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  Foreword   

 I was diagnosed with diabetes at the start of training for the 2000 Sydney Olympic 
Games, having won gold medals in rowing events at the previous four Olympic 
Games. The diagnosis was a shock, and I felt my sporting world was over. I had a 
grandfather who had the condition in his late 60s, and even though I was very young 
at the time and didn’t know very much about diabetes, I felt I knew enough to know 
that I wouldn’t be able to carry on my sporting path. I was sent up to my local dia-
betic center where my diabetes was confi rmed, and I was taught to inject insulin and 
all the life-changing routines and dietary adjustments that needed to be implemented 
immediately. At    the end of the consultation when I was expecting to be told that this 
was it, my sporting career was over, my consultant said to me, “I can’t see any rea-
son why you can’t still achieve your dreams in 3 years time by competing at the 
Sydney Olympics in 2000.” This was a bigger shock to me than being told I wouldn’t 
be able to compete. All my instincts and limited knowledge as a newly diagnosed 
diabetic told me otherwise. He did say it would be a tough path, but immediately I 
thought if he thinks I can do it, I will give it my best shot. 

 The path over the next few months was very traumatic. Firstly, of coming to 
terms with the condition and, secondly, as an athlete with a certain pride in your 
performance at the highest level is about consistency within training and racing. In 
the early days of my diabetes, it was the consistency that had gone. The main issue 
was not actually the controlling of the diabetes; it had more to do with the refueling 
of my body. To compete in rowing at Olympic level, you have to train somewhere 
in the region of 18–24 sessions a week, averaging about 1½ h a session of intensive 
endurance work, splitting these sessions between three and four a day. There is very 
little time to regain the energy when you are limited to the insulin you can take 
because of the fear of hypoglycemia. I was put onto the normal diabetic diet, and 
session after session I was not gaining the energy to perform. The way I felt after 
each session was convincing me I was never going to be the athlete that I was. 

 Over time, my consultant changed the patterns of refueling. In fact, this meant going 
back to my old diet. He knew that I had been successful on this before, but he had to 
come up with a regime that allowed me to eat 6–7,000 cal a day and still control my 
diabetes. When    you are fi rst diagnosed, you are given so much information, and this is 
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so diffi cult to take on board – even as an athlete when you need to have the freshness 
of mind to adapt to your needs. I feel that if you could be drip-fed information 
over time, this would be a better process. There wasn’t any information for athletes to 
achieve at the highest level, and books like this really do help the athlete and give the 
consultants a good foresight. Since I was diagnosed in 1997, the world looks at diabetes 
and elite sport in a very different way, and there are so many more diabetic athletes 
achieving their dreams now. With all the help I was given, I decided very early on that 
diabetes was going to live with me, not me live with diabetes. 

 I very much welcome this book, in which leading experts highlight the many 
advances in the understanding of the effects of diabetes and insulin treatment during 
and following exercise, and on how diabetes management can be optimized. This 
will help clinicians in turn help those people with diabetes who want to play sport, 
and even for some like me achieve the highest level of sporting success. 

 Sir Steve Redgrave  
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          Preface 

   In this year of the London Olympic Games, our attention is drawn to sport and 
physical performance. Type 1 diabetes is initially a disorder of the young, and in this 
age group and for many older people physical activity is a very important compo-
nent of lifestyle. Whilst it is of undoubted importance for physicians to optimize 
insulin therapy programs and other treatments to avoid or treat the chronic compli-
cations of type 1 diabetes, people with diabetes also seek to normalize their life-
style. Some will want to advance their sporting ambitions, and the examples of 
outstanding sportsmen with diabetes, such the rower Sir Stephen Redgrave, or the 
Rugby Union player Chris Pennell, show us that type 1 diabetes per se is not a bar-
rier to maximum physical performance in sport. These examples encourage people 
with type 1 diabetes to engage in all types of physical activity, and they will seek 
best advice on how to manage their diabetes with exercise. 

 There are some signifi cant barriers for people with type 1 diabetes performing 
sports and exercise. They are likely to experience marked fl uctuations in blood glu-
cose control and frequent hypoglycaemia with exercise. The occurrence of hypogly-
caemia may seem both unpredictable and inexplicable to the person with diabetes, 
which may force the response of excess replacement of carbohydrate before and 
following exercise, with resultant hyperglycaemia, adding to the burden of dysgly-
caemia. Perhaps of more concern to people with diabetes is the risk of hypoglycae-
mia during and nocturnal hypoglycaemia following exercise. When hypoglycaemia 
is severe, requiring assistance from another person, it may cause embarrassment to 
people with diabetes, and is likely to cause concern to parents, teachers and coach-
ing staff as to the safety of physical activity. Excessive fatigue and weakness during 
prolonged exercise compared with peers without diabetes may be experienced, and 
this may reduce the wish to continue in sport. For the outstanding athlete with dia-
betes, there is potential that diabetes and insulin treatment may cause loss of maxi-
mum physical performance, which also may discourage progression in sport. We 
now know many of the causes of impaired physical performance and how these may 
be rectifi ed through augmented diabetes management strategies. 

 Evidence from people with type 1 diabetes suggests that advice from healthcare 
professionals to people with type 1 diabetes on the management of physical exercise 
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may be simplistic. Over the last decade, we have established a specialist clinic to 
help sportspeople and athletes manage their diabetes and physical activity success-
fully to reduce dysglycaemia with and following exercise, and to normalize physical 
performance. Athletes and sports people explained in our clinic what problems they 
had found during exercise, and how they had tried to overcome those diffi culties. 
This experiential evidence has produced many effective clinical strategies. These 
are now strongly supported by the growth in the clinical research knowledge base of 
the effects of diabetes on the physiological response to exercise, on the effect of 
exercise on the response to hypoglycaemia and on effective dietetic and insulin 
management of diabetes during and following exercise. There have also been sig-
nifi cant technological improvements in the support of the management of type 1 
diabetes with continuously infused insulin infusion pump therapy and continuous 
sub-cutaneous glucose monitoring equipment. 

 People with type 1 diabetes will seek to be effectively supported in any sporting 
ambition, presenting an interesting challenge to healthcare professionals. This book 
aims to provide the evidence on the management of type 1 diabetes and exercise, 
bringing together outstanding clinical science, clinical practice from experts in the 
fi eld and the evidence of the real experts, the athletes themselves. The book outlines 
potential dietetic and therapeutic strategies which may be employed to promote 
these aims. Our aim is that if applied, the evidence will equip the healthcare profes-
sional with the knowledge base to support the development of clinical skills to sup-
port any person with type 1 diabetes perform physical activity safely and for some 
talented individuals to pursue their sporting ambitions to the highest level.   



xi

 Contents

 1 Endocrine and Metabolic Responses to Exercise ............................... 1
Kostas Tsintzas and Ian A. MacDonald

 2 The Impact of Type 1 Diabetes on the Physiological 
Responses to Exercise ........................................................................... 29
Michael C. Riddell

 3 Pre-exercise Insulin and Carbohydrate Strategies 
in the Exercising T1DM Individual ..................................................... 47
Richard M. Bracken, Daniel J. West, and Stephen C. Bain

 4 Physical Activity in Childhood Diabetes ............................................. 73
Krystyna A. Matyka and S. Francesca Annan

 5 The Role of Newer Technologies (CSII and CGM) 
and Novel Strategies in the Management of Type 1 
Diabetes for Sport and Exercise .......................................................... 101
Alistair N. Lumb

 6 Hypoglycemia and Hypoglycemia Unawareness 
During and Following Exercise ............................................................ 115
Lisa M. Younk and Stephen N. Davis

 7 Fueling the Athlete with Type 1 Diabetes ........................................... 151
Carin Hume

 8 Diabetes and Doping ............................................................................. 167
Richard I.G. Holt

 9 Synthesis of Best Practice ..................................................................... 193
Ian Gallen

10 The Athlete’s Perspective ..................................................................... 203

Index ............................................................................................................... 219 



 



xiii

   Contributors 

     Jen   Alexander,  B.Math., Bed               Halifax ,  NS ,  Canada      

     S.   Francesca   Annan,  B.Sc. (Hons), PGCert        Department of Nutrition and 
Dietetics ,  Alder Hey Children’s NHS Foundation Trust ,   West Derby, Liverpool, 
Merseyside ,  UK      

     Stephen   C.   Bain,  M.A., M.D., FRCP           Institute of Life Sciences, College of 
Medicine, Swansea University ,   Swansea, Wales ,  UK      

     Mark   S.   Blewitt,  M.A.         Forton, Lancashire ,  UK      

     Richard   M.   Bracken,  B.Sc., M.Sc., PGCert, Ph.D.         Health and Sport Science , 
 College of Engineering, Swansea University ,   Swansea ,  UK      

     Russell   D.   Cobb,  B.Sc. (Hons), DMS        Department of Supply Chain ,  Coco-Cola 
Enterprises ,   Uxbridge, Middlesex ,  UK      

     Stephen   N.   Davis ,  M.B.B.S., FRCP, FACP       Department of Medicine ,  University of 
Maryland School of Medicine ,   Baltimore ,  MD ,  USA      

     Ian   Gallen ,  B.Sc., M.D., FRCP       Diabetes Centre ,  Wycombe Hospital ,   High 
Wycombe ,  UK      

     Fred   H.  R.   Gill ,  B.A. (Cantab)       Deloitte ,   Reading, Buckinghamshire ,  UK      

     Monique   S.   Hanley       HypoActive,    North Fitzroy ,  VIC ,  Australia      

     Richard   I.  G.   Holt ,  M.A., M.B., B.Chir., Ph.D., FRCP, FHEA       Human 
Development and Health Academic Unit ,  University of Southampton, Faculty of 
Medicine, Southampton General Hospital ,   Southampton, Hampshire ,  UK      

     Carin   Hume ,  B.Sc., M.Sc.       Department of Nutrition and Dietetics , 
 Buckinghamshire Hospitals NHS Trust ,   High Wycombe, Buckinghamshire ,  UK      

     Alistair   N.   Lumb ,  B.A., Ph.D., M.B.B.S., MRCP       Diabetes Centre ,  Wycombe 
Hospital, Buckinghamshire Healthcare NHS Trust ,   High Wycombe, 
Buckinghamshire ,  UK      



xivxiv Contributors

     Ian   A.   MacDonald ,  Ph.D.       School of Biomedical Sciences ,  Queen’s Medical 
Centre, University of Nottingham Medical School ,   Nottingham, 
Nottinghamshire ,  UK      

     Krystyna   A.   Matyka ,  M.B.B.S., M.D., M.R.C.P.C.H.       Division of Metabolic and 
Vascular Health, Warwick Medical School ,  Clinical Sciences Research 
Laboratories, University Hospital ,   Coventry ,  UK      

     Christopher   J.   Pennell       Sixways Stadium ,   Worcester, Worcestershire ,  UK      

     Michael   C.   Riddell ,  Ph.D.       Physical Activity and Diabetes Unit, School of 
Kinesiology and Health Science ,  Muscle Health Research Centre, York University , 
  Toronto ,  ON ,  Canada      

     Sébastien   Sasseville        Quebec City ,  QC ,  Canada      

     Kostas   Tsintzas ,  B.Sc., M.Sc., Ph.D.       School of Biomedical Sciences ,  Queen’s 
Medical Centre, University of Nottingham Medical School ,   Nottingham, 
Nottinghamshire ,  UK      

     Daniel   J.   West ,  B.Sc., Ph.D.       Department of Sport and Exercise ,  Northumbria 
University ,   Newcastle upon Tyne, Tyne and Wear ,  UK      

     Lisa   M.   Younk ,  B.S.       Department of Medicine ,  University of Maryland School of 
Medicine ,   Baltimore ,  MD ,  USA              



1I. Gallen (ed.), Type 1 Diabetes, 
DOI 10.1007/978-0-85729-754-9_1, © Springer-Verlag London Limited 2012

    1.1   Introduction 

 The successful completion of any human physical movement requires the transfor-
mation of chemical energy into mechanical energy in skeletal muscles at rates 
appropriate to their needs. The source of this chemical energy is the hydrolysis of 
adenosine triphosphate (ATP). However, the amount of ATP stored in skeletal mus-
cle is limited and would only last for a few seconds of contraction. Therefore, the 
ATP must be regenerated continuously at the same rate as it is broken down if the 
work rate is to be maintained for a prolonged period of time. Generating this con-
tinuous supply of energy places a great demand on the capacity of the human body 
to mobilize and utilize the energy substrates required for muscle contraction and to 
maintain blood glucose homeostasis in the face of substantial increases in both mus-
cle glucose utilization and hepatic glucose production during exercise. In fact, blood 
glucose concentrations are normally maintained within a narrow physiological 
range during exercise as the central nervous system (CNS) relies heavily upon con-
tinuous blood glucose supply to meet its energy requirements. In order to achieve 
this, a decrement in blood glucose concentration during exercise is counteracted by 
a complex and well-coordinated neuroendocrine and autonomic nervous system 
response. This counterregulatory response aims to prevent and, when necessary, 
correct any substantial decreases in blood glucose concentration and thus the devel-
opment of hypoglycemia. This chapter will describe the main metabolic and neu-
roendocrine responses to exercise of varying intensity and focus on factors affecting 
blood glucose utilization in humans. It will also examine gender differences in the 
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endocrine response and substrate utilization during exercise and examine how these 
responses might be altered in exercising children and adolescents. Finally, this 
chapter will describe the effects of glucose ingestion before and during exercise on 
counterregulatory responses, substrate utilization, and exercise performance.  

    1.2   Energy Metabolism and Fuel Utilization During Exercise 

 Carbohydrate (blood glucose and muscle glycogen) and fat [plasma free fatty acids 
(FFA) and intramuscular triglycerides (TGs)] are the main energy substrates for 
aerobic synthesis of ATP during exercise. Both muscle glycogen and blood glucose 
oxidation rates are markedly increased with increasing exercise intensity (Fig.  1.1 ). 
The rate of fat oxidation also increases up to about 60% of maximal oxygen con-
sumption (V̇O 

2 max
 )  [  1,   2  ] . However, a reduction in the rate of fat oxidation is 

observed at higher exercise intensities. This decrease in fat contribution to energy 
metabolism is a result of a signifi cant decline in the oxidation rate of both plasma 
FFAs and intramuscular TGs and is not entirely related to a decline in plasma FFA 
availability that normally occurs at high exercise intensities  [  2  ] .  

 Pioneering studies in the 1960s and 1970s showed that fatigue during prolonged 
exercise at intensities between 65% and 85% V̇   O 

2 max
  is associated with depletion of 

glycogen in active skeletal muscle  [  3,   4  ] . Although the precise mechanism by which 
glycogen depletion causes fatigue is still unclear, it appears to be related to a decrease 
in the rate of oxidative ATP production  [  5,   6  ] . The ATP concentrations in skeletal 
muscle at the point of fatigue are usually maintained at their preexercise levels 
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 [  6–  9  ] , but a decline in phosphocreatine (PCr) concentration is normally observed. 
The extent of PCr decline during prolonged, constant intensity exercise, which leads 
to muscle glycogen depletion, refl ects the extent of the inability of the working 
muscles to maintain oxidative ATP production  [  10,   11  ] . Indeed, a strong positive 
correlation is observed between changes in PCr and glycogen concentrations in 
skeletal muscle, which supports the presence of a close functional link between 
oxidative ATP production and glycogen depletion during prolonged exercise  [  6  ] . 

 Human skeletal muscles are composed of at least two major fi ber types, which 

differ in their physiological, metabolic, and contractile characteristics  [  12,   13  ] . 

Using a quantitative biochemical method to examine the glycogen changes in pools 

of muscle fi bers of different types, Tsintzas et al.  [  9  ]  showed that glycogen deple-

tion occurs exclusively in type I (slow-twitch) fi bers during running exercise at 

~70% V̇  O 
2 max

  performed in the fasted (postabsorptive) state. It appears that rela-

tively little glycogen is utilized in type II (fast-twitch) fi bers during the fi rst hour of 

submaximal exercise  [  7,   9,   14–  16  ] . In contrast, a substantial breakdown of glycogen 

occurs in type II fi bers toward the end of exercise, at a time when an increase in the 

recruitment of type II fi bers occurs to compensate for loss of recruitment of type I 

fi bers as a result of glycogen depletion in the latter fi ber type. 
 Apart from muscle glycogen, blood glucose is also an important energy substrate 

during exercise. The liver is the only signifi cant source of blood glucose both at rest 
and during exercise performed in the fasted (postabsorptive) state. Indeed, the contri-
bution of kidney to glucose production during exercise is minimal  [  17  ] . Blood glu-
cose utilization in the fasted (postabsorptive) state is mainly a function of the intensity 
and duration of exercise  [  17–  19  ]  and, in particular, shows a positive curvilinear rela-
tionship with exercise intensity  [  20  ] . Hence, the liver plays a key role in the mainte-
nance of blood glucose homeostasis during exercise in humans by increasing its 
glucose production by two- to threefold (when compared to rest) to match the increase 
in glucose utilization during low- and moderate-intensity exercise (up to 70% V̇  O 

2 max
 ) 

(Fig.  1.2 )  [  17,   21  ] . During intense exercise (>80% V̇   O 
2 max

 ), hepatic glucose produc-
tion may increase up to eightfold  [  22  ] . A mismatch between hepatic glucose produc-
tion and utilization may occur during intense exercise (>80% V̇   O 

2 max
 ), in which the 

increase in hepatic glucose output exceeds the increase in glucose utilization by 
skeletal muscle (Fig.  1.2 ), leading to transient hyperglycemia  [  22  ] .  

 Blood glucose utilization also increases with the duration of exercise  [  18  ] . Therefore, 
toward the latter stages of prolonged exercise  [  23,   24  ] , at a time when muscle glycogen 
levels are very low, the contribution from blood glucose could account for the majority 
of total CHO oxidation rate. Furthermore, when endogenous liver glycogen stores are 
becoming depleted during prolonged exercise continued to the point of fatigue, a mis-
match between the glucose production and glucose utilization may occur (Fig.  1.3 ), 
resulting in a decrease in blood glucose concentration  [  25  ] .  

 Both hepatic glycogenolysis and gluconeogenesis (glucose formed from noncar-
bohydrate sources such as glycerol, lactate, and amino acids) contribute to the 
body’s ability to maintain blood glucose homeostasis during exercise  [  26  ] . During 
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acute exercise of varying intensity, hepatic glycogenolysis is the main source of 
endogenous glucose production (Fig.  1.2 ). As liver glycogen stores are becoming 
depleted during prolonged submaximal exercise, the contribution of hepatic gluco-
neogenesis increases and may account for up to 50% of total hepatic glucose output 
after 4 h of low intensity exercise (Fig.  1.3 ). Furthermore, during prolonged exercise 
under fasting conditions, a much greater contribution of hepatic glucose output is 
derived from gluconeogenesis  [  27,   28  ] . These fi ndings further emphasize the impor-
tance of blood glucose as an energy substrate during exercise. Apart from the inten-
sity and duration of exercise, other factors that can affect the rate of blood glucose 
utilization during exercise include antecedent nutritional status (see also last section 
in this chapter), endurance training, and muscle mass involved in exercise. In par-
ticular, glucose uptake is inversely related to muscle mass involved  [  29  ] , which may 
explain the higher occurrence of hypoglycemic episodes during cycling when com-
pared with running. Conversely, a diet rich in CHO may increase blood glucose 
utilization, whereas a low CHO diet would lower it  [  30  ] . Endurance training 
decreases blood glucose utilization  [  31  ]  but has no effect on exogenous glucose 
utilization  [  32  ] .  

    1.3   Exercise and Hyperinsulinemia Stimulate Glucose Uptake 
in Skeletal Muscle 

 Both muscle contraction and insulin stimulate muscle glucose uptake through a 
rapid increase in the translocation of the glucose transporter protein GLUT4 from 
intracellular vesicle compartments to both the sarcolemma and transverse tubules at 
the plasma membrane using distinct, at least proximally, signaling pathways  [  33–  35  ] . 
Interestingly, in response to insulin, there is a delay in GLUT4 translocation and its 
reinternalization from the transverse tubules when compared with the sarcolemma 
 [  34,   36  ] , whereas the kinetics of contraction-stimulated GLUT4 translocation and 
reinternalization are similar for the two compartments  [  35  ] . 

 The effect of insulin on GLUT4 translocation is mediated through a well-
described intracellular signaling pathway that involves tyrosine phosphorylation of 
insulin receptor substrate-1 (IRS-1), activation of IRS-1-associated phosphati-
dylinositol 3-kinase (PI3K), and phosphorylation of Akt/PKB and TBC14D/AS160 
(a downstream target of Akt in the distal insulin signaling pathway)  [  37–  42  ] . The 
signaling pathway underlying the exercise-induced translocation of GLUT4 is less 
defi ned, and it appears to include factors such as LKB1, Ca 2+ /calmodulin-dependent 
protein kinase II (CaMKII), and their downstream target AMP-activated protein 
kinase (AMPK)  [  33,   43,   44  ] . The TBC14D/AS160 protein may also play a role in 
exercise-induced GLUT4 translocation and appears to be the point of convergence 
for the two signaling pathways  [  45  ] . More recently, Myo1c, an actin-associated 
motor protein that is part of the GLUT4 vesicle carrier complex that mediates 
GLUT4 translocation to the plasma membrane, was shown to mediate both insulin 
and exercise-induced glucose uptake in skeletal muscle  [  46  ] . 
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 Superimposing hyperinsulinemia on muscle contraction exerts a synergistic 
stimulatory effect on glucose uptake and oxidation  [  47,   48  ] . Skeletal muscle is the 
primary tissue responsible for this synergism, which might be explained, at least in 
part, by an increase in blood fl ow and hence glucose delivery to the tissue  [  47,   49  ] . 
Indeed, both insulin and muscle contraction can increase blood fl ow to skeletal 
muscle  [  50  ] , although a debate exists whether this is mediated by increasing the 
number of perfused capillaries (capillary recruitment)  [  50  ]  or simply an increase in 
capillary blood fl ow  [  51  ] . Regardless of the mechanism involved, an augmented 
increase in tissue perfusion will further increase insulin and glucose delivery and/
or fractional glucose extraction by the exercising muscle. Unlike resting condi-
tions, the primary route of insulin-stimulated glucose metabolism during exercise 
is oxidative metabolism  [  48  ] . The pyruvate dehydrogenase complex (PDC) con-
trols the rate-limiting step in CHO oxidation, the oxidative decarboxylation of 
pyruvate to acetyl-CoA (Fig.  1.4 ). The activity of PDC increases during exercise in 
a calcium-dependent manner resulting in an increase in pyruvate fl ux, the forma-
tion of acetyl-CoA, and a concomitant increase in CHO oxidation  [  52  ] . Both 
hyperglycemia and hyperinsulinemia increase the activity of PDC in resting human 
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  Fig. 1.4    Schematic diagram of hyperinsulinemia, hyperglycemia, and exercise-induced increase in 
pyruvate fl ux, stimulation of PDC, the formation of acetyl-CoA, and a concomitant increase in CHO 
oxidation. In insulin-resistant states, skeletal muscle PDC activation, which controls the rate-limit-
ing step in CHO oxidation, is impaired through a selective upregulation of PDK4  [  55,   56,   183  ]        
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skeletal muscle  [  53–  56  ] . Hyperglycemia is thought to stimulate PDC through an 
increase in pyruvate availability as a result of increases in glucose uptake and gly-
colysis  [  53  ] . On the other hand, an increase in circulating insulin concentration has 
been shown to activate the PDC phosphatase (PDP), the regulatory enzyme respon-
sible for the dephosphorylation and hence activation of PDC  [  54,   57  ] . Interestingly, 
the stimulatory effect of insulin on skeletal muscle PDC activation is impaired in 
insulin-resistant states through a selective upregulation of pyruvate dehydrogenase 
kinase 4 (PDK4), one of the four isoforms of the kinase responsible for the phos-
phorylation and hence inactivation of PDC  [  55,   56  ] . Carbohydrate ingestion 
immediately before exercise (resulting in increased blood glucose and insulin con-
centrations) augments the exercise-induced activation of PDC in human skeletal 
muscle  [  58  ] , which facilitates the increase in insulin-stimulated glucose oxidation 
under those conditions.   

    1.4   Effect of Acute Exercise on Insulin Action in Human 
Skeletal Muscle 

 Exercise is benefi cial in the treatment of diabetes, and a single bout of exercise was 
shown to increase insulin sensitivity in insulin-resistant individuals by reversing a 
defect in insulin-stimulated glucose transport and phosphorylation  [  59  ] . However, 
despite a plethora of studies in this area, the exact cellular mechanisms underlying 
the well-documented increase in insulin-stimulated skeletal muscle glucose uptake 
and glycogen synthesis observed up to 2 days following a single bout of exercise 
 [  60,   61  ]  remain unresolved. 

 It is well established that a single bout of exercise increases the transcription  [  62  ]  
and protein content of both whole muscle  [  63,   64  ]  and plasma membrane  [  62,   65, 
  66  ]  fractions of glucose transporter GLUT4. A single bout of exercise also increases 
skeletal muscle hexokinase II (HKII) activity, transcription, and protein content for 
a number of hours after the end of exercise  [  67–  70  ] . HKII is the predominant 
hexokinase isoform in skeletal muscle, where it phosphorylates internalized glu-
cose, thus ensuring a concentration gradient across the plasma membrane and sus-
tained glucose transport into muscle. Exercise also increases glycogen synthase 
(GS) activity  [  40  ] , and it appears that exercise-induced depletion of muscle glyco-
gen content plays a role in enhancing postexercise insulin sensitivity as it is tightly 
coupled with GS activity  [  71  ] . 

 Postexercise augmentation of the classical insulin signaling cascade may not be 
involved in this positive effect of exercise on insulin action, as many studies have 
demonstrated that a single bout of exercise does not increase IRS-1 tyrosine phos-
phorylation, IRS-1-associated PI3K activity, serine phosphorylation of Akt, and 
glycogen synthase kinase 3 (GSK3) in response to insulin for up to 1 day after 
exercise  [  37–  41,   70  ] . Therefore, the enhanced insulin action observed after exer-
cise may involve signaling proteins downstream of Akt, enhanced activation of 
GS, and/or increased glucose transport and phosphorylation capacity. Indeed, 
Treebak et al.  [  72  ]  demonstrated increased phosphorylation of TBC14D/AS160 
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(a downstream target of Akt) in response to insulin 4 h following a single bout of 
one-legged exercise compared to the nonexercised leg, suggesting it may play a 
role in increased postexercise insulin sensitivity. Recently, it was also shown that 
acute exercise enhances insulin action in skeletal muscle by increasing its capacity 
to phosphorylate glucose (via upregulation of HKII) and divert it toward glycogen 
synthesis rather than oxidize it  [  70  ] . Although the molecular mechanisms respon-
sible for the upregulation of HK and GLUT4 content following an acute bout of 
exercise are unclear, possible candidates include the activation of transcription fac-
tors such as the peroxisome proliferator-activated receptor- g  (PPAR g ) coactivator 
1 a  (PGC1 a )  [  73  ] , sterol regulatory binding protein 1c (SREBP1c)  [  74,   75  ] , and 
peroxisome proliferator-activated receptor- d  (PPAR d )  [  76  ] .  

    1.5   Hormonal Regulation of Glucose Metabolism 

 As discussed previously, the liver plays a key role in the maintenance of blood glu-
cose homeostasis during exercise by increasing its glucose production (through 
increased glycogenolysis and gluconeogenesis) in response to the increase in glu-
cose utilization by the contracting skeletal muscles. Hepatic glycogenolysis is regu-
lated by allosteric factors acting upon the hepatic phosphorylase and glycogen 
synthase enzymes, whereas hepatic gluconeogenesis is controlled by factors that 
affect the delivery of gluconeogenic precursors to the liver, their extraction by the 
tissue, and the activation of key intracellular gluconeogenic enzymes (such as the 
phosphoenolpyruvate carboxykinase; PEPCK). In general, a number of circulating 
hormones (insulin, glucagon, catecholamines, cortisol, and growth hormone) and 
autonomic nerve impulses to the liver are implicated in the regulation of hepatic 
glucose production during exercise. 

 The typical hormonal response to exercise is characterized by a reduction in 
plasma insulin concentration  [  17,   77  ]  and an increase in the levels of glucagon, 
catecholamines (both adrenaline and noradrenaline), cortisol, and growth hormone 
 [  78  ] . These hormonal effects are more pronounced during prolonged or high-
intensity exercise  [  79,   80  ]  and collectively facilitate the increase in hepatic glucose 
production required to counteract the stimulation of muscle glucose uptake that 
occurs during exercise. The decrease in insulin levels during exercise appears to be 
due to inhibition in its secretion by the pancreas, which is mediated by activation of 
the sympathetic nervous system and, in particular, increased  a -adrenergic stimula-
tion of the pancreatic  b  cells  [  17,   81  ] . The greater catecholamine stimulation at 
higher exercise intensities results in greater suppression of insulin secretion com-
pared with low exercise intensities. A decrease in insulin secretion augments the 
liver’s sensitivity to the actions of glucagon, and even a small increase in plasma 
glucagon is suffi cient to increase hepatic glucose output under those conditions 
 [  82  ] . Plasma glucagon levels increase with the duration and intensity of exercise, 
and this response is augmented in the presence of hypoglycemia  [  79  ] . 
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 Insulin suppresses both net hepatic glycogenolysis (through an increase in 
GSK3-mediated activation of glycogen synthase activity) and gluconeogenesis, 
although the former effect is more potent  [  83,   84  ] . Insulin can suppress hepatic 
gluconeogenesis directly by decreasing the delivery and extraction of gluconeo-
genic precursors (such as amino acids, lactate, and glycerol) and indirectly by sup-
pressing lipolysis in adipose tissue and thus circulating FFAs, which provide the 
energy source required to support gluconeogenesis  [  85  ] . 

 Glucagon exerts a rapid and potent increase in hepatic glucose production pos-
sibly through an AMPK-mediated increase in the hepatic glycogen phosphorylase 
to glycogen synthase activity ratio, which favors an increase in net hepatic glycog-
enolysis  [  86  ] . Glucagon can also increase hepatic gluconeogenesis through an 
increase in gluconeogenic precursor (such as lactate) extraction by the liver and 
their conversion to glucose  [  87  ] , although this process is modest and slower when 
compared with the effect of glucagon on hepatic glycogenolysis  [  88  ] . Given the 
antagonistic effects of insulin and glucagon on hepatic glycogenolysis and gluco-
neogenesis, it is not surprising that glucagon and insulin concentrations in the portal 
vein  [  87  ]  and, in particular, the glucagon-to-insulin ratio are important regulators of 
hepatic glucose production during low and moderate intensity exercise  [  89,   90  ] . 
Indeed, an increase in glucagon is required for the maximum stimulation of hepatic 
glycogenolysis and gluconeogenesis  [  87  ] , whereas a reduction in circulating insulin 
is necessary for the full increase in hepatic glycogenolysis  [  91  ] . Prevention of this 
physiological response of the islet hormones with somatostatin infusion attenuates 
the normal exercise-induced increase in hepatic glucose output  [  92,   93  ] . 

 In addition to glucagon and insulin, small changes in arterial blood glucose con-
centration and in particular portal vein glucose concentration can also alter hepatic 
glucose output. Indeed, during prolonged exercise, the decline in both circulating 
glucose and insulin appears to play a major role in preserving glucose homeostasis 
by facilitating an increase in hepatic glucose output  [  94  ] . Conversely, hyperglyce-
mia and hyperinsulinemia inhibit hepatic glucose output  [  84,   95  ] . Indeed, carbohy-
drate ingestion during exercise and the associated increases in blood glucose and 
insulin concentrations can completely suppress hepatic glucose production  [  96  ] . 

 It must be pointed out however that under normal physiological conditions, the 
liver extracts a great proportion (up to 50–60%) of insulin secreted in the portal 
vein, and therefore, the insulin concentration in the latter can be two- to threefold 
higher than peripheral arterial insulin concentration  [  97  ] . However, only about a 
fi fth of secreted glucagon is extracted by the liver  [  97  ] . Therefore, arterial insulin 
concentrations underestimate those in the portal vein to a greater extent than the 
corresponding glucagon concentrations. Furthermore, the gradient of portal to arte-
rial concentrations for both hormones is widened during exercise because of a 
reduction in hepatic blood fl ow and, in the case of glucagon, increased secretion 
 [  98  ] . This is important not only because the glucagon-to-insulin ratio is an impor-
tant regulator of hepatic glucose production during exercise, but also because portal 
venous hyperinsulinemia appears to be more potent than peripheral hyperinsuline-
mia in suppressing hepatic glucose production during the early stages of exercise. 
In contrast, peripheral arterial hyperinsulinemia becomes more important as the 
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duration of exercise increases through suppression of lipolysis in adipose tissue and 
hence reduction in circulating glycerol and FFAs, which will further suppress 
hepatic glucose output  [  99  ] . 

