as means ± SE.  ‡ (p<0.05). 

* (p<0.05) exercise vs rest studies.  † (p<0.05) good vs poor control.  

 

By examining the group as a whole with HbA1c as a continuous variable in a mixed 

model analysis, we compared the relationship between HbA1c and difference in glucose 

infusion rate between exercise and rest at various time points.  After controlling for 

confounding factors such as gender, age, duration of diabetes and work performed 

during exercise there was a significant negative relationship between HbA1c and 
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difference in glucose infusion rate between the exercise and rest studies from 2200 h 

until 0330 h (p<0.05) with a greater difference between 0100 h and 0330 h (p<0.05).   

 

5.4.2  Correlations  

There was no relationship between mean ΔGIR between midnight and 0400 hrs and any 

factor including age, duration of diabetes, gender, HbA1c, insulin dose adjusted for 

weight, work performed (kJ/kg),  peak and 95% of the lactate threshold expressed 

relative to weight (W/kg) (Figure 5.3, A to H, all NS). 
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Figure 5.3  Relationship between mean difference in glucose infusion rate between 

exercise and rest studies (Delta GIR) (mg/kg/min) from midnight to 0400 h and age 

(years) (A), duration of diabetes (years) (B), gender (C), HbA1c (%) (D), insulin dose 

(unit/kg/day) (E), work performed during exercise (kJ/kg) (F),  peak (ml/kg/min) 

(G) and 95% lactate threshold expressed relative to weight (W/kg) (H), all NS.  
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5.4.3  Fuel metabolism  

During exercise, the absolute average rate of carbohydrate oxidation (Figure 5.2C) 

increased compared with the rest studies in both the good (p <0.05) and poor (p <0.05) 

glycaemic control groups at the time of exercise and returned to baseline levels within 

one hour of recovery.  The rate of carbohydrate oxidation during exercise was greater in 

the poorly controlled group compared with the well controlled group (p <0.05) after 

controlling for the effect of age, gender, duration of diabetes and workload during 

exercise.  The average rate of lipid oxidation (Figure 5.2D) increased in the exercise 

study compared with the rest study in both the good (p <0.05) and poor (p <0.05) 

glycaemic control groups at the time of exercise and again returned to baseline levels 

within one hour of recovery.  The rate of lipid oxidation during exercise was 

significantly higher in the well-controlled group compared with the poorly controlled 

group after controlling for age, duration of diabetes, gender and workload during 

exercise (p < 0.05). 

 

5.4.4  Hormones and metabolites  

NEFA levels (Figure 5.4D) were elevated in the exercise compared with rest study in 

both the good (p <0.05) and poor (p <0.05) control groups two hours following exercise, 

but there was no difference between exercise and rest studies at any other time point.  

NEFA levels were elevated in the well controlled group compared with the poorly 

controlled group at the end of exercise and four hours after exercise in the exercise 

study (p<0.05).   

Serum cortisol levels (Figure 5.4B) were increased at the end of exercise compared with 

rest only in the good glycaemic control group (p <0.05) and also at two hours after the 

completion of exercise (p < 0.05).  Serum growth hormone levels (Figure 5.4A) peaked 

at the end of exercise compared with rest in both good (p<0.05) and poor (p<0.05) 

glycaemic control groups and returned to baseline levels within two hours of recovery.  

Growth hormone levels were similar between the groups at all time points in both 

exercise and rest studies. Glucagon levels did not rise significantly with exercise in 

either group (Figure 5.4C).  Noradrenaline levels peaked during exercise in both groups 

(Figure 5.4E, p<0.05) and returned to baseline within two hours of recovery.  This 
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increase was significantly greater in the well controlled group than the poorly controlled 

group (p<0.05).  Adrenaline levels only increased significantly in the well controlled 

group after 30 minutes of exercise and did not increase in the poorly controlled group 

(Figure 5.4F, p<0.05).   
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Figure 5.4  Serum growth hormone (GH) (μg/l) (A), serum cortisol (nmol/l) (B), 

plasma glucagon (ng/l) (C), plasma nonesterified fatty acid (NEFA) (g/l) (D), serum 

noradrenaline (nmol/l) (E) and serum adrenaline (pmol/l) (F) levels during the exercise 

studies for the groups with good (white circles) and poor (black circles) glycaemic 

control, and the rest studies for the groups with good (white squares) and poor (black 

squares) glycaemic control.  Hatched box represents exercise period.  Results expressed 

as means ± SE.  * (p<0.05) exercise vs rest studies.  † (p<0.05) good vs poor control.  
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5.5  Discussion 

We have previously reported that afternoon exercise of moderate intensity is associated 

with an increase in glucose requirements to maintain euglycaemia in adolescents with 

type 1 diabetes: both at the time of exercise and later after a delay of 7-11 hours from 

the completion of exercise (Chapter 2) (118).  Given that the majority of subjects in that 

study had HbA1c levels <8.0% (118) it was not clear whether subjects with poorer 

glycaemic control would display a similar pattern of increased glucose requirements 

following exercise. In this report, we have examined the question of whether glycaemic 

control is a determinant of the effect of exercise on glucose requirement.  The cut-off 

HbA1c of 8% was chosen as this is the median HbA1c of our clinic population.  In 

addition, this level has been used by others recently to divide groups of children with 

type 1 diabetes (137).  Participants with HbA1c ≥ 8% required a significantly greater 

infusion of glucose to maintain euglycaemia during exercise relative to rest but did not 

exhibit a later increase in glucose requirements.  Conversely, those in better glycaemic 

control (HbA1c <8.0%) required a greater infusion of glucose to remain euglycaemic 

during the night in the exercise relative to the rest study.  These data suggest that better 

glycaemic control contributes to an increased risk of delayed hypoglycaemia after 

exercise compared with poorer glycaemic control.   This conclusion however is 

contradicted by the finding that there was no direct relationship between HbA1c and 

mean ΔGIR between midnight and 0400 h. This suggests that other factors could also 

have been responsible for the difference in glucose requirements to prevent 

hypoglycaemia between the two groups.  

It is important to consider the limitations of this study while interpreting the results.  

The subjects included in the study were those who had volunteered and it is probable 

that they were not a representative sample of the clinic population.  Indeed, there was a 

relatively narrow range of HbA1c levels in the group as a whole with most between 7.0 

and 9.0% and many around the division point of 8.0%. This may reflect the difficulty in 

recruiting subjects with poor glycaemic control. Using participants with a wider range 

of glycaemic control may have further helped to demonstrate a relationship, if present, 

between glycaemic control and overnight glucose requirements following exercise.  In 

addition, ideally all baseline characteristics apart from HbA1c should have been 
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matched between the study groups. Unfortunately, the good and poor glycaemic control 

groups also differed in gender distribution and duration of diabetes.   

Bearing these limitations in mind, it is possible to offer explanations for the 

demonstrated differences between the groups. The greater requirement for additional 

glucose during and just following exercise in the group with less optimal glycaemic 

control might be partly due to the greater carbohydrate oxidation and lesser lipid 

oxidation during exercise in that group relative to the well controlled group. This 

finding was still significant after controlling for the effects of gender as well as age, 

duration of diabetes and work performed during exercise.  The differences between the 

two groups in their counterregulatory response to exercise may also have contributed to 

the difference in substrate oxidation and glucose infusion rates required to maintain 

euglycaemia during and immediately following exercise. The greater peaks in 

adrenaline and noradrenaline levels in the well controlled group may have resulted in a 

greater hepatic glucose output or a reduction in peripheral glucose utilisation, explaining 

the absence of a significant increase in glucose infusion rate during that time period 

(138). In addition, the greater elevation in cortisol, adrenaline and noradrenaline in the 

well controlled group is likely to have contributed to an increase in lipolysis (21, 138) 

as suggested by the more pronounced elevation in NEFA levels during exercise in that 

group compared to the poorly controlled group.  These differences may explain the 

greater lipid oxidation rates and hence, the lesser increase in glucose infusion rate 

required during exercise in the group with better control.  Arguably, these proposed 

mechanisms underlying the differences in substrate oxidation rates between both 

experimental groups remain speculative, particularly considering that to the best of our 

knowledge this is the first study to report that glycaemic control may be associated with 

different patterns of counterregulatory response and fuel metabolism to exercise.   

As previously mentioned there was a difference in gender distribution between the two 

groups with more females in the group with good control and more males in the group 

with poor control.  Despite this, the differences between the groups in carbohydrate and 

lipid oxidation during exercise and in glucose requirements during and following 

exercise remained significant even after controlling for gender.  In addition, although 

gender differences in catecholamine responses to exercise in adults with type 1 diabetes 

have been demonstrated by others (91), we did not find any such difference (data not 
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presented) in this adolescent group.   If gender differences between the groups were 

responsible for the metabolic differences demonstrated, one would have expected the 

group with more male subjects, that is, the group with poor control, to have greater 

rather than lesser counterregulatory hormone responses to exercise.   

The mechanisms underlying the nocturnal increase glucose requirement to maintain 

euglycaemia in the group with better glycaemic control cannot be explained on the basis 

of their patterns of fuel oxidation.  Indeed, the average rates of fat and carbohydrate 

oxidation during the night after exercise were not significantly different between 

individuals in poor and good glycaemic control.  Further, there was no difference 

between the two groups in serum cortisol, serum growth hormone, plasma insulin or 

plasma glucagon levels later in the night. It has been postulated that prior 

hyperglycaemia in type 1 diabetes can lead to a decrease in insulin-stimulated glucose 

uptake, and that this may be mediated via over-activation of the hexosamine pathway 

(139). Consequently, those with poorer glycaemic control, and hence greater antecedent 

hyperglycaemia, are more likely to demonstrate a degree of insulin-resistance to skeletal 

muscle glucose uptake.  Therefore, given that the overnight rates of carbohydrate 

oxidation were not increased, the greater overnight increase in glucose requirement in 

the well controlled group may be due to a greater increase in the insulin sensitivity of 

glucose uptake following exercise (139) and an increase in the rate of replacement of 

glycogen stores. Clearly, further work is required to elucidate the mechanisms 

underlying the differences in glucose requirements to maintain euglycaemia at night 

following afternoon exercise between individuals in good and poor glycaemic control.   

We were unable to demonstrate a relationship between ΔGIR between exercise and rest 

studies from 7-11 hours following exercise, and any factor including HbA1c, age, 

gender, duration of diabetes, insulin dose,  peak and work performed during 

exercise.  Similarly, the DirecNet group did not demonstrate a relationship between risk 

of overnight hypoglycaemia following moderate intensity exercise and similar factors 

(49).   
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5.6  Conclusion 

We demonstrated a difference between the two study groups in the patterns of 

counterregulatory response and substrate oxidation during exercise, as well as the 

temporal pattern of change in glucose requirement to maintain euglycaemia in response 

to exercise.  It is not clear however whether these differences can be attributed to 

glycaemic control.  Clearly, a larger study using participants with a broader range of 

glycaemic control and more closely matched for demographic factors is needed to show 

if the level of glycaemic control is a risk factor for nocturnal hypoglycaemia after 

exercise.  In addition, more work is needed to clarify which other factors increase the 

risk of overnight hypoglycaemia in adolescents with type 1 diabetes following afternoon 

exercise. 
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Chapter 6 

General Discussion 
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6.1  Conclusions 

Exercise increases the risk of hypoglycaemia in adolescents with type 1 diabetes 

managed with current treatment regimens. Fear of this complication of diabetes 

management may make young people with diabetes less inclined to take part in regular 

physical activity (100, 101), and hence fail to benefit from the many advantages of 

exercise.  The studies comprising this thesis have utilised a novel modification of the 

euglycaemic insulin clamp technique to investigate the physiological responses to 

moderate intensity afternoon exercise in adolescents with type 1 diabetes.  This 

technique has enabled us to quantify the risk of exercise-associated hypoglycaemia 

without inducing this feared complication.  

In the first study, outlined in Chapter 2 (118), we demonstrated that glucose 

requirements to maintain euglycaemia in response to moderate intensity afternoon 

exercise were increased in a biphasic manner, both at the time of exercise, and again 

between midnight and 0400 h. In that study, the counterregulatory response to exercise 

was suboptimal compared with responses previously reported in people without 

diabetes.  In particular, although growth hormone, cortisol and noradrenaline levels 

increased with exercise, adrenaline and glucagon levels failed to increase.  As expected 

for subjects requiring insulin treatment, insulin levels failed to decrease in response to 

exercise. We hypothesised that the inadequate counterregulatory hormone responses and 

subsequent alterations in glucose turnover were the underlying mechanisms responsible 

for the increased glucose requirements to maintain euglycaemia during and immediately 

following exercise.  This supposition was explored further in Chapter 4. 

Given that there was no increase in nocturnal carbohydrate oxidation following exercise 

in the study in Chapter 2, we hypothesised that the overnight increase in glucose 

requirements was related to an increase in non-oxidative glucose disposal at that time.  

Curiously, the increase in glucose requirements in subjects in that study seemed to 

coincide with sleep onset.  We hypothesised that a trigger for an increase in overnight 

non-oxidative glucose disposal, and hence the increase in glucose requirement in 

subjects with type 1 diabetes, was sleep.  We therefore studied subjects again, with the 

same study design and exercise workload, but with sleep onset delayed by two hours, as 

outlined in Chapter 3.   
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As discussed in Chapter 3, there was no relationship displayed between the timing of 

sleep onset and the timing of increased overnight glucose requirements.  In agreement 

with our findings, others have shown that the risk for nocturnal hypoglycaemia is in fact 

spread over many hours following exercise in children and adolescents with diabetes 

(44, 49, 83). It is therefore likely that factors other than sleep impact on the timing of 

hypoglycaemia risk following afternoon exercise.  Insulin sensitivity of skeletal muscle 

glucose uptake is known to be increased for many hours following the completion of 

exercise (77), and consequently increased muscle glucose uptake to replenish glycogen 

stores could explain the delayed increase in glucose requirements after exercise.  