 Studies in humans  [  92,   93  ]  and dogs  [  87  ]  have clearly demonstrated the impor-
tance of increased circulating glucagon levels in the stimulation of hepatic glucose 
production during exercise. Although the rise in glucagon can account for ~60% of 
total splanchnic glucose output during exercise  [  100  ] , other factors also seem to 
play important roles  [  101  ] . Catecholamine (adrenaline and noradrenaline) plasma 
concentrations increase with exercise intensity and duration, and these changes 
coincide with increased hepatic glucose output, although a causal relationship 
between these parameters has not been established. It should be noted that a large 
proportion of circulating catecholamines are extracted by the gut  [  102  ] , which sug-
gest that the liver is exposed to portal vein concentrations that are considerably 
lower than the corresponding levels in peripheral circulation. Catecholamines can 
enhance both hepatic glycogenolysis by stimulating glycogen phosphorylase and 
adipose tissue lipolysis by activating hormone-sensitive lipase, resulting in increased 
levels of circulating glycerol and FFAs  [  103–  105  ] . However, it appears that adrena-
line is signifi cantly more potent than noradrenaline in stimulating hepatic glucose 
output  [  106  ] . At rest under conditions of basal circulating insulin and glucagon 
concentrations, a 20-fold increase in plasma adrenaline concentration in humans 
(through infusion of adrenaline for 90 min) resulted in a biphasic increase in hepatic 
glucose production; during the fi rst hour of infusion, an increase in hepatic glycog-
enolysis was responsible for the majority (~60%) of the increase in glucose produc-
tion, whereas during the last 30 min of infusion, the rate of hepatic glucose production 
declined and the contribution of hepatic gluconeogenesis increased 2.5-fold account-
ing for 80% of glucose production  [  107  ] . It is also well established that adrenaline 
inhibits insulin-stimulated glucose uptake and that skeletal muscle appears to be the 
major site of this temporary insulin-resistant state  [  108  ] . 

 The role of the neural input to the liver and catecholamine stimulation in the 
regulation of hepatic glucose production during exercise has been questioned  [  109  ] . 
Indeed, combined  a -and  b -adrenergic blockade in healthy humans, in contrast to 
type I diabetics, failed to demonstrate an important role for adrenergic nervous sys-
tem in controlling exercise-induced hepatic glucose output  [  110  ] . Further evidence 
that catecholamines may not be important in stimulating the exercise-induced 
increase in hepatic glucose output (at least during low and moderate intensity exer-
cise) comes from animal studies that used pharmacological blockade of the sympa-
thetic nervous system  [  102  ]  and studies on adrenalectomized humans  [  111  ] , in 
which a normal increase in hepatic glucose output was observed during moderate 
exercise. 

 In contrast, during high-intensity exercise, there is rapid and marked elevation in 
circulating catecholamine levels  [  112–  115  ] . Interestingly,    infusion of both adrena-
line and noradrenaline during moderate intensity exercise (designed to reproduce the 
pattern of catecholamine release during intense exercise) resulted in an augmented 
hepatic glucose output of the same magnitude as during intense exercise  [  116  ] . 



111 Endocrine and Metabolic Responses to Exercise

This suggests that, unlike light and moderate exercise, catecholamines may play an 
important role in the regulation of glucose homeostasis during high-intensity 
exercise. 

 However, it should be noted that in humans, there appears to be some redun-
dancy in the hormonal regulation of hepatic glucose production. For example, when 
both the fall in insulin and rise in glucagon concentrations were prevented during 
60 min of moderate exercise by infusion of somatostatin along with insulin and 
glucagon replacement at fi xed rates (islet clamp technique), hepatic glucose produc-
tion did not increase, and plasma glucose initially decreased from 5.5 to 3.4 mmol/l 
(from 100 to ~62 mg/dl) and then leveled off and was 3.3 mmol/l (~60 mg/dl) at the 
end of exercise  [  93  ] . In contrast, when insulin was allowed to decrease and gluca-
gon to increase simultaneously (which represents the normal response to exercise), 
there was an increase in hepatic glucose production and the plasma glucose level 
was 4.5 mmol/l (~80 mg/ml) at the end of exercise  [  93  ] . Since hypoglycemia did not 
occur when the normal insulin and glucagon response was prevented, it is likely that 
other counterregulatory hormones (such as adrenaline) play a more important role 
in the regulation of hepatic glucose production during exercise when the islet hor-
mone responses are disturbed. Indeed, if changes in circulating glucagon and insu-
lin levels are prevented in the presence of adrenergic blockade during exercise, 
progressive hypoglycemia (2.6 mmol/l or < 50 mg/dl) will ensue  [  117  ] . 

 Growth hormone (GH), secreted from the anterior pituitary gland, and cortisol, 
secreted from the adrenal cortex, appear to play a minor role in the regulation of 
glucose homeostasis during short-term exercise, but as the duration of exercise 
increases, they contribute to the stimulation of whole body lipolysis (and therefore 
release of FFAs and glycerol into the circulation) and the increase in hepatic gluco-
neogenesis  [  118,   119  ] . During    moderate-intensity running exercise to exhaustion in 
humans, plasma GH concentrations may increase by up to tenfold above postab-
sorptive levels, whereas cortisol concentrations may double  [  120,   121  ] . This increase 
occurs in the absence of a decrease in blood glucose concentration, which suggests 
that blood glucose concentration is not the sole determinant of hormonal response 
to prolonged exercise  [  122  ] . Carbohydrate ingestion or infusion during prolonged 
exercise suppresses the increase in cortisol secretion usually observed during exer-
cise without exogenous carbohydrate supply  [  123  ] . Interestingly, carbohydrate 
ingestion immediately before and during the fi rst hour of prolonged running exer-
cise also attenuated the normal increase in GH concentration (along with suppres-
sion of lipolysis and attenuation of plasma glycerol and FFA levels)  [  121  ] . However, 
when carbohydrate ingestion was discontinued after the fi rst hour of exercise, 
plasma GH and FFA levels were quickly increased and at exhaustion reached levels 
comparable with those observed in the control (nonsupplemented) trial  [  121  ] . Since 
the changes in GH paralleled those in FFA and glycerol, it appears that during pro-
longed exercise continued to the point of exhaustion, secretion of GH is important 
for fat mobilization from adipose tissue and therefore, indirectly, for glucose metab-
olism by enhancing liver glucose output during exercise performed in the postab-
sorptive state.  
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    1.6   Counterregulatory Responses to Hypoglycemia During 
Exercise 

 Blood glucose concentration is normally maintained within a narrow physiological 
range during exercise. It may fall however during prolonged exercise performed in 
the fasted state and continued to the point of fatigue when endogenous muscle and 
liver glycogen stores are becoming depleted, resulting in a mismatch between 
hepatic glucose production and working muscle glucose utilization. 

 In resting healthy humans, even a small decrement in blood glucose concentra-
tion to ~80 mg/dl (~4.4 mmol/l) would provoke a reduction in insulin secretion in 
an initial effort to counteract the fall in blood glucose  [  124  ] . There is a hierarchy 
of glycemic thresholds for activation of counterregulatory hormone secretion, 
autonomic symptoms, and cerebral dysfunction, which allows for a more effec-
tive and redundant response to hypoglycemia  [  125  ] . Increased secretion of gluca-
gon and adrenaline occurs at blood glucose concentration of ~68–70 mg/dl 
(3.8–3.9 mmol/l), secretion of noradrenaline and growth hormone at ~65–67 mg/
dl (3.6–3.7 mmol/l), and secretion of cortisol at ~ 55 mg/dl (3.0 mmol/l). Autonomic 
symptoms begin to develop at ~58 mg/dl (3.2 mmol/l), whereas deterioration in 
cognitive function is observed at glucose concentrations of around 50–55 mg/dl 
(2.8–3.0 mmol/l)  [  125,   126  ] . 

 As discussed in the previous section, insulin, glucagon, and catecholamines also 
respond in a hierarchical fashion to regulate hepatic glucose    production and prevent 
exercise-induced hypoglycemia. However, the normal counterregulatory hormone 
(catecholamines, glucagon, cortisol, and GH) response to exercise is amplifi ed by 
simultaneous hypoglycemia in nondiabetic individuals  [  127  ] . In fact, the counter-
regulatory hormone response to exercise and insulin-induced hypoglycemia is syn-
ergistic when the two stimuli are combined  [  128  ] . Furthermore, it appears that the 
catecholamine (and in particular adrenaline) response to hypoglycemia can be dis-
sociated from the corresponding response to exercise  [  127  ] . It appears that exercise 
augments the adrenaline response to hypoglycemia in an effort to reduce glucose 
utilization by peripheral tissues  [  89  ] . Therefore, the potent effect of exercise on the 
counterregulatory hormone response to hypoglycemia is important in both increas-
ing hepatic glucose output and limiting peripheral glucose utilization in a coordi-
nated effort to minimize the magnitude of hypoglycemia during exercise. 

 During exercise, hepatic glucose output is very sensitive to small changes in 
plasma glucose concentration resulting from changes in the balance between glu-
cose supply and utilization  [  95  ] . Indeed, in both humans and dogs, the normal exer-
cise-induced increase in hepatic glucose output can be completely prevented when 
glucose is infused in an attempt to match systemic glucose supply with the increase 
in glucose utilization by skeletal muscle  [  95,   129  ] . Interestingly, although this sup-
pression of hepatic glucose output occurred in the presence of elevated portal vein 
insulin levels when compared with those seen in the control trial, the response of 
glucagon, catecholamines, and cortisol was not altered, indicating that the counter-
regulatory hormone response to exercise is less sensitive than hepatic glucose output 
to changes in glucose supply  [  129  ] . Based on human and animal studies that 
observed reduced counterregulatory response to induced systemic hypoglycemia 
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when portal vein glucose concentrations were elevated (through local infusion or 
oral ingestion of glucose), it appears that, in addition to glucose-responsive neurons 
in the brain, glucose-sensitive neurons in the portal vein or the liver itself may also 
play an important role in mediating glucose-induced changes in hepatic glucose 
output  [  130–  132  ] . However, the extent to which this feedback mechanism operates 
in humans during exercise requires further investigation. 

 Interestingly, the occurrence of preexercise hypoglycemia is associated with 
blunted counterregulation and impaired hepatic glycogenolysis during subsequent 
exercise  [  133  ] . Conversely, prior exercise also blunts the counterregulatory hormone 
response to subsequent hypoglycemia  [  134  ] . In healthy humans, two prior episodes 
of moderate hypoglycemia (~2.9 mmol/l or ~50 mg/dl) for 120 min result in consid-
erable attenuation (~50%) of the neuroendocrine (glucagon, insulin, and cate-
cholamines) and metabolic (hepatic glucose production, lipolysis, and ketogenesis) 
responses to moderate exercise (~50% V̇   O 

2 max
 ) performed the next day  [  133  ] . This 

blunted response became more apparent after the fi rst 30 min of exercise and hepatic 
glucose production, despite an initial increase, declined to basal levels by the end of 
exercise (90 min). However, the opposite is also true, as two 90-min bouts of exercise 
at 50% V̇    O 

2 max
 , separated by 3 h, were shown to markedly blunt (by ~30–60%) the 

counterregulatory hormone response (adrenaline, noradrenaline, glucagon, pancre-
atic polypeptide, ACTH, and GH but surprisingly not cortisol), hepatic glucose pro-
duction (by ~60%), and muscle sympathetic nerve activity (by ~90%) response to a 
2-h bout of moderate hypoglycemia (~3.0 mmol/l or ~54 mg/dl) the day after  [  134  ] . 

 The similarity between the latter responses and those reported after antecedent 
hypoglycemia led to the hypothesis that a common mechanism underlies both set of 
responses. A number of factors including elevations in circulating cortisol, ketone 
bodies, and lactate levels have been proposed as mediators of the hypoglycemia-
induced blunting effect on glucose counterregulation during a subsequent episode 
of hypoglycemia  [  134–  136  ] . Whether this is the case in exercise-induced responses 
requires further investigation. 

 In addition to antecedent exercise and hypoglycemia, other factors that can also 
modulate the normal counterregulatory response to exercise are obesity and matura-
tion (Fig.  1.5 ). Obesity blunts catecholamine and growth hormone responses to 
acute intense and submaximal exercise in both adults  [  137,   138  ]  and children  [  139  ] . 

Obesity Childhood

Females

Prior hypo-
glycaemia

Prior hypo-
glycaemia

Prior 
exercise

Prior exercise
(males only)

Reduced
CR to

exercise

Reduced
CR to
hypo-

glycaemia

  Fig. 1.5    Factors blunting the normal counterregulatory hormone response (CR) to subsequent 
exercise ( left ) and hypoglycemia ( right ) (Data taken from  [  2,   134,   135,   137,   138,   153–  155,   184  ] )       
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Despite this blunting effect on counterregulatory response to exercise and higher 
circulating insulin levels during exercise, none of the studies reported any incidents 
of hypoglycemia, possibly because of a concurrent decrease in peripheral glucose 
utilization during exercise in the obese population as a result of insulin resistance.  

 In general, when compared with adults, children (both boys and girls) rely more 
on fat and less on carbohydrate as a metabolic fuel during exercise of similar rela-
tive intensity performed both in the fasting state and with carbohydrate feeding 
 [  140,   141  ] . Although the typically observed decrease in circulating insulin and 
increase in glucagon during exercise in adults occurs in children too, other responses 
(such as catecholamine and cortisol secretion) appear to be blunted in children; 
however, this is a not a uniform fi nding in the literature (for extensive review on this 
topic see Riddell  [  140  ] ). Despite potential differences in the hormonal response to 
exercise between children and adults, there is no evidence that children are at greater 
risk for developing hypoglycemia during prolonged exercise, perhaps because they 
rely less on carbohydrate as a metabolic fuel at a given exercise intensity, which 
compensates for any defi ciency in glucose counterregulation.  

    1.7   Gender Differences in the Endocrine and Metabolic 
Responses to Exercise 

 During moderate- and high-intensity exercise (60–85% V̇   O 
2 max

 ) performed in the 
postabsorptive (fasting) state, women oxidize more lipid and less CHO than men 
 [  142–  144  ] . This may explain the greater plasma glucose clearance rate and ten-
dency for a decline in plasma glucose concentration during exercise in the fasting 
state in men compared with women  [  144  ] . However, this gender difference is rela-
tively small during low intensity (~40% V̇   O 

2 max
 ) exercise  [  145  ] , and therefore, exer-

cising at moderate to high intensity, which is known to increase muscle glucose 
uptake and oxidation  [  1,   2,   19  ] , may present a greater challenge for glucose counter-
regulation in men than women. 

 Interestingly, studies that compared the metabolic responses to exercise per-
formed with CHO ingestion in men and women reported that the contribution of 
exogenous CHO to energy production was either similar  [  146  ]  or slightly higher in 
women than men  [  147  ] . In support of this, moderate exercise performed in the post-
prandial state resulted in similar glycemic response and substrate oxidation rates 
during exercise after either oral (high glycemic index meal) or intravenous CHO 
(glucose) loads in men and women  [  148  ] . This may, at least in part, have been due 
to the similar pancreatic insulin secretory response and whole body insulin sensitiv-
ity observed in the men and women studied. However, it should be noted that there 
is no consensus in the literature with regard to insulin sensitivity differences in men 
and women. Indeed, although some studies demonstrated greater whole body insu-
lin sensitivity in women than in men  [  149,   150  ] , others did not observe a gender 
difference in this parameter  [  151  ] . Regardless of the mechanism involved, it appears 
that moderate exercise performed in the postprandial state abolishes the gender 
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difference in substrate utilization normally observed during exercise in the fasting 
state and appears to present a similar challenge to the ability of healthy men and 
women to perform exercise without a substantial decline in plasma glucose 
concentration. 

 Higher adrenaline, noradrenaline, and pancreatic polypeptide responses have 
been reported in men than women during 90 min of cycling exercise at approxi-
mately 50% V̇   O 

2 max
  (with euglycemia maintained through an exogenous glucose 

infusion). However, insulin, glucagon, cortisol, and GH levels responded similarly 
in both genders, which may have accounted for the absence of a gender difference 
in hepatic glucose production  [  152  ] . 

 Interestingly, in healthy humans, exercise performed in the morning can suppress 
the counterregulatory response to exercise performed in the afternoon, and this 
effect appears to be gender specifi c  [  153  ] . Indeed, 90 min of cycling at 50% V̇   O 

2 max
  

blunts the adrenaline, noradrenaline, cortisol, and GH responses to subsequent exer-
cise of similar duration and intensity performed 3 h later in men but not women. 
Despite this differential neuroendocrine response between the two genders, the 
exogenous glucose infusion rate required to maintain euglycemia was fi vefold 
higher during the second bout of exercise (most likely as a result of decreased 
hepatic glucose production) and no gender difference was observed  [  153  ] . The gen-
der difference in the counterregulatory responses to exercise is also present after 
two episodes of antecedent hypoglycemia in individuals with type I diabetes  [  154  ] . 
Furthermore, there is also a gender difference in the counterregulatory responses to 
moderately controlled hypoglycemia at rest, with women showing lower cate-
cholamine responses when compared with men  [  155  ] . 

 The functional signifi cance and origin of this gender difference in the neuroen-
docrine response to exercise after either antecedent exercise or hypoglycemia is not 
clear (Fig.  1.5 ), but it is possible that antecedent exercise may present a greater risk 
for developing hypoglycemia during subsequent exercise in men than women by 
shifting the glycemic threshold for the initiation of counterregulatory responses to 
lower plasma glucose concentrations.  

    1.8   Glucose Ingestion During Exercise and Effects on 
Counterregulatory Responses, Substrate Utilization, 
and Exercise Performance 

 Fatigue during prolonged intense exercise in a thermoneutral environment appears 
to be associated with either glycogen depletion in working muscles  [  3,   4,   25  ]  or 
hypoglycemia  [  156  ] . However, it is possible that during exhaustive intense exercise, 
volitional fatigue is a multifactorial process that involves both peripheral and central 
mechanisms. When the endogenous carbohydrate stores are severely reduced dur-
ing the latter stages of prolonged exercise, a reduction in plasma glucose concentra-
tion may pose a threat to cerebral metabolism (which depends on constant glucose 
supply). This threat to normal cerebral function may be prevented by discontinuing 
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exercise as a result of impaired mental drive for motor performance  [  157,   158  ] . 
However, the extent to which a central mechanism operates during exercise in 
humans remains to be elucidated. 

 It should be noted that moderate exercise to exhaustion can be continued in the 
presence of hypoglycemia  [  25  ] . Furthermore, plasma glucose concentrations do not 
consistently fall during prolonged exhaustive exercise in the absence of CHO sup-
plementation. Indeed, a 30-km running race, and even marathon running, performed 
after an overnight fast and without CHO supplementation may not always challenge 
euglycemia  [  120,   159  ] . This may not be surprising given that glucose uptake is 
inversely related to the amount of muscle mass involved during exercise  [  29  ] . 
A greater active muscle mass is involved during running when compared with 
cycling, and this may explain the higher occurrence of hypoglycemic episodes dur-
ing the latter when compared with the former mode of exercise. It is well estab-
lished that oral CHO ingestion during prolonged glycogen-depleting exercise can 
delay the onset of fatigue and thus substantially increase endurance performance in 
humans  [  160  ] . The typical metabolic response to exercise with oral CHO ingestion 
is characterized by elevated plasma glucose and insulin concentrations, an increase 
in exogenous glucose uptake and utilization, suppression in hepatic glucose output, 
and a reduction in plasma FFA and glycerol concentrations  [  96,   120,   121,   161  ] . 

 In healthy subjects, carbohydrate ingestion or glucose infusion before or during 
exercise suppresses the increase in cortisol  [  123,   162  ] , adrenaline  [  25  ] , glucagon 
 [  30,   163  ] , and growth hormone  [  121  ]  secretion usually observed during prolonged 
exercise without exogenous CHO supply. These reciprocal changes in insulin on 
one hand and glucagon, cortisol, adrenaline, and growth hormone on the other hand 
during exercise with CHO ingestion are important in facilitating suppression in both 
hepatic glucose output and adipose tissue lipolysis under conditions of increased 
exogenous glucose supply and utilization. 

 Exogenous CHO administration may either spare endogenous muscle glycogen 
utilization during prolonged continuous or intermittent exercise  [  6,   9,   164,   165  ]  or 
better maintain blood glucose concentration and whole body CHO oxidation rate 
late in exercise at a time when a signifi cant reduction in muscle glycogen stores 
occurs  [  166  ] . The sparing of muscle glycogen occurs in type I slow-twitch fi bers 
during continuous exercise  [  6,   9  ]  and mainly in type II fast-twitch muscle fi bers 
during high-intensity intermittent exercise  [  164  ] . During exhaustive continuous 
exercise, this ergogenic effect of CHO ingestion is associated with attenuated 
decline in oxidative ATP resynthesis in type I fi bers  [  6  ] . 

 It is important however that CHO ingestion starts immediately before or as early 
as possible during exercise. Once muscle glycogen concentrations are depleted and 
fatigue is imminent, the provision of exogenous CHO cannot sustain exercise at 
high intensity (> 70% V̇   O 

2 max
 )  [  30  ] , possibly as a result of a mismatch between the 

rate of blood glucose uptake by the working muscles and the rate of CHO utilization 
required to meet the metabolic demand of exercise. 

 The metabolic effects of CHO ingestion during exercise depend on factors 
such as the type and intensity of exercise, type and timing of CHO ingestion, pre-
exercise nutritional and training status of the subjects, and the magnitude of the 
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associated perturbation in insulin secretion. Although endurance training reduces 
the contribution of endogenous CHO utilization to energy expenditure, it does not 
diminish the exogenous glucose utilization during submaximal exercise  [  32  ] , pos-
sibly because the sensitivity and responsiveness of insulin-stimulated glucose 
uptake is increased in the trained compared with the untrained human muscle 
 [  167  ] . An antecedent CHO-rich diet that elevates resting muscle glycogen con-
centrations preserves the ergogenic effect of CHO solutions ingested during high-
intensity intermittent running by better maintaining plasma glucose concentrations 
toward the end of exercise but without affecting muscle glycogen utilization  [  168  ] . 

 The intensity and/or type of exercise and their effect on blood glucose, plasma 
insulin, and catecholamine responses may play a major role in determining the con-
tribution of blood glucose and muscle glycogen utilization to energy metabolism 
when CHO is ingested during exercise. Indeed, CHO ingestion during high-intensity 
cycling (> 70% V̇   O 

2 max
 ) results in modest increases in circulating glucose and insulin 

levels  [  169,   170  ] , whereas during low intensity cycling (30–50% V̇    O 
2 max

 ), it amplifi es 
the glycemic and insulinemic responses  [  171,   172  ] . Therefore, changes in exercise 
intensity and the associated catecholamine responses may have a profound impact on 
glycemic responses to exercise, which in turn may have important implications for 
choice of metabolic fuel (i.e., endogenous and exogenous CHO) during exercise. 

 There are a number of differences in the responses of blood glucose and insulin 
to oral CHO ingestion between cycling and running, the most frequently used exer-
cise modes in the study of energy metabolism in humans  [  160  ] . These apparent 
differences between cycling and running are likely to result from differences in 
glucose uptake into active muscle tissue. Although exogenous CHO oxidation rates 
were reported to be similar between prolonged running and cycling at the same rela-
tive exercise intensity  [  173  ] , in healthy individuals, the rate of whole body glucose 
uptake during physiological hyperinsulinemia (maintained by constant infusion of 
insulin at a fi xed rate) is greater during running than cycling performed at the same 
relative intensity  [  174  ] . In humans, skeletal muscle accounts for almost all the glu-
cose uptake during exercise performed under euglycemic-hyperinsulinemic condi-
tions. Under those conditions, the increase in muscle glucose uptake when compared 
with hyperinsulinemia alone appears to be due to a stimulatory effect of contractile 
activity and an increase in muscle blood fl ow and, hence, glucose delivery  [  49  ] . 
Therefore, the greater insulin-stimulated glucose disposal during running than 
cycling might be explained by a higher contractile activity as a result of a greater 
active muscle mass in the former compared with the latter exercise mode. 
Alternatively, a difference in the pattern of muscle fi ber type recruitment and/or 
glycogen utilization between running and cycling might also explain the difference 
in glucose disposal between the two exercise modes. Regardless of the mechanism 
involved, exercise mode differences in glucose uptake may have important implica-
tions for control of blood glucose concentration and choice of metabolic fuel during 
exercise performed under hyperinsulinemic conditions (i.e., postprandial state) in 
both healthy and diabetic individuals. 

 Carbohydrate ingestion during the hour before the onset of exercise may result in 
transient hypoglycemia during subsequent exercise. Contrary to popular belief, this 
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transient hypoglycemia (which may or may not be accompanied by relevant 
symptoms) does not appear to adversely affect subsequent exercise performance, 
which may actually improve when compared with exercise in the fasting state  [  175  ] . 
It should be noted that hypoglycemia is not always observed following CHO inges-
tion during the hour before the onset of exercise and some individuals appear to be 
more prone than others, although the factors that determine this susceptibility are 
not clear  [  175  ] . 

 Ingestion of CHO-rich meals 3–4 h before exercise also improves endurance per-
formance when compared to exercise after an overnight fast  [  176–  178  ] . However, 
large glycemic and insulinemic perturbations are normally associated with such 
practice, which may result in a sharp decline in blood glucose concentration during 
the early stages of subsequent exercise, increased muscle glycogenolysis, and 
reduced plasma FFA availability and oxidation  [  179,   180  ] . The low glucagon-to-
insulin ratio during exercise under those conditions is expected to suppress hepatic 
glucose output. As the effect of insulin and contraction on muscle glucose uptake is 
synergistic, the sharp decline in plasma glucose concentration under those condi-
tions may be a refl ection of insuffi cient blood glucose supply in the face of increased 
muscle glucose uptake. 

 One way to ameliorate such large glycemic and insulinemic perturbations is to 
consume a meal that consists of low glycemic index (GI) foods, which would pro-
voke smaller metabolic disturbances during both the postprandial period and subse-
quent exercise, as well as result in lower CHO oxidation rates during exercise when 
compared with a meal consisting of high GI foods  [  163,   181  ] . The lower glycemic 
and insulinemic responses to low GI meals (secondary to slow digestion and absorp-
tion of the ingested foods) prevent a sharp decline in blood glucose concentration 
during the early stages of exercise and maintain higher glucagon-to-insulin ratio and 
plasma FFA availability and fat oxidation rates, together with a sparing of muscle 
glycogen utilization and lower muscle lactate accumulation  [  163  ] . 

 Despite the profound glycemic and insulinemic perturbations associated with 
ingestion of high glycemic index (GI) foods or meals, there is no consensus in the 
literature on whether they adversely affect subsequent exercise performance when 
compared with low GI meals  [  175  ] . It is likely that any profound glycemic effects 
of high GI meals observed early in exercise might be offset by the fact that high GI 
foods (if consumed suffi ciently in advance to the start of exercise, i.e., 3–4 h) confer 
an advantage in terms of muscle and liver glycogen storage compared to low GI 
foods  [  163  ] .  

    1.9   Summary 

 Exercise exerts a great demand on the capacity of the human body to maintain blood 
glucose homeostasis. Blood glucose utilization by skeletal muscle increases with 
increasing intensity and duration of exercise, and a decrement in blood glucose 
concentration is counteracted by a complex and well-coordinated neuroendocrine 
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response. The liver plays a key role in the maintenance of blood glucose 
homeostasis during exercise by increasing its glucose production (through increased 
glycogenolysis and gluconeogenesis). An increase in glucagon and a fall in insulin 
concentrations in the portal vein are important stimulators of hepatic glucose pro-
duction during low and moderate intensity exercise, whereas catecholamines may 
play an important role during high-intensity exercise or when the islet hormone 
responses are disturbed. The normal counterregulatory hormone response to exer-
cise is amplifi ed by simultaneous hypoglycemia in nondiabetic individuals. 
However, occurrence of preexercise hypoglycemia is associated with blunted coun-
terregulation during subsequent exercise. Conversely, prior exercise blunts the 
counterregulatory response to a subsequent episode of hypoglycemia. The normal 
counterregulatory response to exercise is also blunted in obese individuals, and 
there is evidence that at least part of the response might be impaired in children, 
although their risk for developing hypoglycemia during prolonged exercise is simi-
lar to that of adults. Moderate exercise performed in the postprandial state abolishes 
the gender difference in substrate utilization normally observed during exercise in 
the fasting state. However, prior exercise performed in the morning can suppress the 
counterregulatory response to exercise performed in the afternoon in men but not 
women. Therefore, it is possible that antecedent exercise may present a greater risk 
for developing hypoglycemia during subsequent exercise in men than women. Oral 
CHO ingestion during prolonged exercise can delay the onset of fatigue in humans 
by either sparing muscle glycogen utilization or better maintaining blood glucose 
concentration and CHO oxidation late in exercise. The metabolic effects of CHO 
ingestion during exercise depend on factors such as the type and intensity of exer-
cise, type and timing of CHO ingestion, preexercise nutritional status, and the mag-
nitude of the associated perturbation in insulin secretion. Carbohydrate ingestion in 
the minutes and hours before the onset of exercise is associated with profound gly-
cemic and insulinemic perturbations which may result in transient hypoglycemia 
and increased reliance on muscle glycogen during subsequent exercise. Consumption 
of low glycemic index foods or meals ameliorates these metabolic perturbations, 
but there is inconclusive evidence on whether they confer an advantage in terms of 
exercise performance.      
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    2.1   Brief Overview of the Normal Endocrine 
Response to Exercise 

 To provide energy in the form of carbohydrates, lipids, and protein in the face of 
increased energy demands during exercise, the healthy body must orchestrate a com-
plex neuroendocrine response that starts at the onset of the activity. This response is 
continuously modulated as the duration of the exercise increases and as the intensity 
of the activity changes. Since one of the main fuels for exercise is carbohydrate, glu-
cose utilization by the working muscle must be matched equally by glucose provision, 
predominantly by the liver, or hypoglycemia will ensue. If the liver cannot keep up 
with glucose utilization, then carbohydrate intake is critical to maintain performance. 
Glucose homeostasis during prolonged moderate-intensity exercise (~40–60% maxi-
mal oxygen uptake [VO 

2
 max]) is primarily regulated by a reduction in insulin secre-

tion and an increase in glucagon release from the pancreatic islets, which together 
helps to increase liver glucose production  [  1  ] . The increase in the glucagon-to-insulin 
ratio raises the rate of glucose appearance (Ra) to match almost perfectly the increased 
rate of peripheral glucose disposal (Rd) into working muscle (Fig.  2.1 ).  

 Increased hepatic glucose production during exercise occurs primarily through 
enhanced glycogenolysis and gluconeogenesis, with a greater reliance on the latter 
pathway as the duration of exercise increases  [  2  ] . Hypoglycemia can occur, even in 
nondiabetic individuals, when hepatic glucose production fails to match the ele-
vated glucose uptake by working muscle, which is particularly pronounced during 
prolonged exercise (usually >3 h of activity), if not enough carbohydrate is con-
sumed  [  3  ] . If hepatic glycogen stores are depleted during prolonged exercise, 
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 gluconeogenesis alone is unable to provide adequate glucose to supply the working 
muscles. To help reduce the reliance on endogenous carbohydrate as a fuel source, 
reductions in insulin levels and increases in growth hormone along with increases 
in sympathoadrenal activity and other factors help promote increased lipid provi-
sion for oxidation by muscle  [  4  ] . Even with very prolonged exercise, when reliance 
on lipid as a primary fuel source is maximal, carbohydrate provision, either by the 
liver through gluconeogenesis or by oral ingestion, is essential to prevent hypogly-
cemia even in nondiabetics  [  5  ] . 