Additional factors such as the degree of glycogen depletion, the type of exercise and the 

availability of exogenous glucose may affect the rate of glycogen resynthesis and hence, 

the timing of the risk for hypoglycaemia following exercise (73, 98).  

Chapter 4 explored the mechanisms behind the increase in GIR required to maintain 

euglycaemia during exercise and early recovery.  The increase in glucose requirement 

was due to a mismatch between glucose Ra and Rd.  In particular, there was an increase 

in glucose disposal during and following exercise, due to an increase in carbohydrate 

oxidation and non-oxidative glucose disposal, respectively. Despite the increase in 

glucose Rd, there was no compensatory increase in endogenous glucose Ra.   As a 

result, an increase in GIR was required to maintain euglycaemia during and following 

exercise.  

The lack of increase in endogenous glucose Ra is likely to be related a failure of both an 

increase in glucagon levels and a decrease in insulin levels in response to exercise, and 

hence, a lack of increase in the glucagon:insulin ratio.  An increase in this ratio is 

required for a normal increase in hepatic glucose production in response to exercise (77, 

81, 132). Intriguingly, insulin levels in our subjects were actually lower than levels 

reported in other studies of exercise under basal insulin conditions in people with type 1 

diabetes (128, 140). Therefore, subjects in our studies were not exposed to higher than 

normal insulin levels. Accordingly, factors other than hyperinsulinaemia are likely to 

have played a role in the suppression of endogenous glucose Ra in our subjects.  For 

instance, the timing of the afternoon exercise and the post-absorptive state of the 

participants may have increased the sensitivity to insulin (141-143), while the infusion 
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of basal insulin (144) and glucose (130, 131, 133) may have further inhibited an 

increase in hepatic glucose production during exercise in the participants.  

There is limited information available about the effect of glycaemic control on the 

metabolic response to exercise. Consequently, the final study, included in Chapter 5, 

attempted to explore this issue by comparing adolescents arbitrarily divided into groups 

with good (HbA1c <8.0%) or poor (HbA1c  ≥ 8.0%) glycaemic control.  Using this 

dichotomous separation, there was a differential response in the increase in GIR to 

maintain euglycaemia, with those in poorer control requiring greater additional glucose 

during and immediately following exercise, and those in better glycaemic control 

requiring a greater additional GIR to maintain euglycaemia overnight.  However, as 

shown in Chapter 5, there was no linear relationship between HbA1c and the additional 

GIR required to maintain euglycaemia between midnight and 0400 h. Nevertheless, the 

range of glycaemic control between participants was not wide, with most subjects 

between 7.0 and 9.0%, and this may not have been sufficient to demonstrate a linear 

relationship between HbA1c and later increases in glucose requirements following 

exercise.  

 

6.2  Implications 

The findings of Chapter 2 of this thesis (118) have already contributed to evidence 

based guidelines regarding exercise in children and adolescents with type 1 diabetes 

mellitus (64, 102, 145).  In addition, the findings of the remainder of the thesis have 

provided further evidence that will help to inform future guidelines.   

Most other studies of exercise in people with type 1 diabetes have been conducted in the 

morning. The rationale for studying adolescents in the afternoon in the studies 

comprising this thesis was that many school-aged children and adolescents take part in 

physical activity in the afternoon, following school.  In addition, the participants 

consumed lunch at 1200 h, prior to the exercise at 1600 h.  This again was designed to 

mimic the timing of lunch at school.  The results of these studies are therefore likely to 

be transferrable to a real-life situation of post-absorptive, moderate intensity after-

school exercise in adolescents with type 1 diabetes.  
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The participants in these studies were exercising with insulin levels consistent with 

basal levels for people with type 1 diabetes treated with insulin. Firstly, the constant rate 

insulin infusion was based on 50% of the participants’ usual daily doses in an attempt to 

mimic basal insulin.  Also, it is likely that minimal bolus insulin was still active at the 

time of exercise since lunch and hence the lunch-time intravenous insulin bolus was 

given four hours prior to exercise.  Indeed, as mentioned previously, measured insulin 

levels were lower than those reported in studies of exercise in adults with type 1 

diabetes (128, 140) and similar to levels reported in exercising children with type 1 

diabetes (85).  It is significant that most participants required exogenous glucose to be 

infused during exercise to maintain euglycaemia even under these conditions of basal 

insulin.  

To reduce the insulin levels available during exercise, Admon et al. (83) studied the 

response to moderate intensity morning exercise in adolescents with type 1 diabetes 

with insulin pumps either suspended or infusing 50% of their usual basal rates.  Despite 

these modifications, two out of 10 subjects under each condition still experienced 

hypoglycaemia during exercise (83). Similarly, the DirecNet Group (112) found that 

one in six children and adolescents experienced hypoglycaemia during moderate 

intensity afternoon exercise, despite suspension of CSII basal rates. It would therefore 

appear that reducing the rate of insulin infusion at the time of exercise is insufficient to 

prevent hypoglycaemia during moderate intensity exercise in adolescents with diabetes.  

Perhaps in addition, a reduction in the basal rate of CSII therapy for a period of time 

prior to the onset of exercise would be necessary to completely eradicate the risk of 

hypoglycaemia during exercise.  Of concern though is that hyperglycaemia (112) and 

potentially ketosis could develop under these conditions. Indeed, it has long been 

recognised that exercise in a state of even mild insulin deficiency can increase the risk 

of ketosis (107, 146).  

Therefore adolescents with type 1 diabetes exercising at a moderate intensity in the 

afternoon will require carbohydrate supplementation to prevent hypoglycaemia at the 

time of exercise. Indeed, this strategy was successful in preventing hypoglycaemia 

during moderate intensity morning exercise in adolescents with type 1 diabetes in a 

study by Perrone et al. (147).  Unfortunately, given the wide variation in additional GIR 

requirements in our subjects, it is difficult to prescribe an exact quantity of carbohydrate 
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to prevent hypoglycaemia during exercise in all adolescents.  Nevertheless, as glucose 

requirements to maintain euglycaemia rose sharply with the onset of exercise, 

carbohydrate supplements should be administered prior to the start of exercise.  In 

addition, as glucose requirements remained elevated for at least 60 minutes following 

exercise, an additional carbohydrate supplement should be given at the end of exercise 

in order to prevent hypoglycaemia immediately following exercise at a moderate 

intensity.  

As mentioned above, subjects in these studies exercising under basal insulin conditions 

needed exogenous glucose to maintain euglycaemia.  Consequently subjects exercising 

with higher insulin levels would have an even greater requirement for exogenous 

glucose during exercise, as hyperinsulinaemia causes an increase in glucose utilisation 

(140).  Therefore one should apply caution if extending these results to adolescents 

exercising at a shorter interval after their normal lunch time insulin bolus or injection.  

Subjects in these studies did not consume any dinner following exercise.  It is possible 

in a real life situation that the consumption of food and the administration of bolus 

insulin may have impacted on the rate of glycogen replacement following exercise, and 

hence the timing of hypoglycaemia risk.  

Regardless, the risk of hypoglycaemia is clearly elevated for many hours following the 

completion of moderate intensity afternoon exercise. Given that the timing of the 

increase in glucose requirements is not related to the timing of sleep onset, subjects 

exercising at a moderate intensity in the afternoon should be considered to be at risk for 

delayed hypoglycaemia at any time in the night. Indeed, many subjects in our studies 

required an increase in GIR prior to sleeping, while some had a persistently high 

exogenous glucose requirement the morning following moderate intensity afternoon 

exercise. This is suggested also by the distribution of hypoglycaemic episodes in 

subjects in the study by the DirecNet Study Group (44).   

Various strategies have been employed in the past to attempt to prevent nocturnal 

hypoglycaemia following exercise in children and adolescents with type 1 diabetes. 

These strategies have included reducing evening insulin doses for those managed with 

injections, reducing basal rates for those managed with CSII or consuming additional 

complex carbohydrates prior to bed (64, 71, 83, 102). It has been suggested that 
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following exercise, people with diabetes should aim for a glucose level of >7.2 mmol/l 

prior to bed (64). However, the DirecNet Study Group (49) has shown that the bed-time 

blood glucose level is not completely predictive of the nocturnal risk for hypoglycaemia 

in adolescents who have exercised in the afternoon.  Therefore, it would be appear that 

aiming for a blood glucose level at the higher end of the normal range through the 

addition of an evening carbohydrate snack would not be effective in preventing 

nocturnal hypoglycaemia after exercise.  

A suggested method to prolong the duration of action of carbohydrates is the 

consumption of fat as well as carbohydrates before bed, given that fat delays gastric 

emptying (148). The DirecNet Study Group (148) hypothesised that a bed-time snack 

containing fat as well as carbohydrate would be more protective against overnight 

hypoglycaemia than a snack with the same carbohydrate content, but low fat content.  In 

that study, neither supplement was completely successful in preventing nocturnal 

hypoglycaemia.  Also, the food higher in fat content had over twice the energy content 

than the low fat food (148). Therefore, not only is this method ineffective in 

maintaining euglycaemia overnight, but the additional energy consumed would increase 

the risk of weight gain. This is not a desirable side effect given that many adolescents 

with type 1 diabetes are already overweight or obese (149). Therefore, as carbohydrate 

supplementation prior to bed is ineffective at preventing nocturnal hypoglycaemia and 

may be associated with unwanted weight gain, other methods are needed to avoid 

overnight hypoglycaemia following exercise. 

As mentioned previously, insulin sensitivity and hence glucose utilisation is increased 

for many hours subsequent to exercise (71, 77, 150).  The mechanisms behind this 

increase in insulin sensitivity include an increased response of glucose transporters to 

insulin stimulation (150) and an increase in the pool of free GLUT4 vesicles available 

for translocation to the cell surface (150).  The term “triple jeopardy” has been coined 

(44, 151) to describe the increase risk for overnight hypoglycaemia following exercise 

due to the combination of this increase in post-exercise glucose utilisation, along with 

impaired counterregulatory hormone responses to hypoglycaemia during sleep (50), and 

a lack of decrease in insulin levels.  

Since insulin sensitivity is increased following exercise, the most logical method to 

prevent late onset post exercise hypoglycaemia would be to reduce the available insulin 
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overnight.  Based on the studies in this thesis, the most critical later time of risk of 

hypoglycaemia is between midnight and 0400 h.  For adolescents managed with CSII 

therapy, it would be possible to reduce the basal insulin available at that time by 

reducing the basal rate prior to midnight. Those managed with injections would require 

a decrease in the dose of long acting insulin overnight.   

The studies comprising this thesis have provided further insights into the mechanisms 

underlying the risk of hypoglycaemia associated with exercise in adolescents with 

diabetes.  The knowledge gained from these experiments contributes to the growing 

body of information to inform guidelines to help adolescents with type 1 diabetes to 

exercise with a reduced risk of hypoglycaemia.  The most important findings are related 

to the two main risk periods for hypoglycaemia associated with moderate intensity 

afternoon exercise in post-absorptive adolescents with diabetes.  Firstly, given that 

afternoon exercise under basal insulin conditions does not result in an appropriate 

increase in endogenous glucose Ra, carbohydrate supplementation at the time of 

exercise is required to prevent early exercise-associated hypoglycaemia. Secondly, an 

increase in non-oxidative glucose disposal to replace glycogen stores is associated with 

a further overnight risk time for hypoglycaemia.  Given that others have shown that 

nocturnal hypoglycaemia cannot be eradicated through the administration of 

supplemental carbohydrate at bed-time (148), and that this method may result in 

undesirable weight gain, then overnight hypoglycaemia following afternoon exercise is 

best prevented by reducing the nocturnal insulin dose.  

 

6.3  Limitations 

Although this thesis has contributed to improved understanding of the risks of 

hypoglycaemia associated with exercise in young people with diabetes, a number of 

limitations must be acknowledged.  

Firstly, the findings in relation to this thesis apply to adolescents with type 1 diabetes 

exercising under particular conditions.  These conditions include continuous moderate-

intensity exercise for 45 minutes, in a post-absorptive state in the afternoon. Hence, 

caution should be applied in extending the conclusions from these studies to adolescents 

undertaking different types, intensities, durations or timing of exercise. In addition, all 
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females were studied during the mid-follicular phase of the menstrual cycle, and it is not 

known whether they would have had similar responses at another phase of their cycle 

(152).  Also, all adolescents studied had an HbA1c <10.0%. Although the current target 

HbA1c for adolescents with type 1 diabetes is <7.5% (13), many adolescents on modern 

treatment regimens still have much poorer glycaemic control (11).  It is not clear 

whether these results will also apply to the many adolescents with higher HbA1c levels. 

Due to the constraints of this study design, some of the other conditions utilised in our 

experiments may not be directly transferrable to a real-life situation. Firstly, 

carbohydrates were infused to maintain euglycaemia.  It is not known if a similar 

amount of carbohydrates would be required if administered orally. Also, as previously 

mentioned, subjects were fasted instead of consuming dinner. The availability of further 

oral carbohydrates in addition to an insulin bolus at the time of dinner could have 

increased the non-oxidative glucose disposal at that time, and hence affected the timing 

of the increased risk of nocturnal hypoglycaemia.  Regardless, this does not seem to 

have been the case in subjects taking part in the DirecNet studies who experienced 

hypoglycaemia throughout the night, despite consuming dinner (44, 49). 

As outlined in Chapter 3, there were flaws in the design of the study involving delayed 

sleep.  The main concern is that all subjects had already completed a rest study and an 

exercise study prior to taking part in the exercise study with delayed sleep.  That the 

order of the delayed sleep study was not randomised may have impacted on the results 

of this study.  