Catecholamines

Euglycemia

Hypoglycemia

Hypoglycemia

Insulin

Glucagon

Glucagon

Insulin

Insulinor

  Fig. 2.1    Blood glucose responses to exercise in nondiabetic or ideally controlled patient with type 
1 diabetes ( upper panel ), overinsulinized patient ( middle panel ), and underinsulinized patient or 
patient performing high-intensity exercise under competition stress ( lower panel ). The thicknesses 
of the  arrows  represent glucose fl ux. In the  upper panel , hepatic glucose production is balanced 
with muscle glucose uptake and normal blood glucose levels are maintained. In the middle panel, 
high circulating insulin levels reduce hepatic glucose production and increase muscle glucose 
uptake, thereby resulting in hypoglycemia. In the  lower panel , low circulating insulin levels and/
or elevated counterregulatory hormones increase hepatic glucose production and decrease muscle 
glucose uptake, resulting in hyperglycemia (Reprinted by permission of the publisher from Chu 
et al.  [  94  ] , JTE Multimedia)       
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 In healthy individuals, several glucose counterregulatory mechanisms (i.e., anti-
hypoglycemic actions) exist to help limit hypoglycemia, both when fasting occurs 
at rest and when prolonged exercise is performed. For example,  [  6  ]  a slight decrease 
in glycemia from normal (normal being ~90 mg/dL or 5 mmol/L) lowers insulin 
secretion and activates the release of various counterregulatory hormones including 
glucagon, catecholamines, growth hormone, and cortisol in a stepwise and hierar-
chical fashion  [  7  ] . During exercise, other humoral and muscle factors also likely 
help augment glucose production  [  100  ] . All of these hormones act to increase 
hepatic glucose production and lower peripheral glucose disposal, thereby defend-
ing against ensuing hypoglycemia. As such, several safeguards need to be breached 
before hypoglycemia occurs in nondiabetic individuals. 

 Interestingly, heavy aerobic exercise (>80% VO 
2 max

 ) also generates a complex 
neuroendocrine response, similar to that of acute stress, perhaps as a means of ele-
vating glucose provision for “fi ght or fl ight”. In intense exercise, glucose is the 
exclusive muscle fuel, and it must be mobilized from muscle and liver glycogen in 
the fed and fasted state. This process is largely governed by increases in cate-
cholamines, which facilitate glucose production but limit glucose uptake. As such, 
in healthy individuals, insulin secretion actually increases post-exercise to help nor-
malize this transient hyperglycemia caused by intense exercise  [  8  ] . This complex 
neurohormonal regulation during exercise, performed at a wide range of differing 
intensities and durations and at different environmental conditions, makes it nearly 
impossible to mimic in the patient with type 1 diabetes.  

    2.2   Abnormalities in the Endocrine Responses 
to Acute Exercise in Type 1 Diabetes 

 The blood glucose response to exercise in patients with type 1 diabetes varies con-
siderably both between and within individuals, likely depending on several factors 
including the type and intensity of exercise performed, the duration of the activity, 
and the level of circulating “on board” insulin during and after the exercise. Even if 
all of these variables are taken into consideration, the blood glucose response differs 
markedly between individuals but has some reproducibility within an individual  [  9  ] . 
One of the key determinates of the glycemic response to exercise is the general clas-
sifi cation of the exercise (i.e., aerobic vs. anaerobic). 

    2.2.1   Aerobic Exercise 

 Aerobic exercise may be defi ned as any activity that uses large muscle groups at 
relatively low rates of muscular contraction. This type of activity can be maintained 
continuously (or rhythmically) for prolonged periods (minutes to hours) through 
oxidative metabolism of various fuel sources including carbohydrates, fats, and 
some protein. Moderate-intensity aerobic exercise generally involves continuous, 
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aerobic activity between 40% and 59% of VO 
2
 max or 55–69% of maximal heart 

rate (HRmax)  [  10  ] . Examples of moderate-intensity exercise include continuous 
aerobic activities such as jogging, cycling, and swimming. Typically, this type of 
exercise promotes a lowering of blood glucose concentration, both during and after 
the end of the activity, and thus requires nutritional intervention and/or adjustments 
in insulin dosages to limit hypoglycemia. The physiological mechanisms by which 
aerobic exercise causes undesirable alterations in glycemia in individuals with type 
1 diabetes are detailed below and highlighted in Fig.  2.1 . 

    2.2.1.1   Hypoglycemia 

 For individuals with type 1 diabetes, the inability to reduce exogenous insulin 
levels during aerobic exercise is a key factor that contributes to an increased risk 
of exercise-induced hypoglycemia  [  11  ] . As discussed above, insulin levels in the 
portal circulation normally drop after the onset of aerobic exercise, and this drop 
helps to sensitize the liver to increasing glucagon concentrations  [  2,   12  ] . Since, in 
the insulin-dependent type 1 patient, exercise is often performed in a 0–4-h time 
frame post-insulin injection, concentrations of insulin typically do not decrease 
during exercise and may actually increase just because of the kinetics of peak 
insulin action  [  13,   14  ] . A second related factor that increases the risk of hyperin-
sulinemia and hypoglycemia is the accelerated absorption of insulin from subcu-
taneous tissues, once it has been injected or infused  [  15  ] . Even if no bolus insulin 
has been injected or infused in the hours preceding exercise, it is still possible, but 
less likely to have hypoglycemia because of elevated basal insulin concentrations, 
compared to nondiabetics who are exercising  [  13  ] . Relative hyperinsulinemia 
during exercise in the patient with type 1 diabetes limits the effect of glucagon on 
hepatic glucose production and promotes insulin-induced peripheral glucose 
uptake, further decreasing blood glucose levels. A third factor that may contribute 
to an increased risk for exercise-associated hypoglycemia in patients with type 1 
diabetes may be the loss in glucagon response to developing hypoglycemia  [  16  ]  
or an impaired stimulation of hepatic glucose output in response to glucagon 
secretion  [  17  ] . Although it has been established that the glucagon response to 
exercise may be intact in people with type 1 diabetes, if they are not hypoglyce-
mic  [  18  ] , there may be defi ciencies in the glucagon response during exercise if the 
patients were previously exposed to hypoglycemia  [  19  ]  or perhaps if they are, in 
fact, exercising while hypoglycemic. Moreover, there may also be impaired adren-
ergic responses to exercise in patients with type 1 diabetes under hypoglycemic 
conditions  [  18  ] . Finally, other factors such as a low level of hepatic glycogen 
content in poorly controlled diabetes  [  20  ]  and/or reduced gluconeogenesis and/or 
increased peripheral glucose disposal in the face of hyperinsulinemia  [  21  ]  may 
contribute to exercise-induced hypoglycemia in patients with type 1 diabetes. 
A summary of the factors that may predispose the patient to hypoglycemia during 
aerobic exercise is shown in Table  2.1 .   
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    2.2.1.2   Hyperglycemia 

 Although aerobic exercise is typically associated with an increased risk for hypo-
glycemia, certain types of activity may promote hyperglycemia. Specifi cally, high-
intensity aerobic exercise (i.e., above the lactate threshold) tends to increase blood 
glucose levels because insulin levels do not rise in the portal circulation of the 
patient with diabetes to compensate for the normal increase in circulating cate-
cholamine levels. It is well established that heavy aerobic exercise (short- and 
 middle-distance running, short track cycling, some other individual and team sports, 
etc.) induce increases in catecholamines that increase hepatic glucose production 
and limit peripheral disposal (Fig.  2.1 ). In individuals who do not have diabetes, the 
increase in catecholamines and hyperglycemia is compensated for by increases in insulin 
secretion, usually at the end of the activity. If hyperglycemia occurs post-exercise, 
this phenomenon is usually transient in the individual with diabetes, lasting for 
1–2 h in recovery. No current guidelines are available on the amount of insulin to 
administer in the presence of hyperglycemia after high-intensity exercise for patients 
with type 1 diabetes. Although some limited experimental data suggests that a 
 doubling in insulin levels relative to when the vigorous exercise was performed may 
be needed to counter this transient hyperglycemia  [  22  ] . 

 Patients and caregivers should be aware of the potential for a rise in blood glu-
cose before “stressful” competition. Even if blood glucose levels are normal in the 
hours before exercise, anticipatory stress increases counterregulatory hormones and 
hyperglycemia can occur. Typically, this “stress-related” increase in glycemia at the 

   Table 2.1    Factors that can affect changes in blood glucose levels during exercise   

 Drop in blood glucose  Blood glucose unchanged  Increase in blood glucose 

 Hyperinsulinemia due to usual 
insulin injection (or infusion) 
prior to exercise and increased 
insulin absorption kinetics and 
action 

 Pre-exercise insulin 
adjusted appropriately 

 Hypoinsulinemia and 
ketoacidosis prior to 
exercise 

 Prolonged aerobic type activity 
with no carbohydrate intake or 
without a reduction in insulin 
administration 

 Appropriate consumption 
of carbohydrate before 
and during exercise 

 Prolonged pump disconnect 

 Unfamiliarity with the activity  Very vigorous aerobic exercise 
(> 80% of maximal oxygen 
consumption) 

 Defective glucose counterregula-
tion to hypoglycemia and/or 
exercise 

 Repeated or intermittent 
anaerobic exercise 

 Excessive carbohydrate 
consumption 

 Post-exercise when glucose 
production or carbohydrate 
feeding exceeds disposal 
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onset of exercise does not need to be corrected for since the increased glucose 
utilization rate during the activity, as long as it is aerobic in nature, will often lower 
blood glucose levels. However, frequent self-monitoring of blood glucose is needed 
to make sure that any pre-exercise hyperglycemia is not worsened during the exer-
cise, to which continuous glucose monitoring (CGM) may be an asset. 

 In situations of prolonged and severe hypoinsulinemia (missed insulin injections, 
blocked insulin pump, illness, etc.), patients may have elevations in circulating and 
urinary ketone bodies. In these situations, vigorous exercise may cause further 
increases in hyperglycemia and ketoacidosis, particularly if elevated blood ketones 
are present at the time of exercise. In these situations, hepatic glucose production 
continues to rise, while glucose utilization remains impaired and glycemic control 
deteriorates even further. For these reasons, it is recommended to delay exercise if 
blood glucose is higher than 14 mmol/L and if blood or urinary ketones are also 
elevated  [  23,   24  ] . A summary of the possible reasons for exercise-associated hyper-
glycemia during sport is shown in Table  2.1 . 

 For patients on insulin pump devices with hyperglycemia and elevated ketone 
levels, infusion sets should be changed, and individuals may need to temporarily 
change to needles, with rapid-acting insulin injected until glucose is restored. 
Hyperglycemia and ketoacidosis may cause dehydration and decrease blood pH, 
resulting in impaired performance and severe illness. Rapid ketone production can 
precipitate ketoacidotic abdominal pain and vomiting. In these situations, patients 
are advised to seek emergency care for intravenous insulin and rehydration 
protocols.   

    2.2.2   Anaerobic Exercise 

 Anaerobic activities are characterized by high rates of intense muscular contraction. 
With purely anaerobic exercise, muscle contractions are sustained by the phospha-
gen and anaerobic glycolytic systems to produce lactic acid and energy in the form 
of adenosine triphosphate (ATP). Anaerobic activities include sprinting, power lift-
ing, hockey, and some motions during basketball and racquet sports. In reality, how-
ever, most of the sports and physical activities that athletes perform are a mix of 
both anaerobic and aerobic actions (soccer, basketball, mountain biking, squash, 
football, etc.). Anaerobic fi tness refers to the ability to work at a very high level 
during these activities for relatively short periods (5–30 s). 

 With anaerobic exercise, lactate production within the muscle rises dramatically. 
This lactate, which is a glycolytic end product, can either be used within the cells of 
formation or transported through the interstitium and vasculature to adjacent and ana-
tomically distributed cells for utilization by other tissues  [  25  ] . Elevations in lactate 
and catecholamines during anaerobic exercise are known to lower the uptake of 
plasma glucose and free fatty acids into skeletal muscle  [  26  ]  and increase hepatic 
glucose production  [  27  ] , thereby increasing the likelihood of hyperglycemia in patients 
with type 1 diabetes. Moreover, anaerobic fl ux of muscle glycogen also lowers 



352 The Impact of Type 1 Diabetes on the Physiological Responses to Exercise

skeletal muscle glucose uptake  [  26  ] , which could contribute to hyperglycemia in 
persons with diabetes if hepatic glucose production is elevated. 

 Interestingly, just a 10-s high-intensity anaerobic sprint has been shown to help 
prevent early post-exercise hypoglycemia in persons with type 1 diabetes  [  28,   29  ] . 
In addition, performing weight training before the onset of aerobic exercise may 
also attenuate the drop in blood glucose levels in patients with type 1 diabetes  [  30  ] . 
Similarly, performing intermittent high-intensity exercise (with repeated anaerobic 
work) may be superior over continuous moderate-intensity aerobic exercise for gly-
cemic stability, particularly in early and late recovery  [  31,   32  ] .  

    2.2.3   Early Post-exercise Hyperglycemia 

 Just after the end of either vigorous aerobic or anaerobic work, individuals with type 
1 diabetes may experience increases in blood glucose levels through a number of 
mechanisms. First, any reduction in insulin dosage prior to exercise might promote 
hyperglycemia once the activity is fi nished, since glucose disposal will eventually 
return toward pre-exercise levels but    glucose production will remain elevated 
because of the reduction in circulating insulin concentration. If the individual wears 
an insulin infusion device (insulin pump) and has removed the pump altogether, 
then circulating insulin levels may be very low by the end of prolonged exercise and 
hyperglycemia is likely  [  33  ] . In addition, some individuals may be motivated to 
consume carbohydrates early in recovery, which may drive up blood glucose levels. 
In addition, as mentioned above, very vigorous aerobic exercise with a heavy anaer-
obic (producing catecholamines and lactate) component will increase glycemia for 
1–2 h in recovery  [  8  ] . In these situations, it may be necessary (or desirable) to lower 
glycemia by injecting rapid-acting insulin analogs or by increasing the basal infu-
sion rates to normal (or slightly above normal) early in recovery.  

    2.2.4   Late Post-exercise Hypoglycemia 

 Post-exercise late-onset hypoglycemia has long been a complaint of patients with 
type 1 diabetes  [  34  ] . If patients develop hypoglycemia during sleep, it may go unno-
ticed. If patients perform just 45 min of moderate-intensity exercise during the day, 
then the risk of nocturnal hypoglycemia may be as high as 30–40% in the evening 
following exercise  [  35–  39  ] . An investigation in children with type 1 diabetes indi-
cates that increased insulin sensitivity occurs immediately after exercise and again 
7–11 h later  [  40  ] , which may further elevate their risk for late-onset post-exercise 
(nocturnal) hypoglycemia. 

 This is particularly problematic    as patients may not perceive hypoglycemia dur-
ing sleep, and the hypoglycemic duration may last for just a few minutes or for 
several hours. In these situations, a reduction in bedtime basal insulin by ~20% is 
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recommended, with a reduction in basal infusion rate from bedtime to ~4 AM if on 
a pump  [  35  ] . Otherwise, a complex carbohydrate snack with some protein is advised, 
either without an insulin bolus at all or with a drastically reduced bolus dose.   

    2.3   Abnormalities in Fuel Utilization During 
Exercise in Type 1 Diabetes 

 A number of subtle alterations in fuel metabolism during exercise have been noted 
in persons with type 1 diabetes  [  41–  45  ] . In patients deprived of insulin for 12–24 h, 
prolonged moderate-intensity exercise is associated with a lower respiratory 
exchange ratio, and thus a reduced rate of carbohydrate oxidation, than that shown 
in control subjects at the same exercise intensity  [  42,   46  ] . As such, it would appear 
that a patient with type 1 diabetes who is underinsulinized would have a greater reli-
ance on lipid oxidation during exercise compared to when they have elevated insulin 
levels. When insulin is administered to the patient, to levels somewhat representa-
tive of nondiabetics, the overall ratio of carbohydrate to lipid utilization during exer-
cise performed in the postprandial state looks remarkably normal  [  43,   44,   47,   48  ] . 
Indeed, in a study conducted by Francescato et al.  [  44  ] , which was conducted at 
various time intervals after insulin injection and with different amounts of glucose 
ingested, fat oxidation and CHO oxidation were not signifi cantly different from 
those observed in control subjects. 

 The ingestion of fast-acting carbohydrate during exercise clearly helps to limit 
the hypoglycemic effect of endurance type exercise in individuals with type 1 dia-
betes  [  49,   50  ] . Largely, the oxidation of orally ingested carbohydrate is normal in 
those with diabetes, if the circulating insulin levels are elevated, although the rate of 
oxidation may be initially slightly impaired  [  41,   43,   45  ] . Moreover, rates of plasma 
glucose disappearance during exercise in patients with diabetes are comparable to 
control subjects  [  11,   51–  53  ]  or just slightly impaired  [  48  ] . 

 Although total fat and carbohydrate oxidation rates may be normal during exer-
cise in persons with type 1 diabetes who are well insulinized, some evidence does 
exist to suggest that muscle glycogen utilization rates may be higher and plasma 
glucose oxidation rates lower during prolonged exercise than in nondiabetic indi-
viduals  [  21  ] . Unfortunately, a greater reliance on limited endogenous muscle fuels 
(i.e., muscle glycogen) may put the individual at risk of early fatigue. 

 A recent study has shown that a low-glycemic-index carbohydrate and reduced 
insulin dose administered 30 min before running maintains control of both pre- and 
post-exercise blood glucose responses in type 1 diabetes  [  54  ] . The amount of car-
bohydrate needed to limit hypoglycemia is at least partly related to the proximity 
of the last insulin injection  [  44  ] . As such, anywhere from 1.0 to 1.5 g of carbohy-
drate per kilogram body mass per hour of exercise is required when the exercise is 
within 1–2 h of insulin administration  [  24  ] , but this amount drops to about 0.2 g/
kg by about 5.5 h postinjection  [  44  ] . Estimating glucose utilization rates during 
exercise, either via respiratory exchange ratio or via heart rate, appears to be an 



372 The Impact of Type 1 Diabetes on the Physiological Responses to Exercise

effective means for determining the appropriate carbohydrate feeding regimen to 
help prevent hypoglycemia  [  50,   55  ] .  

    2.4   Effects of Type 1 Diabetes on Performance 

 Normally, insulin therapy is rapidly initiated at the time of diagnosis in patients with 
type 1 diabetes, and dramatic metabolic improvements are achievable within a fairly 
short time frame (days to weeks after the initiation of treatment)  [  56  ] . However, clini-
cal diagnosis may be delayed and the overall management in youth with the disease 
is usually suboptimal for a variety of physiological and psychosocial reasons  [  57  ] . It 
should also be noted that normal restoration in glucose homeostasis is nearly impos-
sible in type 1 diabetes since the sophisticated control system is no longer in place 
that maintains a small, but critical, amount of blood glucose constant  [  2  ] . As such, a 
number of physiological challenges in substrate metabolism exist that places the 
individual with type 1 diabetes at risk for suboptimal exercise performance. 

 Overall, aerobic capacity can be impaired signifi cantly in young patients with 
type 1, particularly if they are in suboptimal glycemic control. For example, in one 
large study of healthy and diabetic adolescents/young adults, matched similarly in 
age, weight, height, and body composition, aerobic capacity was shown to be about 
20% lower in those with type 1 diabetes  [  58  ] . Several cardiovascular, muscular, and 
metabolic impairments in type 1 diabetes might help to explain their potential dec-
rement in aerobic and anaerobic performance. A number of studies report reduced 
physical work capacity or maximal aerobic capacity (VO 

2
 max) in young patients 

with type 1 diabetes, despite insulin therapy, when compared to their nondiabetic 
peers  [  58–  64  ] . Both end diastolic volume and left ventricular ejection fraction fail 
to increase normally during exercise in young adults with type 1 diabetes compared 
with controls  [  65  ] . In contrast, Nugent and colleagues  [  66  ]  report no difference in 
VO 

2
  peak during a progressive incremental exercise test in adults with long-stand-

ing diabetes, while Veves et al.  [  67  ]  found that only inactive adults with demon-
strated neuropathic complications had reduced VO 

2
 max. Taken together, these 

studies suggest that if one is physically active with type 1 diabetes, then aerobic 
capacity can be normal, at least if neuropathy has not yet developed. 

 Impairments in physical work capacity in those with type 1 diabetes, if observed, 
appear to be related to the level of glycemic control in the patient. For example, 
Poortmans et al.  [  64  ]  and Huttunen et al.  [  61  ]  both reported that physical capacities 
were inversely related to the level of metabolic control, as measured by HbA1c. It is 
unclear, however, if a reduced work capacity in youth with type 1 diabetes is a result 
of poorer oxygenation of muscle  [  68  ] , a lower amount of muscle capillarization 
 [  69  ] , or if poorer metabolic control is a function of lower amounts of habitual physi-
cal activity  [  70  ] . In an experimentally induced murine model of diabetes, there is 
altered expression of several genes involved in angiogenesis and reduced muscle 
capillarization which could not be normalized even by high-volume endurance 
exercise training  [  69  ] . 
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 Studies investigating muscular strength and endurance in individuals with type 1 
diabetes have shown mixed results, although a recent review by Krause and col-
leagues has indicated that a myopathy may exist in type 1 diabetes  [  71  ] . A number of 
investigators report decrements in strength  [  72–  77  ] , while others have shown no 
strength defi cit, but slower rates of muscular recruitment during isometric contrac-
tion  [  78  ] . Although fatigue is a common complaint of patients with diabetes  [  79,   80  ] , 
the effect of type 1 diabetes on endurance capacity during exercise is not well docu-
mented. Compared to controls, patients with type 1 diabetes have been reported to 
have both impaired  [  78  ]  and enhanced  [  74  ]  capacity during relatively brief bouts of 
intense exercise. Ratings of perceived exertion during prolonged exercise have been 
reported to be higher in boys with type 1 diabetes compared to age, weight, and aero-
bic fi tness matched controls  [  81  ] . Also during prolonged exercise, those with type 1 
diabetes who are under good glycemic control have a higher glycolytic fl ux  [  82  ]  and 
tend to rely considerably more on muscle glycogen utilization as an energy source 
 [  45  ] , which might reduce endurance capacity, although this hypothesis has yet to be 
tested. Moreover, exercising while hyperglycemic has been shown to increase reli-
ance on muscle glycogen compared to exercising while euglycemic  [  83  ] , and the 
individual who is exercising while hypoinsulinemic/hyperglycemic would be 
expected to be prone to early dehydration and acidosis  [  84  ] , all factors that might 
promote early fatigue. Moreover, increasing blood glucose levels to 16 mmol/L has 
been shown to reduce isometric muscle strength, but not maximal isokinetic muscle 
strength, compared with strength measured at glycemia clamped at 5 mmol/L in 
patients with type 1 diabetes  [  85  ] . This reduction in isometric strength might play a 
role in the development of early fatigue during certain types of resistance exercise. 

 If individuals with type 1 diabetes are actively engaged in regular exercise, they 
can clearly achieve a normal, or even an elite, level of sport performance. In one 
German study of ten middle-aged long-distance triathletes with type 1 diabetes 
studied over 3 years, overall endurance performance was said to be “normal” despite 
documented hyperglycemia during the early part of a race, then hypoglycemia dur-
ing the marathon leg  [  86  ] . The degree to which acute changes in blood glucose 
levels infl uence sports performance remains somewhat unclear, however. 
Unfortunately, very few studies have been conducted in which exercise performance 
is examined during differing levels of blood glucose concentrations in those with 
type 1 diabetes. Circumstantial evidence suggests that an increase in plasma glucose 
availability might improve the exercise capacity perhaps because more fuel is read-
ily available for muscle contraction. However, this hypothesis has not been sup-
ported by one study that “clamped” nondiabetic cyclists at hyperglycemia and 
euglycemia and found no difference in endurance performance  [  87  ] . Similarly, in 
one study of prepubertal boys with type 1 diabetes ( n  = 16), lowering the insulin 
dose prior to exercise to reduce the likelihood of hypoglycemia did not infl uence 
aerobic capacity during cycling compared to the usual insulin dose  [  88  ] . In eight 
endurance-trained adults with type 1 diabetes, elevating blood glucose levels from 
5.3 ± 0.6 mmol/L to 12.4 ± 2.1 mmol/L, via hyperinsulinemic glucose clamp tech-
nique, also failed to change peak power output or other physiological endpoints 
such as lactate, heart rate, or respiratory exchange ratio  [  89  ] . 
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 In contrast to mild hyperglycemia, mild hypoglycemia probably lowers 
exercise capacity and sport performance in individuals with type 1 diabetes. For 
example, capacity was reduced and ratings of perceived exertion increased with 
hypoglycemia in a group of youth with type 1 diabetes  [  50,   81  ] , although the 
exercise was always stopped by the research investigators rather than the subjects 
for safety reasons. In a recent sports camp fi eld study of 28 youth with type 1 
diabetes, Kelly et al.  [  90  ]  found that the ability to carry out fundamental sports 
skills was markedly reduced by mild hypoglycemia compared with either eugly-
cemia or hyperglycemia. Importantly, this fi nding of signifi cantly impaired sports 
performance with hypoglycemia appeared universally across nearly all subjects 
and is similar to the well-documented detrimental effects of hypoglycemia on 
cognitive processing  [  91  ] . 

 Profound or sustained hyperglycemia also likely impairs endurance performance 
in those with type 1 diabetes, although the evidence for this statement is somewhat 
limited. Prolonged hypoinsulinemia/hyperglycemia would be expected to lower 
muscle glycogen levels, reduce muscle strength, and predispose the individual to 
dehydration and electrolyte imbalance  [  92  ] . As mentioned above, exercising while 
hyperglycemic has been shown to increase the reliance on muscle glycogen as a fuel 
source and limit the capacity to switch from carbohydrate to lipid energy sources 
 [  83  ] . Importantly, substrate oxidation during prolonged endurance exercise can be 
similar to what is observed in nondiabetics if diabetic subjects are clamped eugly-
cemic  [  83  ] . Taken together, it is likely that there is an inverted-U shape relationship 
between glycemia and exercise/sport performance, with the best performance in the 
euglycemic range.  

    2.5   Adaptations to Exercise Training in Type 1 Diabetes 

 Individuals with type 1 diabetes appear to respond normally to both endurance- and 
resistance type training, from an adaptive point of view, particularly if they are in 
good glycemic control. 

 Endurance training in humans normally results in numerous benefi cial adapta-
tions in skeletal muscles, including an increase in GLUT4 expression and glucose 
transport capacity, resulting in increased insulin sensitivity  [  93  ] . Paradoxically; 
however, despite these adaptations, improvements in glycemic control are not 
always observed with regular exercise in this patient population  [  94  ] . The physio-
logical adaptations to regular exercise are clearly benefi cial for patients, even if 
glycemic control is not improved. For example, in response to endurance training, 
children with type 1 diabetes have improved vascular function  [  95  ]  and an improved 
cardiovascular risk profi le  [  96  ] , which will likely enhance long-term health. Interval 
sprint training has been shown to reduce metabolic acidosis and enhance oxidative 
capacity and fi tness  [  97  ] . Some have even speculated that regular exercise may 
attenuate the autoimmune event that causes beta cell death  [  98  ] . Overall, life expec-
tancy appears to increase with regular activity in this patient population  [  99  ] .  
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    2.6   Summary 

 In summary, a number of neuroendocrine disturbances can infl uence glucose regulation 
during exercise, making the management of glycemia challenging for the patient and 
caregiver. In general, aerobic exercise promotes a reduction in blood glucose concen-
tration, while anaerobic exercise can promote transient hyperglycemia. Although indi-
viduals with type 1 diabetes can achieve excellence in sport, rigorous glycemic control 
and the appropriate insulin modifi cations on exercise days and appropriate nutritional 
intake is likely critical for maximizing individual performance. Overall, improve-
ments in various health metrics clearly indicate that regular exercise should remain at 
the cornerstone of clinical care for patients with type 1 diabetes.      
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    3.1   Characteristics of Physical Exercise 

 Physical exercise is a potent stressor that causes large increases in the metabolic rate of 
the type 1 diabetes (T1DM) individual. The magnitude of the increase in fuel use above 
resting values is dependent on factors such as the duration, intensity, and type of exer-
cise. Somewhat simplistically, an ability to perform exercise is dependent on the amount 
and rate of supply of carbohydrate and lipid fuel to facilitate completion of exercise. 
Defi ciencies in carbohydrate availability will cause fatigue but from the viewpoint of the 
person with T1DM, aid the development of hypoglycemia. 

 Carbohydrate and fat represent the most abundant and available stores for the 
exercising type 1 athlete. Liver (80–110 g for a 70-kg male) and skeletal muscle 
(300–350 g) stores represent the main sites of endogenous carbohydrate. The meager 
amount of circulating glucose of 10–15 g represents the balance between glucose 
appearance into the circulation, released from the liver, and uptake by bodily tissues. 
With resting rates of whole-body carbohydrate use of ~0.25 g·min −1 , 1 day of starva-
tion can signifi cantly reduce carbohydrate stores, excepting for the body’s ability to 
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minimize this loss through the manufacture of new glucose from, e.g., amino acids, 
keto acids, or lactate. Adipose tissue and skeletal muscle fat stores are more plentiful; 
so for a 70-kg male with an estimated 10% body fat, i.e., 7 kg, an energy density of 
37.7 kJ per gram of fat provides an estimated potential energy store of 264 MJ – 
enough to run more than 20 marathons! Fats are used heavily in low-intensity exer-
cise, but are rate limited to ~60–65% VO 

2
  peak. An ability to increase exercise 

intensity relies on an increased combustion of carbohydrate in muscle. Clearly, the 
exercising T1DM has a choice of fuels to use dependent on the amount of exercise, 
i.e., duration, intensity, and its type. Knowledge of how stores of liver and muscle of 
carbohydrate are used or preserved by preferential use of fat determines how blood 
glucose levels respond to exercise. Furthermore, different exercise models evoke dif-
ferent patterns of change in energy stores that also complicate an understanding of 
the blood glucose response to exercise. Understanding variation in metabolic changes 
in T1DM individuals is a fi rst step towards understanding the effi cacy of pre-exercise 
alterations in insulin and/or carbohydrate supplementation.  

    3.2   Exercise-Induced Hypoglycemia 
with Different Exercise Types 

    3.2.1   Endurance Exercise 

 Endurance exercise-induced hypoglycemia is a frequent occurrence in T1DM indi-
viduals and represents a challenge to good glycemic control  [  1–  3  ]  when compared 
with sprinting or intermittent exercise patterns mimicking games activities  [  4–  6  ] . In 
response to a single bout of continuous endurance exercise, evidence has demon-
strated patients with T1DM may develop a hypoglycemic episode  [  2,   3,   7  ] . For 
example, Campaigne et al.  [  2  ]  investigated the effects of different diets and insulin 
adjustments prior to a 45-min bout of steady state cycling that was performed at 
60% of VO 

2
  peak. Six out of the nine patients experienced hypoglycemic episodes 

within 5 h of completing the exercise which was independent of prior insulin dosage 
or post-exercise feeding. The authors suggested the fi ndings might refl ect an 
enhanced glucose uptake following the reduction in muscle glycogen stores due to 
exercise. Moreover, in a study by Tsalikian et al.  [  3  ]  hypoglycemia developed over-
night more frequently in T1DM children after performance of continuous exercise 
that day (four 15-min periods of walking at a heart rate of ~140 bpm) compared to 
nights when daily exercise was not performed. The results showed that plasma glu-
cose concentrations decreased by at least 25% during or immediately after the exer-
cise period in 41 subjects, with 11 demonstrating blood glucose concentrations of 
 £  60 mg/dL during or immediately after walking. Thus, it appears that the incidence 
of developing a post-exercise hypoglycemic episode following continuous endur-
ance exercise is signifi cant and ranges from 15% to 66% in T1DM patients across 
studies  [  1–  3  ] .  
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    3.2.2   Sprint Exercise 

 The performance of a short sprint before or after continuous moderate-intensity 
exercise can reduce the degree of hypoglycemia following exercise in T1DM 
patients  [  4,   8  ] . In these two separate studies, 7 T1DM males were recruited to com-
plete 20 min of cycle ergometry at an exercise intensity equivalent to 40% VO 

2 
 peak 

with a 10-s sprint performed before  [  8  ]  or after  [  4  ]  the low-intensity cycling. The 
control trial in each study was 20-min cycling at 40% VO 

2 
 peak with no sprinting. 