Finally, the study addressing glycaemic control has a number of limitations and these 

are detailed in Chapter 5 of this thesis.  To begin with, the range of HbA1c levels for the 

group was much narrower than the overall range for the clinic population.  As expected 

for a study including volunteers, the subjects may not have been typical of the entire 

clinic population.  Additionally, the dichotomous split of the subjects into groups with 

good and poor control using a cut-off HbA1c of 8.0% also resulted in a difference 

between the groups in gender distribution and duration of diabetes.  A larger study 

would probably have resulted in a more even spread of these demographic features.  
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6.4  Future Directions 

Acknowledging the limitations of the completed studies, there is ample scope for future 

work in this area, both employing the same study design and also making modifications 

to more closely mimic a real life situation. 

It would be beneficial to recruit a larger number of participants and to extend the study 

of glucose kinetics into the overnight period.  As the increased GIR to maintain 

euglycaemia overnight following exercise in these studies was not coincident with an 

increase in carbohydrate oxidation we have hypothesised that there was an increase in 

non-oxidative glucose disposal at this time.  Further glucose kinetic studies could 

confirm this hypothesis and also assess whether the nocturnal changes in non-oxidative 

glucose disposal are related to glycaemic control.  Hence, it would be useful recruit 

subjects with a broad range of glycaemic control into this study.  However, a limitation 

of studying those in particularly poor control is that the infusion of insulin based in their 

usual daily doses may result in hyperglycaemia, rather than euglycaemia.  Therefore in 

order to maintain euglycaemia, those participants may actually require greater than 

physiological infusions of insulin. Thus, a study with this design would not be able to 

assess true physiological responses following exercise in those with poorly controlled 

diabetes.  

Based on the findings of this thesis and other studies in children with diabetes, future 

study protocols could include changes to carbohydrate intake or insulin doses as a 

means to prevent exercise-associated hypoglycaemia. Such protocols could include 

combinations of the following: 

• Suspension of the pump during exercise (83, 112) 

• Supplementation with 15-30g oral carbohydrate prior to exercise and then at the end 

of exercise 

• A return to usual CSII basal rates from the end of exercise until 2200 h 

• A reduction of the CSII basal rate by 25% or 50% from 2200 h until 0300 h 

• A return to normal CSII basal rates from 0300 h 
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Given that insulin sensitivity varies according to the time of day, further studies should 

also address the timing of exercise. As mentioned previously, these studies were 

designed to mimic after school exercise.  Many children and adolescents also take part 

in regular activity in the mornings on weekends or during physical education at school.  

It would be therefore useful to study adolescents in the morning in a post-prandial state 

to mimic these exercise patterns.  

We have studied adolescents exercising continuously for 45 minutes at a moderate 

intensity.  However, it is well known that children and adults respond differently to 

other intensities and patterns of exercise (64, 85, 102, 128).  Future studies should 

therefore include different intensities and patterns of exercise to more closely simulate 

the other types of activities that this population takes part in.  
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TESTING INFORMATION SHEET 

 

Risk of nocturnal post-exercise hypoglycaemia in adolescents 
with type 1 diabetes 

 
Participation in regular physical exercise has a number of well-documented health benefits in diabetes 

that includes weight control and improvement in risk factors for heart disease.  Unfortunately exercise 

can increase the risk of significant hypoglycaemia both during and for some time following exercise.  

Surprisingly very little research has been done on the risk of hypoglycaemia several hours after 

exercise.  It is for this reason that we are attempting to quantify the risk of night-time hypoglycaemia 

after exercise in adolescents with type 1 diabetes. 

 

You will be asked to visit our laboratory at Princess Margaret Hospital on 3 separate occasions.  On 

your first visit, you will be subjected to a familiarisation session with the members of the research 

team, equipment and procedures.  During this visit your height and weight will be taken and we will 

determine your fitness level by measuring your maximal rate of oxygen consumption on an exercise 

bike.  This test lasts for about 12-15 minutes and consists of cycling on an exercise bike at a set 

intensity while breathing through a mouthpiece into an oxygen analyser system.  Every three 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.  In addition to this, you will be asked to spend the night in the Sleep Laboratory Research 

Unit at PMH so that you may experience conditions similar to when testing.  This will involve sleeping 

under a canopy that we will use to measure how much oxygen you use. 

 

After the familiarisation session, you will be asked to attend our laboratory on two separate occasions.  

It is important that, before each testing session, you meet the following restrictions: 

• You must not have experienced an episode of hypoglycaemia over the past 48 hours prior 

to testing. 

• You must have avoided any physical activity (excluding light walking) for 24 hours prior 

to testing. 
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• On the day of testing, you must bring your glucometer and test strips, your usual insulin 

and hypo treatment. 

 

On the day of the experiment, you will be required to come to the laboratory at PMH in the 

morning just before lunch (we will provide lunch) when we will start to monitor your blood glucose.  

On arrival, a registered nurse will place a catheter into a superficial vein on the back of your hand.  

This will allow us to sample your blood at different times.  A second cannula will be inserted into your 

forearm so that we may infuse glucose that has been labelled (so that we can keep track of it) 

throughout the study.  We will infuse non-labelled glucose at the same time to keep your blood sugar 

levels at normal levels throughout the study.  In the afternoon you will be asked to exercise at 65% of 

your maximum for 45 minutes.  This will be calculated from your fitness test.  Blood will be sampled 

at regular time intervals while you rest.  You will have a canopy put over you for the rest of the 

experiment so that we can measure your oxygen usage and see how much carbon dioxide you let out.  

This allows us to measure what fuels you are using as energy throughout the experiment.  This will be 

done throughout the afternoon and night.  You will also be asked to collect your urine throughout the 

experiment.  This will allow us to take this amount into account when doing our calculations 

afterwards.  A maximum of 15ml of blood will be sampled hourly to measure your hormonal response 

to exercise as well as to follow your labelled glucose. 

 

It is important to stress that at any stage during the study you will retain the right to withdraw your 

consent and to discontinue your participation in the study generally or in any specific aspect of it.  

Should you have any further questions concerning the study, please contact either Dr Luis Ferreira 

(9380 3181) or Dr Paul Fournier (9380 1356).  If you have any complaints regarding the conduct of 

this study, please contact the Executive Director, Medical Services, PMH on 9340 8222 
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CONSENT FORM 

 
Carbohydrate utilisation during exercise as a predictor of the risk of late-onset post-exercise 

hypoglycaemia in adolescents with type 1 diabetes 
 

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 Dr Sarah 
McMahon, Dr Paul Fournier, Dr. Luis Ferreira and Dr Tim Jones which purpose is to quantify the 
risk of late onset post-exercise hypoglycaemia. 
 
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 laboratory on 
three or four separate occasions, and I am aware of the procedures (including the sampling of 
venous blood and infusion of 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 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:  

Dr Sarah McMahon on 9340 8744, Dr Paul Fournier on 9380 1356 or Dr Luis Ferreira 
on 9380 3181. 

 
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 
 
I, ........................................................................... have explained the above to the signatories who  

  (Investigator’s full name) 
stated that he/she understood the same. 
 
__________________________   _________________________ 
Signature of investigator     Date 
 
If you have any complaints regarding the conduct of this study, please contact the Executive Director, Medical 
Services, PMH on 9340 8222. 
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TESTING INFORMATION SHEET 

Risk of nocturnal post-exercise hypoglycaemia in adolescents 
with type 1 diabetes 

 
Participation in regular physical exercise has a number of well-documented health benefits in diabetes 

including weight control and improvement in risk factors for heart disease.  Unfortunately exercise can 

increase the risk of significant hypoglycaemia both during and for some time following exercise.  

Surprisingly very little research has been done on the risk of hypoglycaemia several hours after 

exercise.  It is for this reason that we are attempting to quantify the risk of night-time hypoglycaemia 

after exercise in adolescents with type 1 diabetes. It is also not clear whether this risk for 

hypoglycaemia is related to time after exercise or the timing of onset of sleep. 

 

You will be asked to visit our laboratory at Princess Margaret Hospital on 3-4 separate occasions.  On 

your first visit, you will be subjected to a familiarisation session with the members of the research 

team, equipment and procedures.  During this visit your height and weight will be taken and we will 

determine your fitness level by measuring your maximal rate of oxygen consumption on an exercise 

bike.  This test lasts for about 12-15 minutes and consists of cycling on an exercise bike at a set 

intensity while breathing through a mouthpiece into an oxygen analyser system.  Every three 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.   

 

After the familiarisation session, you will be asked to attend our laboratory on two or three separate 

occasions.  It is important that, before each testing session, you meet the following restrictions: 

• You must not have experienced an episode of hypoglycaemia over the past 48 hours prior 

to testing. 

• You must have avoided any physical activity (excluding light walking) for 24 hours prior 

to testing. 

• On the day of testing, you must bring your glucometer and test strips, your usual insulin 

and hypo treatment. 
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On the day of the experiment, you will be required to come to the laboratory at PMH in the 

morning just before lunch (we will provide lunch) when we will start to monitor your blood glucose.  

On arrival, a doctor or registered nurse will place a catheter into a superficial vein on the back of your 

hand.  This will allow us to sample your blood at different times.  A second cannula will be inserted 

into your forearm so that we may infuse glucose that has been labelled (so that we can keep track of it) 

throughout the study.  In the afternoon you will be asked to exercise at 65% of your maximum for 45 

minutes.  This will be calculated from your fitness test.  On the control day, you will sit on the bike 

without pedalling. Blood will be sampled at regular time intervals afterwards.   

You will have a canopy put over you each hour for the rest of the experiment so that we can 

measure your oxygen usage and see how much carbon dioxide you let out.  This allows us to measure 

what fuels you are using as energy throughout the experiment. You will also be asked to collect your 

urine throughout the experiment from the time of exercise.  This will allow us to take this amount into 

account when doing our calculations afterwards.  A maximum of 15ml of blood will be sampled 

hourly to measure your hormonal response to exercise as well as to follow your labelled glucose.  If 

you wish to, you may also come for a further exercise night when you will go to bed two hours later 

than usual.  This delayed sleep night is to determine whether hypoglycaemia risk is related to sleep on 

the exercise night.  

 

It is important to stress that at any stage during the study you will retain the right to withdraw your 

consent and to discontinue your participation in the study generally or in any specific aspect of it.  

Should you have any further questions concerning the study, please contact Dr Sarah McMahon (9340 

8744), Dr Luis Ferreira (9380 3181) or Dr Paul Fournier (9380 1356).  If you have any complaints 

regarding the conduct of this study, please contact the Executive Director, Medical Services, PMH on 

9340 8222 
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CONSENT FORM 

 
Carbohydrate utilisation during exercise as a predictor of the risk of late-onset post-exercise 

hypoglycaemia in adolescents with type 1 diabetes –Phase 2 
 

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 Dr Sarah 
McMahon, Dr Paul Fournier, Dr. Luis Ferreira and Dr Tim Jones which purpose is to quantify the 
risk of late onset post-exercise hypoglycaemia, and the contribution of sleep to this process. 
 
I declare that the purposes of this study have been fully explained to me.  I realise that (name of 
participant) _______________________________ will be required to stay awake until about 2am 
on this exercise day, and I am aware of the procedures (including the sampling of venous blood 
and infusion of labelled glucose) that will take place today.  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 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 study please contact:  

Dr Sarah McMahon on 9340 8744, Dr Paul Fournier on 9380 1356 or Dr Luis Ferreira 
on 9380 3181. 

 
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 
 
I, ........................................................................... have explained the above to the signatories who  

  (Investigator’s full name) 
stated that he/she understood the same. 
 
__________________________   _________________________ 
Signature of investigator     Date 
 
If you have any complaints regarding the conduct of this study, please contact the Executive Director, Medical 
Services, PMH on 9340 8222. 
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Glucose Requirements to Maintain Euglycemia after
Moderate-Intensity Afternoon Exercise in Adolescents
with Type 1 Diabetes Are Increased in a
Biphasic Manner

Sarah K. McMahon, Luis D. Ferreira, Nirubasini Ratnam, Raymond J. Davey, Leanne M. Youngs,
Elizabeth A. Davis, Paul A. Fournier, and Timothy W. Jones

Department of Endocrinology and Diabetes (S.K.M., N.R., L.M.Y., E.A.D., T.W.J.) and Clinical Biochemistry, Pathwest
(L.M.Y.), Princess Margaret Hospital for Children, Perth, Western Australia 6840, Australia; Schools of Paediatrics and
Child Health (S.K.M.) and Human Movement and Exercise Science (L.D.F., R.J.D., P.A.F.), University of Western Australia,
Perth, Western Australia 6009, Australia; and Centre for Child Health Research (N.R., E.A.D., T.W.J.), Telethon Institute
for Child Health Research, University of Western Australia, Perth, Western Australia 6008, Australia

Context: Exercise increases the risk of hypoglycemia in type 1
diabetes.

Objective:This study aimed to investigate how the amount of glucose
required to prevent an exercise-mediated fall in glucose level changes
over time in adolescents with type 1 diabetes.

Setting: The study took place at a tertiary pediatric referral center.

Design, Participants, and Intervention: Nine adolescents with
type 1 diabetes mellitus (five males, four females, aged 16 � 1.8 yr,
diabetes duration 8.2 � 4.1 yr, hemoglobin A1c 7.8 � 0.8%, mean �
SD) were subjected on two different occasions to a rest or 45 min of
exercise at 95% of their lactate threshold. Insulin was administered
iv at a rate based on their usual insulin dose, with similar plasma
insulin levels for both studies (82.1 � 19.0, exercise vs. 82.7 � 16.4
pmol/liter, rest). Glucosewas infused tomaintain euglycemia for 18 h.

MainOutcomeMeasures:Glucose infusion rates required to main-
tain euglcycemia and levels of counterregulatory hormones were com-
pared between rest and exercise study nights.

Results:Glucose infusion rates tomaintain stable glucose levelswere
elevated during and shortly after exercise, compared with the rest
study, and again from 7–11 h after exercise. Counterregulatory hor-
mone levels were similar between exercise and rest studies except for
peaks in the immediate postexercise period (epinephrine, norepineph-
rine, GH, and cortisol peaks: 375.6 � 146.9 pmol/liter, 5.59 � 0.73
nmol/liter, 71.9 � 14.8 mIU/liter, and 558 � 69 nmol/liter,
respectively).

Conclusions:Thebiphasic increase in glucose requirements tomain-
tain euglycemia after exercise suggests a unique pattern of early and
delayed risk for nocturnal hypoglycemia after afternoon exercise.
(J Clin Endocrinol Metab 92: 963–968, 2007)

PHYSICAL ACTIVITY IN adults provides physiological
and psychological benefits including blood pressure

reduction, improvement in lipid profiles, increased lean
body mass, and enhanced self-esteem (1–3). For people with
diabetes, these benefits may be of even more importance
because macrovascular complications are a major cause of
morbidity and mortality (3). In children, physical activity in
play and sport is an important component of normal devel-
opment (4). Unfortunately for insulin-treated individuals
with diabetes, exercise increases the risk of hypoglycemia (5).
This risk may be either immediate, that is during or shortly
after exercise, or delayed by several hours after activity (6, 7).
A number of factors contribute to the early onset of ex-

ercise-mediated hypoglycemia in type 1 diabetes mellitus
(T1DM). Insulin-treated patients with T1DM remain rela-
tively hyperinsulinemic during exercise, in part due to the

absence of a physiological decrease in insulin secretion and
an increase in the absorption of insulin if previously injected
in the exercising limbs (8, 9). As a result there is a rise in the
rate of muscle glucose transport (10) that increases the risk
of hypoglycemia. In addition, release of counterregulatory
hormones such as cortisol, GH, glucagon, and norepineph-
rine has been shown in various circumstances to be subop-
timal in adults and children with T1DM (8, 9, 11–14). As a
consequence of the resulting elevated portal insulin to glu-
cagon ratio, the hepatic glucose output may be insufficient to
maintain euglycemia during exercise, thus resulting in hy-
poglycemia. A recent report from the DirecNet Study Group
found 22% of adolescents became hypoglycemic during a
standardized exercise regimen (7).
Late-onset postexercise hypoglycemia, which may occur

up to 6–15 h after exercise (6), is also multifactorial in origin.
A contributing factor may be impaired counterregulation in
response to hypoglycemia in T1DM (6). In addition, the in-
crease in glucose uptake by skeletal muscles for the replen-
ishment of muscle glucose stores and a rise in insulin sen-
sitivity after exercise also contribute to the delayed risk of
hypoglycemia (6, 15). Finally, because exercise in children
often takes place in the afternoon after school and counter-
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Abbreviations: Hb, Hemoglobin; NEFA, nonesterified fatty acid;

T1DM, type 1 diabetes mellitus; V̇O2 peak, peak rate of oxygen
consumption.
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regulatory responses to hypoglycemia are impaired during
sleep (16), it is likely that the risk of late-onset postexercise
hypoglycemia is further increased overnight in adolescents
with T1DM. To date, literature on late-onset postexercise
hypoglycemia in children has been confined to studies re-
porting incidence of hypoglycemia andmore recently studies
observing the counterregulatory response to postexercise hy-
poglycemia (6, 7).
One approach to prevent blood glucose levels from falling

during and after exercise is to ingest adequate amounts of
carbohydrates, but the increase in glucose intake that is re-
quired to maintain euglycemia after exercise still remains to
be established. For this reason, the primary aim of this study
was to determine the increased glucose requirements to
maintain euglycemia after a defined period of moderate in-
tensity exercise and determine the temporal pattern of
change over which these additional substrates are required.
Because increased glucose consumption and glucose require-
ments are important determinants of hypoglycemia risk in
the insulin-treated person with diabetes we also aimed to
indirectly evaluate the risk of early and late-onset postexer-
cise hypoglycemia in these subjects.

Subjects and Methods
Subjects

Nine adolescents (five males, four females) with mean age 16.0� 1.8
yr (mean � sd) and duration of diabetes 8.2 � 4.1 yr were recruited.
Insulin treatment was by multiple daily injections or continuous sc
insulin infusion. The mean hemoglobin (Hb) A1c at the time of the first
study was 7.8 � 0.8% and body mass index was 24.5 � 4.5 kg/m2. The
peak rate of oxygen consumption (V̇O2 peak) of the participants and
their mean lactate thresholds expressed relative to power output or V̇O2
peak were 37.99 � 2.92 ml/kg�min, 115 � 12 W, and 54.9 � 2.8% V̇O2
peak, respectively. No subjects had evidence of microvascular compli-
cations. The institution’s ethics committee approved the study; informed
consentwas obtained from the parents and assentwas obtained from the
participants.

Exercise clamp studies

After a familiarization session duringwhich the anthropometric char-
acteristics, lactate threshold, and V̇O2 peak of all participants were
determined, they were required to attend the laboratory on two further
occasions. These visits consisted of an exercise (exercise study) and a
control (rest study) testing session and took place approximately 4 wk
apart using a counterbalanced, paired design with subjects acting as
their own controls. Subjects attended for themain studydays only if they
had not had any known hypoglycemic episodes for 48 h and had not
taken part in any exercise for 24 h. In addition, femaleswere studied only
in the midfollicular phase of the menstrual cycle. To ensure that the diet
was matched between studies, all subjects kept a food diary for 24 h
before the first study and then consumed similar foods before the second
study. Finally, on the morning of the testing, all subjects consumed their
normal breakfast at home and had their usual doses of either insulin
Aspart or insulin Lispro. No intermediate or long-acting insulin was
administered on the day of the study.
After arrival of the participant in the laboratory at 1100 h, a cannula

was inserted in a retrograde fashion in a vein in the dorsum of one hand
for sampling blood and a second cannula was inserted into a vein in the
contralateral antecubital fossa for infusion of insulin and glucose. Insulin
(Lispro) was infused at a constant rate and at a dose based on 50% of
the subject’s usual total daily insulin dose to mimic basal insulin. Blood
glucose levels were clamped for the duration of the studies at 5–6
mmol/liter by titrating infusion of a 20% (wt/vol) dextrose solution. To
facilitate this, blood samples were collected every 15 min for glucose
assays and glucose infusion rates were adjusted accordingly. At 1200 h,

a standard lunch of one to two sandwiches designed to match the
participant’s usual lunch size was given with a bolus of iv insulin based
on the participant’s usual lunchtime boluses for the amount of carbo-
hydrates consumed. The subjects fasted for the remainder of the study.
At 1600 h, subjects either exercised for 45 min on a cycle ergometer

(Evolution, Geelong, Australia) at an intensity of 95% of their lactate
threshold (exercise study),which corresponded to 54.9� 2.8% V̇O2 peak,
or sat on the bike without pedaling (rest study). Throughout recovery
and for the remainder of the study, all participants rested in a seated or
supine position in bed.Also, before, during and hourly after exercise, the
rate of O2 consumption, CO2 production, and respiratory exchange ratio
were measured, using a mask during exercise and a canopy after ex-
ercise, both linked to an indirect calorimetry system (Sensormedic, Via-
sys Australia). Finally, blood glucose samples were obtained every 15
min and were analyzed using a YSI analyzer (YSI, Yellow Springs, OH).
Samples for the assessment of hormones and metabolites were obtained
at 15-min intervals during exercise and hourly after exercise from ar-
terialized venous blood. The study ceased at 0600 h, when subjects were
given breakfast with their usual morning insulin.

Lactate threshold and V̇O2 peak determination

The lactate threshold and V̇O2 peakwere determined concurrently by
exercising each subject on the same cycle ergometer as that used for
testing. Initial workload was set at 50 W and subsequently increased by
25W every 3 min until exhaustion. Arterialized capillary blood samples
were collected every 3 min for lactate levels, and rates of oxygen con-
sumption and CO2 productionwere also determined throughout testing
as described above.

Biochemical analyses

Plasma C-peptide and serum progesterone were measured by com-
petitive chemiluminescent immunoassay using the Immulite and Im-
mulite 2000, respectively (Diagnostic Products Corp., Los Angeles, CA).
Whole-blood HbA1c was measured using latex immunoagglutination
inhibition (DCA 2000 analyzer; Bayer, Indianapolis, IN). Serum testos-
terone and serum estradiol were analyzed by Coat-a-Count solid-phase
RIA anddouble antibodyRIA, respectively, both byDiagnostic Products
Corp. The remainder of the hormones andmetabolites were analyzed as
described previously (17).

Statistical analyses

Data were analyzed using SPSS V12.0 for Windows (SPSS Inc., Chi-
cago, IL) with P � 0.05 considered statistically significant. Hormone and
substrate levels at specific time points were compared for each subject
between the exercise and rest studies using the Wilcoxon signed ranks
test. The mean hormone and substrate levels for all subjects were cal-
culated. Mixed-effect models were used to assess glucose infusion rate
by analyzing the repeated measure data of glucose infusion rates taken
at various time points (18, 19). Themodel was used to adjust for possible
confounding effects of demographic and biochemical variables. The
model included age, gender, HbA1c, rate of insulin infusion, and work
performed during exercise on the exercise day because it was not known
how these variables would affect the difference in glucose infusion rates
between the rest and exercise studies for individual subjects. To control
for the confounding effect of repeated measures of outcome variables,
several correlation structures including compound symmetry, autore-
gressive (18), and unstructured were assessed using Akaike’s informa-
tion criterion to select themost appropriate correlation structure (20). All
mixed-model fitting was done using SAS V9 PROC MIXED (SAS Insti-
tute, Cary, NC). Unless otherwise stated, all results are expressed as
means � sem.

Results

There was no significant difference in blood glucose and
plasma insulin levels between the exercise and rest studies
at any time point. The time point with the greatest variation
in blood glucose levels was at the end of exercise, with
mean� sem levels being 4.51� 0.52 and 5.47� 0.26 mmol/
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liter for exercise and rest studies, respectively (range 3.00–
7.22 mmol/liter). All subjects were euglycemic at the fol-
lowing time point. Mean insulin levels were 82.1 � 19.0 and

82.7 � 16.4 pmol/liter in the exercise and rest studies, re-
spectively, which were in the low therapeutic range as
planned (Fig. 1, A and B).

FIG. 1. Responses of plasma free insulin (pmol/liter) (A), blood glucose (mmol/liter) (B), plasma free fatty acid (g/liter) (C), serum cortisol
(nmol/liter) (D), serumGH (ng/ml) (E), norepinephrine (nmol/liter) (F), epinephrine (pmol/liter) (G), and plasmaglucagon (ng/liter) (H) to exercise
(solid lines) and rest (dashed lines) studies. Hatched box, Exercise period. *, P � 0.05.

McMahon et al. • Increased Glucose Requirements after Exercise J Clin Endocrinol Metab, March 2007, 92(3):963–968 965

141



Effect of exercise and recovery on glucose infusion rate

During the rest study, the glucose infusion rate tomaintain
euglycemia remained relatively stable (Fig. 2A). However, in
response to exercise, glucose infusion rates increased during
and for the first 90 min after exercise, when average glucose
requirements were elevated (2.57 � 0.28 mg/kg�min), com-
pared with the rest study requirements (1.58 � 0.08 mg/
kg�min, P � 0.05). For the next 5 h, mean glucose infusion
rates were similar for both studies (1.76 � 0.05 mg/kg�min,
exercise, and 1.84 � 0.02 mg/kg�min, rest) and not signifi-
cantly different from preexercise glucose infusion rates.
However, between 7 and 11 h after the completion of exercise
(from 2330 until 0400 h), a second period of higher average
glucose infusion rates on the exercise (1.97 � 0.04 mg/
kg�min), compared with rest (1.45� 0.03 mg/kg�min), study
was noted (Fig. 2A). Eight of the nine subjects required a
greater glucose infusion during this later time period.
To compare further glucose infusion rates between the

experimental conditions across different time periods, a
mixed model was used. After fitting the model, the glucose
infusion rate in the exercise study was also found to be
significantly higher than in the rest study during and for 90
min after exercise and from 2330 until 0400 h (Fig. 2A). The
difference in glucose infusion rate between exercise and rest
was calculated for each subject at each time point. As shown

in Fig. 2B, there was a higher difference in glucose infusion
rate during exercise and in the first hour of recovery, com-
pared with rest (mean difference � 1.58 � 0.42 mg/kg�min)
and also between both studies over the time period extend-
ing between 2400 and 0400 h (mean difference� 1.02� 0.03
mg/kg�min). The additional amount of glucose required to
maintain euglycemia throughout recovery (252 � 204 mg/
kg) was lower than the additional carbohydrate oxidized
during exercise (707 � 114 mg/kg), with 55% of this extra
glucose being administered between 7 and 11 h of recovery.

Fuel metabolism

Before exercise, oxygen consumption rates (0.27� 0.02 vs.
0.26 � 0.02 l/min), carbon dioxide production rates (0.25 �
0.01 vs. 0.23 � 0.02 l/min), and respiratory exchange ratio
(0.90� 0.02 vs. 0.91� 0.01) were similar for exercise and rest
days, respectively. During exercise, the absolute rate of car-
bohydrate oxidation increased, comparedwith the rest study
(17.20 � 2.51 vs. 2.32 � 0.35 mg/kg�min, Fig. 2C) and re-
turned to basal levels within 1 h of recovery. The rate of fat
oxidation increased in the exercise study, compared with the
rest study, both during exercise (4.30 � 0.64 vs. 0.85 � 0.08
mg/kg�min, Fig. 2D) and 3 h after exercise (1.03 � 0.13 vs.
0.62 � 0.09 mg/kg�min, Fig. 2D).