In both studies, the 20-min bout of cycling resulted in a signifi cant fall in blood 
glucose values 2 h after exercise; however, the addition of a 10-s sprint placed before 
or after the endurance exercise signifi cantly attenuated the drop in blood glucose 
concentration. The mechanisms explaining the improved post-exercise glycemia 
were not clear, but the authors suggested that there was an increased hepatic glucose 
release in response to the sprint due to greater counter-regulatory hormones and/or 
greater circulating lactate after exercise which may have contributed to liver gluco-
neogenesis and/or restoration of reduced muscle carbohydrate stores.  

    3.2.3   Intermittent Exercise 

 Sport and recreational activities vary greatly in terms of muscular recruitment, tech-
nical requirements, exercise intensity, and duration. In contrast to endurance-based 
activities (such as constant pace running, cycling, or swimming), where energy sup-
ply is more evenly matched to the energy demands of the activity, most sporting 
activities are intermittent in nature. Examples of this type of exercise pattern can be 
seen in fi eld games (football, rugby, and hockey), racquet sports (tennis, squash, and 
badminton), and court games (basketball, volleyball, and netball). In recent years, 
there has been an increase in the number of studies employing exercise protocols 
that attempt to replicate typical patterns of intermittent activities, while remaining 
well controlled within a laboratory environment. Research has demonstrated that 
the performance of intermittent high-intensity sprints (INT; 11 × 4-s cycle sprints, 
every 2 min for 20 min) did not increase the risk of developing hypoglycemia during 
and for 60 min post-exercise, when compared to a resting control trial  [  5  ] . The 
researchers demonstrated blood glucose levels fell by 4 mmol·l −1  during INT com-
pared to 2 mmol·l −1  during the control trial. Interestingly, blood glucose did not 
continue to fall following exercise resulting in similar glucose levels by 50 min in 
post-INT exercise and control trials. Moreover, intermittent high-intensity (INT) 
exercise has been shown to preserve blood glucose concentrations more than con-
tinuous (CON) exercise and reduce the risk of hypoglycemia during and after exer-
cise  [  6,   9  ] . In a study by Guelfi  et al.  [  6  ] , blood glucose responses to both continuous 
and intermittent exercise were compared. Participants performed 30 min of cycling 
at 40% VO 

2 
 peak (CON) or 30 min of cycling at 40% VO 

2
  peak, with 4 s maximal 

sprints interspersed every 2 min (INT). Blood glucose responses revealed a smaller 
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decline during INT exercise, despite performing more work. Moreover, blood 
glucose remained stable for 60 min post-exercise, whereas they continued to decline 
under CON. The preserved blood glucose concentrations were suggested to be 
related to the stimulatory effects of catecholamines and growth hormone on liver 
glycogenolysis. It is interesting to note that none of the aforementioned research 
that utilized high-intensity exercise protocols employed pre-exercise rapid-acting 
insulin reductions unlike the apparent common practice in endurance exercise (see 
Sect.  3.4.1 ). This may be because of the greater likelihood of post-exercise hyperg-
lycemia in INT exercise from the combined effects of a small amount of circulating 
insulin-reducing glucose uptake and an increased counter-regulatory hormone-
stimulated effect on hepatic glucose release. On the other hand, the potential to 
avoid hypoglycemia, or at least improve the stability of post-exercise blood glucose 
concentrations, may be worthy of investigation. 

 At present, the literature examining different exercise factors affecting blood glu-
cose responses within T1DM individuals has employed cycling exercise  [  2,   4–  6,   8, 
  10–  19  ] . Cycling is a primarily concentric form of exercise, i.e., the muscle shortens 
as it contracts. However, in many daily activity patterns including non-body-weight-
supported exercises, such as walking, jogging, or running, there is a signifi cant pro-
portion of eccentric muscle action, where the muscle lengthens in the performance of 
the movement. Eccentric muscle actions have been demonstrated to hinder insulin 
action and glucose uptake for many hours following exercise  [  20,   21  ] . Such data sug-
gest an additional layer of complexity to the understanding of post-exercise glycemia 
in response to different patterns of exercise in the T1DM individual. 

 From a practical point of view, although much more work is needed to explore 
glycemic responses to real-life sports and exercise patterns “in the fi eld,” the speci-
fi city of submaximal endurance exercise as the “exercise of choice” for some T1DM 
cohorts is clear. In research studies examining the glycemic responses to high-inten-
sity exercise, participant mean age was young (i.e., 21–22 years old)  [  4,   6,   8  ] . It is 
less likely that older T1DM individuals are inclined to perform high-intensity inter-
mittent exercise as a method to preserve blood glucose after exercise, as the risk of 
injury may be more signifi cant  [  22  ] . Additionally, although high-intensity (90–
100% VO 

2 
 max) exercise will increase cardiovascular fi tness more so than lower 

intensity exercise  [  23  ] , research suggests that when lower intensity exercise exceeds 
35 min, there are similar gains in cardiovascular fi tness, when compared with short-
duration high-intensity training  [  22  ] . For these reasons, methods to help preserve 
glycemia during and after submaximal endurance exercise should continue to be 
explored.  

    3.2.4   Resistance Exercise 

 Resistance exercise is important in the glycemic control of T2DM individuals  [  24, 
  25  ] ; however, its effect on glycemic control within T1DM is unclear with research 
demonstrating no change in HbA 

1c
  after a resistance training program  [  26,   27  ] . 
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Additionally, data on the acute effects of a single session of resistance exercise on 
glycemia and metabolism are sparse. 

 A single resistance exercise session did not affect post-exercise insulin sensitiv-
ity in T1DM individuals  [  28  ] . In this study, 2 groups of 7 T1DM individuals were 
placed under a euglycemic-hyperinsulinemic clamp before resting (control) or per-
forming 5 sets of 6 repetitions, at 80% of 1 repetition maximum, of a combined 
lower leg extension and fl exion movement (i.e., quadriceps extension and hamstring 
curl). The clamp procedure was repeated at 12 and 36 h following the resistance and 
control protocol. After exercise, insulin sensitivity did not differ from baseline at 12 
and 36 h post-exercise; moreover, there were no differences when compared to the 
control group. However, caution should be taken when interpreting this data. There 
is a large contribution from muscle glycogen during resistance exercise  [  29–  31  ] , 
and its depletion is a key factor in exercise-induced increases in insulin sensitivity 
 [  32–  34  ] . Furthermore, there is a rapid-replenishment of muscle glycogen stores 
within the fi rst 2 h of completing a resistance exercise session  [  30  ] . Potentially, 
within the study of Jiminez et al.  [  28  ]  differences in insulin sensitivity (and blood 
glucose concentrations) may have been more likely to occur in a shorter time frame 
after completion of the resistance protocol. In addition, the exercise protocol con-
sisted of concentric-only muscle contractions, whereas free or machine-assisted 
resistance exercises consist of both eccentric and concentric muscle contractions. 
As previously mentioned, eccentric contractions hinder insulin action and glucose 
uptake within skeletal muscle for many hours following exercise  [  20,   21  ] . 

 Resistance exercise is a potent stimulator of counter-regulatory hormones such 
as catecholamines, growth hormone, and cortisol in people that do not have diabetes 
 [  35–  38  ] . Blood glucose increases in response to a single resistance exercise session 
 [  36  ]  with a ~1.8 mmol·l −1  increase in blood glucose after 6 sets of 10 repetition back 
squats, at 80% of 1 repetition maximum in nondiabetes participants. Increases in 
blood glucose were related to increases in adrenaline ( r  = 0.6) and noradrenaline 
( r  = 0.9) concentrations, respectively. Thus, available data suggest potential for 
resistance exercise to promote hyperglycemia, but to date, there is limited data to 
demonstrate this in T1DM individuals. The limited literature on the acute metabolic 
responses to resistance exercise in T1DM individuals warrants future research to 
develop more comprehensive blood glucose management strategies across all types 
of exercise.   

    3.3   Strategies for Preventing and/or Minimizing 
Post-exercise Hypoglycemia 

 In light of the aforementioned potential for hypoglycemia following some forms 
of exercise, strategies that help combat hypoglycemia have received considerable 
attention within the literature  [  2,   6,   12,   13,   15,   18,   39–  41  ] . An important aspect 
of the research focuses on reducing the pre-exercise rapid-acting insulin dose 
 [  2,   15,   18  ] . 
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    3.3.1   The Effi cacy of Pre-exercise Insulin Dose 
Reduction on Post-exercise Glycemia 

 The type of insulin is important to consider when examining its consequent effects 
on blood glucose concentrations. Currently, many T1DM individuals are treated 
with modern insulin analogues in a basal-bolus regimen; these rDNA insulins (e.g., 
insulin glargine/detemir and aspart/lispro/glulisine) offer very different, more favor-
able, action-time profi les and less variability than longer established insulins, such 
as regular human insulin and NPH insulin  [  19,   42,   43  ] . In recent years, research that 
has begun to emerge that has examined the effectiveness of pre-exercise rapid-act-
ing insulin reductions employed in a basal-bolus insulin routine  [  18,   44–  47  ] . 

    3.3.1.1   Basal Insulins 

 The choice of basal insulin may infl uence the potential for hypoglycemia. In a mul-
tinational, randomized, 3-year crossover trial, T1DM individuals managed with basal 
insulin detemir, glargine, or neutral protamine Hagedorn (NPH) performed 30 min of 
exercise and were monitored over 150 min of recovery  [  48  ] . During exercise, 18 
(38%) of 51 participants on glargine developed hypoglycemia compared with 5 
(11%) and 6 (12%) participants on detemir and NPH, respectively. Furthermore, 
incidence of hypoglycemia in those participants on glargine was greater than detemir 
and NPH (19% vs. 14% and 11%,  P  < 0.001). Thus, insulin detemir was associated 
with less hypoglycemia than insulin glargine, but not NPH insulin during and after 
exercise. Interestingly, compared to rapid-acting insulin  [  49  ] , the effect of exercise 
appears minimal on absorption kinetics of some basal insulins. In one study in T1DM 
individuals, cycling (30 min, 65% VO 

2 
 max) did not infl uence glargine absorption 

rate and produced similar declines in plasma glucose and insulin compared to a non-
cycling condition  [  17  ] . So, reductions to modern long-lasting insulins in a basal-
bolus routine have the potential to infl uence circulating glucose concentrations; 
however, its manipulation before acute exercise may be impractical given the need 
for dose alterations for many hours prior to the exercise session. Finally, there is little 
research that has examined the effects of manipulations of basal insulins in T1DM 
individuals that are engaged in regular exercise training.  

    3.3.1.2   Rapid-Acting Insulins 

 Within the existing literature examining pre-exercise rapid-acting insulin reduc-
tions, recommendations have varied from 10% to 40%  [  39  ] , >50%  [  2  ] , 10% to 50% 
 [  40  ] , 50% to 90%  [  15  ] , and 50% to 75%  [  18  ]  (Table  3.1 ). Some of the variation in 
the recommended reduction can be accounted for by differences in the insulin type 
used by participants and the exercise model employed (Table  3.1 ).  
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 An early study by Campaigne et al.  [  2  ]  (Table  3.1 ) examined blood glucose 
responses during and after 45 min of cycling at 60% VO 

2
  max in 9 T1DM males who 

were treated with a twice-daily, intermediate/short-acting insulin mix. Despite 50% 
reductions in the intermediate or the soluble insulin prior to exercise, hypoglycemia 
still occurred in 6 of the 9 subjects at some point during or after exercise, mainly dur-
ing the night of the trial day. Additionally, Mauvais-Jarvis et al.  [  15  ]  (Table  3.1 ) 
examined pre-exercise insulin reductions during and for 2 h after exercise, within 12 
T1DM individuals. Six of the participants were treated with regular insulin in the 
morning and at noon and NPH before bed, while the other six participants were 
treated with bi-daily mixed insulin regimen of 30% regular insulin combined with 
70% NPH insulin. Participants performed 60 min of cycling at 70% VO 

2 
 max, 90 min 

after a set meal where participants administered an unaltered insulin dose or a 90% 
insulin reduction (participants on 3 daily injections)/50% insulin reduction (bi-daily 
mixed regimen). Eight participants had to receive an    oral glucose solution during the 
no insulin reduction condition due to rapidly falling plasma glucose concentrations. 
Plasma glucose levels were consistently higher during and for 2 h after exercise 
within the insulin reduction trial. It was concluded that a 50–90% reduction in insulin 
dose, depending on their insulin regimen, allowed T1DM individuals to engage in 
endurance exercise without causing hypoglycemia  [  15  ] . 

 A limitation of the research of Campaigne et al.  [  2  ]  and Mauvais-Jarvis et al.  [  15  ]  
was the lack of specifi c guidelines for pre-exercise insulin dose adjustments taking 
into consideration exercise intensity and duration. In addition, the duration of moni-
toring blood glucose was just 2–12 h, but hypoglycemia may develop up to 24 h 
after exercise  [  1,   3  ] ; so a larger window of examination would allow determination 
of the effectiveness of the degree of insulin reduction. Finally, with the increased 
prescription of a basal-bolus regimen to treat many T1DM individuals, dose adjust-
ments specifi c to this kind of treatment, as opposed to the use of mixed insulins in 
the studies above is worthy of more exploration. 

 Research by Rabasa-Lhoret et al.  [  18  ]  (Table  3.1 ) strengthened the area by 
addressing some of the above-mentioned issues by examining alterations in rapid-
acting insulin as part of a basal-bolus regimen (Ultralente with prandial insulin lis-
pro) while also taking into consideration exercise intensity and duration. Participants 
performed 60 min cycling at 25% VO 

2 
 max, 30 and 60 min at 50% VO 

2 
 max, and 

30 min at 75% VO 
2 
 max. Blood glucose concentrations were monitored during and 

for an hour after exercise. All trials were performed following administration of a 
full insulin dose (Full), a 50% reduction (50%), and after a 75% reduction (25%). 
The researchers demonstrated that the drop in blood glucose that occurs with exer-
cise at 25% VO 

2 
 max for 60 min did not differ between Full and 50%, but higher 

pre-exercise glucose concentrations resulted in a safer glycemic profi le following 
exercise. Plasma glucose at the end of exercise was  D  − 2.9 ± 1.1 mmol·l −1  below 
baseline after Full, compared with  D  − 0.6 ± 0.9 mmol·l −1  after 50%. This trend fol-
lowed during exercise at 50% VO 

2 
 max for 30 min; the decrease in plasma glucose, 

relative to rest, at the end of exercise was less under 50% ( D  − 0.4 ± 1.3 mmol·l −1 ) 
compared with Full ( D  − 2.1 ± 0.7 mmol·l −1 ) and resulted in greater plasma glucose 
concentrations during and for 1 h after exercise. Plasma glucose responses revealed 
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that the greatest preservation of post-exercise glycemia occurred    after a 75% insulin 
reduction, when exercising at 50% VO 

2 
 max for an hour and 75% VO 

2 
 max for 

30 min. The 75% reduction trial resulted in a better maintenance of glycemia during 
and after exercise (~7–10 mmol·l −1 ), with less chance of developing hypoglycemia, 
compared to just a 50% reduced dose, which elicited post-exercise concentrations 
of ~4.5–7 mmol·l −1 . 

 Large reductions to pre-exercise insulin lispro or aspart resulted in better preser-
vation of blood glucose, during and after running in T1DM individuals (Fig.  3.1 ) 
 [  45  ] . In this study, effects of pre-exercise insulin reductions on consequent meta-
bolic and dietary patterns for 24 h after running were examined in individuals with 
type 1 diabetes. Participants administered their full rapid-acting insulin dose or 
75%, 50%, or 25% of it, immediately before consuming a carbohydrate rich meal. 
After 2 h, participants completed 45 min of running at 70% VO 

2 
 peak. Pre-exercise 

peak insulin concentrations were greatest with the Full dose and consequently elic-
ited the lowest blood glucose concentrations. Blood glucose decreased under all 
conditions with exercise, with the fall in the full dose greater than with 25% insulin. 
Blood glucose at 3 h post-exercise was greatest with the 25% dose. Interestingly, 
over the next 21 h, self-recorded blood glucose area under the curve was greater 
with the 25% dose compared with all other trials despite consuming less energy and 
fewer carbohydrates. Thus, a 75% reduction to pre-exercise insulin resulted in the 
greatest preservation of blood glucose, and a reduced dietary intake, for 24 h after 
running in individuals with type 1 diabetes.    

    3.3.2   The Safety of Strategies Employing Reductions 
to Rapid-Acting Insulin Dose 

 Exogenous insulin treatment reduces blood glucose, which prevents hyperglycemia 
and risk of ketosis  [  50  ] . Under normal physiological conditions, ketones (acetoac-
etate,  b (beta)-hydroxybutyrate, and acetone) are produced through hepatic fatty 
acid metabolism during periods of low carbohydrate availability. Ketogenesis allows 
fat-derived energy to be generated in the liver and used by other organs, such as the 
brain, heart, kidney cortex, and skeletal muscle  [  51  ] . However, reduction or omis-
sion in insulin dose is a signifi cant factor in the development of diabetic ketoacido-
sis accounting for 13–45% of reported DKA cases  [  52  ] . The formation of ketone 
bodies above nonphysiological levels (>1 mmol·l −1 ) has been shown to increase 
oxygen radical formation and cause lipid peroxidation  [  53–  55  ]  as well as induce 
metabolic acidosis  [  51  ] . Diabetic ketoacidosis is characterized by an absolute or 
relative defi ciency of circulating insulin and combined increases in counter-regula-
tory hormones (catecholamines, glucagon, cortisol, growth hormone), particularly 
glucagon and adrenaline, hyperglycemia, and metabolic acidosis  [  52  ] . Furthermore, 
physical exercise increases ketone body formation  [  56  ] , alters acid-base balance, 
and increases counter-regulatory hormones. Therefore, the potential for a combined 
effect of a pre-exercise insulin reduction strategy and performance of exercise 
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might exacerbate ketogenesis and result in hyperketonemia (>1.0 mmol·l −1 ) or 
development of ketoacidosis (>3.0 mmol·l −1 )  [  51  ] . However, reductions in pre-
exercise rapid-acting insulin dose were not found to influence ketogenesis 
following running  [  44  ] . In this study, 7 T1DM participants attended the laboratory 
four times, each time consuming a 1.12 MJ wheat biscuit and peach meal (60 g 
carbohydrate, 2 g fat, 2 g protein), with Full (7.3 ± 0.2 units), 75% (5.4 ± 0.1 units), 
50% (3.7 ± 0.1 units), or 25% (1.8 ± 0.1 units) of their rapid-acting insulin lispro or 
aspart. After a 2-h rest, participants completed 45-min running at 70 ± 1% VO 

2 
 peak. 

Resting ketoacids ( b -O-hydroxybutyrate) gradually decreased over 2-h rest with 
similar post-exercise peak  b -OHB at 3 h. This preparatory strategy preserved blood 
glucose and posed no greater risk to exercising T1DM individuals in exercise-
induced ketone body formation.  

    3.3.3   Current Recommendations for Carbohydrate 
Intake and Exercise in T1DM 

 The importance of carbohydrate for the exercising person with T1DM is in the pro-
vision of fuel for exercise as well as the avoidance of hypoglycemia during or after 
exercise. From a clinical exercise physiology perspective both are of utmost impor-
tance in ensuring the individual adapts safely to exercise. Carbohydrates come in a 
variety of forms with very different functional characteristics. The simplest forms of 
carbohydrates are the monosaccharides commonly referred to as “simple sugars” 
which include pentoses (e.g., arabinose, ribose, xylose) and hexoses (e.g., fructose, 
galactose, glucose, mannose). Disaccharides (e.g., lactose maltose, sucrose, 
isomaltulose) are comprised of pairs of monosaccharides linked together, while 
polysaccharides (e.g., glycogen or starches like amylin and amylopectin) are com-
prised of long chains of glucose molecules. 

 Important characteristics of carbohydrate, such as the amount and concentration, 
determine the rate of gastric emptying due to the resultant increase in volume and 
potential for intestinal feedback. The bolus temperature, pH, osmolality, viscos-
ity, multiple carbohydrate content, and hypo- or hyperglycemic state also infl uence 
the rate of gastric emptying  [  57–  59  ] . Thereafter, the entry of carbohydrate into the 
bloodstream from the small intestine is determined to a large degree by the type of 
carbohydrate. Glucose and galactose are transported into enterocytes in the small 
intestine by sodium/glucose co-transporter 1 (SGLT1), while fructose is trans-
ported into enterocytes by GLUT5 transporters. This has distinct implications for 
the resultant appearance of carbohydrate from ingestion to circulatory appearance. 
The transport of glucose by SGLT1 is saturable and somewhat independent of the 
ingested glucose load; so its entry into the bloodstream is rate-limited. However, 
the ingestion of multiple carbohydrates by involving more than one transport system 
can increase the carbohydrate transport rate into the bloodstream, e.g., by an increase 
in GLUT5-mediated transport of fructose. Therefore, the type of carbohydrate, i.e., 
mono-, di-, or polysaccharide can infl uence the rate of appearance in the circulation. 
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For example, hydrolysis of isomaltulose by a sucrose-isomaltase complex into 
glucose and fructose in the jejunum of the small intestine results in a slower 
carbohydrate transport rate into the portal vein circulation  [  60  ] . Indeed, reported 
values from several studies suggest exogenously ingested carbohydrates demonstrate 
a wide range in maximum circulatory appearance rates due to several of the above-
mentioned factors  [  61  ] . However, an important observation from this research is a 
maximum appearance rate of carbohydrate into the bloodstream of ~1.0–1.1 g·min −1 . 
This suggests a maximum of ~60–66 grams of ingested carbohydrate may contribute 
to the maintenance of blood glucose levels per hour of exercise. 

 There has been a wide range of recommendations for carbohydrate consumption 
before or during exercise in T1DM individuals that have condensed to three main 
strands, namely, (a) amounts based on pre-exercise blood glucose concentration 
(<5.6 or <6.7 mM,  [  39,   62  ] ), (b) amounts based on exercise duration (20–60 g every 
30 min  [  63  ] , 60 g·h −1   [  64  ] ), or (c) amounts based on body mass (1–2 g·kg −1  BM  [  65, 
  66  ] ). One criticism of blood glucose measurement before exercise is the lack of 
knowledge of blood glucose changes in the hours prior to measurement. Potentially, 
a single blood glucose reading may appear euglycemic but could be declining from 
previous values, in which case, exercise might accelerate the decline in circulating 
glucose to hypoglycemic levels. 

 Although there appears strong support for carbohydrate consumption before, dur-
ing, and after exercise, the primary question for the T1DM individual is what amount 
of carbohydrate to consume. Hernandez et al.  [  13  ]  (Table  3.2 ) suggested that 60–120 g 
of carbohydrates should be consumed in equal bolus before, during, and after exercise 
to prevent late-onset hypoglycemia. Iafusco recommended consumption of 15 g of 
“simple carbohydrates” immediately before exercise and consumption of a hypotonic 
sports drink (e.g., Gatorade ® , 4% sucrose, 2% fructose) during exercise  [  41  ] . Dubé et al. 
 [  12  ]  recommended a beverage containing 35 g of glucose should be consumed imme-
diately before exercise to maintain blood glucose during 60 min of moderate-intensity 
exercise. During the exercise bout, 7 of 9 individuals required glucose infusion under a 
no-added carbohydrate trial; 0 g, 4 of 9 participants required glucose infusion under the 
15 g trial, and 3 under the 30 g condition. Therefore, it appears glucose ingestion up to 
an upper limit of ~1 g.min-1 of exercise may facilitate optimal glucose appearance rates 
and preserve glycemia, reducing the occurrence of hypoglycemia.  

 Carbohydrate drink concentration is another important characteristic to consider 
in the avoidance of low blood glucose. Some research has recommended T1DM 
individuals consume a 10% carbohydrate solution before and during exercise to 
maintain glycemia (Table  3.2 )  [  16  ] . Participants cycled at 55–60% VO 

2 
 max for 

60 min, consuming either an 8% or a 10% carbohydrate solution before and during 
exercise. Throughout the duration of the trial, blood glucose concentrations were 
lower under the 8% solution; and four individuals experienced hypoglycemia under 
this condition. Furthermore, blood glucose concentrations dropped ~1.8 mmol·l −1  in 
the hour post-exercise, whereas concentrations remained stable under the 10% con-
dition. Additionally, to quickly correct falling blood glucose during exercise, Gallen 
 [  67  ]  recommended consumption of a 15% carbohydrate solution. Drinks with a 
high carbohydrate concentration (ranging from 6% to 20%) have been shown to 
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reduce gastric emptying rates in non-T1DM individuals  [  68–  70  ] . Similarly, Schvarcz 
et al.  [  59  ]  demonstrated a slowing of gastric emptying in T1DM individuals when 
blood glucose concentrations were clamped at 8 compared to 4 mmol·l −1 . In addi-
tion, gastric emptying rates are also negatively infl uenced by long-term poor glyce-
mic control  [  71  ] . Conversely, low blood glucose concentrations increase gastric 
emptying rates in non-T1DM individuals  [  58  ] . Therefore, blood glucose concentra-
tions and long-term glycemic control may be contributing factors to understanding 
the large inter-individual variability in blood glucose responses that exist after 
ingestion of carbohydrate. 

 None of the above-mentioned research in T1DM individuals employed a pre-
exercise insulin reduction. Doing so could result in different carbohydrate require-
ments. Research is needed to examine the weight of insulin reduction against 
carbohydrate consumption on post-exercise glycemia.  

    3.3.4   Carbohydrate Type: The Glycemic Index 

 The glycemic index (GI) is a method of classifying carbohydrate-containing foods 
according to blood glucose responses following ingestion  [  72  ] . For example, carbo-
hydrates with a high GI, such as white bread, will induce a rapid increase in blood 
glucose concentrations after ingestion  [  73  ] . Conversely, carbohydrates with a low 
GI, such as peaches, will induce more gradual increases with lower peaks in blood 
glucose  [  73  ] . 

 From a diabetes management perspective, this classifi cation of foodstuffs is use-
ful as patients can include low GI (LGI) carbohydrates in their diet and, in doing so, 
benefi t from greater feelings of satiety  [  73  ] , improved insulin sensitivity and blood 
lipid profi les  [  74  ] , lower daily mean blood glucose concentrations  [  75  ] , and reduced 
incidence of hypoglycemia and reductions in HbA 

1c
   [  76–  78  ] . In one dietary study, 

consumption of LGI foodstuffs, such as peaches, kidney beans, or brown rice, 
resulted in continuously monitored glucose concentrations being within a target 
range of 3.9–9.9 mmol·l −1  more of the time than under a high GI (HGI) trial (67% 
vs. 47%). Furthermore, participants elicited a lower mean blood glucose concentra-
tion (LGI 7.6 ± 2.0 vs. HGI 10.1 ± 2.6 mmol·l −1 ) and required less bolus insulin per 
10 g of ingested CHO. 

 Based on the existing literature in nondiabetic individuals, consumption of LGI 
carbohydrates increases blood glucose concentration less than equivalent amounts 
of high glycemic carbohydrate  [  79,   80  ] . Additionally, LGI carbohydrates may sup-
press fat oxidation less during exercise, sparing both endogenous and exogenous 
carbohydrate use, resulting in better preservation of blood glucose during exercise 
and in the recovery period  [  81  ] . Only recently has research begun to emerge that has 
examined the metabolic responses to exercise after ingestion of different GI carbo-
hydrates within T1DM in combination with insulin dose reductions. West et al. 
(Fig.  3.2 ) compared the alterations in metabolism and fuel oxidation in 8 T1DM 
individuals after pre-exercise ingestion of 75 g (10% solution) of either LGI 
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 carbohydrate isomaltulose (ISO, GI = 32) or dextrose (DEX, GI = 96) 2 h before a 
45-min treadmill run  [  46  ] . Blood glucose increased half as much in the isomaltulose 
trial compared to dextrose over the rest period ( D  + 4.5 ± 0.4 vs.  D  + 9.1 ± 0.6 mmol·l −1 , 
 P  < 0.01) and remained 21% lower for 3-h recovery. Additionally, during the later 
stages of exercise, there was a lower carbohydrate (ISO 2.85 ± 0.07 vs. DEX 
3.18 ± 0.08 g·min −1 ,  P  < 0.05) and greater lipid (ISO 0.33 ± 0.03 vs. DEX 
0.20 ± 0.03 g·min −1 ,  P  < 0.05) oxidation rate under the isomaltulose trial. Thus, con-
sumption of a low GI carbohydrate improved blood glucose responses and sup-
ported continued use of lipid in spite of carbohydrate ingestion.   

    3.3.5   Pre-exercise Timing of Carbohydrate 
Consumption and Insulin Administration 

 The advice regarding timing of pre-exercise carbohydrate consumption and insulin 
administration is largely dependent upon the insulin type and the altered uptake 
kinetics that are associated with exercise  [  11,   19,   82  ] . Research has demonstrated 
that exercise can result in greater peaks in insulin as well as increasing absorption 
rates and ultimately increasing the risk of hypoglycemia  [  11,   19  ] . The altered rates 
of absorption are likely due to a combination of increases in exercise-induced blood 
fl ow  [  83–  85  ]  and temperature  [  86,   87  ] . 

 Regular human insulin and animal preparations interact differently with exer-
cise. Fernqvist et al.  [  82  ]  demonstrated that the exercise-induced peak in insulin 
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 concentrations was less with regular human insulin as opposed to porcine insulin. 
Moreover   , Tuominen et al.  [  19  ]  demonstrated that rDNA insulins, human insulin, 
and the analogue insulin lispro also interact differently with exercise, with consid-
eration of pre-exercise timing particularly important in subsequent insulin and blood 
glucose responses. Tuominen and colleagues identifi ed that when exercise was per-
formed 40 min after insulin administration, insulin lispro induced an earlier and 
56% greater peak in insulin concentrations, resulting in a greater drop in blood glu-
cose with exercise, when compared to regular human insulin. Moreover, when exer-
cising this close to administration, the exercise bout was associated with a 2.2-fold 
greater risk of hypoglycemia. However, when exercising 3 h after insulin adminis-
tration, the drop in blood glucose was less under insulin lispro and the risk of hypo-
glycemia was reduced by 46%, compared to regular human insulin. This research 
highlights pre-exercise timing as an important factor to consider, as the intense rise 
and peak in insulin that is elicited soon after administration of rapid-acting insulin, 
results in marked increases in the risk of hypoglycemia during exercise. 

 The lower variability and more favorable action-time profi les of the rapid-acting 
insulins  [  19,   42  ]  make these analogues of insulin ideal for prandial use and have 
been shown to improve glycemic control within T1DM individuals, without increas-
ing the risk of hypoglycemia  [  88  ] . However   , the rapid rise in insulin concentrations 
(peaking 45–60 min after administration)  [  89  ]  means that it is currently recom-
mended to avoid administration of rapid-acting insulin within 90–120 min of 
 exercise due to the risk of over-insulinization of the active musculature during exer-
cise  [  39,   90  ] , as demonstrated by the early work of Tuominen et al.  [  19  ] . Thus, at 
present, it is recommended that insulin dose should be reduced before performing 
exercise, regardless of the insulin type or time before exercise  [  2,   15,   18  ] . However, 
there is limited literature that examined pre-exercise timing as a factor to consider 
in subsequent blood glucose responses. Specifi cally, there are limited data available 
on the absorption kinetics of the insulin analogues when administered in reduced 
doses with the carbohydrate meal at different times prior to exercise. Within the 
study of Tuominen et al.  [  19  ] , participants administered ~6.3 IU of insulin; how-
ever, if employing a heavy insulin reduction, as recommended by Rabasa-Lhoret 
et al.  [  18  ] , pre-exercise insulin dose could be as little as ~3 IU. Therefore, there is 
potential that administering such small doses of insulin closer to exercise may not 
increase the risk of hypoglycemia. The study of West et al.  [  47  ]  aimed to examine 
the infl uence of alterations in the timing of a 75% reduction in insulin administra-
tion and ingestion of a 10% low GI carbohydrate solution on glycemic and fuel 
oxidation responses prior to endurance running in T1DM individuals. Participants 
rested for 30 (30MIN   ), 60 (60MIN), 90 (90MIN), or 120 min (120MIN) before 
completing 45 min of running at 70% VO 

2 
 peak. Pre-exercise blood glucose concen-

trations were lower for 30MIN compared with 120MIN ( P  < 0.05). Exercising car-
bohydrate and lipid oxidation rates were lower and greater, respectively, for 30MIN 
compared with 120MIN ( P  < 0.05). The drop in blood glucose during exercise was 
less for 30MIN (−3.7 ± 0.4 mmol·l −1 ) compared with 120MIN (−6.4 ± 0.3 mmol·l −1 ). 
During the fi rst 60 min of the 3-h recovery, blood glucose concentrations were 
higher for 30MIN compared with 120MIN ( P  < 0.05). In addition, there were no 
cases of hypoglycemia in 30MIN, one case in 60MIN, two in 90MIN, and fi ve in the 
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120MIN condition. Therefore, a strategy involving heavy reductions to rapid-acting 
insulin and use of a low glycemic index carbohydrate administered 30 min before 
running improves pre- and post-exercise blood glucose responses in type 1 diabetes 
through subtle alterations in fuel metabolism promoting lipid combustion.  