1500 1700 1900 2100 2300 0100 0300 0500

Time

0

10

20

C
ar

bo
hy

dr
at

es
 o

xi
di

se
d 

(m
g/

kg
/m

in
) *

C

1500 1700 1900 2100 2300 0100 0300 0500

Time

0

1

2

3

4

5

Li
pi

ds
 o

xi
di

se
d 

(m
g/

kg
/m

in
)

*

*

D

1500 1700 1900 2100 2300 0100 0300 0500

Time

0

1

2

3

4

5

G
lu

co
se

 In
fu

si
on

 R
at

e 
(m

g/
kg

/m
in

)

2 3* 41*

1500 1700 1900 2100 2300 0100 0300 0500
-1

0

1

2

3

4

C
h

an
g

e
 in

 G
IR

 (
m

g
/k

g
/m

in
)

*

*

**

*
* ** *********

A B

FIG. 2. Responses of glucose infusion rate (mg/kg�min) (A), difference in glucose infusion rate (GIR) between exercise and rest studies
(mg/kg�min) (B), rate of carbohydrate oxidation (mg/kg�min) (C), and rate of lipid oxidation (D) to exercise (solid lines) and rest (dashed lines)
studies. Hatched box, Exercise period. Numbers represent time periods: 1, start exercise to 90 min after end of exercise; 2, 90–390 min after
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Hormones and metabolites

Before, during, and late after exercise, there was no dif-
ference in plasma nonesterified fatty acid (NEFA) levels be-
tween exercise and rest studies. However, plasma NEFA
levels on the exercise night (0.122 � 0.025 g/liter) were el-
evated 2 h after the completion of exercise, compared with
the rest night (0.053 � 0.018 g/liter, P � 0.05. Fig. 1C). In
female subjects, serum estradiol levels were 82.5 � 30.0 and
70.0 � 23.6 pmol/liter (exercise vs. rest) and serum proges-
terone levelswere 1.3� 0.29mmol/liter for both exercise and
rest studies, consistent with levels in the midfollicular phase
of the menstrual cycle. Serum cortisol (558 � 69 vs. 286 � 28
nmol/liter, P � 0.01) and GH levels (27.7� 5.7 vs. 11.1� 3.0
ng/ml, P � 0.05) peaked at the end of exercise, compared
with the rest study (Fig. 1, D and E), respectively, and serum
cortisol levels remained elevated for the next 2 h (244 � 69
vs. 108 � 20 nmol/liter, P � 0.05). After this, there was no
significant difference in cortisol or GH levels between the
exercise and control studies (Fig. 1, D andE).Norepinephrine
concentrations also peaked at the end of exercise (5.59� 0.73
nmol/liter), compared with rest (1.36� 0.14 nmol/liter, P �
0.01; Fig. 1F). In contrast, there was no significant difference
in epinephrine levels between exercise (375.6� 146.9 pmol/
liter, end exercise) and rest studies (184.4 � 31.6 pmol/liter,
NS) at any time point (Fig. 1G). There was no significant
increase in glucagon levels in response to exercise (58.0� 4.8
vs. 52.2 � 3.4 ng/liter, exercise vs. rest, Fig. 1H).

Discussion

A recommended approach to minimizing the risk of hy-
poglycemia after exercise in T1DM is to ingest additional
carbohydrates. However, both the amount and timing of
those additional carbohydrates required remain to be estab-
lished. The sample size of this study, although small, was
sufficient to demonstrate significant results. This study
shows for the first time that glucose requirements tomaintain
euglycemia after afternoon exercise in adolescents with
T1DM increase in a biphasic manner: during and shortly
after exercise and also between 2400 and 0400 h. The obser-
vation that there was no difference in glucose requirements
between the exercise and rest studies in the time between the
end of the initial 90 min of recovery and 2400 h has never
been reported before.
The increase in the amount of exogenous glucose required

to maintain euglycemia during exercise is likely the result of
amismatch between endogenous rates of glucose production
and use. This mismatch is probably due, at least in part, to
the lack of suppression of insulin levels (12, 21). In nondia-
betic individuals, insulin levels fall with exercise and the
levels of counterregulatory hormones are increased, result-
ing in increased hepatic glucose output (22–24). Here, how-
ever, insulin was infused at a constant rate throughout and
remained at stable levels, thus probably opposing any in-
crease in hepatic glucose production. In addition, these el-
evated insulin levels are likely to have contributed further to
the high rates of glucose infusion during exercise due to the
additive effect of insulin and muscle contraction on periph-
eral glucose disposal. In support of this, a recent study from
the DirecNet group (25) has demonstrated a reduction in

hypoglycemia rates during exercise when basal rates on the
insulin pump are suspended rather than continued during
exercise. Finally, it is also possible that an insufficient in-
crease in epinephrine and glucagon in response to exercise
might have contributed to an impaired increase in hepatic
glucose output as suggested by the results of others showing
impaired or absent counterregulatory response to exercise in
T1DM (12–14, 21).
The finding that exercise performed late in the afternoon

does not increase the amount of carbohydrate required to
maintain euglycemia during the evening was surprising,
given that both the exercise-mediated fall inmuscle glycogen
stores and increase in insulin sensitivity (22, 26) were ex-
pected to result in a rise in peripheral rates of glucose dis-
posal (6, 24, 27). It is possible that the elevated plasma NEFA
levels during that time might have countered the exercise-
mediated rise in glucose use via either increased NEFA ox-
idation, as suggested by the increased rate of fat oxidation
during early recovery, or via NEFA-dependent but oxida-
tion-independent mechanisms (28). Because cortisol in-
creases lipolysis and therefore levels of NEFA (29) and GH
increases lipid oxidation and decreases both muscle glucose
uptake andmuscle glycogen synthase activity (30), this raises
the possibility that the elevated levels of these hormones at
the onset of recovery might have had a long-lasting effect in
opposing, at least in part, the expected exercise-mediated rise
in postexercise rate of glucose use.
In contrast to the early postexercise period, there was a

difference in glucose infusion rates between the exercise and
rest studies from 2400 to 0400 h. This suggests an imbalance
between glucose production and use during that time, re-
sulting in a higher need for exogenous glucose. Given that
there was no difference between studies with respect to ab-
solute glucose oxidation rates during night time, it is possible
that the relative increase in glucose requirements tomaintain
euglycemia late at night in the exercise study serves to sup-
port the repletion of muscle glycogen stores. It is also im-
portant to note that the delayed increase in glucose require-
ments on the exercise night, compared with the rest night,
was coincident with the onset of sleep and therefore that
sleep may be a contributing factor to the increase in risk for
hypoglycemia. Indeed, postexercise hypoglycemia at night
has been shown to have an early onset in younger patients,
and this may be related in timing to the onset of sleep (6).
On clinical grounds, the measurement of the amount of

glucose required to maintain euglycemia in response to ex-
ercise might provide an indirect and novel approach for
assessing some aspects of the risk of hypoglycemia associ-
ated with exercise while maintaining euglycemia. In this
respect, a recently published study has confirmed that epi-
sodes of hypoglycemia were indeed more frequent after af-
ternoon exercise in juveniles with diabetes (7). It is important
to note, however, that a further contributing factor to the risk
of late-onset postexercise hypoglycemia is the impaired
counterregulation to hypoglycemia after exercise (6) because
antecedent exercise diminishes the responses of glucagon,
norepinephrine, and epinephrine to subsequent hypoglyce-
mia (31, 32). Given that all subjects remained euglycemic for
the duration of the experimental protocol adopted here, this
current study was not designed to evaluate the counterregu-
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latory responses to hypoglycemia. We have previously
shown, however, that the counterregulatory responses of
children to hypoglycemia during sleep are blunted (16).

Conclusions

This study shows that adolescents with T1DM taking part
in moderate intensity exercise in the afternoon have in-
creased glucose requirements at the time of and shortly after
the completion of exercise and also from approximately 2400
to 0400 h. This together with the reported diminished coun-
terregulatory responses to hypoglycemia after exercise may
lead to a greater risk of hypoglycemia overnight. It remains
to be established, however, the extent to which the ingestion
of one or several meals after exercise as opposed to the
continuous infusion of glucose is likely to affect the temporal
pattern of change in both the amount of glucose required to
stabilize glucose levels after exercise and the associated risk
of hypoglycemia.
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Introduction

Young age does not prevent the development of diabetic com-
plications and although there is now a consensus that the risk
of complications starts developing at diagnosis regardless of age
[1–6]. Furthermore, glycaemic control is an important modifiable
risk factor that influences the rate of development of the com-
plications of diabetes, even in adolescence [7–9]. Unfortunately,

hypoglycaemia limits attempts to achieve strict glycaemic
control in Type 1 diabetes mellitus (T1DM), particularly in the
young [9–11].

Continuous subcutaneous insulin infusion therapy may offer
a more physiological means of insulin delivery associated with
improved glycaemic control without increased rates of hypogly-
caemia [12–14]. However, despite its increasing use there remains
controversy as to whether pump therapy offers advantages over
other forms of intensified treatment. Reports of the use of pump
therapy in children and adolescents are increasing [15–26] but
to date there have been few large prospective studies of their use
in the young and fewer assessments of the psychosocial impact.
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Abstract

Aims To determine the impact of insulin pump therapy (continuous subcuta-
neous insulin infusion) on key parameters of diabetes management including
quality of life in children and adolescents with Type 1 diabetes mellitus (T1DM).

Methods All patients started on insulin pump therapy were prospectively
followed before and after institution of insulin pump therapy. Data collected
included age, duration of diabetes, glycated haemoglobin levels (HbA1c), an-
thropometric data and episodes of severe hypoglycaemia defined as hypoglycae-
mia resulting in coma or convulsion. A subset of patients also completed the
Diabetes Quality of Life Instrument (DQOL) and Self-Efficacy for Diabetes
Scale (SED) questionnaires to assess quality of life.

Results At the time of analysis, 100 patients had been managed with insulin
pump therapy. The mean age when starting pump therapy was 12.5 (3.9–19.6) years.
Duration of therapy ranged from 0.2 to 4.0 years (mean 1.4 years, median 1.5 years).
HbA1c decreased from 8.3 ± 0.1% prior to pump therapy to 7.8 ± 0.1% (P <
0.0001). Episodes of severe hypoglycaemia decreased from 32.9 to 11.4 per 100
patient years. Components of quality of life measures showed improvement on
pump treatment. BMI standard deviation scores (z scores) did not increase.

Conclusions Pump therapy is proving an effective means of insulin therapy
in the young patient that shows promise to improve glycaemic control with a
reduction in hypoglycaemia frequency. Quality of Life measures suggest that
psychosocial outcomes may be improved.

Diabet. Med. 22, 92–96 (2005)

Keywords insulin pump therapy, children, adolescents, hypoglycaemia, quality
of life
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This report describes outcomes in a large sample of young
patients commenced on insulin pump therapy. Not only has
glycaemic control been closely monitored but we have also
prospectively tracked rates of severe hypoglycaemia before and
during therapy and employed measures to assess quality of life.

Patients and methods

Patients

All patients commenced on insulin pump therapy were diag-
nosed with Type 1 diabetes and attended the Diabetes Clinic at
Princess Margaret Hospital for Children, Western Australia. As
has been reported previously [11,27], this is the only referral
and treatment centre for T1DM for the population of Western
Australia. Parameters of diabetes management of this population-
based sample are recorded from diagnosis on the Western
Australian Diabetes Database as part of an ongoing prospective
study of diabetes outcomes.

Criteria for selection for pump therapy

Patients were considered for pump therapy in the following cir-
cumstances: those with recurrent severe hypoglycaemia, those
with poor glycaemic control despite compliance with therapy
and those with erratic lifestyle with regard to sport, food or
routine. Most however, were commenced at the request of the
patient or, in the case of the younger child, his or her caregivers.
To commence on pump therapy all patients had to be motivated
and able to test blood glucose levels at least 4 times per day.
Patients who were previously poorly compliant were eligible if
they fulfilled the above criteria. They were encouraged to con-
tinue monitoring blood glucose levels four times daily on pump
therapy, but continued pump therapy if they were not compliant
with this request. Approximately 13% of the population with
T1DM are managed with pump therapy.

Protocol for pump therapy

Before starting, all patients and their families received basic
information and were assessed as to their suitability for the
program. No formal education took place prior to hospital ad-
mission. Insulin pump therapy was then started as an inpatient
with a 24 h admission. During this time, patients and their fam-
ilies received intensive education and glucose monitoring from
the diabetes educator and dietitian. Patients were then followed
up by daily telephone calls for one week. Clinic appointments
were made two-weekly for four weeks, then three-monthly.
The insulin pump device used was the MiniMed 507C and for
those children less than 10 years of age, Minimed 508.

Children positive for staphylococcus on nasal swab were
treated for two weeks. This involved application of mupirocin
to each nostril nightly, and daily chlorhexidine body washes.

Outcome measures

All children attending the Children’s Diabetes Service at Princess
Margaret Hospital have clinical and biochemical information

recorded prospectively from diagnosis. The relevant outcome
measures to assess insulin pump therapy included clinical
parameters such as height and weight, insulin dose, episodes
of ketoacidosis, HbA1c and hypoglycaemic events.

All children had HbA1c measured three monthly at each clinic
visit from the time of diagnosis. This was measured by aggluti-
nation inhibition immunoassay (Ames DCA 2000 (NGSP-
calibrated to DCCT-equivalent numbers), non-IDDM reference
< 6.2%). In addition, HbA1c was measured on the day pump
therapy was started and 3 monthly thereafter.

Episodes of severe hypoglycaemia are recorded three-monthly
from diagnosis in all children and adolescents. The methods for
this have been described previously [11]. In brief, patients and/
or parents are asked to record any severe hypoglycaemic episodes
when they occur. At each clinic attendance a detailed history is
obtained by the physician about any hypoglycaemic episode
and recorded using a standardized data collection form. Severe
hypoglycaemia was defined as an episode resulting in a convul-
sion or a coma.

Children are instructed to check for ketonuria if blood glucose
levels rise above 15 mmol/l. In addition, all have 24-h telephone
access to expert diabetes advice. Episodes of ketosis managed at
home are not recorded on the database. Diabetic ketoacidosis
was taken to be present when the pH was < 7.3. All cases of
DKA presenting to the emergency department are admitted to
the hospital.

For the purpose of this program, quality of life was assessed
by the modified Diabetes Quality of Life Instrument (DQOL)
and the Self-Efficacy for Diabetes Scale (SED) [28,29]. The
initial DQOL was used as a tool to assess quality of life in the
Diabetes Control and Complications Trial. As many questions
did not have particular relevance for children and adolescents,
a modified DQOL was developed [28]. This tool assesses quality
of life in areas including satisfaction with life, impact of diabetes
and diabetes-related worries. The SED scale assesses adolescents’
perceptions of competence with respect to diabetes [29]. A rela-
tionship has been demonstrated between self efficacy and with
diabetes and perceived control [29]. In the present study, the
questionnaires were administered to the first 51 patients prior
to starting pump therapy and six months after the commencement
of pump treatment. Questionnaires were completed independ-
ently by children and adolescents above the age of 10 years.

Analyses

Statistics were analysed using SPSS for Windows (Version 11).
Means were compared using analysis of variance. Demographic
data are presented as mean ± standard deviation (SD) and other
data as mean ± standard error of the mean (SEM). P < 0.05 was
considered significant. Body mass index standard deviation
scores (Z scores) were obtained using the Epi Info program
based on 2000 CDC growth charts from the CDC website
(www.cdc.gov/growthcharts).

Results

A total of 105 patients (M:F 43:62) were commenced on pump
therapy from February 1999 to December 2002. Pump therapy
was discontinued in 5 children (3 females, 2 males) after a
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short duration of therapy (< 4 weeks). Two had psychiatric
conditions and one had a dermatological condition. Two dis-
continued at the patient or parent’s request and their data have
not been included in the analysis. Of the remaining 100 chil-
dren, five were started on pump therapy because of recurrent
severe hypoglycaemia, five because of poor control despite
compliance with therapy and the remaining 90 at the request
of the patient or caregiver.

At the start of pump therapy the mean (±SD) age of the
children was 12.5 (± 3.8, range 3.9–19.6) years and the mean
(SD) duration of diabetes was 5.1 (± 3.8, range 0–15.6) years.
They have been followed for 0.2–4.0 years (mean ± SD, 1.4 ±
0.9 years, median 1.5 years). Fifty-nine were female. Twenty-
four children were managed with MDI using NPH insulin
prior to the start of pump therapy. Glargine therapy was not
available for use in children in this country at that time.

Glycaemic control

For those diagnosed less than two years before pump therapy,
HbA1c levels at diagnosis were excluded. The mean (SEM)
HbA1c in pump patients for the two years prior to therapy or
for the duration that the patient had diabetes prior to com-
mencement of pump therapy if this was less than two years was
8.3 (± 0.1)%. (Range 5.8–11.6%) For each child, the mean
HbA1c was calculated using values at three monthly intervals
whilst on pump therapy. The mean of these mean values was
taken to be the postpump HbA1c. This post pump HbA1c
was 7.8 (± 0.1)%. (Range 6.1–10.4%) (P < 0.0001). Change
in HbA1c was not related to gender, age at commencement
of pump therapy or previous number of injections per day
(Table 1). Figure 1 shows the mean HbA1c for the six months
prior to commencement of pump therapy and at each sub-
sequent 3-month time-point for the first 2 years of this form of
insulin delivery. As shown, a rapid improvement in glycaemic
control was observed that was subsequently maintained. The
results were similar when analysed to include only those who
had used pump therapy for longer than 12 months.

Hypoglycaemia Incidence

Episodes of severe hypoglycaemia decreased from 32.9 per
100 patient years in the two years prior to pump therapy to
11.4 following its start (rate ratio 2.89, CI 1.7–5.3) (Table 1).

This was seen in both the younger and older age groups. There
was no correlation between severe hypoglycaemia and age. The
five children started on pump treatment because of recurrent
severe hypoglycaemia demonstrated a reduction in episodes
from 160 to 76.7 per 100 patient years.

Complications

There were no episodes of diabetic ketoacidosis requiring
hospital admission. Body mass index z scores did not change
significantly after starting pump therapy (0.81 ± 0.08 pre pump,
0.75 ± 0.08 post pump). Some patients initially experienced
skin infections. From January 2001 all patients were screened
for nasal staphylococcus carriage before starting pump treat-
ment. The nasal carriage rate for staphylococcus was 50% and
those positive for staphylococcus were managed with the
staphylococcus eradication protocol.

Quality of life measures

The first 51 children were asked to complete the DQOL and
SED questionnaires before treatment and 6 months later. Of
these, 43 completed both questionnaires (Table 2). The score
for impact of diabetes on the patients fell indicating decreased
impact. There was no significant change in worries about
diabetes. Satisfaction with life did not change. Scores of indi-
viduals’ self-efficacy with diabetes increased significantly. There
was no significant effect of gender, age at commencement of
pump therapy, duration of diabetes at commencement of

Table 1 Change in glycaemic control and hypoglycaemia rates

Age < 12 y (n = 40) Age > 12 y (n = 60) Total (n = 100)

Pre Pump HbA1c* (mean ± SEM) 8.3 ± 0.2% 8.4 ± 0.1% 8.3 ± 0.1%
Post Pump HbA1c† (mean ± SEM) 7.5 ± 0.1% ‡ 7.9 ± 0.1%‡ 7.8 ± 0.1%‡
Pre pump severe hypoglycaemia (events/100 pt years) 25.9 37.5 32.9
Post pump severe hypoglycaemia (events/100 pt years) 8.3 13.5 11.4

*mean of each patient’s mean HbA1c for 2 years pre pump; 
†mean of each patient’s mean HbA1c for duration following pump commencement; 
‡P < 0.001 for change in HbA1c pre vs. post pump.

Figure 1 Mean HbA1c before and after initiation of pump therapy Error 
bars indicate SEM *P < 0.01; **P < 0.001; ***P < 0.0001 vs. start of 
pump therapy using paired t-test.
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pump therapy and number of injections per day prior to pump
therapy on quality of life measures. There was no correlation
between HbA1c and quality of life measures using Pearson’s
correlation.

Discussion

We report significant improvement in key parameters of dia-
betes management in a large group of children and adolescents
with Type I diabetes mellitus when treated with continuous
subcutaneous insulin infusion therapy. This is not a rand-
omized control trial but the consistency of the improvement in
outcome measures and maintenance over time suggests pump
therapy to be a superior method of insulin delivery in the
younger patient. Others have also noted improved glycaemic
control and a reduction in hypoglycaemia [12–15,17,30] with
CSII. The positive changes observed in this study are particularly
noteworthy since the subjects were part of a population-based
sample of childhood onset diabetes who had been closely
monitored from diagnosis.

In our population we have monitored rates of hypoglycae-
mia prospectively since 1991. With this large sample we have
found a strong association between lower HbA1c and increas-
ing severe hypoglycaemia as glycaemic control is improved
[11,27]. In view of this, it is important to note that the reduc-
tion in the severe hypoglycaemia event rate to approximately
one third of baseline in patients commencing on pump therapy
was achieved in the face of improved glycaemic control.
Hypoglycaemia presents a particular problem in therapy of
T1DM in children and adolescents, since in the younger age,
hypoglycaemia is not only more frequent, but has more far-
reaching implications in both the short and long-term. As a
result, the improvements in hypoglycaemia rates on pump
therapy may be of a special significance.

Although anecdotal, families of children with diabetes and
adolescents with diabetes, commonly report that a major
benefit of insulin pump therapy result from improvements in
lifestyle. Despite this, there have been few reports examining
quality of life and psychosocial measures in patients commenc-
ing on the CSII. It could be argued that the demands of CSII
may be an additional burden for patients and their families.
Boland et al. [20] found no deterioration in psychosocial
measures in a group of adolescents commenced on pump
therapy, despite significant improvements in glycaemic control.
Weintrob et al. [24] found improvement in satisfaction on the

DSQT scale but not in the DQOL. In our sample we found
positive improvements in components of established measures
of psychosocial functioning in diabetes. This study has demon-
strated a reduced impact of diabetes on the lives of the patients
after initiation of pump therapy. This may be related to the
increased flexibility of lifestyle associated with pump treat-
ment. Self-efficacy with diabetes care also improved perhaps
due to the increased independence of adolescents and parents
in making adjustments to treatment. Increased self-efficacy has
been associated with increased self-reported adherence [31].
Although the changes may represent the novelty effect of a
new treatment, this is unlikely since the measure was taken
6 months following the commencement of the treatment and
most patients are established on therapy by this time. An
important limitation of our study stems from the limited
number of patients (24) who were managed with MDI therapy
prior to commencement of pump therapy. Weintrob et al. [24]
in a randomised cross-over study demonstrated improved sat-
isfaction with treatment in patients when managed with CSII
compared with MDI but found no difference in quality of life
measures between the two treatments. It is therefore possible
that improvements in quality of life and other parameters of
diabetes management demonstrated in the current study may
have been due to the effect of intensive treatment per se rather
than CSII specifically. Any therapy that is associated with
improved quality of life may have long-term benefits for the
patient. Psychosocial distress, depression and other related
adverse outcomes of Type I diabetes are well-documented in
patients and their families. The causes of these are complex
and although difficult it will be important to determine the
impact of CSII on these outcomes over a longer time period.

Tight glycaemic control in diabetes has generally been asso-
ciated with weight gain. BMI has been shown to increase in
some but not all studies of insulin pump therapy in children and
adolescents [14,19,23] and has been an area of concern when
considering patients for pump therapy. A recent crossover
study of 23 patients comparing MDI with CSII for 3.5 months
showed no increase in BMI Z score on CSII treatment [24].
The current larger study has demonstrated that the Z score for
BMI remained steady after the initiation of pump therapy,
including those treated for a longer duration. In fact, a moti-
vating factor for a number of female adolescent patients to
commence pump therapy is because it facilitates weight control
measures.

Possible adverse events related to pump therapy may include
insertion site infection and ketoacidosis secondary to line dis-
connection [21,22,32]. Families opting for insulin pump ther-
apy are required to be highly motivated, willing to monitor
blood glucose levels at least four times daily and able to make
adjustments to bolus doses based on carbohydrate intake and
blood glucose levels [17,33].

Although not a controlled trial, this study of Australian chil-
dren and adolescents with Type 1 diabetes has provided data
on the safety and efficacy in insulin pump therapy. In addition
to improved glycaemic control there was a reduction in serious

Table 2 Effect of pump therapy on quality of life measures
 

Pre (mean ± SEM) Post (mean ± SEM)

Impact of diabetes 55.4 ± 1.6 50.2 ± 1.7*
Worries about diabetes 20.8 ± 1.3 21.6 ± 1.3
Satisfaction with life 63.5 ± 2.1 68.6 ± 2.1
Self efficacy for diabetes scale 159.3 ± 4.1 173.9 ± 4.1*

*P < 0.05.
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hypoglycaemic episodes and improved quality of life without
an increase in BMI. It will be important to determine whether
such improvements are maintained in the long term.
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A RECENT INCREASE in the incidence
of type 2 diabetes in children and ado-
lescents has been documented in several
populations, paralleling the increase in
the prevalence and degree of obesity in
children and adolescents.1 Although the
obesity epidemic in Australian children
may also be associated with an increase
in the diagnosis of type 2 diabetes, this
has not yet been confirmed.

The aims of our study were to docu-
ment the rates of type 2 diabetes in
children and adolescents in Western
Australia over the past 12 years, and to
determine the clinical characteristics of
these young patients and the comorbid-
ities of type 2 diabetes in this sample.

METHODS

Database

Princess Margaret Hospital for Children
is the only tertiary referral hospital for
children under 16 years of age with
diabetes in Western Australia. Over 99%
of the children with type 1 diabetes are
referred to Princess Margaret Hospital.2

In addition to running metropolitan clin-
ics, the Princess Margaret Hospital dia-
betes service visits 11 rural centres on a
regular basis. Details of all patients man-
aged by the service are recorded prospec-
tively on the Western Australian
Children’s Diabetes Database, regardless
of diabetes type. The proportion of chil-
dren with type 2 diabetes referred to the
Princess Margaret Hospital diabetes
service and the proportion managed by
general practitioners are not known.

Subjects

All children and adolescents aged < 17
years with type 2 diabetes diagnosed
between 1990 and 2002 were included
in the analysis. Patient data were
obtained from the database and missing
information was sought from patient
files. Differentiation of type 2 from type
1 diabetes was made using a combina-
tion of examination findings, anthro-
pometry (including weight and body
mass index [BMI]), the presence of
acanthosis nigricans (Box 1), a family

history of type 2 diabetes, C-peptide
level, and an absence of autoantibodies.

Investigations and data collected

Investigations included an oral glucose
tolerance test, and levels of fasting insu-
lin, C-peptide, and glycohaemoglobin
(HbA1c), as well as autoantibodies
(glutamic acid decarboxylase 65 kDa
isoform [GAD65] antibodies and islet-
cell antibodies [ICA]).