    3.3.6   Preparatory Insulin and Carbohydrate 
Strategies and Exercise Performance 

 Carbohydrate consumption has the potential to alter endurance exercise perfor-
mance in T1DM individuals. In a study by Ramires et al.  [  65  ]  withholding neutral 
protamine Hagedorn porcine insulin for 12 h prior to exercise followed by adminis-
tration of 1 g·kg −1  BM of dextrose 30 min before cycling at 55–60% VO 

2 
 max to 

exhaustion resulted in a 12% improvement in cycling performance compared to 
a carbohydrate-free solution in participants with well-controlled T1DM. Preservation 
of carbohydrate stores through combustion of endogenous lipid use is conducive to 
an improvement in endurance capacity. However, although studies have demon-
strated the importance of a carbohydrates glycemic index in infl uencing exercise 
capacity in nondiabetic individuals by such mechanisms  [  91  ] , results have been 
equivocal  [  92  ] . Furthermore, scant research has addressed the relationship between 
carbohydrate type and endurance performance in T1DM individuals. This is sur-
prising since the functional capacity of T1DM individuals is often lower than in 
matched individuals without diabetes, and, as an example, in the above-mentioned 
study by Ramires et al.  [  65  ] , cycling performance to exhaustion was 62% lower 
(77 ± 6 vs. 125 ± 7 min,  P  < 0.05). 

 However, it may be inappropriate to employ an endurance “exercise to exhaus-
tion” model to determine functional capacity in T1DM individuals given the risk of 
progressively lowering blood glucose concentrations to potentially hypoglycemic 
levels. Alternative exercise models in cycling ergometry advocating completion of 
an amount of work have been shown to reduce intra-subject variation compared to 
endurance capacity models  [  93  ] . Thus, the use of time or distance trials using a 
nonmotorized treadmill or cycling-based protocols to retain ecological validity of 
“real-life” movement patterns under controlled laboratory conditions might facili-
tate a deeper insight into the metabolic and performance effects of insulin reduction/
carbohydrate administration strategies that avoid placing the T1DM individual at 
risk of hypoglycemia. In one study, seven T1DM individuals consumed isomaltulose 
or dextrose alongside a 50% reduction in rapid-acting insulin 2 h before an incre-
mental run test followed by a 10-min distance trial where the objective was to cover 
as much distance as possible. There was a 50% lower peak blood glucose concentra-
tion before running after consumption of isomaltulose compared with dextrose. 
However, running performance was maintained during the high-intensity run per-
formance in T1DM individuals  [  94  ] . Thus, consumption of a low GI carbohydrate 
improved glycemia and maintained run performance similar to that elicited using 
high GI carbohydrates. Some preliminary fi ndings from our laboratory suggest 
some carbohydrates may confer a positive impact on exercise performance. We 



64 R.M. Bracken et al.

examined the infl uence of ingestion of a high molecular mass carbohydrate waxy 
barley starch (WBS; GI = 98) on glycemia and endurance performance in T1DM 
compared with dextrose. WBS carbohydrates have been shown to improve high-
intensity exercise performance capacity in individuals without diabetes  [  95  ] . In a 
similar protocol to that employed by Bracken et al.  [  94  ] , preliminary data from our 
laboratory demonstrated similar glycemic responses to ingestion of high (WBS) and 
low (DEX) molecular weight carbohydrates in T1DM individuals; however, dis-
tance in the last quarter of a 10-min performance run was signifi cantly greater after 
ingestion of WBS compared with DEX (   WBS 323 ± 21 vs. dextrose 301 ± 20 m, 
 P  = 0.001  [  96  ]  ( unpublished data ). Thus, it appears more research is warranted into 
the functional characteristics of carbohydrates and exercise performance.   

    3.4   Practical Advice 

 The principles of rapid-acting insulin reduction and carbohydrate ingestion form an 
important strategy in the daily glycemic management of those with T1DM wishing 
to be physically active. A schematic to improve blood glucose responses to exercise 
that takes into account these and other factors is graphically illustrated in Fig.  3.3 . 
Many of these factors are already supported by the ADA/ACSM or IDF guidelines 
for those T1DM individuals wishing to exercise safely. It is important to state that 
there is no one strategy that fi ts all T1DM individuals and a degree of trial and error 
(at least initially) is involved to minimize the risk of hypoglycemia before or after 
beginning regular physical activity. Internet websites like   www.runsweet.com     or 
those of diabetes charities support the contributions from physically active or ath-
letic individuals and allow more confi dence to refi ne generic components of strate-
gies to preserve blood glucose concentrations.  

 The main factors involved in safe participation of T1DM individuals in exercise 
are comprised of: 

    3.4.1   Monitoring of Blood Glucose Before Physical Activity 

 Use caution if blood glucose concentrations are >17 mM (300 mg·dL −1 ) and no 
ketones are present. However, avoid exercising if blood glucose levels are >14 mM 
(250 mg·dL −1 ) and ketosis is present. If glucose levels are <5.5 mM (100 mg·dL −1 ), 
carbohydrate ingestion will be required before exercise begins.  

    3.4.2   Ingestion of Carbohydrate 

 Carbohydrate ingestion is dependent on the pre-exercise blood glucose concentrations 
and knowledge of the volume and type of exercise. Aim to consume carbohydrates 
based on a maximum intake of 60 g·h −1  of exercise. Low glycemic index  carbohydrates 

http://www.runsweet.com
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may be recommended before exercise with the aim of stabilizing glucose during and 
after physical activity. If glucose levels are low, consumption of high GI carbohy-
drates like dextrose tablets may help restore glucose to euglycemic levels.  

    3.4.3   Reduction of Rapid-Acting Insulin 

 Research is available to support the use of rapid-acting insulin reduction with 
extended exercise sessions. Through trial and error, more knowledge of the exercise 
type and volume will allow refi nement of the exact degree of the rapid-acting insu-
lin reduction in each individual.  

    3.4.4   Awareness of Time of Insulin Reduction: 
Carbohydrate Ingestion Before Exercise 

 Although research suggests not administering insulin 1–2 h before exercise, more 
recent research suggests reduced rapid-acting insulin dose in conjunction with low 
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GI carbohydrate consumption allows a shorter period of time before exercise 
(i.e., 30 min) with better maintenance of post-exercise glycemia.  

    3.4.5   Knowledge of Exercise Volume and Type 

 A single sprint has very different metabolic responses to prolonged aerobic exer-
cise. Therefore, knowledge of the athlete’s individual responses to these forms of 
exercise alongside an understanding of the metabolic effects of increased intensity 
or volume in one specifi c exercise will aid in combative strategies to counter low 
blood glucose.  

    3.4.6   Blood Glucose Monitoring Post-exercise 

 Low blood glucose has the potential to occur many hours after exercise. Therefore, 
regular post-exercise monitoring of glucose may prevent late-onset hypoglycemia .    

    3.5   Future Research 

 Although it has been shown to be benefi cial to reduce pre-exercise rapid-acting insu-
lin and/or consume carbohydrates in response to certain exercise types, much work 
remains in optimizing these and other factors to safely preserve blood glucose during 
and after different volumes of one exercise (e.g., aerobic exercise) or specifi c to dif-
ferent forms of exercise (e.g., sprint or resistance exercise). From an aerobic-endur-
ance exercise point of view, research to examine “fat-burning” strategies to preserve 
limited carbohydrate stores in an attempt to improve glycemic control and increase 
performance is an attractive area to pursue. At the other end of the exercise spectrum, 
more knowledge of the metabolic effects of resistance exercise in T1DM individuals 
is needed. Continued examination of the metabolic effects of modifi cation of exog-
enous insulin and/or carbohydrate consumption has two modest but important aims, 
namely, to improve performances of T1DM individuals in their chosen sport and 
increase the numbers of those with T1DM safely participating in physical activity.  

    3.6   Conclusions 

 Pre-exercise reductions in exogenous insulin and/or carbohydrate consumption improve 
glycemia and may improve performance during some forms of exercise. However   , 
the exact weighting of the determinants of the insulin reduction –  carbohydrate 
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consumption strategy – specifi c to the type and volume of exercise, remains to be deter-
mined. Additionally, due to the complexity of the interrelated components    of physical 
exercise, i.e., duration, intensity, mode, and frequency, the strategy may be specifi c to 
the model of exercise employed, e.g., endurance vs. sprint exercise. Nonetheless, the 
existing research examining manipulation of pre-exercise insulin and carbohydrates 
offers some suggestions to the physically active T1DM individual, the majority of 
whom use basal-bolus routines    and many of whom have better knowledge of “carbo-
hydrate counting.” With continued research, development of exercise-specifi c strate-
gies with a little trial and error may allow each T1DM individual to safely engage in all 
forms of physical activity.      
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     4.1   Introduction 

 Physical activity is an important part of childhood. It is important for normal child-
hood development, to maintain healthy bones and body composition, and is useful in 
developing and maintaining social contacts. Physical activity is no less important for 
children and young people with diabetes. It is actively encouraged but presents signifi -
cant challenges for diabetes    management for the child, family, and the diabetes team. 
Physical activity can lead to fl uctuations in blood glucose levels that can be diffi cult to 
manage or to avoid. In this chapter, we will provide some background to the develop-
mental aspects of physical activity in children and young people and suggest some 
strategies for managing type I diabetes during periods of physical activity.  

    4.2   Defi nitions 

 Physical activity is defi ned as any force exerted by skeletal muscle that results in 
energy expenditure above resting level. Exercise is defi ned as a subset of physical 
activity that is volitional, planned, structured, repetitive, and aimed at improvement 
or maintenance of any aspect of fi tness or health. Sport is a subset of physical 
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 activity that involves structured competitive situations governed by rules. Physical 
fi tness is a set of attributes that people have or achieve that relates to the ability to 
perform physical activity  [  1  ] .  

    4.3   Developmental Changes and Physical Activity 

 There are quite marked variations in patterns of physical activity throughout child-
hood as a result of childhood development. These changes    will be a refl ection of the 
dramatic changes in stature, body composition, and neuromuscular development 
that occur. There will be improvements in strength and coordination and hence 
physical ability, and these will change constantly throughout childhood and into 
young adult life  [  1  ] . Changes in cognitive ability of children will allow them to 
participate in more structured and organized events involving either exercise or 
sporting activities. There are also signifi cant differences between boys and girls 
throughout the period of development, with boys being more active than girls even 
in the early years. 

 This period of development will depend not only on the physical attributes of the 
child but also on the opportunities provided both within the environment and also by 
adult carers: data suggest that children are more likely to be active if their parents 
are active and encourage physical activity  [  2  ] . It is beyond the scope of this chapter 
to go into the developmental changes which will infl uence physical activity in child-
hood in any detail. However, there are changes in muscle strength, pulmonary func-
tion, cardiovascular function, and aerobic fi tness throughout childhood and into 
early adult life  [  1  ] . Some of these changes occur as a result of developmental 
changes in stature and body composition:    it is well described that boys will develop 
more muscle mass going through puberty and girls will predominantly accrue more 
fat mass  [  1  ] . Yet some of these changes will also be mediated by physical activity 
itself which will infl uence body composition. Thus, some of the differences between 
children of similar age and developmental stage may be explained by their access to 
opportunities to be physically active  [  3  ] . 

 Infants less than 1 year of age will be doing little in the form of vigorous move-
ment as they are yet to develop the necessary skills to be active with any degree of 
confi dence. This changes quickly over the fi rst few years of life as the young child 
learns to crawl, shuffl e, walk, run, climb stairs, and so on. As the skills increase, the 
intensity of the activity is likely to increase along with the complexity. Preschool 
children are likely to be active through play involving a mixture of activity and social 
interaction  [  4  ] . Primary school children will start to participate in more structured 
activity, or exercise, within PE lessons, although it is likely that they will participate 
in unstructured activity in the playground at break times. Once young people go to 
secondary school, the nature of physical activity may change again and become more 
structured and potentially become restricted to organized events or sports. 

 Data suggest that along with these changes in type of activity, there are also 
changes in the amount of physical activity that is performed. It is well described that 
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activity levels decrease as children get older and become adolescents  [  5  ] . The 
reasons for this are likely to be multifactorial and include both physiological (rapid 
growth and pubertal changes) as well as environmental and societal factors. The 
increased emphasis on academic achievement is likely to be a signifi cant barrier to 
regular physical activity for a number of teenage pupils. As already mentioned, data 
also highlight gender differences throughout the life course with girls performing 
signifi cantly less physical activity than boys. Again, the reason for this is likely to 
be complex. It is plausible that there are physiological factors which mediate the 
decrease in physical activity which is particularly pronounced in teenage girls. 
However, it is also well described that boys use physical activity as a method of 
socializing with their peer group, while girls are more likely to have other methods 
for social interactions which do not include physical activity  [  6  ] . 

 These developmental changes will have signifi cant implications to the manage-
ment of diabetes in children of different ages. Physical activity improves physical fi t-
ness which in turn improves insulin sensitivity: those children who are most physically 
active are likely to need lower doses of insulin compared to those who are more sed-
entary  [  7  ] . Assessing    both the quantity and intensity of physical activity performed by 
children and young people with diabetes is likely to be as important as assessing nutri-
tional intake; yet in the clinical setting, it is a hugely challenging exercise.  

    4.4   Assessing Physical Activity in Childhood 

 There are signifi cant diffi culties in the accurate, objective measurement or assess-
ment of physical activity particularly in childhood. There are a number of different 
methods of assessment ranging from questionnaires to more objective measures 
involving monitoring of movement or heart rate  [  8,   9  ] . Questionnaires create the 
greatest concern. Data can be recorded either prospectively or retrospectively, and 
both methods have signifi cant fl aws. Retrospective data collection may be imprecise 
and challenging with children who lack the cognitive ability to accurately recall 
details of activity patterns and report them without bias  [  10  ] . Studies suggest that 
children younger than 9 years old will have problems reliably reporting physical 
activity patterns  [  11  ] . On the other hand, prospective data collection is labor inten-
sive as it requires detailed documentation of all physical activity performed in pre-
defi ned time blocks sometimes as short as 15 min. Again, this can be very diffi cult 
for young children but is also a challenge for older children and young people who 
will easily tire of the intensity of this procedure  [  10  ] . Questionnaires are often used 
as part of research studies where large number of subjects are to be studied; yet they 
are likely to have signifi cant limitations within a clinical context  [  8,   9  ] . 

 More objective measures of assessing physical activity using either heart rate or 
activity monitors are likely to provide better quality data with respect to the amount 
of activity performed  [  8,   9  ] . However, they do not provide information on the type 
of activity performed. Activity monitors can measure either heart rate or physical 
activity or a combination of the two. Measurement of heart rate only has limitations 
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in that a number of other physiological variables can lead to an increase in heart rate 
other than physical activity. For example, stress, excitement, or an increased tem-
perature can all lead to an increase in heart rate. On the other hand, measurement of 
activity with a movement sensor such as an accelerometer also causes problems 
particularly with movement artifacts, leading to erroneously high levels of activity. 
In addition, some types of physical activity are not captured very well with an accel-
erometer worn on the waistband; activities such as cycling are examples of this. 
Many activity monitors are also not waterproof, and so water-based activities are 
not included as part of the assessment. More recent activity monitors provide a 
combination of both heart rate measurement and accelerometry and are thought to 
be a more robust assessment of patterns of physical activity in both children and 
adults  [  12  ] . Using standardized metabolic equations, many of these monitors can 
provide estimates of energy expenditure, although some of the physiological 
assumptions used in these calculations have not been validated in studies of children 
 [  13  ] . Many of these monitors are reasonably expensive; so their use in large com-
munity-based studies can be unfeasible. Familiarity with their use is necessary if 
they are to be valuable within a clinical setting. 

 A combination of an objective measurement of physical activity using an activity 
monitor in combination with an activity diary is likely to provide the best informa-
tion with respect to both type and frequency of physical activity  [  8,   9  ] . Most coun-
tries will have national recommendations for levels of physical activity in children 
and young people. It does appear that the majority of these recommendations sug-
gest at least 60 min of moderate to vigorous physical activity (activity which leads 
to an increase in heart rate or feelings of sweatiness) per day  [  14  ] .  

    4.5   Patterns of Physical Activity in Children with Diabetes 

 A number of studies have been performed to examine patterns of physical activity 
in children with diabetes  [  15–  19  ] . These studies on the whole have used question-
naires to collect data on levels of activity. The results from these studies have been 
rather variable with studies suggesting both increased and decreased levels of activ-
ity when compared to children who are otherwise healthy. A study in 2010 from 
North America has examined physical activity and electronic media use in young 
people with both type I and type II diabetes  [  15  ] . The study examined compliance 
with the physical activity recommendations for children and young people which 
was either 30 min per day of vigorous physical activity or 60 min per day of moder-
ate to vigorous physical activity for adolescents. The study found that 81% of ado-
lescents with type I diabetes met these target criteria compared to 80% of healthy 
controls.    Only 68% of adolescents with type II diabetes met these national guide-
lines  [  15  ] . Another study from Italy examined computer use, free time activities, 
and metabolic control in 115 patients aged 10–35 years  [  16  ] . The authors found that 
in the group as a whole, the mean time spent playing sports was 2 ½ h per week, 
with a range from 0 to 8 h. Twenty fi ve subjects, i.e., 29%, did not practice any kind 
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of physical activity at all  [  16  ] . A much larger study from Norway evaluated physical 
activity patterns of 723 children with type I diabetes aged from 6 to 19 years using 
a questionnaire that could estimate total amount of time spent on inactivity and 
light, moderate, and vigorous activity  [  17  ] . The study found that 54% of the partici-
pants did not fulfi ll the international recommendations of 60 min of moderate to 
vigorous activity per day. Not surprisingly, girls were less active than boys in child-
hood and in adolescents. Worryingly, 43% of the participants watched TV for more 
than 2 h a day: TV viewing was found to be related to overweight in children and 
adolescents with type I diabetes. The study found no statistical differences in physi-
cal activity between the different intensifi ed insulin regimens, and pump patients 
were not less active than other patients with diabetes  [  17  ] . A study of heart rate 
monitoring in 127 children with diabetes and 200 controls in France showed that 
schoolchildren with diabetes were signifi cantly more active than healthy peers when 
considering moderate activity  [  18  ] . In addition, teenagers with diabetes were also 
signifi cantly more active when considering moderate and vigorous activity. 
Furthermore, there was a negative correlation between the most recent glycated 
hemoglobin and the time spent in light activities in schoolchildren  [  18  ] . Another 
study from Sweden of 26 adolescent girls with type I diabetes and 49 controls using 
accelerometers showed that there was a tendency toward a lower total amount of 
physical activity in the diabetes group, but the difference between the study groups 
did not reach statistical signifi cance  [  19  ] .  

    4.6   Benefi cial Effects of Physical Activity 

    4.6.1   Well-being 

 In the nondiabetic population, there is now fairly strong evidence of a positive asso-
ciation between physical activity and psychological well-being. A Cochrane review 
from 2004 found that physical activity is associated with reduction in depression, 
anxiety, and stress and with increased self-esteem, although it was felt there were 
few data available on which to make this assumption  [  20  ] . Physical activity is 
encouraged in the majority of patients with chronic illnesses who are able to be 
physically active in a safe and pain-free manner. 

 There are a number of reasons why physical activity may be important for psy-
chological well-being in patients with type I diabetes. The incidence of depression 
is signifi cantly higher in patients with diabetes than in the healthy population: chil-
dren with type I diabetes have a two- to threefold increased incidence of depression 
compared to healthy controls  [  21  ] . 

 There have been few studies which have specifi cally examined psychological 
well-being and physical activity in children with type I diabetes. A study by 
Edmunds at al from the United Kingdom studied 36 participants aged between 9 
and 15 years with a mean duration of type I diabetes of almost 6 years  [  22  ] . The 
participants fi lled in a number of questionnaires including the Quality of Life for 
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Youths questionnaire, the Self-Effi cacy for Diabetes scale, and the Physical Self-
Perception Profi le for Children. Physical activity was assessed using heart rate mon-
itoring for 2 weeks and 2 weekend days. This small study found that 16 (47%) of 
children participated in at least 60 min per day of moderate to vigorous physical 
activity. Twenty-six (76%) engaged in at least 30 min of moderate to vigorous phys-
ical activity per day. Again, boys reported higher levels of both moderate to vigor-
ous physical activity and vigorous physical activity compared to girls. Boys reported 
higher self-esteem than females, but self-effi cacy with respect to diabetes manage-
ment was higher in females than males. Self-reported quality of life was above the 
median value for this scale, and males reported better quality of life than females in 
all subscales. Correlation analysis revealed no signifi cant associations between 
moderate to vigorous physical activity and self-esteem, self-effi cacy, quality of life, 
or glycemic control  [  22  ] . The authors concluded that the role of physical activity as 
part of disease management may reduce the extent to which physical activity is seen 
as fun. They also felt that there might be a signifi cant element of worry involved that 
blood glucose levels will be affected by physical activity both in the short term and 
later on that night which would impact on the psychological benefi ts of physical 
activity  [  22  ] . Emotional concerns have also been described by parents who have 
been asked about their experiences of learning to cope with a diagnosis of diabetes 
in one of their offspring. Feelings of sadness and guilt resurfaced at times when 
their child’s diabetes is brought to the forefront: for example, at times of physical 
activity when a child may have to stop playing a sport because they start to feel low 
 [  23  ] . Studies have shown that parental support is essential to promote physical 
activity in healthy populations of children  [  2  ] . Studies of families of children with 
diabetes have shown that parental confl ict around physical activity was related to 
decreased activity in children with type I diabetes. The authors suggested that nag-
ging and criticism as well as arguing about physical activity make a child less likely 
to engage  [  24  ] . However, other parents report the importance of fostering normality 
by allowing their children to be physically active with other children  [  25  ] . In this 
study, parents reported that they did what they had to do so that their child with 
diabetes could do anything they wanted to do. Planning and vigilance was espe-
cially evident for parents of children with diabetes, refl ecting the diffi cult negotia-
tions necessary to maintain good blood glucose control around periods of activity 
 [  25  ] . Schools also play an important role in encouraging children to be active. In a 
qualitative study of how children with chronic disease and their parents manage 
physical activity, one child with asthma reported “one of the PE teachers used to 
treat me as if I was about to die, that’s so annoying!”  [  25  ] . 

 In a report from the Hvidoere Study Group on childhood diabetes, a large group of 
just over 2,000 adolescents with an average age of 14 ½ years were asked to complete 
three questionnaires: the Diabetes Quality of Life – Short Form, questions on psycho-
logical well-being and health perception from the Health Behaviour in School 
Children WHO project (HBSC), and fi ve questions on physical activity and sedentary 
lifestyle from the HBSC survey 2001  [  26  ] . Questions on physical activity focused on 
the number of days during the last week being moderately physically active for more 
than 60 min per day. The average HbA1c of the whole sample was 8.2 ± 1.4%. Boys 
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reported not only being more physically active but also doing less school homework 
and spending more time on the computer than girls. Older respondents were less 
physically active but did more school homework and spent more time on the com-
puter. Physical activity was also positively correlated with nearly all markers of psy-
chological health with more activity associated with greater well-being, fewer 
symptoms, less worry, greater perception of health, and general quality of life  [  26  ] .  

    4.6.2   Cardiovascular Benefi ts 

 Regular physical activity which leads to improvement in physical fi tness has signifi -
cant cardiovascular and metabolic benefi ts in both children and adults  [  27  ] . Type I 
diabetes is associated with a signifi cantly increased risk of cardiovascular disease, 
and so physical activity is important to this group of patients  [  28  ] . There have been 
few studies examining cardiovascular risk factors with respect to physical activity 
in children with type I diabetes. 

 Reduced heart rate variability is an independent predictor of heart disease and 
risk of heart disease in healthy populations of adults  [  29,   30  ] . 

 Heart rate variability in 93 children with type I diabetes aged 8–12 years was 
compared to 107 matched healthy control children  [  31  ] . Level of physical activity 
was assessed using a questionnaire which could divide activity levels into low, mod-
erate, or high. This study showed that children with type I diabetes who had low 
levels of activity had signifi cantly lower heart rate variability at rest when compared 
to healthy controls  [  31  ] . Aerobic fi tness has also been examined in some studies. 
One study has examined physical activity levels using an accelerometer and cardio-
respiratory fi tness by a treadmill test in children with three different chronic diseases 
and compared them to healthy controls  [  32  ] . Forty-fi ve obese children, 31 children 
with juvenile idiopathic arthritis, 48 children with type I diabetes, and 85 healthy 
children took part in the study. This study showed that 60% of healthy controls met 
the recommended daily 60 min of moderate to vigorous physical activity, but only 
39% of children with type I diabetes met these criteria. In the group as a whole, 
lower cardiorespiratory fi tness was associated with female gender and low daily 
physical activity. This study did not fi nd any signifi cant differences in cardiorespira-
tory fi tness in children with diabetes  [  32  ] . Other studies confi rm these fi ndings: 
using an incremental exercise test on a bicycle ergometer in late pubertal adolescent 
girls with diabetes, there were no differences in aerobic power compared to healthy 
siblings  [  33  ] . In another study, signifi cant differences in aerobic capacity were found 
between in people with type I diabetes and healthy controls  [  34  ] . The study also 
used an incremental treadmill test and found that subjects with type I diabetes had 
lower maximal heart rates and lower time to exhaustion compared to healthy con-
trols; however, there was a wide variation in the age range (and probably pubertal 
status) of both cohorts, and it is diffi cult to assess the robustness of the data  [  34  ] . 

 The beneficial effects of physical activity on cardiovascular risk profiles 
have been examined in young people with diabetes. A multicenter study of over 
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23,000 patients attending 209 centers in Germany and Austria examined lipid 
profi les, blood pressure, glycated hemoglobin, and body mass index and compared 
them to levels of physical activity, as assessed by questionnaire  [  35  ] . The group was 
divided into 10,392 patients who performed no physical activity outside of school 
per week, 8,607 who performed 1–2 episodes of at least 30 min per week, and 4,252 
who performed at least 30 min of physical activity more than three times a week. 
With increasing frequency of physical activity, the percentage of patients with dys-
lipidemia decreased from 41% in the physically inactive group to 34% in the most 
active group. There was no difference in systolic or diastolic blood pressure among 
the groups, but there was a lower glycated hemoglobin in patients with a higher 
frequency of physical activity ( p  < 0.00001), and this effect was found in both sexes 
and in all age groups  [  35  ] . A study examining noninvasive markers of atherosclero-
sis using fl ow-mediated dilation and intima-media thickness with high-resolution 
ultrasonography found that patients ( n  = 32) with type I diabetes had higher intima-
media thickness and reduced fl ow-mediated dilation compared to control subjects 
( n  = 42)  [  36  ] . When children with diabetes were assessed based on their level of 
daily physical activity, those children who did 60 or more minutes of moderate to 
vigorous physical activity were found to have higher fl ow-mediated dilation com-
pared to the inactive group, and similar differences were found when comparing 
inactive and active healthy subjects. Again, the group studied was of a wide age 
range from 6 to 17 years, and it does not appear that pubertal status was controlled 
for, although it was assessed  [  36  ] .   

    4.7   Effects on Glucose and Glycemic Control 

 Exercise increases the risk of hypoglycemia in type I diabetes, and this risk is both 
acute and delayed. A very elegant study has examined glucose requirements during 
moderate-intensity afternoon exercise in adolescents with type I diabetes  [  37  ] . Nine 
adolescents with a mean age of 16 years and duration of diabetes of approximately 
8 years were studied using exercise clamp studies. The aim of the study was to 
maintain glucose levels in the euglycemic range using an infusion of a fi xed dose of 
insulin but variable doses of intravenous dextrose. A standardized “dose” of exer-
cise was performed at 16:00 hours with 45 min of cycling on a cycle ergometer at 
an intensity of approximately 55% of their peak aerobic capacity. A second eugly-
cemic clamp study was performed at rest with no periods of exercise. This study 
shows that glucose infusion rates to maintain stable glucose levels were increased 
during and shortly after exercise and again from 7 to 11 h after exercise. 
Counterregulatory hormone levels were measured and were similar between exer-
cise and rest days, although there was a peak immediately after exercise  [  37  ] . This 
study suggests that patients are risk of hypoglycemia during and shortly after exer-
cise and again from 7 to 11 h after exercise. If exercise is performed late in the day, 
this risk of delayed hypoglycemia will occur during sleep. In addition, the peak in 
counterregulatory hormone responses immediately after exercise can cause blood 
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glucose levels to rise for a while after exercise. This means that patients need less 
insulin during activity but then may need extra insulin straight after exercise which 
is often when they are checking their blood glucose level  [  37  ] . This response to 
physical activity does appear to be reproducible within patients. Nine adolescent 
boys with type I diabetes were tested, using six 10-min cycling bouts at moderate 
intensity separated by a 5-min rest period, on two separate occasions 5–17 days 
apart. Plasma glucose levels for each time period from the beginning of exercise to 
the end of the recovery period were unchanged between the two sessions  [  38  ] . 
Carbohydrate intake, insulin injections, exercise bouts, and their timing were identi-
cal in both sessions. This does suggest that patients who can monitor themselves 
intensively around periods of activity can learn a great deal with respect to making 
adjustments to their diabetes regimen to keep glucose levels at acceptable values 
during exercise  [  38  ] . 

 Another study has examined the effect of physical activity in 50 subjects with 
type I diabetes aged 11–17 years. Blood glucose was frequently sampled on a day 
of physical activity (a standardized afternoon exercise session on a treadmill) 
 compared to a day of inactivity  [  39  ] . Current guidelines from the American 
Diabetes Association for the management of exercise for patients with type I 
 diabetes were used to try to avoid hypoglycemia during exercise  [  40  ] . Despite this, 
11 (22%) of patients developed hypoglycemia during exercise. In addition, the 
mean glucose concentration overnight was lower on the exercise day than on a rest 
day. Hypoglycemia was more frequent on exercise nights occurring in 13 (26%) of 
nights  [  39  ] . 

 Studies have also examined the effects of physical activity on long-term glyce-
mic control. Two large epidemiological studies have found rather confl icting results. 
The Hvidoere Study Group found that physical activity, as assessed by question-
naires based on retrospective reporting of amounts of physical activity, has shown 
no link with glycemic control, as judged by glycated hemoglobin levels  [  26  ] . 
Furthermore, there were also no associations with reported frequency of severe 
hypoglycemia or diabetic ketoacidosis  [  26  ] . In contrast, a study using cross-sec-
tional analysis of data from 19,000 patients with type I diabetes aged 3–20 years 
showed that regular physical activity is a major factor infl uencing glycemic control 
 [  41  ] . Again, physical activity data were collected using questionnaires and subjects 
were divided based on the frequency of physical activity bouts of greater than 
30 min per week. No association was noted between the frequency of physical 
activity and episodes of severe hypoglycemia. Data on episodes of mild hypoglyce-
mia were not collected  [  41  ] . Neither of these studies was designed to look at a link 
between physical activity and glycemic control. One study of 81 youth with type I 
diabetes aged 11–16 years who were randomized either to usual care or personal 
trainer intervention found that glycated hemoglobin levels increased in the control 
group by 0.3%, whereas there was a decrease in the intervention group of 0.39% 
over a 2-year period  [  42  ] . Another study examined the impact of preexisting glyce-
mic control on the benefi cial effects of physical activity on glycated hemoglobin. 
Twenty-four adolescents with type I diabetes with glycated hemoglobin levels 
either higher or lower than 9% participated in 12 weeks of supervised exercise 
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 followed by 12 weeks of unsupervised training  [  43  ] . The study found no improve-
ments in HbA1c in those who are either poorly controlled or well controlled  [  43  ] .  