Demographic (date of birth, sex, date
of diagnosis, postcode at diagnosis, eth-
nicity) and anthropometric (height and
weight) data were also collected, and
blood pressure and lipid levels were
measured. HbA1c level was measured at
each clinic visit for all children from the
time of diagnosis.

Hypertension was defined as systolic
or diastolic blood pressure greater than
the 95th centile for age, sex and height.3
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Hypercholesterolaemia was defined as a
total cholesterol level � 5.2 mmol/L
(� 200 mg/dL).4 HbA1c level was meas-
ured by agglutination inhibition immu-
noassay (Ames DCA 2000, non-insulin-
dependent diabetes mellitus reference
< 6.2%). BMI Z scores are calculated
by subtracting the median reference
value of a population from the observed
value and dividing by the SD of the
reference population. A Z score of 0 is
equivalent to the median (50th percen-
tile) and a Z score of 2.00 is approxi-
mately equal to the 97th percentile.

Analysis

Population statistics were obtained from
Australian Bureau of Statistics census
data.5,6 Estimates of the Indigenous
population were made by the Epidemi-
ology Branch of the WA Department of
Health, based on 2001 census counts
and adjusting annually for births and
deaths. Incidence rate ratios were calcu-
lated using Poisson regression. BMI Z
scores were calculated using Epi Info7

and based on 2000 Centers for Disease
Control and Prevention growth charts.8

RESULTS

A total of 43 children and adolescents
aged < 17 years (15 males and 28
females) were diagnosed with type 2
diabetes at Princess Margaret Hospital
between 1990 and 2002. The age (SD,
median) at diagnosis was 13.6 (1.8,
13.7) years, ranging from 8.8 to 16.7
years. Twenty-three patients (53%) were
of Indigenous origin and 18 (42%)
resided in rural areas. The mode of
presentation varied, with 5% presenting
with diabetic ketoacidosis, 38% present-
ing with symptoms of polyuria and poly-
dipsia, and 57% diagnosed incidentally
or as part of the investigative work-up for
obesity. The mean (SD) BMI Z score at
diagnosis was 1.94 (0.59). The mean
(SD) HbA1c level at diagnosis was 10%
(3.2%). Comorbidities were common,
with acanthosis nigricans found in 26/36
(72%), hypertension in 23/39 (59%) and
hyperlipidaemia in 9/38 (24%) patients.

During the study period, there was an
average annual increase of 27% in the
unadjusted overall rates of type 2 diabe-
tes (incidence rate ratio, 1.27; 95% CI,
1.15–1.41). This increase was highly

significant in both the Indigenous and
non-Indigenous groups (Box 2). Over-
all, the rates were higher in the Indige-
nous population compared with the
non-Indigenous population.

DISCUSSION

Our results suggest that there has been a
significant increase in the diagnosis rate
of type 2 diabetes in children and ado-
lescents in WA, particularly over the
past 7 years. The true incidence is likely
to be increasing in line with the increase
in obesity in our society.9 An alternative
explanation for the increase in type 2
diabetes in young people is increased
referral of obese children to our institu-
tion and increased screening for diabe-
tes. However, the magnitude of the
change makes this explanation unlikely.

The peak age at diagnosis was between
13 and 14 years. This is also the time of
peak insulin resistance during puberty.

Acanthosis nigricans is thought to be
a clinical marker for hyperinsulinism
(Box 1). Detection in subtle cases may
be difficult, so it is possible that more
than 72% of our patients had this skin
finding. Acanthosis nigricans may be a
useful screening tool for type 2 diabetes
in obese children.

In our sample, a high proportion of
patients had cardiovascular risk factors
(hypertension or hyperlipidaemia) in
addition to type 2 diabetes. Insulin resist-
ance and obesity have been previously
associated with both hypertension and
hyperlipidaemia in children and adoles-
cents.10 These factors, which together
form the metabolic syndrome in adults,
may increase the risk of cardiovascular
disease in this cohort of children.

In addition to type 2 diabetes, obesity
is associated with many other medical
problems (apart from hypertension and
hyperlipidaemia), including obstructive
sleep apnoea, polycystic ovary syn-
drome, hepatic steatosis and orthopae-
dic and psychological disorders.9,10

Children and adolescents with obesity
and type 2 diabetes should be assessed
for the presence of these conditions
when appropriate.

The increase in type 2 diabetes in
children and adolescents has public
health implications for Australia. Popu-
lation-based strategies to increase activ-
ity, decrease sedentary behaviour and
improve dietary intake are required to

1: Acanthosis nigricans

An abnormally increased thickening and 
pigmentation of the skin in skinfold regions, 
which can be associated with obesity and 
high insulin levels.

2: Type 2 diabetes diagnosed each year per 100 000 population 
< 17 years in Western Australia

Overall incidence rate ratio (IRR), 1.27 (95% CI, 1.15–1.41).
IRR for the Indigenous group, 1.23 (95% CI, 1.07–1.40).
IRR for the non-Indigenous group, 1.31 (95% CI, 1.12–1.52).
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decrease the prevalence of overweight
and obesity in our youth. Suggested
strategies include setting achievable
goals, involving whole families, using
developmentally appropriate methods,
giving education about nutrition, and
incorporating increased physical activity
during school hours.9 As type 2 diabetes
appears to be more prevalent in the
young Indigenous population, particu-
lar attention will need to be paid to this
condition in preventive healthcare for
Australia’s Indigenous population.

ACKNOWLEDGEMENTS
We are grateful to Mr Max Bulsara for statistical advice.

COMPETING INTERESTS
None identified.

REFERENCES
1. Ehtisham S, Barrett TG, Shaw NJ. Type 2 diabetes

mellitus in UK children — an emerging problem.
Diabet Med 2000; 17: 867-871.

2. Haynes A, Bulsara M, Bowe C, et al. Continued
increase in incidence of childhood onset type 1
diabetes in Western Australia (1985–2002). Austral-
ian Diabetes Society Annual Scientific Meeting;
2003 Sep 17–19; Melbourne. Melbourne: Australian
Diabetes Society, 2003: 64.

3. Update on the 1987 Task Force Report on High
Blood Pressure in Children and Adolescents: a
working group report from the National High Blood
Pressure Education Program. National High Blood
Pressure Education Program Working Group on
Hypertension Control in Children and Adolescents
[comment]. Pediatrics 1996; 98: 649-658.

4. Management of dyslipidemia in children and ado-
lescents with diabetes. Diabetes Care 2003; 26:
2194-2197.

5. Australian Bureau of Statistics. Estimated resident
population by age and sex in statistical local areas,
Western Australia (1985–2001). Canberra: ABS,
2001. (Catalogue No. 3203.5.)

6. Australian Bureau of Statistics. Population by age
and sex, Western Australia. Canberra: ABS, 2002.
(Catalogue No. 3235.5.)

7. Epi Info [computer program] 2002. Revision 2nd ed.
US Department of Health and Human Services,
Centers for Disease Control and Prevention, Epide-
miology Program Office, Division of Public Health
Surveillance and Informatics, 2002.

8. 2000 CDC growth charts: United States. US Depart-
ment of Health and Human Services, Centers for
Disease Control and Prevention, National Center for
Health Statistics; 2000. Available at: www.cdc.gov/
growthcharts/ (accessed Mar 2004).

9. Baur LA. Child and adolescent obesity in the 21st
century: an Australian perspective. Asia Pac J Clin
Nutr 2002; 11 Suppl 3: S524-S528.

10. Steinberger J, Daniels SR. Obesity, insulin resist-
ance, diabetes, and cardiovascular risk in children:
an American Heart Association scientific statement
from the Atherosclerosis, Hypertension, and Obesity
in the Young Committee (Council on Cardiovascular
Disease in the Young) and the Diabetes Committee
(Council on Nutrition, Physical Activity, and Metabo-
lism). Circulation 2003; 107: 1448-1453.

 (Received 23 Dec 2003, accepted 17 Mar 2004) ❏

MJA Vol 180 3 May 2004 461

PUBLIC HEALTH

153


	Statement of Candidate Contribution
	Abstract
	List of Figures
	List of Abbreviations
	Acknowledgements
	Publications Arising from this Thesis
	Other Publications during Candidature
	Chapter 1
	Introduction
	1.1  Intensive Management of Type 1 Diabetes in Children and Adolescents
	1.1.1  Benefits of Intensive Management
	1.1.1.1  Prevention of Microvascular Complications
	1.1.1.2  Prevention of Cardiovascular Disease

	1.1.2  Risks of Intensive Management
	1.1.2.1  Hypoglycaemia

	1.1.3  Current Guidelines
	1.1.4  Conclusion

	1.2  Hypoglycaemia
	1.2.1  Physiological Responses to Hypoglycaemia
	1.2.2  Response to Hypoglycaemia in Children with Type 1 Diabetes
	1.2.3  Factors Modulating the Response to Hypoglycaemia
	1.2.3.1  Effect of Previous Hypoglycaemia on the Response to Hypoglycaemia
	1.2.3.2  Effect of Previous Exercise on the Response to Hypoglycaemia
	1.2.3.3  Effect of Gender on the Response to Hypoglycaemia
	1.2.3.4  Effect of Sleep on the Response to Hypoglycaemia

	1.2.4  Conclusion

	1.3  Benefits of Exercise
	1.3.1  Benefits of exercise for Children
	1.3.2  Specific Benefits of Exercise for Children with Diabetes
	1.3.3  Recommendations
	1.3.4  Conclusion

	1.4  Acute Response to Exercise
	1.4.1  Normal Metabolic Responses to Exercise in Children
	1.4.2  Counterregulatory Responses to Exercise
	1.4.3  Counterregulatory Responses to Exercise in Children with T1DM
	1.4.4  Factors Modulating the Response to Exercise in Children with T1DM
	1.4.4.1  Exercise in a State of Insulin Deficiency
	1.4.4.2  Glycaemic control
	1.4.4.3  Prior Hypoglycaemia
	1.4.4.4  Prior Exercise
	1.4.4.5  Gender

	1.4.5  Fuel Utilisation During Exercise in Children with Type 1 Diabetes
	1.4.6  Conclusion

	1.5  Recovery from Exercise
	1.5.1  Normal Responses to Exercise
	1.5.1.1  Insulin Sensitivity and Glycogen Replacement

	1.5.2  Responses in Children with Diabetes
	1.5.3  Conclusion

	1.6  Statement of the Problem
	1.7  Aims
	1.8  Research Hypotheses
	1.9  Organisation and Structure of the Thesis

	Chapter 2
	Glucose Requirements to Maintain Euglycemia after Moderate Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes are Increased in a Biphasic Manner
	2.1  Abstract
	2.2  Introduction
	2.3  Subjects and Methods
	2.3.1  Subjects
	2.3.2  Exercise clamp studies
	2.3.3  Lactate threshold and   peak determination
	2.3.4  Biochemical analyses
	2.3.5  Statistical Analyses

	2.4  Results
	Figure 2.1  Responses of plasma free insulin (pmol/l) (A), blood glucose (mmol/l) (B), plasma free fatty acid (g/l) (C), serum cortisol (nmol/l) (D), serum GH (ng/ml) (E), norepinephrine (nmol/l) (F), epinephrine (pmol/l) (G) and plasma glucagon (ng/...
	2.4.1  Effect of Exercise and Recovery on Glucose Infusion Rate
	Figure 2.2  Responses of glucose infusion rate (mg/kg/min) (A), difference in glucose infusion rate (GIR) between exercise and rest studies (mg/kg/min) (B), rate of carbohydrate oxidation (mg/kg/min) (C), and rate of lipid oxidation (D) to exercise (s...

	2.4.2  Fuel Metabolism
	2.4.3  Hormones and Metabolites

	2.5  Discussion
	2.6  Conclusions
	2.7  Acknowledgments

	Chapter 3
	The Timing of the Overnight Increase in Glucose Requirements following Moderate Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes is not Related to the Onset of Sleep
	3.1  Abstract
	3.2  Introduction
	3.3  Methods
	3.3.1  Subjects
	3.3.2  Exercise Clamp Studies
	3.3.3  Sleep
	3.3.4  Measurements
	3.3.5  Data Analysis

	3.4  Results
	Figure 3.1  Blood glucose (mmol/l) (A) and plasma insulin (pmol/l) (B) levels during the exercise ( ○ ), rest (□) and exercise with delayed sleep (delayed sleep) (●) studies.  Hatched box represents exercise period.  Results are expressed as means ± S...
	3.4.1  Effect of exercise and recovery on glucose infusion rate
	Figure 3.2  Glucose infusion rate (GIR) (mg/kg/min) (A) during the exercise ( ○ ), rest (□) and exercise with delayed sleep (delayed sleep) (●) studies.  Difference in GIR (mg/kg/min) (B) between exercise and rest study ( ○ ) and between the exercise ...
	Figure 3.3  Glucose infusion rate (GIR) (mg/kg/min) during the exercise ( ○ ), rest ( □ ) and exercise with delayed sleep (delayed sleep) ( ● ) studies for individual subjects (A-F).  Hatched box represents exercise period. Asterisk (*) represents app...

	3.4.2  Fuel metabolism
	3.4.3  Hormones and metabolites
	Figure 3.4  Serum growth hormone (μg/l) (A), serum cortisol (nmol/l) (B), plasma glucagon (ng/l) (C) , plasma nonesterified fatty acid (g/l) (D), serum norepinephrine (nmol/l) (E) and serum epinephrine (pmol/l) (F) levels during the exercise ( ○ ), re...