    4.8   Managing Diabetes During Physical Activity 

    4.8.1   Insulin Adjustment 

 Management of type I diabetes around the times of physical activity is fraught with 
problems particularly among children and young people. However, it is also a sig-
nifi cant concern to adults in whom fear of hypoglycemia is the most signifi cant 
barrier to physical activity  [  44  ] . There has been surprisingly little research into the 
management of activity in childhood diabetes. 

 The American Diabetes Association has provided guidelines to the management 
of diabetes and exercise; however, this is very much a consensus statement rather 
than an evidence-based document  [  40  ] . ISPAD has also produced some guidelines 
 [  45  ] . These guidelines assume that episodes of activity are planned and that the 
level of physical activity can be reasonably well predicted. This may be possible in 
young people and adults but becomes more problematic when considering young 
children and toddlers. As mentioned earlier, young children are less likely to have 
planned episodes of physical activity or exercise, and data suggest that they are 
more likely to have multiple short bouts of potentially intense activity  [  46  ] . Planning 
for this kind of physical activity is almost impossible to do with any degree of accu-
racy. If parents are aware that their child may have opportunity for physical activity 
during the day at school, they may plan to make reductions in insulin doses during 
the day or a range for extra snacks, but the weather or whim of the child could turn 
these plans upside down. 

 A few studies have examined the management of physical activity with particular 
emphasis on hypoglycemia avoidance. The DirecNet study group has studied a group 
of 49 children with type I diabetes aged 8–17 years of age  [  47  ] . All children were on 
insulin pump therapy and were studied on 2 days during which time they had struc-
tured exercise sessions. On one day, basal insulin was stopped during exercise, and on 
the second day, basal insulin was continued. The standardized exercise sessions con-
sisted of four 15-min treadmill cycles at a target heart rate of 140 beats per minute. 
The study found that hypoglycemia during exercise occurred less frequently when the 
basal insulin was discontinued ( p  < 0.003). Post-exercise hyperglycemia was more fre-
quent when basal insulin had been discontinued  [  47  ] . Another study of ten adoles-
cents using a similar study design found no difference between having a pump off and 
the pump on during exercise  [  48  ] . This study did fi nd that delayed hypoglycemia was 
more common than hypoglycemia during exercise, suggesting that even though it may 
be possible to avoid hypoglycemia during planned exercise, delayed hypoglycemia, 
which often occurs at night time, is more problematic to avoid  [  48  ] . 

 In an attempt to avoid post-exercise nocturnal hypoglycemia, Taplin et al. stud-
ied 16 adolescents on insulin pump therapy using a 60-min exercise session  followed 
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by an overnight reduction in basal rates by 20% for 6 h or oral terbutaline at a dose 
of 2.5 mg  [  49  ] . Terbutaline did result in an avoidance of hypoglycemia overnight; 
however, there were signifi cantly more episodes of hyperglycemia compared to 
basal rate reduction (blood glucose greater than 13.8 mmol/l). Blood glucose pro-
fi les were better overnight with a basal rate reduction, but there was still more 
hyperglycemia than was clinically acceptable  [  49  ] . 

 There are pragmatic adjustments that have been suggested in terms of insulin 
dosing around the time of planned episodes of physical activity  [  50  ] . If exercise is 
to be taken within 2 h of a mealtime bolus of rapid-acting insulin, the dose needs to 
be reduced to avoid exercise-induced hypoglycemia. If the exercise is of moderate 
to high intensity, a premeal reduction of 50% is recommended. If exercise is to be 
taken greater than 2 h after a mealtime bolus, there does not need to be a reduction 
in insulin dose. If the exercise is anaerobic or in hot conditions or at a time of com-
petition stress, then an increase in insulin dose may be needed. Those patients on 
insulin pump therapy will be able to make reductions in their basal rates both during 
and after physical activity. It is likely that different types of physical activity as well 
as different intensities of activity are likely to need varying adjustments to basal 
rates at these times. It would be very useful for children, young people, and their 
parents to do much more rigorous monitoring of physical activity, nutrition, and 
blood glucose levels around the time of physical activity. It may then be possible for 
the diabetes team to work closely with families to develop plans for diabetes man-
agement that are personalized.   

    4.9   Nutrition and Exercise 

 Nutrition advice is another strategy that can be used to achieve glycemic control 
during exercise. Nutritional aspects of glycemic control and prevention of long-
term complications are summarized in the 2009 International Society for Pediatric 
and Adolescent Diabetes (ISPAD) consensus guidelines  [  51  ] . Where nutrition is 
used to manage blood glucose levels, it should not compromise the diets of young 
people with diabetes. Information about what young people with type 1 diabetes eat 
demonstrates that often they fail to achieve the recommendations made for health 
 [  52,   53  ] . Management of exercise and physical activity needs to balance health 
benefi ts with hypoglycemia risk.  

    4.10   Unplanned or Spontaneous Physical Activity 

 Nutrition advice for unplanned and spontaneous physical activity usually focuses 
on hypoglycemia prevention. Where exercise is unplanned, the usual nutritional 
advice is to consume additional carbohydrate to prevent hypoglycemia. This carbo-
hydrate should not contribute to an increased intake of saturated fats or disrupt 
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energy balance and encourage weight gain. Children and families will benefi t from 
guidance on the suitable carbohydrate-containing foods to use in these situations.  

    4.11   Management of Regular Physical Activity and Exercise 

 Regular and planned activities such as games lessons in schools, attendance at sports 
clubs, and activity trips require nutrition advice appropriate to the level of participation 
in the sport/activity. Advice for individual children needs to consider energy balance, 
glycemic control, and insulin adjustment strategies. Nutritional advice for hypoglyce-
mia prevention should not increase overall energy intake and contribute to weight gain. 

 Individual advice plans will depend on insulin treatment regimens. Conventional 
twice-daily biphasic insulin regimens provide fewer options for insulin adjustment 
to manage blood glucose levels during activity especially activities performed in the 
afternoon in schools/clubs. The use of intensive therapy increases the options avail-
able, insulin doses can be adjusted at meals before and after activity, and back-
ground/basal insulin adjustments can also be made. For many, this may be a more  
appropriate strategy to prevent excess energy intake and weight gain. 

 Children and young people with diabetes have the same energy requirements as 
their peers. Dietary reference values (DRVs) for populations usually summarize 
energy recommendations across population groups; estimated average requirements 
(EAR) meet the needs of 50% of a population group. In the UK, DRVs published by 
the Department of Health in 1991 give a summary of EAR for energy across age 
groups, based on weight and average activity levels (Table  4.1 ). By contrast, the 
2006 Australia and New Zealand nutrient reference values give estimated energy 
expenditure values based on average weight, age, and physical activity factors 
(Table  4.2 ) and do not present this data averaged across age ranges.   

 Advice to manage the hypoglycemia risks associated with exercise should not increase 
energy intake beyond expenditure, and care is needed when interpreting energy require-
ments from DRV to ensure that estimated average values apply to the individual. 

 Energy expenditure and carbohydrate needs to prevent hypoglycemia will vary 
with age and weight. For most young people undertaking regular physical activity 
of moderate intensity lasting up to 60 min per day, broad guidelines on exercise 

   Table 4.1    Estimated average energy 
requirements for children 7–18 years in 
the UK   

 Sex and age 
(years) 

 Estimated average requirement 
for energy a  (kcal/day) 

  Boys  
 7–10  1,970 
 11–14  2,220 
 15–18  2,750 
  Girls  
 7–10  1,740 
 11–14  1,845 
 15–18  2,110 

   a Values taken from    UK dietary reference values, 
1991  [  62  ]   
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management can be used and adapted according to blood glucose responses. These 
broad guidelines should cover blood glucose level, type and duration of activity, 
timing of activity, appropriate amounts and type of carbohydrate needed, and post-
exercise hypoglycemia prevention  [  45  ] . 

 Key characteristics of advice for regular activity are summarized in Table  4.3 .  

   Table 4.2    Calculated 
energy requirement 
for age and physical 
activity level in 
Australia and NZ   

 Sex and age 
(years) 

 Calculated average energy requirements 

 Light activity  Moderate activity  Vigorous activity 
 PAL 1.6  PAL 1.8  PAL 2.2 

  Boys  
 7  1,670  1,866  2,272 
 11  2,105  2,368  2,870 
 15  2,679  3,014  3,684 
  Girls  
 7  1,555  1,746  2,129 
 11  1,913  2,153  2,631 
 15  2,248  2,535  3,086 

  Values for energy requirements for light, moderate, and vigorous 
activity levels taken from nutrient reference values for Australia and 
New Zealand  [  61  ]   

   Table 4.3    Summary of exercise management strategies for regular planned activity   

 Management advice 

 Exercise within peak 
insulin action 

 Consider decreasing pre-exercise insulin food bolus by up to 50% 
 If exercise is aerobic or duration greater than 45 min, consume 

carbohydrate (1 g/kg/h) at 20-min intervals to maintain blood 
glucose levels 

 Check blood glucose levels before, during, and after activity. If blood 
glucose is below 4 mmol/l, delay exercise until blood glucose level 
is normal 

 If blood glucose level is >10 mmol/l, delay carbohydrate intake until 
20 min into activity 

 If blood glucose level is >15 mmol/l, check for ketones and manage 
high blood glucose levels before exercise commences 

 Consume adequate fl uids 
 Anaerobic activities, 

e.g., basketball, 
athletic fi eld 
events, sprint 
events 

 Check blood glucose levels to assess responses to exercise 
 If activity last longer than 45 min, consume carbohydrate during 

exercise for fuel 
 Consume meal or snack within 1 h of fi nishing exercise to reduce risk 

of post-exercise hypoglycemia 
 Aerobic activities  Consume additional carbohydrate and/or adjust insulin when exercise 

lasts 45 min or longer 
 Team sports  Monitor blood glucose levels during and after activity 

 If within peak action of insulin, consider reducing insulin doses 
 Consume snack and fl uid at half time; if competition stress increases 

blood glucose levels, consider small corrective dose of insulin 
 Post-exercise  Consume carbohydrate snack or meal with fl uids after exercise 

 If blood glucose levels raised post-exercise, treat with caution 
 Consume pre-bed snack whenever exercise duration is 60 min or longer 
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 If more detailed advice about nutrition and sport is needed, then the information 
and guidance for training and competition nutrition can be adapted to meet the 
needs of the individual based on estimation of energy and carbohydrate needs.  

    4.12   Management of Training/Competitive Sports 

 Young athletes require adequate nutrition to grow, to develop, and to fuel perfor-
mance  [  54,   55  ] . A healthy diet is an essential part of training for sports performance. 
As with diabetes, most recommendations are extrapolated from adult guidelines. 
Nutritional considerations for young athletes include growth and development as 
well as health and performance. Meyer in 2007  [  56  ]  and Jeukendrup and Cronin in 
2011  [  57  ]  summarize an appropriate nutritional intake as one that will support train-
ing and recovery as well as limiting problems that may occur due to nutritional 
defi ciency and injury. While diabetes disrupts glucose homeostasis, it does not alter 
the nutritional requirements associated with sport. Managing diabetes and achiev-
ing an appropriate nutritional intake can present the athlete, family, and health-care 
professionals with a number of challenges. This section will discuss how best to 
advise young athletes to maximize performance ability through good nutrition. 

 Education and counseling of young athletes with type 1 diabetes needs to consider 
all the factors that infl uence food choice and the impact of diabetes management. 
Neumark-Sztainer et al. summarize the infl uencing factors as hunger, food cravings, 
appeal of food, time considerations, convenience, food availability, peer infl uence, 
parental infl uence, health beliefs, mood, body image, habit, cost, and media  [  58  ] . 

    4.12.1   Practice Tips 

    In clinical practice, a diet history is the usual method of assessing dietary intake; • 
food intake checklists and 24-h recalls of food intake are useful tools in young 
athletes.  
  Asking young athletes about goals for their sport helps to provide effective • 
behavioral strategies for each individual.      

    4.13   Energy Balance 

 Energy requirements vary with age, growth, and activity levels. Achieving an appropri-
ate energy intake is of paramount importance to ensure that the demands of training do 
not have a negative impact on growth and maturation. In the general population, energy 
requirements based on age and average activity levels and weight are available through 
dietary reference values. Energy requirements given in dietary reference tables are 
unlikely to meet the needs of young athletes undertaking regular training, and daily 
energy needs will be infl uenced by the volume of training being undertaken.  
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    4.14   Assessment of Energy Requirements 

 Energy requirements can be calculated using predictive equations and energy costs of 
particular exercise types. Predictive    formulas include Schofi eld’s age-, mass-, and gen-
der-specifi c equation; Harrell’s age-, gender-, and pubertal-specifi c equation; and 
WHO/FAO/UNU equation  [  59  ] . Within pediatric population subgroups, each predic-
tive equation has varying agreement with calorimetry dependent on the population 
characteristics. A comparison by Rodriguez et al. in 2000 recommends the use of 
Schofi eld’s height and weight equation for estimation of resting energy expenditure 
(REE)  [  60  ] . The Schofi eld height and weight equation is used in the Australian dietary 
reference values, whereas UK DRVs use the WHO/FAO/UNU equation  [  61,   62  ] . 

 Once REE is calculated, information about the energy costs of exercise or activ-
ity is required to estimate total daily energy expenditure (TEE). Estimation of TEE 
can be made using either physical activity factors to estimate daily energy require-
ments or use of activity diaries to calculate the energy expenditure associated with 
sports. Data on the energy costs of activity in young athletes are limited; use of 
adapted tables of    metabolic equivalents (METs) allows some attempt to quantify 
energy costs of exercise  [  63  ] . Use of adult physical activity data to estimate energy 
costs of exercise may underestimate the actual energy requirements due to the 
decrease in energy cost per unit of body weight with age. Recent work to develop a 
compendium of energy expenditures in youth has been published by Ridley et al. 
 [  64,   65  ] . The MET data from these compendium tables can be used to assess energy 
expenditure during exercise (see Box 1). 

 Anthropometric assessment including monitoring of height and weight on centile 
charts, skinfold, and circumferences should    be used to assess body composition and 
growth. In practice, assessment of energy requirements is a key fi rst step in providing 
sports nutrition advice as the recommendations for protein, carbohydrate, and fat 
intake are all based on the energy needs of the athlete.   

    4.14.1   Practice Tips 

    A detailed history of activity and training is needed to calculate energy • 
requirements.  

  Box 1: Example Use of MET Data to Calculate Energy Expenditure 
 Example 
 A boy who weighs 45 kg and is 150 cm tall doing 60 min basketball has a 
REE of 1,452 kcal/24 h using Schofi eld HW equation. 
 Energy expenditure per min = 1.0 kcal/min 
 Basketball light effort has a MET of 7.2 
 Energy expenditure for 60 min basketball = (1.0 × 7.2 × 60) 435 kcal/h 
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  Activity diaries can be used but may not be completed accurately; adequate time • 
is needed in the consultation to take a detailed activity history.  
  Energy requirements should be calculated for each individual.      • 

    4.15   Carbohydrate 

 Energy metabolism in young athletes differs through the ages and stages of develop-
ment; younger prepubertal athletes generally have a greater dependence on fat rather 
than carbohydrate as fuel source compared to postpubertal and adult athletes. 
However, despite these differences in energy metabolism, carbohydrate remains the 
main dietary fuel source for young people. Carbohydrate intake in adults has been 
well studied, and the benefi ts of ingestion of carbohydrate pre- and post-exercise are 
well documented  [  66  ] . 

    4.15.1   Type of Exercise 

 Adult recommendations consider the carbohydrate needs of athletes according to 
the type of sport being undertaken. Detailed information about the carbohydrate 
needs of endurance versus strength/power sports is available. There is little informa-
tion available about specifi c sports types and the younger competitor. For all sports 
types, the key consideration is achieving the appropriate intake for growth and mat-
uration. The type of exercise will impact on blood glucose responses as strength and 
power sports are predominantly anaerobic and therefore likely to raise blood glu-
cose levels. Appropriate adjustments in insulin should be made to achieve blood 
glucose targets rather than adjustments in food intake which may be detrimental to 
overall energy balance.  

    4.15.2   Timing of Carbohydrate Ingestion with Exercise 

 Studies on the ingestion of carbohydrate before and during exercise in children have 
shown equivocal results. In adults, it is accepted practice that carbohydrate should 
be consumed 1–3 h prior to exercise bouts, during exercise bouts of greater than 
60–90 min duration, and within 1–2 h of completing exercise to maximize muscle 
recovery. Despite the limited body of available evidence about performance benefi ts 
of carbohydrate ingestion for younger athletes, it is appropriate to recommend that 
carbohydrate is ingested before and after exercise, and for the young athlete with 
diabetes, carbohydrate should be consumed during any exercise where the duration 
of the activity is 60 min or longer.  
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    4.15.3   Pre-exercise Meal/Snack Suggestions    

 Fruit and low fat milk or yogurt  Sandwich with low fat fi lling 
 Low fat cereal bars  Jacket potato with fi lling 
 Breakfast cereals with low fat milk  Pasta with tomato based sauce 
 Dried fruit  Breakfast cereal with milk and fruit 
 Homemade cakes/muffi ns/scones  Soup and bread 

    4.15.4   Amount of Carbohydrate 

 Reviews looking at the carbohydrate requirements in younger athletes conclude that 
intakes should be in the order of 50–60% of energy intake. The age-related differ-
ences in glycolytic capacity, which appear to relate to stage of development rather 
than chronological age, mean that it is diffi cult to set age-specifi c requirements. 
Work by Riddell and colleagues has shown that carbohydrate utilization during 
exercise shows age- and sex-related differences  [  67–  70  ] . Consideration of carbohy-
drate intake in young athletes with type 1 diabetes needs to account for both perfor-
mance and hypoglycemia prevention particularly during endurance sports. In a 
review of physical activity and pediatric diabetes, Riddell and Iscoe  [  50  ]  suggest 
that carbohydrate requirements for youth with diabetes are of the magnitude of 
1.0–1.5 g/kg body weight/h of exercise during peak insulin action. The amount of 
carbohydrate required to maintain blood glucose levels will fall with diminishing 
insulin levels. An alternative method of estimating carbohydrate requirement is the 
amount which supports the energy cost of the activity. If the energy cost of the exer-
cise is known, using the assumption that 60% of total energy is provided by carbo-
hydrate allows the calculation of carbohydrate requirements. 

  Example:  Energy expenditure of 435 kcal/h for a 45-kg boy doing basketball 
would equate to 65-g carbohydrate per hour of basketball. 

 When exercise is performed during peak insulin action, reductions in insulin can 
be used as an alternative to consuming additional carbohydrate. This strategy should 
be used within a management plan that ensures total daily energy intake is adequate 
for the volume of training being undertaken. 

 For anaerobic sports, adjustment in insulin doses may be needed to maintain 
blood glucose levels and enable appropriate amounts of carbohydrate to be con-
sumed for fuel.  

    4.15.5   Type of Carbohydrate 

 Nutritional recommendations for diabetes promote healthy low-fat, low glycemic 
index (GI) carbohydrate choices. The glycemic index describes the rate at which a 
carbohydrate food produces glucose in the blood. At present, there is no evidence to 
support advising particular carbohydrate types during exercise in children and 
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 adolescents. Diets should be based on the same healthy carbohydrate choices 
recommended in diabetes management. However, where higher carbohydrate 
requirements are diffi cult to achieve, the addition of high GI carbohydrate foods 
may make the diet more palatable. The use of medium to high GI carbohydrate 
foods in the recovery period may be of particular importance in achieving recom-
mended amounts of carbohydrate immediately post-exercise.  

    4.15.6   Practical Carbohydrate Management 

    Young athletes should be advised to consume a diet that provides 50–60% of • 
their total energy requirements as carbohydrate. Carbohydrate sources should be 
spread across the day to ensure that there are opportunities to maximize both 
muscle and liver glycogen both before and after exercise. For exercise performed 
during peak insulin activity, 1–1.5 g carbohydrate/kg/h of activity is 
recommended.  
  The amount of carbohydrate intake during exercise will depend on the duration • 
and type of exercise to be performed and the timing of the exercise in relation to 
the peak action of the insulin.  
  For all exercise, it is recommended that the energy cost of the activity is used to • 
guide carbohydrate requirements during exercise.  
  Carbohydrate needs during exercise will change and should be reviewed on a • 
regular basis.  
  Carbohydrate advice should include guidance on the amount and type of carbo-• 
hydrate to be consumed before and after exercise to maximize muscle glycogen 
stores.  
  Insulin management needs to be adjusted according to food intake and blood • 
glucose responses.  
  Carbohydrate consumed during exercise should be distributed throughout the • 
activity wherever possible, consuming carbohydrate every 10–20 min through-
out exercise rather than all at the beginning of a training bout.      

    4.16   Protein 

 Children and adolescents have higher protein requirements than adults to support 
growth. Protein requirements in athletes will be higher than their peers. Protein 
recommendations in diabetes management decrease to 0.8–1 g protein/kg body 
weight in later adolescence. This level of protein intake will not be high enough for 
competitive athletes. However, protein intakes are often higher than the recom-
mended intakes given in national Recommended Daily Allowances (RDAs). Aiming 
for a protein intake of 10–15% of total energy requirements will usually meet pro-
tein needs associated with training and development  [  71  ] . Protein requirements in 
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adult athletes vary with type of sport with endurance athletes having lower protein 
requirements than strength/power athletes  [  72  ] . The range of protein requirements 
in adults is 1.2–1.7 g/kg/day  [  66  ] . Adolescent athletes are unlikely to need more 
than 2 g protein/kg/day  [  73  ] . Provided a varied diet is consumed, protein intakes 
will be adequate, but additional advice may be needed for vegetarian athletes and 
those with poor dietary choices  [  74  ] . Consuming protein mixed with carbohydrate 
(recovery snacks) post-exercise may be benefi cial in the prevention of late-onset 
hypoglycemia. Recovery snack ideas include fruit smoothie, low-fat milk shake, 
yogurt drinks, mini pancakes, fruit, and yogurt. 

    4.16.1   Practice Tips 

    Most young athletes will achieve adequate protein intakes if they consume • 
10–15% of total energy as protein.  
  Vegetarian athletes may need additional advice about quality of protein intake.  • 
  The addition of low-fat dairy products to the post-exercise recovery meal/snack • 
will provide a mix of protein and carbohydrate that may be benefi cial in prevent-
ing late-onset hypoglycemia.      

    4.17   Fat 

 There is no difference in recommendations for fat intake from those made for the 
general population. While younger athletes may use fat in preference to carbohy-
drate as a fuel source during exercise, they do not need to consume fat as a fuel 
source. Fat should provide no more than 30% of dietary energy and with no more 
than 10% from saturated fat. Food choices should be as low fat as possible in most 
situations. Careful advice about snack choices used to increase carbohydrate intake 
will prevent increases in saturated fat intake.  

    4.18   Fluid, Hydration, and Thermoregulation 

 Excess heat produced during exercise is lost through evaporation of sweat and con-
vection of heat from the surface of the skin. The ability to perform exercise is 
affected by hydration status. Dehydration of 1–2% in adults has been demonstrated 
to compromise function and performance. Studies comparing adults and children 
have shown similar effects of dehydration on performance. Exertional heat illness, 
e.g., cramps, exhaustion, and heat stroke, will occur with losses of 3% body weight. 
Dehydration can be elicited during exercise due to the environment, prior state of 
hydration, and duration of exercise. Thirst is recognized as a poor indicator of 
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hydration and fl uid needs; so young athletes need guidance and drinking plans to 
achieve adequate fl uid intakes. 

 Clear guidelines exist for adults about voluntary fl uid intake during activity; a 
review by Rowland has suggested that fl uid requirements in child athletes (aged 
8–13 years) are 13 ml/kg/h of exercise and 4 ml/kg in the post-exercise recovery 
period  [  75  ] . The American Academy of Pediatrics  [  76  ]  also provides guidance on 
fl uid and climatic heat stress in child and adolescent athletes. This statement pro-
vides additional advice about exercise in conditions that increase heat stress, i.e., 
high temperatures and humidity. Recommendations include reduction in intensity in 
exercise when relative humidity and air temperature are above critical levels. Heat 
stress in the young athlete with diabetes may exacerbate hyperglycemia particularly 
during competition, anaerobic activity, and when hyperglycemia exists due to lack 
of insulin. Fluid advice needs to be practical and achieve an appropriate daily fl uid 
intake. Fluid requirements can be assessed by pre- and post-exercise weights. If 
weight is lost through an exercise bout, this is due to inadequate fl uid intake during 
exercise. As a general guide, weight loss × 1.5 will replace fl uid losses, e.g., 500 g 
of weight loss requires at least 750 ml of additional fl uid. Regular monitoring of 
weight changes during training in different climatic conditions will provide infor-
mation about individual sweat losses and fl uid needs.  

    4.19   Practical Fluid Management 

    Before exercise, suffi cient fl uid should be consumed through the day to ensure • 
adequate levels of hydration. A drink should be consumed with each meal and 
snack. Drinking plans should encourage intake of around 500 ml of fl uid 1–2 h 
before activity. Drinking additional fl uid 15 min before exercise will help to 
ensure adequate hydration at the start of training/competition. Sipping 150–
200 ml fl uid is advised. Water is the most appropriate drink choice before exer-
cise. Beverages with high concentrations of sugar empty slowly from the stomach, 
and for this reason, glucose/energy drinks are not recommended as pre-exercise 
beverages.  
  During exercise, fl uid should be consumed every 15–20 min; for exercise that • 
lasts 60 min or longer or is of high intensity, a sports drink is recommended. This 
may also help prevent problems with low blood glucose levels. Commercial 
sports drinks also provide sodium and electrolytes. These encourage drinking as 
they improve taste. Water is an appropriate fl uid choice for exercise lasting less 
than 60 min; however, fl avoring the water with sugar squashes may improve 
intake due to the improved taste.  
  Post-exercise fl uid is needed as part of the muscle recovery process. Ideally, a • 
drink should be consumed within 15 min of completing a bout of exercise. This 
can be a carbohydrate-containing fl uid. Young athletes should be encouraged to 
drink as much as possible after exercise. Consuming food and fl uid post-exercise 
helps rehydration as well reducing post-exercise hypoglycemia risks.     
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    4.20   Vitamins and Minerals 

 Vitamins and minerals have key roles in metabolism; for athletes, these roles include 
immune function, antioxidant supply, and energy metabolism. If food intakes meet 
energy requirements from a varied balanced diet, then it is likely that vitamin and 
mineral intakes will be adequate. RDAs can be used to assess adequacy of vitamin 
and mineral intakes; however, it is not known if these are appropriate for higher 
activity levels. In the general population, calcium and iron intakes are often below 
recommended levels. Calcium requirements are greater during childhood and ado-
lescence. Restriction of dairy products can occur particularly as a method of reduc-
ing fat and calorie intake. Iron intakes are also affected by energy restriction as well 
as increased losses associated with endurance and high-intensity training. Female 
athletes are at particular risk of iron depletion/defi ciency due the combined effects 
of higher requirements due to growth and menstrual losses. Iron depletion in young 
athletes is common. Particular attention to vitamin and mineral intakes will be 
needed for sports where a lower energy intake is required to maintain lower body 
weights, e.g., gymnastics and dance, wrestling, and boxing. 

    4.20.1   Practice Tips 

    Nutrition advice should include assessment and monitoring of vitamin and min-• 
eral intakes.  
  Use of low-fat dairy products as recovery foods will help ensure adequate cal-• 
cium intakes.  
  Achieving the recommended “5 a day” will help to ensure adequate vitamin • 
intakes.      

    4.21   Supplements and Ergogenic Aids 

 Adolescent athletes are likely to use supplements. This supplement use ranges from 
multivitamin and mineral supplements to products marketed to improve perfor-
mance. Supplement use in a group of junior athletes at World Junior Championships 
was as high as 62%. Popular supplements include whey protein and creatine, as well 
as caffeine. Most sporting authorities recommend that these supplements are not 
used in athletes aged under 18 years. Athletes with diabetes need the same guidance 
as their peers about supplement use, including counseling about the risk of contami-
nation and lack of evidence for performance benefi ts. Additional counseling should 
be provided about antidoping and insulin use. In some sports, Therapeutic Use 
Exemption is required under the age of 18 years. Advice should be sort from indi-
vidual sporting bodies.  
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    4.22   Sport-Specifi c Considerations 

    4.22.1   Endurance Sports 

 Training programs for endurance sports generally increase energy and macronutri-
ent requirements signifi cantly. Iron and calcium intakes may be of particular 
concern in younger endurance athletes. Requirements for energy, protein, carbohy-
drate, iron, and calcium should be reviewed regularly.  

    4.22.2   Power/Strength Sports 

 Strength and power sports are predominantly anaerobic activities, and therefore gly-
colytic in nature, which can present very specifi c challenges for the young athlete with 
diabetes. The expected blood glucose response to this type of activity is increasing 
blood glucose profi le during the sport. Achieving an adequate energy intake during 
the training or competition necessitates counseling about appropriate insulin adjust-
ment strategies to maintain blood glucose levels. This may include advice to increase 
insulin delivery to allow fuel utilization. Anaerobic exercise usually depletes glyco-
gen stores so can have profound effects on blood glucose levels 1–2 h post-exercise. 
Using recovery snacks in the immediate post-exercise period can prevent this. 

 Many of these sports will have weight categories, and young athletes may use 
inappropriate strategies including fl uid, calorie, and carbohydrate restriction to 
achieve target weights. These athletes are likely to benefi t from the support of a 
sports dietitian to allow them to achieve weight targets with an appropriate nutri-
tional intake.  

    4.22.3   Team Sports 

 Team sports are often characterized by intermittent high-intensity exercise which 
moderates blood glucose effects. Nutritional needs include adequate fl uid replace-
ment as well as suffi cient energy intake to promote muscle recovery and mainte-
nance of lean body mass.  

    4.22.4   Competition and Travel 

 All athletes need advice and support about what to eat and drink during competition 
particularly when travel is involved. The need to adjust insulin, monitor blood glucose 
levels, and achieve an appropriate nutritional intake needs planning. It is likely due to 
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the hormonal responses to competition stress that additional insulin or adjustments in 
timing of insulin delivery will be needed. High blood glucose levels will impair per-
formance ability. To ensure adequate fuel supply to exercising muscles, meals, snacks, 
and insulin need to be timed to achieve target blood glucose levels during events. 

 When competition involves travel to different venues, availability of suitable food 
choices may be an issue. Fussy eating will compromise both nutritional intake and 
blood glucose management if food refusal results in inadequate intake. It may be nec-
essary to provide additional support and plan with team managers who have a pastoral 
role about how they will ensure the athlete with diabetes consumes an adequate 
amount of food and fl uid. The principles of management of food, fl uid, and travel 
include ensuring adequate fl uid is consumed during travel, researching food availabil-
ity at the destination, and taking supplies to ensure that energy and carbohydrate needs 
are met, as well as the usual considerations for travel and type 1 diabetes.  

    4.22.5   Practical Tips for Travel and Competition 

    Stick to familiar foods and drinks, fi nd out what food will be available, and pack • 
suitable kit bag snacks to maintain energy and carbohydrate intake.  
  Have small regular snacks during tournaments and matches, where possible con-• 
sume carbohydrate and fl uid at half time, check blood glucose levels, and adjust 
insulin according to responses to exercise and competition.      

    4.23   Summary 

 Nutrition is a key component of the management of diabetes and sports perfor-
mance. For all young people, advice based on healthy food choices with appropriate 
use of carbohydrate to prevent exercise-induced hypoglycemia is needed. Individual 
energy requirements will dictate food and fl uid needs, and wherever possible, indi-
vidual management strategies should be devised based on nutritional requirements, 
type of sport, and blood glucose responses.  

    4.24   Conclusion 

 In recent years, there has been an increasing focus on rigorous diabetes manage-
ment with the use of intensive diabetes regimens and nutritional interventions. 
Physical activity is important for both physical and mental health and should be 
recommended for all children and young people with type 1 diabetes. However, 
much more work needs to be done if we are going to be able to support our young 
patients in being active without the added risks of marked glycemic variability or 
increased treatment burden.      
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     5.1   Introduction 

 Long   -acting insulin analogues (insulin glargine (Lantus), sanofi -aventis; insulin 
detemir (Levemir), Novo Nordisk) are now used to provide basal insulin therapy for 
the majority of people using multiple daily injection (MDI) treatment regimens for 
type 1 diabetes. These insulins have provided signifi cant benefi t in terms of greater 
stability of circulating insulin levels  [  1,   2  ] , which in turn has led to more stable 
blood glucose levels and a reduction in rates of hypoglycemia, particularly noctur-
nal hypoglycemia  [  3,   4  ] . However, as has been explained elsewhere in this volume, 
circulating insulin levels can vary considerably during sport and exercise in those 
without diabetes. An unfortunate consequence of stabilizing insulin levels in those 
with type 1 diabetes is, therefore, a signifi cant risk of dysglycemia during exercise. 
For example, during endurance exercise in those without diabetes, such as pro-
longed running or cycling, insulin levels fall  [  5  ]  to allow the mobilization of carbo-
hydrate and lipid fuel sources  [  6  ] , with insulin secretion falling to below fasting 
levels  [  7  ] . These fuel sources provide the energy required by exercising muscle and 
allow blood glucose levels to be maintained within a tight range. In people with 
diabetes using MDI therapy, insulin levels remain reasonably stable during exercise 
 [  5  ] . This limits the body’s ability to mobilize the required fuel sources and therefore 
results in a signifi cant risk of hypoglycemia. The (somewhat inelegant) solution to 
this problem is usually the ingestion of carbohydrate, which can be problematic to 
maintain in some sports and also reduces the benefi t of exercise if weight control is 
one of the intended outcomes. 

 In spite of the option to ingest more carbohydrate, it is well recognized that the 
major limiting factor preventing adults with type 1 diabetes from taking on a more 
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active lifestyle is the fear of hypoglycemia  [  8  ] , and some experts suggest that this 
may also be the case for children  [  9  ] . The aim of this chapter is to discuss how tech-
nologies such as continuous subcutaneous insulin infusion (CSII or “insulin pump” 
therapy) and continuous glucose monitoring (CGM) can be used to help overcome 
the particular challenges presented by sport and exercise in the context of type 1 
diabetes. Some novel strategies to avoid hypoglycemia will also be considered, 
which at least offer an alternative to the requirement for carbohydrate ingestion.  

    5.2   Continuous Subcutaneous Insulin Infusion 
and Hypoglycemia During Exercise 

 CSII has become an increasingly important option in the therapy of type 1 diabetes 
over recent years. Treatment involves the insertion of a temporary cannula into the 
subcutaneous tissue through which rapid-acting insulin is infused continuously 
using an electronically controlled pump. CSII therapy permits numerous bolus insu-
lin doses to be given without the need for a physical injection each time and also 
means that background insulin levels can be adjusted much more easily than with 
MDI therapy as they are provided by a variable infusion of rapid-acting analogue 
insulin rather than a subcutaneous bolus of longer-acting insulin. This gives much 
greater fl exibility in insulin delivery than MDI therapy. 

 It is recognized in people without diabetes that aerobic exercise is associated 
with a fall in insulin concentrations  [  5  ] . In view of this, the strategies for adjustment 
of CSII therapy during exercise have focused on the reduction or cessation of insu-
lin infusion during exercise, based on the reasonable theory that this should approx-
imate more closely to the physiological situation and therefore reduce rates of 
hypoglycemia. Early studies carried out in adults using CSII therapy in the 1980s 
(and therefore in the era predating rapid-acting analogue insulins) showed mixed 
results  [  10,   11  ] . As expected, continuing basal insulin infusion at the usual rate was 
demonstrated to result in hypoglycemia. A 50% reduction in the prandial insulin 
bolus with a meal taken 90 min prior to exercise was shown to reduce rates of hypo-
glycemia, and a reduction in insulin basal rate between 50% and 100% was also 
shown to be benefi cial in reducing rates of hypoglycemia  [  11  ] . 

 In contrast, cessation of basal infusion 30 min prior to 45 min of exercise at 60% 
VO 

2
  max, with basal infusion stopped for a total of 3 h (and hence restarted at the 

usual rate 105 min following exercise), resulted in the avoidance of hypoglycemia 
during postprandial exercise in the morning but not in the afternoon  [  10  ] . Three out 
of seven participants performing postprandial exercise in the afternoon suffered 
hypoglycemia, and comparison with previous results suggested little benefi t of the 
strategy of cessation of basal insulin infusion over leaving the infusion running at 
the usual rate. Interestingly, in the three participants who did suffer hypoglycemia, 
insulin levels did not decline during exercise. This failure to achieve the expected 
reduction in circulating insulin by reducing infused insulin likely explains why the 
strategy failed to produce the anticipated results. 
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 Avoiding hypoglycemia during exercise is a particular focus for children, adoles-
cents, and their parents as children’s play tends to be very active. Strategies to allow 
children to play safely while avoiding signifi cant hypoglycemia are clearly impor-
tant for children to live as normally as possible with diabetes, and therefore, the 
majority of the more recent evidence regarding the management of CSII therapy for 
sport and exercise therefore comes from work with younger people with type 1 
diabetes. 

 Studies in children using CSII with analogue insulins have yielded clearer evi-
dence of the benefi ts of reducing basal insulin infusion rate during exercise. One 
such study, designed to simulate unplanned postprandial exercise in children and 
adolescents aged between 10 and 19 years, compared the effect of reducing basal 
rate to 50% of normal during exercise with that of removing the insulin pump alto-
gether for the exercise period  [  12  ] . Exercise occurred on average just under 2 h 
following the most recent meal, which was accompanied by the usual insulin bolus 
in order to simulate the unplanned exercise, and consisted of 40–45 min exercise on 
a cycle ergometer at 60% VO 

2
  max. Little difference was found in the physiological 

response to exercise between the two groups, and two of ten participants suffered 
hypoglycemia (defi ned as blood glucose <70 mg/dl, equivalent to <3.9 mmol/l) in 
each group. Interestingly, the exercise sessions with a hypoglycemic event began at 
lower glucose levels and higher insulin levels (for three subjects, 10–50% higher) 
than the other sessions performed by the same participants, again suggesting that 
the problem for these individuals was a failure to achieve the intended reduction in 
circulating insulin by the reduction in insulin being infused. This is consistent with 
the notion that the strategy of reducing insulin delivery is the correct one, but that if 
doing so does not result in a reduction in circulating insulin levels, then problems 
with hypoglycemia may persist. It also demonstrates that insulin levels at the start 
of exercise are important, and therefore reducing infused insulin some time before 
exercise may be more useful than making the reduction at the start of exercise. We 
shall return to this later. 

 A study in children and adolescents aged between 8 and 17 investigated whether 
stopping basal insulin at the start of exercise could reduce the frequency of hypogly-
cemia compared to when basal insulin infusion is continued at its usual rate  [  13  ] . 
Exercise occurred approximately 4 h following the most recent meal and consisted 
of four sessions of 15 min walking on a treadmill to a target heart rate of 140 bpm 
with a 5-min rest between each session. The two conditions were presented in a 
crossover design. In the condition where the basal insulin infusion was suspended, 
this was done at the start of exercise with the basal infusion restarted after 2 h (and 
thus 45 min after the exercise period). Exercise started with blood glucose between 
120 and 200 mg/dl (6.7 and 11.1 mmol/l). There was a signifi cant reduction in the 
fall in blood glucose during exercise when basal insulin was suspended, leading to 
a reduction in rates of hypoglycemia from 43% to 16%. Only 9% of the children 
who suspended basal insulin and started exercise with a blood glucose >130    mg/dl 
(7.2 mmol/l) suffered hypoglycemia. The benefi cial effect of suspending basal insu-
lin was consistent in subgroups based on HbA1c, age, gender, and usual frequency 
of exercise. However, a consequence of stopping basal insulin was a signifi cant 
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increase in the rates of hyperglycemia. No abnormal ketone levels were recorded 
during the exercise period, although it should be noted that ketone readings were not 
recorded in the 45 min after exercise fi nished. 

 Taken together, the results of these studies suggest how CSII therapy might be 
adjusted for exercise, although the optimal strategy has not been identifi ed and will 
likely vary from person to person. With CSII therapy using rapid-acting insulin ana-
logues, it has been demonstrated that a reduction in basal insulin infusion at the start 
of a relatively short period of moderate exercise will help avoid hypoglycemia both 
during the period of exercise and also immediately afterward. The optimal reduction 
is not clear, but for most people basal insulin infusion should be reduced by some-
where between 50% and 100% (i.e., suspension of basal insulin). Whether there is a 
benefi t of an earlier reduction in basal rate has not yet been investigated. The avail-
able evidence suggests that circulating insulin levels at the start of exercise are impor-
tant, and the time-action profi le of the available rapid-acting analogue insulins 
suggests that the earliest effect of a reduction in basal rate will occur at around 
10–15 min  [  14,   15  ] . In order to reduce circulating insulin levels at the start of exer-
cise, therefore, it might seem sensible to suggest that a reduction in basal infusion 
rate should be made some time prior to starting exercise. Unfortunately, there is as 
yet no experimental evidence to support this view or guide when such a reduction 
should be made. An extension of this reasoning would be to consider whether basal 
rate should be increased again before exercise fi nishes, as insulin levels in those 
without diabetes would increase at the end of exercise. Again, while this strategy 
makes physiological sense and has been used with some success in individual ath-
letes, there are as yet no data to support whether this might be benefi cial in general. 

 As one might suspect, suspending basal insulin at the start of exercise does 
increase the risk of hyperglycemia, although it was not observed to increase the risk 
of ketosis during a short period of exercise and may therefore be the ideal option in 
groups (e.g., very young children) where signifi cant hypoglycemia may have long-
term consequences. It should be noted, however, that the avoidance of hypoglycemia 
may not be the only focus of attention for athletes of any age with type 1 diabetes. 
Many report that hyperglycemia has a deleterious effect on performance, and there 
are also obvious implications for overall glycemic control. Furthermore, it is impor-
tant to note that while signifi cant ketosis was not observed during 45 min of exercise 
following the suspension of basal insulin, the theoretical risk of ketosis remains for 
longer suspension of basal infusion, and this has also not been investigated in detail.  

    5.3   Continuous Glucose Monitoring and Exercise 

 Continuous glucose monitoring (CGM) has been increasingly available since the 
late 1990s. This technology employs a sensor to measure glucose concentrations in 
the subcutaneous tissue using a glucose oxidase reaction or microdialysis method, 
and circulating glucose is then estimated from this concentration using an algorithm 
and some assumptions about the equilibrium in glucose levels between the two 
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regions  [  6  ] . Earlier systems recorded glucose data which could only be accessed 
once the sensor had been removed, but “real-time” CGM systems have become 
available which allow users to access glucose readings and information about their 
rate and direction of change while the sensor is being worn. Many    experts feel that 
CGM will prove to be a useful technology to help people with type 1 diabetes 
improve metabolic control around exercise – both through the ability to react to 
changes detected at the time of exercise and also through the provision of informa-
tion which will allow individuals to plan more accurately how to adjust carbohy-
drate intake and insulin doses for exercise in the future  [  6  ] . 

 The use of real-time continuous glucose monitoring systems in general has been 
shown to reduce hypoglycemia in well-controlled adults and children with type 1 
diabetes while also allowing for an improvement in overall glycemic control  [  16,   17  ] . 
Data looking at the accuracy of CGM during exercise have been encouraging. CGM 
accurately determines interstitial glucose levels during 1 h of intensive cycling exer-
cise (spinning) and also accurately refl ects the direction of change of blood glucose 
levels  [  18  ] . In a separate study, the FreeStyle Navigator CGM system was found to 
accurately refl ect the magnitude of the fall in blood glucose levels seen with moder-
ate treadmill exercise in a group of children, albeit with a 10-min delay  [  19  ] . 

 This delay, however, represents one of the major challenges with using CGM to 
prevent hypoglycemia during exercise. There is a recognized time lag between 
changes in blood glucose and changes in glucose levels in the interstitial compart-
ment at rest  [  20  ] , which is similar to the 10-min time lag reported above. As a result, 
in both of the above studies, the CGM was unable to keep up with the rapidly falling 
glucose levels seen during intense aerobic exercise and, therefore, tended to overes-
timate the actual blood glucose reading when compared with capillary blood sam-
ples  [  18,   19  ] . In one study designed to examine the factors affecting CGM system 
calibration, CGM accurately detected only 65% of hypoglycemic events during 
exercise when three calibrations per day were used and only 69% when four calibra-
tions per day were used  [  21  ] . 

 Strategies are now being developed to overcome this limitation. Using real-time 
CGM with an alarm, people with uncomplicated type 1 diabetes and no evidence of 
hypoglycemia unawareness suffered signifi cantly fewer episodes of hypoglycemia 
during exercise (30 min at 40% VO 

2
  max) when a low-glucose warning alarm was set 

to 5.5 mmol/l compared to when the alarm was set to 4 mmol/l or no alarm was used 
 [  22  ] . The alarm was used to trigger carbohydrate intake to avoid incipient hypogly-
cemia. Interestingly, the CGM still overestimated capillary glucose by an average of 
1.6 mmol/l, meaning that even using the higher alarm threshold did not completely 
eliminate hypoglycemia. Based on their results, the authors therefore recommend 
this strategy in situations where glucose levels can be expected to fall rapidly, such 
as during moderate exercise similar to that used in their experimental protocol. 

 An extension of this strategy has been piloted during a sports camp for adoles-
cents with diabetes  [  9  ] . Participants aged between 9 and 17 wore real-time CGM 
during a variety of different exercise situations. An algorithm was used in which 
carbohydrate intake was advised based both on real-time CGM readings and also 
the sensor’s indication of their rate of change. Blood glucose levels were maintained 
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within target to a great extent, with a reduction in hypoglycemia compared to 
expected levels and no hyperglycemia. The authors recognize that this is a pilot 
study in which there was no control group, and variables such as exercise intensity, 
age, and body weight were not taken into account. Also of concern was that no 
results were obtained from 6 of 25 participants recruited because of sensor data loss 
or the sensor falling out. However, the algorithm was surprisingly successful in spite 
of these limitations, and this certainly suggests a possible important future role for 
CGM in the management of diabetes in the context of sport and exercise.  

    5.4   CSII, CGM, and Nocturnal Hypoglycemia 

 Nocturnal hypoglycemia following exercise is a well-recognized problem in type 1 
diabetes and has been observed following both aerobic  [  23,   24  ]  and mixed forms 
 [  25  ]  of exercise. The exact mechanism for this is not clear, although it is certainly 
possible that the exercise-induced recruitment of GLUT-4 receptors to the surface 
of the muscle cell may be involved. Another contributing factor is likely to be that 
exercise blunts the counterregulatory response to subsequent hypoglycemia  [  26  ] . 
One strategy which has been used to combat the risk of nocturnal hypoglycemia 
following exercise is to reduce basal insulin doses on the night after an exercise 
bout. This can be problematic when done in the context of an MDI regimen as it 
increases the risk of subsequent hyperglycemia. 

 In those using CSII, it would be reasonable to suspect that reducing basal insulin 
for some of the nights following exercise might be able to reduce the risk of noctur-
nal hypoglycemia without signifi cant hyperglycemia resulting. As with many other 
aspects of the management of CSII for exercise, this hypothesis has been tested in 
children  [  27  ] . Children and adolescents with type 1 diabetes treated with CSII 
underwent 4 × 15 min bursts of treadmill exercise at around 4 p.m. with 5-min rest 
periods in between. For the night after the exercise, they either reduced their basal 
insulin by 20% from 9 p.m. to 3 a.m., took 2.5 mg orally of terbutaline (a  b -adreno-
ceptor agonist), or received no intervention. Both ingestion of terbutaline and reduc-
tion in basal insulin infusion resulted in a reduction of nocturnal hypoglycemia, but 
ingestion of terbutaline did result in an increase in morning hyperglycemia as had 
previously been found with adults  [  28  ] . While further studies may permit a more 
appropriate dose of terbutaline to be selected in future, being able to reduce noctur-
nal basal insulin infusion for a limited period of time offers a means to reduce noc-
turnal hypoglycemia without the need for additional pharmacological therapy. In 
those treated with CSII, this represents a successful solution to the problem of noc-
turnal hypoglycemia following exercise. As the authors themselves say, “The fl ex-
ibility to adjust basal rates by the hour remains one of the most attractive features of 
an insulin pump and is … particularly useful for the active person with T1DM.” 

 An attractive strategy, combining CSII and CGM, may be of particular benefi t in 
those experiencing nocturnal hypoglycemia following exercise. There is a commer-
cially available insulin pump (Paradigm ®  Veo™, Medtronic Inc., Northridge, CA) 
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which can be set to cease insulin infusion for a period of 2 h in response to CGM 
glucose readings below a certain threshold, referred to as the low-glucose suspend 
(LGS) function. In a six-center trial, 31 adults with type 1 diabetes were studied dur-
ing a period of standard CSII therapy compared with a 3-week period using CSII 
with LGS  [  29  ] . In those with the highest frequency of nocturnal hypoglycemia, there 
was a signifi cant reduction in the duration of nocturnal hypoglycemia (defi ned as 
CGM glucose <2.2 mmol/l or 40 mg/dl) from 46.2 min/day for conventional CSII to 
1.8 min/day for CSII with LGS. Clearly this strategy could be benefi cial in avoiding 
hypoglycemia following exercise. Furthermore, knowing that hypoglycemia can 
affect the counterregulatory hormone response to subsequent exercise and that this 
effect increases with increasing severity of hypoglycemia  [  30  ] , it is possible that 
preventing nocturnal hypoglycemia in this way could also help prevent hypoglyce-
mia and maintain performance during exercise the following day.  

    5.5   Novel Strategies for Preventing Hypoglycemia 
During Exercise 

 The majority of strategies designed to reduce dysglycemia (primarily hypoglyce-
mia) during exercise involve adjustments to carbohydrate intake or insulin dosing. 
More recently, consideration has been given to trying to prevent exercise-induced 
hypoglycemia through augmentation of the counterregulatory response to exercise. 
One very inventive way is the use of a 10-s maximal effort sprint either before  [  31  ]  
or after  [  32  ]  exercise. When such a sprint was performed at the beginning of a 
recovery period after 20 min of moderate exercise at 40% VO 

2
  max, there was no 

further fall in blood glucose levels, whereas a further signifi cant fall in glucose lev-
els was seen in the control condition when no sprint was performed  [  32  ] . Performing 
the sprint was associated with an increase in catecholamine, cortisol, growth hor-
mone, and lactate levels, although it is not clear which of these were important for 
attenuating the fall in blood glucose. Interestingly, performing a 10-s sprint prior to 
similar exercise did not attenuate the drop in blood glucose levels seen during the 
exercise, but it did again attenuate the drop in blood glucose levels seen after exer-
cise in the control group where no sprint was performed  [  31  ] . This was in spite of a 
signifi cant rise in circulating catecholamine and lactate levels immediately follow-
ing the sprint. 

 Both of these studies therefore demonstrate the benefi t of the 10-s maximal 
sprint performed either before or after exercise in preventing a postexercise fall in 
blood glucose. This is particularly useful in that it provides a strategy which does 
not require preplanning and ingestion of signifi cant amounts of carbohydrate. 
Interestingly, it is also possible that the benefi t of performing a 10-s sprint prior to 
exercise was underestimated. The augmented catecholamine response was not 
shown to affect the fall in blood glucose levels during exercise, but this was with 
blood glucose levels well above hypoglycemia. Glucose fell on average by 
3 mmol/l during the exercise period, and given that exercise commenced at around 
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11 mmol/l, this suggests a fall from 11 to 8 mmol/l. It has been demonstrated 
that carbohydrate oxidation is favored over fat oxidation as the source of energy 
for exercising muscle at a blood glucose level of 11 mmol/l when compared 
with 7 mmol/l  [  33  ] , so participants in the trial would have been predisposed to 
preferential use of carbohydrate and hence a fall in blood glucose. This may 
have masked any benefi t of the higher levels of catecholamines during the exer-
cise period and may explain why the benefi t was only seen when glucose levels 
fell into the normal range during the period of recovery. It would be useful to 
see whether the 10-s sprint might attenuate the fall in blood glucose during 
moderate exercise if blood glucose at the start of exercise was closer to the 
 normal range. 

 Caffeine is of benefi t in hypoglycemia, particularly nocturnal hypoglycemia, in 
type 1 diabetes, when the hypoglycemia is not specifi cally related to exercise  [  34, 
  35  ] . In particular, caffeine enhances the counterregulatory hormone response to 
hypoglycemia as well as increases symptoms accompanying hypoglycemia which 
allow earlier treatment of hypoglycemia and therefore reduce the chance of neuro-
glycopenia developing  [  36  ] . With exercise, we have found that caffeine in doses of 
5 mg/kg taken 30 min prior to exercise reduces the need for carbohydrate treatment 
to prevent hypoglycemia during exercise in people with type 1 diabetes  [  37  ] . This is 
a preliminary study but offers another strategy for the prevention of hypoglycemia 
during exercise in type 1 diabetes which does not require much planning and does 
not involve the ingestion of extra carbohydrate.  

    5.6   Practical Aspects of CSII and Exercise 

 While CSII appears to provide an excellent solution to many of the problems posed 
by managing type 1 diabetes for sport and exercise, there are important practical 
considerations which need to be taken into account. Insulin pump therapy is expen-
sive to provide relative to MDI, with a signifi cant initial outlay for the pump and 
then ongoing costs for consumables. Improving athletic performance may not be 
seen as an appropriate justifi cation for the extra cost, although a reduction in hypo-
glycemia and improvement in metabolic control could be. While the pumps are 
robust, it may not be practical to wear them for some contact sports because of the 
risk of damage even if they are carried in a protective case. There are some reports 
that newer patch pumps can be placed in locations on the body where they are pro-
tected from damage (e.g., the inner thigh), but these may not always be ideal loca-
tions for insulin delivery. Participation in sport may also increase the risk of cannula 
displacement, which carries the risk of ketoacidosis if not detected early enough. 
Not all pumps are adequately waterproof for swimming, and increased exposure to 
treated swimming pool water or seawater may reduce the useful life of any water-
proof seals. The risk to the pump can be reduced by keeping it in a waterproof 
container while in the water, but this reduces access to the pump and may result in 
excessive bulkiness.  
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    5.7   Summary and Practical Advice 

 The importance of insulin in the regulation of fuel production during exercise means 
that there is a signifi cant risk of dysglycemia during exercise in type 1 diabetes 
where insulin is exogenously administered. The fl exibility in basal insulin infusion 
afforded by CSII is an attractive solution to the problem of hypoglycemia with aero-
bic exercise, in theory at least allowing the person with diabetes to approximate 
more closely the metabolic state during exercise which is seen in those without 
diabetes. In doing this, it is hoped that performance will be optimized. 

 It seems likely that insulin infusion rates should be reduced prior to exercise, 
as circulating insulin levels at the start of exercise are a predictor of hypoglycemia 
during exercise. Exactly when such a reduction should be made is not clear. For 
practical purposes, based on the pharmacokinetics of the rapid-acting analogue 
insulins used in CSII therapy, the reduction should probably be made 30–45 min 
prior to the start of exercise. The exact amount by which basal infusion should be 
reduced is also not clear, but based on available evidence, it is likely to be some-
where between 50% and 100% (i.e., cessation of basal insulin infusion). It is not 
clear when a normal basal rate    should be restarted, but doing so at the end of exer-
cise may reduce the risk of postexercise hyperglycemia (although, as detailed 
below, later reductions may be required for the avoidance of nocturnal hypoglyce-
mia). Complete removal of the insulin pump at the start of aerobic exercise is a 
strategy that will help avoid hypoglycemia, but at the expense of hyperglycemia. 
It is possible that this will result in an impairment of athletic performance and, 
therefore, may be the best strategy for those in whom the avoidance of hypogly-
cemia is the paramount consideration, but not for those in whom performance is 
of greater importance. 

 CGM can provide useful information regarding the direction of change of blood 
glucose levels during exercise, although when using standard real-time CGM, there 
is still a signifi cant risk of hypoglycemia in aerobic exercise when blood glucose 
levels fall rapidly. Strategies are being developed to help mitigate this risk. Low-
glucose thresholds need to be set signifi cantly higher than the minimum glucose 
level hoped for, with benefi t seen for alarms used to trigger carbohydrate replace-
ment and checking of capillary glucose when glucose falls to 5.5 mmol/l. An algo-
rithm used to guide carbohydrate replacement taking into account both the level of 
interstitial glucose and its rate of change may point the way to how CGM technology 
could best be employed in the future to help avoid hypoglycemia during exercise. 

 Nocturnal hypoglycemia following exercise is a well-recognized phenomenon in 
type 1 diabetes. Reducing the CSII basal rate by 20% between 9 p.m. and 3 a.m. has 
been shown to reduce the risk of this in children without increasing the risk of morn-
ing hyperglycemia. This result may well transfer to adults, although the timing of 
the reduction may need to be altered due to adults going to sleep later in the day. 
Low-glucose suspend insulin pumps have been shown to be useful in reducing noc-
turnal hypoglycemia in those most at risk of this, and this may also be a useful 
technique to avoid nocturnal hypoglycemia following exercise. 
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 Augmenting the counterregulatory hormone response to exercise offers an 
alternative means of avoiding hypoglycemia which can help avoid the signifi cant 
planning often required for the adjustment of insulin doses. It may also help avoid, or 
at least reduce, the need for extra carbohydrate supplementation which can be prob-
lematic if one of the aims of exercise is weight control. A 10-s maximal effort sprint 
either immediately before or after exercise attenuates a postexercise fall in blood 
glucose. While it has not been shown to attenuate the fall in glucose during exercise, 
this was tested during exercise in conditions of hyperglycemia when carbohydrate 
oxidation is favored. High doses of caffeine have also been shown to reduce the need 
for carbohydrate supplementation to avoid hypoglycemia during exercise.  

    5.8   Areas for Future Research 

 Further research is needed to identify the optimal way to manage CSII for exercise. 
A clearer understanding of the pharmacokinetics and pharmacodynamics of rapid-
acting insulin analogues when used for CSII will be useful to underpin this. Further 
research is required to identify both the optimal time to alter basal insulin rate prior 
to exercise and also to identify exactly what this alteration should be to permit ath-
letes with diabetes to optimize their performance. It would also be helpful to test 
whether restarting the normal basal rate prior to fi nishing an exercise session would 
avoid postexercise hyperglycemia and may permit greater reductions to (or even 
cessation of) basal insulin infusion to be made    prior to exercise without subsequent 
hyperglycemia. It may well be that the alterations to basal rate which provide the 
best approximation to normal physiology will provide the optimum means of man-
aging CSII for exercise, but this also requires further testing. 

 More detailed analysis of strategies using CGM to guide carbohydrate replace-
ment during exercise is required to see whether the early promise shown by these 
strategies can be fulfi lled. The use of low-glucose suspend technology to avoid noc-
turnal hypoglycemia following exercise should also be assessed, as well as the effect 
this has on the counterregulatory response to any subsequent exercise. Assessment 
of the effect of the 10-s maximal sprint during euglycemic exercise would be inter-
esting, to see whether such a strategy might be able to protect against the fall in 
blood glucose in these conditions. Similarly, using other means to augment the 
counterregulatory hormone response to exercise might also offer further strategies 
to help avoid hypoglycemia during exercise without the requirement for signifi cant 
carbohydrate ingestion.  

    5.9   Conclusions 

 The ability to adjust basal insulin infusion rates in CSII therapy means that, in our 
clinic, we now class CSII therapy as the gold standard in athletes with diabetes 
where it is practical. It is diffi cult to assess blood glucose levels accurately    with 
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CGM during a period of rapid change (such as during exercise), meaning that 
closed-loop insulin delivery is likely to remain diffi cult in this context for some 
time. However, current knowledge permits individuals to develop extremely suc-
cessful strategies for the management of diabetes for sport and exercise using CSII. 
Real-time CGM is likely to play an increasingly important role in this, permitting 
accurate carbohydrate replacement based on individual requirements. Managing 
diabetes for sport and exercise is not easy, but improvements in the available tech-
nology and our understanding of how best to use it can only help to increase the 
numbers of successful athletes with diabetes.      
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     6.1   Introduction 

 Attention to diet, including meal composition and timing, is integral to all athletes’ 
training programs. Athletes with type 1 diabetes mellitus (type 1 DM) face the 
added task of administering insulin to carefully match energy availability and 
requirements. Avoiding both hyper- and hypoglycemia is a continual challenge for 
all patients with type 1 DM but is even more diffi cult for athletes who experience 
extreme changes in fuel utilization between periods of rest and exercise. 

 Hyperglycemia during exercise can be detrimental to performance. Insulin-
induced hypoglycemia, however, not only hinders performance but also can render 
(uncommonly) seizure, coma, and/or death; and (more commonly) decreased qual-
ity of life and/or increased anxiety with regard to glycemic control. 

 Counterregulation is the term used to describe the systemic response to a blood 
glucose that falls below the body’s normal postabsorptive level. The primary goal of 
counterregulation is to maintain an adequate supply of blood glucose to the brain. 
While this priority does not change during exercise, it is also important that the exer-
cising muscle continues to receive enough substrate to maintain performance level. 
Counterregulation occurs in healthy individuals generally only during periods of fast-
ing and exercise. Patients with type 1 DM rely on this response much more frequently, 
both during rest (regardless of absorptive state) and exercise, as hyperinsulinization 

    L.  M.   Younk ,  B.S.  
     Department of Medicine ,  University of Maryland School of Medicine ,
  10-055 Bressler Research Building, 655 W. Baltimore St. ,  Baltimore ,  MD   21201 ,  USA    
e-mail:  lyounk@medicine.umaryland.edu   

    S.  N.   Davis ,  M.B.B.S., FRCP, FACP (*)  
     Department of Medicine ,  University of Maryland School of Medicine ,
  22 S. Greene Street, Room N3W42 ,  Baltimore ,  MD   21201 ,  USA    
e-mail:  sdavis@medicine.umaryland.edu   

    Chapter 6   
 Hypoglycemia and Hypoglycemia Unawareness 
During and Following Exercise       

       Lisa   M.   Younk          and    Stephen   N.   Davis                   



116 L.M. Younk and S.N. Davis

occurs as a result of the need to administer exogenous insulin that, to this day, does not 
adequately mimic physiological fl uctuations in endogenous insulin secretion. 

 This chapter will describe and compare the counterregulatory responses that 
occur during hypoglycemia and exercise in healthy individuals and in individuals 
with type 1 DM. Factors that increase the risk for hypoglycemia will also be dis-
cussed with special attention to the risk associated with blunted counterregulation 
and hypoglycemia unawareness. A general overview of the current state of research 
regarding the causes of and treatments for these syndromes is provided. The chapter 
will conclude with clinical approaches to preventing and responding to an acute 
hypoglycemic event.  

    6.2   Normal (Nondiabetic) Cascade of Events During 
Hypoglycemia 

 Unlike muscle cells, which can modulate fuel selection among blood glucose, fatty 
acid, triglyceride, and/or glycogen metabolism, neurons rely, acutely, almost entirely 
on glucose transported from the bloodstream across the blood-brain barrier. Normal 
brain function is supported only within a narrow range of glucose levels. Thus, 
when blood glucose begins to fall, numerous changes occur throughout the body to 
maintain an adequate supply of substrate to the brain. Glucose uptake is inhibited 
peripherally, blood fl ow is shunted away from the splenic bed and skeletal muscle, 
and hepatic glucose production increases. 

 The counterregulatory response to acute hypoglycemia in healthy individuals pri-
marily involves a decrease in insulin secretion, followed by increases in glucagon and 
epinephrine. Cortisol and growth hormone also increase during hypoglycemia but gen-
erally only gain importance during prolonged glucose deprivation. Stepped hyperinsu-
linemic hypoglycemic clamps (of decreasing glucose levels) have been used to 
investigate thresholds for the onset of counterregulatory hormones in healthy individu-
als  [  1–  4  ] . Under resting conditions, insulin secretion decreases at ~4.5 mmol/l  [  1,   2  ] . 
Glucagon, epinephrine, growth hormone, cortisol, and pancreatic polypeptide (an indi-
rect marker of parasympathetic activation) all increase ~3.6–3.9 mmol/l  [  1–  5  ] . Muscle 
sympathetic nerve activity (MSNA; a direct, real-time measurement of sympathetic 
activation) increases between ~3.3 and 3.8 mmol/l  [  5  ] . These responses occur at similar 
thresholds between men and women albeit with lower levels of counterregulatory hor-
mones generated in women  [  2,   5,   6  ] . The reason for these differences is not well under-
stood, but increased levels of estrogen appear to play an important role  [  7  ] . 