	3.4.4  Sleep

	3.5  Discussion
	3.6  Conclusion
	3.7  Acknowledgments

	Chapter 4
	Moderate Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes is not Associated with an Increase in Rate of Endogenous Glucose Appearance
	4.1  Abstract
	4.2  Introduction
	4.3  Materials and Methods
	4.3.1  Subjects
	4.3.2  Exercise clamp studies
	4.3.3  Lactate threshold and   peak determination
	4.3.4  Biochemical analyses
	4.3.5  Glucose Kinetics Analysis
	4.3.6  Statistical analyses

	4.4  Results
	Figure 4.1  Responses of plasma free insulin (pmol/liter) (A) and blood glucose (mmol/liter) (B) to exercise (solid lines) and rest (dashed lines) studies.  Hatched box, Exercise period. *, P<0.05.
	4.4.1  Effect of exercise and recovery on glucose infusion rate
	Figure 4.2  Responses of glucose infusion rate (mg/kg/min) (A), difference in glucose infusion rate (ΔGIR) between exercise and rest studies (mg/kg/min) (B), rate of carbohydrate oxidation (mg/kg/min) (C), rate of lipid oxidation (mg/kg/min) (D), rat...

	4.4.2  Fuel metabolism
	4.4.3  Glucose kinetics
	4.4.4  Counterregulatory hormones and metabolites
	Figure 4.3  Responses of plasma nonesterified fatty acids (NEFA) (g/l) (A), serum GH (ng/ml) (B), epinephrine (pmol/l) (C), norepinephrine (nmol/l) (D),  serum cortisol (nmol/l) (E), and plasma glucagon (ng/l) (F) to exercise (solid lines) and rest (d...


	4.5  Discussion
	4.6  Conclusions
	4.7  Acknowledgments

	Chapter 5
	The Effect of Glycaemic Control on Counterregulatory Responses to Exercise and Glucose Requirements to Maintain Euglycaemia after Exercise in Adolescents with Type 1 Diabetes
	5.1  Abstract
	5.2  Introduction
	5.3  Methods
	5.3.1  Participants
	5.3.2  Exercise Clamp Studies
	5.3.3  Assays
	5.3.4  Lactate threshold and   peak determination
	5.3.5  Statistical analyses

	5.4  Results
	Figure 5.1  Blood glucose (mmol/l) (A) and plasma insulin (pmol/l) (B) levels during the exercise studies for the groups with good (white circles) and poor (black circles) glycaemic control, and the rest studies for the groups with good (white square...
	5.4.1  Effect of exercise and recovery on glucose infusion rate
	Figure 5.2  Difference in glucose infusion rate (GIR) (mg/kg/min) between exercise and rest for the groups with poor (A) and good (B) glycaemic control.  Carbohydrate (C) and lipid (D) oxidation rates (mg/kg/min) during the exercise study in the group...

	5.4.2  Correlations
	Figure 5.3  Relationship between mean difference in glucose infusion rate between exercise and rest studies (Delta GIR) (mg/kg/min) from midnight to 0400 h and age (years) (A), duration of diabetes (years) (B), gender (C), HbA1c (%) (D), insulin dose ...

	5.4.3  Fuel metabolism
	5.4.4  Hormones and metabolites
	Figure 5.4  Serum growth hormone (GH) (μg/l) (A), serum cortisol (nmol/l) (B), plasma glucagon (ng/l) (C), plasma nonesterified fatty acid (NEFA) (g/l) (D), serum noradrenaline (nmol/l) (E) and serum adrenaline (pmol/l) (F) levels during the exercise...


	5.5  Discussion
	5.6  Conclusion
	5.7  Acknowledgements

	Chapter 6
	General Discussion
	6.1  Conclusions
	6.2  Implications
	6.3  Limitations
	6.4  Future Directions

	References
	Appendix 1
	Information Sheets and Consent Forms
	Appendix 2
	Publications
	Thesis Sarah McMahon with new pages.pdf
	Statement of Candidate Contribution
	Abstract
	List of Figures
	List of Abbreviations
	Acknowledgements
	Publications Arising from this Thesis
	Other Publications during Candidature
	Chapter 1
	Introduction
	1.1  Intensive Management of Type 1 Diabetes in Children and Adolescents
	1.1.1  Benefits of Intensive Management
	1.1.1.1  Prevention of Microvascular Complications
	1.1.1.2  Prevention of Cardiovascular Disease

	1.1.2  Risks of Intensive Management
	1.1.2.1  Hypoglycaemia

	1.1.3  Current Guidelines
	1.1.4  Conclusion

	1.2  Hypoglycaemia
	1.2.1  Physiological Responses to Hypoglycaemia
	1.2.2  Response to Hypoglycaemia in Children with Type 1 Diabetes
	1.2.3  Factors Modulating the Response to Hypoglycaemia
	1.2.3.1  Effect of Previous Hypoglycaemia on the Response to Hypoglycaemia
	1.2.3.2  Effect of Previous Exercise on the Response to Hypoglycaemia
	1.2.3.3  Effect of Gender on the Response to Hypoglycaemia
	1.2.3.4  Effect of Sleep on the Response to Hypoglycaemia

	1.2.4  Conclusion

	1.3  Benefits of Exercise
	1.3.1  Benefits of exercise for Children
	1.3.2  Specific Benefits of Exercise for Children with Diabetes
	1.3.3  Recommendations
	1.3.4  Conclusion

	1.4  Acute Response to Exercise
	1.4.1  Normal Metabolic Responses to Exercise in Children
	1.4.2  Counterregulatory Responses to Exercise
	1.4.3  Counterregulatory Responses to Exercise in Children with T1DM
	1.4.4  Factors Modulating the Response to Exercise in Children with T1DM
	1.4.4.1  Exercise in a State of Insulin Deficiency
	1.4.4.2  Glycaemic control
	1.4.4.3  Prior Hypoglycaemia
	1.4.4.4  Prior Exercise
	1.4.4.5  Gender

	1.4.5  Fuel Utilisation During Exercise in Children with Type 1 Diabetes
	1.4.6  Conclusion

	1.5  Recovery from Exercise
	1.5.1  Normal Responses to Exercise
	1.5.1.1  Insulin Sensitivity and Glycogen Replacement

	1.5.2  Responses in Children with Diabetes
	1.5.3  Conclusion

	1.6  Statement of the Problem
	1.7  Aims
	1.8  Research Hypotheses
	1.9  Organisation and Structure of the Thesis

	Chapter 2
	Glucose Requirements to Maintain Euglycemia after Moderate Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes are Increased in a Biphasic Manner
	2.1  Abstract
	2.2  Introduction
	2.3  Subjects and Methods
	2.3.1  Subjects
	2.3.2  Exercise clamp studies
	2.3.3  Lactate threshold and   peak determination
	2.3.4  Biochemical analyses
	2.3.5  Statistical Analyses

	2.4  Results
	Figure 2.1  Responses of plasma free insulin (pmol/l) (A), blood glucose (mmol/l) (B), plasma free fatty acid (g/l) (C), serum cortisol (nmol/l) (D), serum GH (ng/ml) (E), norepinephrine (nmol/l) (F), epinephrine (pmol/l) (G) and plasma glucagon (ng/...
	2.4.1  Effect of Exercise and Recovery on Glucose Infusion Rate
	Figure 2.2  Responses of glucose infusion rate (mg/kg/min) (A), difference in glucose infusion rate (GIR) between exercise and rest studies (mg/kg/min) (B), rate of carbohydrate oxidation (mg/kg/min) (C), and rate of lipid oxidation (D) to exercise (s...

	2.4.2  Fuel Metabolism
	2.4.3  Hormones and Metabolites

	2.5  Discussion
	2.6  Conclusions
	2.7  Acknowledgments

	Chapter 3
	The Timing of the Overnight Increase in Glucose Requirements following Moderate Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes is not Related to the Onset of Sleep
	3.1  Abstract
	3.2  Introduction
	3.3  Methods
	3.3.1  Subjects
	3.3.2  Exercise Clamp Studies
	3.3.3  Sleep
	3.3.4  Measurements
	3.3.5  Data Analysis

	3.4  Results
	Figure 3.1  Blood glucose (mmol/l) (A) and plasma insulin (pmol/l) (B) levels during the exercise (○), rest (□) and exercise with delayed sleep (delayed sleep) (●) studies.  Hatched box represents exercise period.  Results are expressed as means ± SE....
	3.4.1  Effect of exercise and recovery on glucose infusion rate
	Figure 3.2  Glucose infusion rate (GIR) (mg/kg/min) (A) during the exercise (○), rest (□) and exercise with delayed sleep (delayed sleep) (●) studies.  Difference in GIR (mg/kg/min) (B) between exercise and rest study (○) and between the exercise with...
	Figure 3.3  Glucose infusion rate (GIR) (mg/kg/min) during the exercise ( ○ ), rest ( □ ) and exercise with delayed sleep (delayed sleep) ( ● ) studies for individual subjects (A-F).  Hatched box represents exercise period. Asterisk (*) represents app...

	3.4.2  Fuel metabolism
	3.4.3  Hormones and metabolites
	Figure 3.4  Serum growth hormone (μg/l) (A), serum cortisol (nmol/l) (B), plasma glucagon (ng/l) (C) , plasma nonesterified fatty acid (g/l) (D), serum norepinephrine (nmol/l) (E) and serum epinephrine (pmol/l) (F) levels during the exercise ( ○ ), re...

	3.4.4  Sleep

	3.5  Discussion
	3.6  Conclusion
	3.7  Acknowledgments

	Chapter 4
	Moderate Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes is not Associated with an Increase in Rate of Endogenous Glucose Appearance
	4.1  Abstract
	4.2  Introduction
	4.3  Materials and Methods
	4.3.1  Subjects
	4.3.2  Exercise clamp studies
	4.3.3  Lactate threshold and   peak determination
	4.3.4  Biochemical analyses
	4.3.5  Glucose Kinetics Analysis
	4.3.6  Statistical analyses

	4.4  Results
	Figure 4.1  Responses of plasma free insulin (pmol/liter) (A) and blood glucose (mmol/liter) (B) to exercise (solid lines) and rest (dashed lines) studies.  Hatched box, Exercise period. *, P<0.05.
	4.4.1  Effect of exercise and recovery on glucose infusion rate
	Figure 4.2  Responses of glucose infusion rate (mg/kg/min) (A), difference in glucose infusion rate (ΔGIR) between exercise and rest studies (mg/kg/min) (B), rate of carbohydrate oxidation (mg/kg/min) (C), rate of lipid oxidation (mg/kg/min) (D), rat...

	4.4.2  Fuel metabolism
	4.4.3  Glucose kinetics
	4.4.4  Counterregulatory hormones and metabolites
	Figure 4.3  Responses of plasma nonesterified fatty acids (NEFA) (g/l) (A), serum GH (ng/ml) (B), epinephrine (pmol/l) (C), norepinephrine (nmol/l) (D),  serum cortisol (nmol/l) (E), and plasma glucagon (ng/l) (F) to exercise (solid lines) and rest (d...


	4.5  Discussion
	4.6  Conclusions
	4.7  Acknowledgments

	Chapter 5
	The Effect of Glycaemic Control on Counterregulatory Responses to Exercise and Glucose Requirements to Maintain Euglycaemia after Exercise in Adolescents with Type 1 Diabetes
	5.1  Abstract
	5.2  Introduction
	5.3  Methods
	5.3.1  Participants
	5.3.2  Exercise Clamp Studies
	5.3.3  Assays
	5.3.4  Lactate threshold and   peak determination
	5.3.5  Statistical analyses

	5.4  Results
	Figure 5.1  Blood glucose (mmol/l) (A) and plasma insulin (pmol/l) (B) levels during the exercise studies for the groups with good (white circles) and poor (black circles) glycaemic control, and the rest studies for the groups with good (white square...
	5.4.1  Effect of exercise and recovery on glucose infusion rate
	Figure 5.2  Difference in glucose infusion rate (GIR) (mg/kg/min) between exercise and rest for the groups with poor (A) and good (B) glycaemic control.  Carbohydrate (C) and lipid (D) oxidation rates (mg/kg/min) during the exercise study in the group...

	5.4.2  Correlations
	Figure 5.3  Relationship between mean difference in glucose infusion rate between exercise and rest studies (Delta GIR) (mg/kg/min) from midnight to 0400 h and age (years) (A), duration of diabetes (years) (B), gender (C), HbA1c (%) (D), insulin dose ...

	5.4.3  Fuel metabolism
	5.4.4  Hormones and metabolites
	Figure 5.4  Serum growth hormone (GH) (μg/l) (A), serum cortisol (nmol/l) (B), plasma glucagon (ng/l) (C), plasma nonesterified fatty acid (NEFA) (g/l) (D), serum noradrenaline (nmol/l) (E) and serum adrenaline (pmol/l) (F) levels during the exercise...


	5.5  Discussion
	5.6  Conclusion
	5.7  Acknowledgements

	Chapter 6
	General Discussion
	6.1  Conclusions
	6.2  Implications
	6.3  Limitations
	6.4  Future Directions

	References
	Appendix 1
	Information Sheets and Consent Forms
	Appendix 2
	Publications
	ADP546C.tmp
	Department of Health

	ADPDC14.tmp
	CONSENT FORM

	ADPF1F8.tmp
	CONSENT FORM

	jcem paper march 2007.pdf
	Glucose Requirements to Maintain Euglycemia after Moderate-Intensity Afternoon Exercise in Adolescents with Type 1 Diabetes Are Increased in a Biphasic Manner
	Subjects and Methods
	Subjects
	Exercise clamp studies
	Lactate threshold and VO2 peak determination
	Biochemical analyses
	Statistical analyses

	Results
	Effect of exercise and recovery on glucose infusion rate
	Fuel metabolism
	Hormones and metabolites

	Discussion
	Conclusions
	Acknowledgments
	References