 Although the secretion of counterregulatory hormones is critical for the protection 
against hypoglycemia, it is ultimately an individual’s symptoms – his or her perception 
of the physiological changes associated with hypoglycemia – that prompts ingestion of 
food and consequent cessation of counterregulation. Symptoms can be classifi ed 
according to origin (see Table     6.1 ). Autonomic symptoms, also known as neurogenic 
symptoms, are adrenergic and cholinergic symptoms  generated as a result of increased 
neural sympathetic activity and catecholamine release from the adrenal medulla. From 
studies in adrenalectomized patients, it appears that these symptoms arise primarily 
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from the sympathetic neural response  [  8  ] , although in another study, adrenergic symp-
toms were correlated primarily with epinephrine levels  [  9  ] . Work from our laboratory 
has determined that during euglycemic conditions, epinephrine levels simulating those 
found during moderate hypoglycemia are responsible for ~20% of autonomic symp-
toms  [  10  ] . Sweating, shakiness/tremor/trembling, palpitations/pounding heart, anx-
iousness/nervousness, tingling, and hunger are typical autonomic symptoms experienced 
during hypoglycemia  [  8,   11  ] . Neuroglycopenic symptoms arise from the effects of low 
blood glucose in the brain per se and cannot be reduced by pharmacologic adrenergic 
or panautonomic blockade  [  12  ] . Included in this group are confusion/diffi culty think-
ing or concentrating, blurred vision, tiredness/drowsiness, diffi culty speaking, discoor-
dination, odd behavior, weakness, dizziness, and warmness  [  11  ] . Neuroglycopenic 
symptoms intensify as blood glucose continues to fall, progressing to severe cognitive 
dysfunction if hypoglycemia is not treated. In addition to the autonomic and neurogly-
copenic symptoms described above, patients may also detect a feeling of general mal-
aise, which could include headache and/or nausea  [  13  ] . Emotional responses may also 
increase  [  14  ]  along with a shift in general mood states during hypoglycemia.  

 In healthy people, the threshold for autonomic and neuroglycopenic symptoms 
can be slightly variable  [  15  ]  but is generally ~3.0 mmol/l. Cognitive dysfunction 
arises ~2.6 mmol/l  [  1–  4  ] . Although men tend to have a more robust counterregula-
tory response to hypoglycemia, symptoms do not appear to follow a pattern of sex-
ual dimorphism, with similar symptom scores reported by both genders during 
equivalent levels of hypoglycemia  [  2,   5,   6,   16  ] .  

    6.3   Counterregulation During Exercise 

 During moderate exercise, similar to hypoglycemia, a decrement in insulin and an 
increment in glucagon occur, stimulating glucose production to prevent a fall in 
blood glucose level  [  17,   18  ] . When somatostatin, insulin, and glucagon are infused 
into healthy individuals to prevent changes in hormone levels during exercise, blood 
glucose falls from 5.5 to 3.4 mmol/l  [  19  ] . Likewise, when only insulin is allowed to 
decrease or only glucagon is allowed to increase, blood glucose still falls. Only 
when both actions happen is euglycemia maintained. However, because the fall in 

   Table 6.1    Symptoms of hypoglycemia   

 Autonomic/neurogenic  Neuroglycopenic  Unspecifi ed 

 Sweaty  Confused, diffi culty thinking/
concentrating 

 General malaise 

 Shaky, tremor, trembling  Blurry vision  Headache 
 Palpitations, pounding heart  Tired, drowsy  Nausea 
 Anxious, nervous  Diffi culty speaking 
 Tingling  Uncoordinated 
 Hungry  Odd behavior 

 Weak 
 Dizzy 
 Warm 
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glucose is still rescued at mild levels of hypoglycemia when insulin and/or glucagon 
is held constant, it is clear that other hormones are also involved in counterregula-
tion during exercise  [  19  ] . In fact, epinephrine and norepinephrine are both impor-
tant for enhancing glucose production and for limiting the increase in glucose uptake 
that occurs during exercise  [  20  ] . When  a -/ b - (alpha-/beta-) adrenergic blockade is 
imposed during exercise in healthy individuals, blood glucose falls as a result of 
increased glucose utilization but is eventually rescued by decreased insulin secre-
tion and increased glucagon secretion  [  20  ] . Preventing catecholamine action and 
changes in insulin and glucagon through adrenergic blockade and somatostatin 
infusion causes a precipitous fall in blood glucose during exercise due to diminished 
glucose production and an early exaggerated increase in noninsulin-mediated glu-
cose utilization  [  20,   21  ] . As such, insulin, glucagon, and catecholamines are the 
primary hormonal regulators of glucose levels during moderate exercise. Sympathetic 
neural norepinephrine may be the primary glucoregulatory catecholamine during 
exercise, as opposed to epinephrine during hypoglycemia  [  20  ] . 

 When euglycemia is maintained during exercise, a robust counterregulatory 
response still occurs, as indicated by signifi cant rises in epinephrine and norepi-
nephrine. This suggests that mechanisms that induce hormone secretion during 
exercise may be at least partially independent of those responsible for counterregu-
lation during resting hypoglycemia  [  22  ] . The counterregulatory response to exercise 
becomes much more intense if blood glucose does fall below fasting levels. Sotsky 
et al.  [  22  ]  reported that glucagon, cortisol, norepinephrine, epinephrine, and growth 
hormone all increased to a signifi cantly greater degree during hypoglycemic exer-
cise compared to euglycemic exercise. 

 The hormonal response to intense exercise (>80% VO 
2max

 ) – such as occurs in 
short bursts in many sports – is much different from the response during moderate 
exercise. Rather than insulin and glucagon regulating glucose levels, catecholamines 
are the primary mediators of glucose production and uptake, increasing 14- to 18-fold 
during intense exercise  [  23,   24  ] . Such increases drive a huge increase in glucose rate 
of appearance (R 

a
 ) as glucose is mobilized through hepatic glycogenolysis. Glucose 

rate of disappearance (R 
d
 ) also increases, although to a lesser degree, as cate-

cholamines also stimulate muscle glycogenolysis which moderates glucose uptake. 
The disproportionate rise in glucose R 

a
  compared to R 

d
  results in hyperglycemia, but 

insulin concentration during exercise does not change dramatically. Upon cessation 
of exercise though, catecholamine levels quickly decrease, while insulin increases 
drastically for up to 60 min to reverse hyperglycemia  [  24,   25  ] .  

    6.4   Impaired Cascade of Events in Type 1 Diabetes 
During Hypoglycemia and Exercise 

 People with type 1 DM have multiple impairments in the counterregulatory 
response to hypoglycemia and exercise, placing them at high risk of severe hypo-
glycemia. Endogenous insulin secretion is absent, and therefore, systemic  insulin 
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levels maintained by exogenous delivery cannot be decreased despite changes in 
energy demand. In some studies, careful replacement of insulin to maintain eug-
lycemia or to allow very slight increases in blood glucose (.5 mmol/l rise in blood 
glucose during 30 min of exercise) did not cause hypoglycemia during exercise 
 [  26,   27  ] . However, in another study, when basal insulin was infused to generate 
similar levels of free insulin in healthy controls and type 1 DM, blood glucose 
fell further in type 1 DM than controls, likely due to other defects in counterregu-
lation  [  28  ] . 

 Beyond the fi rst few years of onset of type 1 DM, the glucagon response to 
hypoglycemia is lost  [  29,   30  ] . The mechanism of this defect remains under inves-
tigation, but the impairment could be a result of a lack of change in intra-islet 
insulin concentrations which may be necessary in order to trigger pancreatic  a  
(alpha)-cell glucagon secretion. In support of this theory, infusion of a sulfonylu-
rea into healthy people during a hyperinsulinemic-hypoglycemic glucose clamp 
to induce a hyperinsulinemic environment within the islet cells resulted in dimin-
ished glucagon secretion  [  31  ] . In a second study  [  32  ] , somatostatin was infused to 
block insulin secretion in healthy people prior to a hyperinsulinemic-hypoglyce-
mic glucose clamp. This prevented a fall in intra-islet insulin concentration upon 
onset of hypoglycemia. Upon cessation of somatostatin infusion during the clamp 
glucagon levels increased but were blunted by 30%. The glucagon response to 
exercise is retained, however, in type 1 DM  [  26,   33  ] , suggesting a divergence in 
the signaling mechanisms that control glucagon secretion during hypoglycemia 
and exercise. 

 Increments in epinephrine are generally blunted in type 1 DM, both during hypo-
glycemia and exercise. When controls and type 1 DM exercised at 60–65% VO 

2max
  

for 60 min at similar blood glucose levels, the epinephrine and norepinephrine 
response to the ambient hypoglycemia was signifi cantly lower in type 1 DM than in 
controls  [  28  ] . Even when controls exercised at euglycemia, the epinephrine and 
norepinephrine response tended to be greater compared to type 1 DM subjects exer-
cising under hypoglycemic conditions. 

 Failure of either the glucagon or the epinephrine response can be mostly com-
pensated for by secretion of the other hormone. Failure of both hormones to increase 
in response to exercise, however, will result in hypoglycemia in healthy individuals 
 [  20  ] . Moreover, even with an intact glucagon and epinephrine response during exer-
cise, excessive insulin can blunt hepatic glucose production and increase muscle 
glucose uptake, increasing the risk of hypoglycemia. 

 Unlike moderate exercise, patients with type 1 DM can mount a normal response 
to intense exercise as glucoregulation under these conditions is driven primarily by 
release of catecholamines. The challenge becomes the fact that hyperglycemia 
arises during intense exercise that requires increments in insulin during the postex-
ercise period. Unless adequate rapid-acting insulin is injected to mimic the normal 
hyperinsulinemic response in nondiabetic individuals, there will be a prolonged 
period of hyperglycemia, which carries with it deleterious effects on overall glyce-
mic control and long-term health  [  34,   35  ] .  
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    6.5   Additional Risk for Hypoglycemia During 
and After Exercise 

 In light of an inability to decrease insulin levels and the presence of an altered 
 counterregulatory response, a number of factors further infl uence the risk of 
 hypoglycemia during exercise in type 1 DM. These factors affect insulin require-
ments, counterregulatory responses, and symptom identifi cation. Excess insulin and 
inadequate carbohydrate supplementation and lack of blood glucose monitoring are 
the primary factors that potentiate the risk of hypoglycemia. Beyond the scope of 
this chapter, these topics are covered extensively in Chaps. 3, 5, and 7. 

    6.5.1   Variability in Insulin Uptake and Action 

 Exogenously administered insulin has intrinsic intra- and interindividual variability 
in uptake and action  [  36  ] . Newer insulin analogs including long-acting (e.g., 
glargine, detemir) and rapid-acting (e.g., aspart, lispro, glulisine) formulations do 
however offer less variability and lower risk of hypoglycemia than older treatment 
options (e.g., NPH, regular)  [  37–  39  ] . 

 Intramuscular insulin injection exacerbates variability, signifi cantly increasing 
insulin absorption rate, especially during exercise, resulting in higher free insulin 
levels and greater insulin action. The difference is likely due to a fi vefold increase 
in skeletal muscle blood fl ow during exercise, whereas adipose tissue blood fl ow 
does not appear to change signifi cantly  [  40  ] . There has been a trend toward shorter, 
smaller-gauge needles since the introduction of subcutaneous insulin injection, 
thereby reducing the risk of intramuscular injection. 

 The site at which insulin is injected can also contribute to variability in insulin 
uptake and action. During leg exercise, absorption of rapid-acting insulin injected 
into the leg is increased compared to insulin injected into the arm or the abdomen, 
resulting in higher peak insulin levels and greater decreases in blood glucose  [  41, 
  42  ] . Arm and abdominal injection decreased the risk of hypoglycemia by 57 and 
89%  [  41  ] . Variable thicknesses of subcutaneous tissue at different sites are likely 
responsible for variations in insulin absorption, with lower absorption rates occur-
ring in areas where thickness is increased. Some have suggested that this is a func-
tion of subcutaneous blood fl ow, which also decreases with increasing thickness 
 [  43  ] , but others have not been able to confi rm this  [  42  ] .  

    6.5.2   Exercise Duration and Intensity 

 Both the duration and intensity of exercise will greatly infl uence insulin and carbo-
hydrate requirements before, during, and after exercise. Perhaps the greatest vari-
ability occurs between moderate and intense exercise. As described above, intense 
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exercise generates hyperglycemia, which requires a sustained elevated glucose R 
d
  

after exercise to return glucose levels back down to postabsorptive levels. As this 
requires physiological hyperinsulinemia  [  34  ] , athletes with type 1 DM may need to 
cover this postexercise hyperglycemia with extra insulin  [  35  ] . This strategy must be 
carried out carefully, as counterregulation is blunted by exercise and insulin sensi-
tivity is increased, making them vulnerable to hypoglycemia. Repeated bouts of 
intense exercise can further exacerbate glucose control. The hyperglycemic response 
to repeated bouts of intense exercise performed after brief rest intervals (5 min) can 
be additive  [  23  ] . If rest periods are longer (i.e., 1 h), the responses to each bout are 
largely independent of each other in healthy individuals, although hyperglycemia 
may be lower during repetitions  [  24  ] . In type 1 DM however, this pattern may not 
be so clear, as hyperglycemia from the fi rst bout of exercise could still be present if 
not suffi ciently corrected between bouts.  

    6.5.3   Temperature 

 Increased ambient temperature causes increases in skin temperature and enhanced 
subcutaneous blood fl ow, which can in turn accelerate insulin absorption  [  44,   45  ] . 
At rest, warmer room temperature (30°C) was associated with a three- to fi vefold 
increase in insulin levels and correspondingly lower blood glucose levels compared 
to cooler room temperature (10°C). This effect was maintained during exercise, 
causing larger decrements in blood glucose  [  46  ] . 

 Temperature increases can also increase workload (as indicated by increased 
heart rate and lactate levels), causing a greater reliance on counterregulatory hor-
mones, including cortisol, epinephrine, and norepinephrine  [  47–  49  ] . Similarly, 
swimming in cold water can also result in enhanced release of catecholamines, 
likely as a result of thermoreception  [  49  ] . 

 Thermoregulation in cold environments can be compromised by hypoglycemia. 
Hypoglycemia was induced in healthy men in a cool room (18–19°C) with air blow-
ing to cause sustained shivering  [  50  ] . When blood glucose fell to 2.5 mmol/l, shiver-
ing subsided and subjects did not feel cold. Despite the cool environment, 
hypoglycemia-induced peripheral vasodilation and sweating occurred, allowing 
skin and core temperature to fall to the point that subjects required rewarming. 
Reciprocally, the colder environment hampered recovery from hypoglycemia.  

    6.5.4   Age 

 In healthy older individuals, a greater stimulus may be required for release of glu-
cagon and epinephrine compared to younger people (2.8 versus 3.3 mmol/l)  [  51  ] . 
Hormonal responses to mild hypoglycemia can be less robust as well  [  51,   52  ] . These 
differences disappear at 2.8 mmol/l, indicating that deeper hypoglycemia can still 
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elicit a normal counterregulatory response  [  52  ] . However, symptom scores are 
lower in older versus younger adults during hypoglycemia even when counterregu-
lation is of similar magnitude  [  53  ] . Autonomic symptoms appear to be primarily 
impaired, while neuroglycopenic symptoms remain relatively intact  [  51  ] . Thus, 
diminished symptoms and attenuated counterregulatory responses at milder hypo-
glycemia mean that older athletes may be more susceptible to larger falls in blood 
glucose. However, although specifi c studies of hormonal responses to exercise in 
older adults with type 1 DM are lacking, healthy older adults are able to mount a 
similar hormonal response to submaximal exercise as their younger counterparts of 
similar training level  [  54  ] . Defi cits did arise in the lactate, growth hormone, and 
cortisol response to maximal exercise in the older individuals, although the reper-
cussions of such declines are not completely clear.  

    6.5.5   Increased Insulin Sensitivity 

 The risk of hypoglycemia is increased immediately and several hours following an 
exercise session  [  55  ] . The more immediate effects of exercise upon glucose uptake 
and utilization are independent of insulin and are mediated by lasting effects of 
contraction-stimulated glucose uptake  [  56,   57  ] . The increased risk of hypoglycemia 
beyond the fi rst few hours after exercise is primarily a result of increased insulin 
sensitivity, which may vary according to duration and intensity of the exercise  [  56  ] . 
Insulin-mediated glucose uptake was increased in healthy, untrained men immedi-
ately and 48 h following 60 min of cycle ergometer exercise  [  58  ] . Effects are local-
ized, as increases in insulin-stimulated glucose uptake are specifi c to the exercised 
muscles  [  59,   60  ] . The increased insulin sensitivity is largely a result of a reduced 
K 

m
 , wherein a lower concentration of insulin is required to induce half-maximal 

glucose uptake  [  61  ] . While some have suggested that glycogen depletion and con-
sequent increased glycogen synthase activity are responsible for driving increases in 
insulin sensitivity  [  58,   62  ] , it now seems more likely that enhanced GLUT4 translo-
cation and possibly microvascular perfusion are responsible for these changes. 
GLUT4 translocation may be regulated by distal portions of the insulin signaling 
pathway  [  57  ] . Clinically, these fi ndings are supported by the fact that extra carbohy-
drate needs to be taken  [  63  ]  and/or insulin doses need to be reduced  [  64,   65  ]  before, 
during, and following exercise to prevent postexercise hypoglycemia. As a caveat, 
in a study of marathoners with type 1 DM, whole-body glucose disposal and glu-
cose oxidation rates were decreased despite increased glycogen synthase activity 
following a competitive marathon  [  66  ] . This apparent reduction in insulin sensitiv-
ity was attributed to dramatically increased lipid oxidation rates that were observed 
postexercise. Additionally, muscle damage such as that induced by eccentric con-
tractions can cause insulin resistance  [  67  ]  due to decreased GLUT4 transcription 
 [  68  ]  and/or impaired proximal insulin signaling  [  69  ] . Therefore, athletes will need 
to modify insulin and diet regimens according to variations in workouts and 
competitions. 
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 Special care may need to be taken to prevent postexercise hypoglycemia in those 
who participate in afternoon or evening exercise. Glucose requirements following 
exercise exhibit a biphasic pattern, with increases occurring both immediately and 
7–11 h after exercise  [  70,   71  ] . Thus, the risk of hypoglycemia is elevated during 
hours of sleep.  

    6.5.6   Impaired Symptom Identifi cation 

 Recognizing a symptom, or perceiving a change in physiological state, is only part 
of the battle in responding appropriately to hypoglycemia. A person may identify a 
symptom but still fail to associate that symptom with hypoglycemia. A number of 
factors can infl uence a person’s ability to rationally establish a link between the 
symptom and the cause  [  72  ] . Specifi c to athletes, feelings generally associated with 
hypoglycemia can be masked by normal sympathetic neural and sympathoadrenal 
responses to exercise. Sweating, for example, is a normal response to both stimuli. 
Shivering or a cold sweat following exercise in cool environment (i.e., cold water or 
air) may be interpreted as a normal response, but such physiological responses may 
also occur during hypoglycemia. Exercise and competition also can cause anxiety, 
increased heart rate, and fatigue. However, in a study by Nermoen et al.  [  73  ] , patients 
exercising at 50% of their maximal heart rate reported symptoms of hypoglycemia 
during hypoglycemia (2 mmol/l) but not during euglycemia, indicating that the 
symptoms were actually discernable from those occurring in response to exercise. 
Symptoms also arose at higher blood glucose levels compared to when hypoglyce-
mia was induced with the subjects lying in bed. As the authors pointed out though, 
exercise of higher intensity than experienced in the study could obscure the percep-
tion of hypoglycemia-associated changes. Moreover, despite altered symptom 
thresholds in the study, only 6 of 10 subjects answered “yes” when asked if they felt 
hypoglycemic during hypoglycemic exercise, indicating a disconnect between iden-
tifi cation of symptoms and identifi cation of hypoglycemia.  

    6.5.7   Hypoglycemia-Associated Autonomic Failure 
and Impaired Hypoglycemia Unawareness 

    6.5.7.1   Background 

 While excess insulin levels certainly can cause hypoglycemia, it is often the failure 
of counterregulatory responses and/or an impaired ability to detect a low blood 
sugar (hypoglycemia unawareness) that permits the onset of severe hypoglycemia 
in patients with diabetes. Although overt diabetic autonomic neuropathy (DAN) 
has been associated with blunted epinephrine and symptom responses to hypogly-
cemia and exercise  [  74–  76  ] , blunted hormone and symptom responses have been 
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observed in patients without DAN as well  [  28,   77–  81  ] . Studies have shown that 
counterregulatory responses during exercise in this population are qualitatively 
similar but quantitatively reduced compared to healthy individuals  [  6,   28,   82  ] . 
Therefore, it is likely that although DAN contributes to impaired counterregulation 
and hypoglycemia unawareness  [  83  ] , a separate condition is responsible for these 
defects in patients who lack even subclinical DAN  [  84  ] . 

 It was observed that patients who suffered from recurring hypoglycemia also 
exhibited impaired secretion of glucagon, epinephrine, and growth hormone in 
response to insulin-induced hypoglycemia  [  85,   86  ] . This led to the hypothesis that 
hypoglycemia could be the initial event responsible for impaired counterregulation. 
It is now widely appreciated that previous autonomic activation (i.e., during hypo-
glycemia or exercise) is a principal precipitating event for blunted counterregula-
tory responses to subsequent hypoglycemia and exercise in type 1 DM  [  79  ] . This 
effect has been termed hypoglycemia-associated autonomic failure or HAAF  [  87  ] . 
HAAF is differentiated from DAN, in that the former does not necessarily affect key 
measures of cardiovascular autonomic function used to assess subclinical or overt 
DAN, including heart rate variability during deep breathing  [  88  ] . Furthermore, a 
prior hypoglycemic stimulus in healthy nondiabetic people can also blunt glucose 
counterregulation during hypoglycemia, indicating that blunting effects can occur 
completely independently of the diabetic disease state  [  89–  91  ] . 

 To substantiate and elaborate upon the theory of HAAF, researchers have used 
insulin infusion tests and the hyperinsulinemic glucose clamp technique to experi-
mentally induce and measure the effects of recurrent hypoglycemia in healthy, type 
1, and type 2 DM individuals. These studies have uncovered a number of key fi nd-
ings. In healthy individuals, repeated hypoglycemia blunts glucagon, epinephrine, 
norepinephrine, cortisol, growth hormone, and pancreatic polypeptide responses to 
hypoglycemia  [  89,   90  ] . The blunting of epinephrine and pancreatic polypeptide 
indicates that both sympathetic and parasympathetic activities, respectively, are 
attenuated during repeated hypoglycemia. In addition to reduced hormonal 
responses, metabolic responses (glucose R 

a
  and free fatty acid mobilization) as well 

as neurogenic and neuroglycopenic symptoms are signifi cantly reduced in healthy 
individuals during repeated hypoglycemia. Furthermore, the blood glucose levels at 
which responses are initiated are reset so that blood glucose must fall further in 
order to induce counterregulation  [  90,   91  ] . 

 These fi ndings have been extended to patients with type 1 DM, who also exhibit 
reduced epinephrine, pancreatic polypeptide, and symptom responses to hypoglyce-
mia along with altered glycemic thresholds after repeated hypoglycemia  [  79,   92  ] . 
Taken together, the above observations promote the unifying concept that multiple 
factors that contribute to risk of recurring hypoglycemia – blunted counterregula-
tory responses, hypoglycemia unawareness, and altered counterregulatory thresh-
olds – are largely the result of antecedent hypoglycemia  [  79,   92  ] . Importantly, 
hypoglycemia-induced blunting of counterregulation is not simply an acute phe-
nomenon. When investigators induced hypoglycemia in patients with type 1 DM for 
2 h twice a week for 1 month, blunting effects similar to those described above were 
still signifi cant at the end of the trial  [  93  ] . 



1256 Hypoglycemia and Hypoglycemia Unawareness During and Following Exercise

 The depth of antecedent hypoglycemia affects the degree to which counterregulation 
is blunted during subsequent hypoglycemia  [  94  ] . In healthy males, two 2-h bouts of 
hypoglycemia (one morning and one afternoon) at 3.9 mmol/l induced blunting of epi-
nephrine, MSNA, and glucagon during next day hypoglycemia (2.9 mmol/l). When fi rst 
day hypoglycemia was set at 3.3 or 2.9 mmol/l, norepinephrine, growth hormone, and 
pancreatic polypeptide responses were also blunted, as well as endogenous glucose pro-
duction and lipolysis. 

 The duration of the hypoglycemic stimulus is also of importance. In nondiabetic 
subjects, two 5-min or 30-min bouts of hypoglycemia blunted hormonal responses 
to next day hypoglycemia quite similarly to two 2-h bouts of antecedent hypoglyce-
mia  [  95  ] . This fi nding is of clinical signifi cance, as patients who successfully detect 
and correct a low blood sugar quickly should be aware that their bodies’ responses 
to subsequent bouts of hypoglycemia may still be impaired. Interestingly, the shorter 
bouts of hypoglycemia did not blunt symptom responses. However, it is unknown 
whether multiple days of short duration hypoglycemia could become more prob-
lematic, eventually blunting symptoms as well. 

 Even more relevant to athletes with type 1 DM, researchers have found that 
hypoglycemia and exercise reciprocally blunt counterregulatory responses. Thus, in 
healthy people and patients with type 1 DM, antecedent hypoglycemia blunts the 
primary neuroendocrine and metabolic responses to exercise  [  96,   97  ] . Similar to 
above, the depth of antecedent hypoglycemia dose-dependently blunts these 
responses, with lower blood glucose causing greater blunting effects, which become 
most apparent after 30 min of exercise  [  82  ] . 

 Vice versa, counterregulation during hypoglycemia is blunted by antecedent 
exercise in a quantitatively similar fashion as antecedent hypoglycemia (see 
Fig.  6.1 ). In healthy individuals, day 1 exercise (two 90-min bouts) blunted gluca-
gon, epinephrine, norepinephrine, growth hormone, pancreatic polypeptide, MSNA, 
and endogenous glucose production responses to day 2 hypoglycemia  [  98  ] . When 
patients with type 1 DM exercised in the morning, epinephrine, MSNA, and endog-
enous glucose production were blunted during a hypoglycemic clamp in the after-
noon of the same day  [  99  ] .  

 In the above exercise studies, subjects exercised at ~50% VO 
2max

 . It has now been 
shown that exercise at even 30% VO 

2max
  is suffi cient to blunt neuroendocrine and 

metabolic counterregulatory responses during hypoglycemia in type 1 DM  [  100  ] . 
Similar studies of higher exercise intensities are sparse. Because high-intensity 
exercise causes an increase in blood glucose, some investigators have studied the 
postexercise glycemic effects of adding bouts of intermittent high-intensity exercise 
(IHE) during moderate-intensity exercise. In one such study  [  101  ] , 2 h after 30 min 
of moderate exercise with IHE, blood glucose was higher in the IHE group com-
pared to a group that exercised continuously at moderate intensity (MOD). However, 
during sleeping hours, blood glucose levels were signifi cantly lower and hypogly-
cemia occurred more frequently in the IHE group. Contrarily, other researchers 
 [  102  ]  found that nocturnal glucose levels were higher and hypoglycemia was less 
frequent following IHE compared to MOD. Importantly, in this study, there was a 
late decrease in blood glucose at ~6 a.m. in the IHE group, suggesting that increased 
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insulin sensitivity might still occur, albeit in a delayed fashion, after this form of 
exercise. The discrepancy in fi ndings could be due to several factors. The type of 
IHE differed between studies, and the former study recruited untrained subjects 
while trained athletes were studied in the latter. Indeed, trained athletes have altered 
hormonal and metabolic responses during exercise that could account for differ-
ences in the glycemic responses described above and may even have an altered 
susceptibility to HAAF. Further research is needed to clarify these issues and to 
determine the underlying metabolic and hormonal factors that contribute to the 
altered glycemic trends following IHE. Studies of the blunting effects on counter-
regulation in type 1 DM athletes are also needed. This information could be critical 
to both a deeper understanding of the mechanisms of HAAF and the development 
of better hypoglycemia prevention strategies in athletes with type 1 DM who often 
exercise at intensities well above 50% VO 

2max
 . 

 Nonetheless, the above information illustrates the need for athletes with type 1 
DM to pay consistent attention to fl uctuations in blood glucose, before, during, and 
after exercise, both for safety and performance reasons. Sleep is a key period of 
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  Fig. 6.1    Key counterregulatory responses during the fi nal 30 min of a 2-h hyperinsulinemic-hypogly-
cemic (~3.0 mmol/l) glucose clamp on the morning following previous day euglycemia ( solid bars ), 
exercise ( hatched bars ), and hypoglycemia ( open bars ). Antecedent euglycemia and hypoglycemia 
studies consisted of two 2-h clamps in the morning and afternoon of day 1. Antecedent exercise con-
sisted of two 90-min bouts of moderate intensity (50% VO 

2max
 ) cycling exercise in the morning and 

afternoon of day 1.  MSNA  muscle sympathetic nerve activity,  EGP  endogenous glucose production; 
* p  < 0.05 for antecedent euglycemia versus antecedent hypoglycemia and exercise  [  98  ]  (Reprinted by 
permission of the publisher from Galassetti  [  98  ] , The American Physiological Society)       
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 vulnerability in type 1 DM, with higher rates of prolonged hypoglycemia observed 
during nighttime than during the day  [  103–  105  ] . While the mechanism responsible 
for the increased frequency of severe hypoglycemia during sleep remains to be char-
acterized, it is known that epinephrine, cortisol, and pancreatic polypeptide responses 
to hypoglycemia during sleep are delayed and reduced in people with type 1 DM 
 [  106–  108  ] . Perhaps due to the reduced hormonal response, patients are less likely to 
awaken during an episode of hypoglycemia  [  106  ] , preventing them from taking cor-
rective measures. In athletes who have exercised in the previous days, these altered 
responses will be superimposed upon the blunted responses and increased insulin 
sensitivity associated with antecedent exercise, exacerbating the risk of hypoglyce-
mia. Despite attenuated counterregulation and lack of awareness during sleep, noc-
turnal hypoglycemia still blunts counterregulatory hormone and symptom responses 
to next day hypoglycemia  [  109,   110  ] . Therefore, devising strategies to detect low 
blood glucose levels during the night will not only increase safety during sleep but 
also will provide information critical to controlling blood glucose in the day ahead. 

 As noted above, impaired hypoglycemia awareness is often coincident with 
blunted counterregulation. In fact, the two phenomena are signifi cantly associated 
 [  78  ] . In a study of healthy people and patients with and without a history of hypo-
glycemia unawareness, a delayed sympathoadrenal response was observed only in 
those with hypoglycemia unawareness  [  111  ] . In diabetes, the glycemic threshold 
for autonomic symptoms is widely variable and subject to change. Impairment of 
hypoglycemia awareness occurs along a continuum, with gradually decreasing 
intensity and/or number of symptoms  [  81  ] . Under poor glucose control, symptoms 
occur at higher blood glucose levels  [  112  ] . Conversely, tight glycemic control (often 
accompanied by increased frequency of hypoglycemia) can cause the threshold for 
symptoms to be signifi cantly downshifted to lower blood glucose levels  [  113  ] . This 
circumstance is cause for concern, as the thresholds for the onset of symptoms and 
cognitive dysfunction can become superimposed or even reversed. In subjects with 
intensively treated diabetes or insulinoma, the onset of autonomic and neuroglyco-
penic symptoms occurred ~2.0–2.3 mmol/l, compared to ~2.6–3.3 mmol/l in poorly 
controlled and nondiabetic subjects. Onset of cognitive dysfunction, however, 
occurred similarly in all groups at ~3.0–3.2 mmol/l  [  114,   115  ] . Depending on the 
severity of neuroglycopenia, impaired cognitive functioning prior to symptom onset 
may preclude patients from recognizing or responding to their symptoms. 
Furthermore, a rapid fall in blood glucose leaves little time between the recognition 
of symptoms and the onset of more severe cognitive dysfunction, thus requiring a 
rapid, appropriate response to symptoms if they are detected.   

    6.5.8   Mechanism of Impairment 

 Why does antecedent hypoglycemia or exercise cause reduced neuroendocrine, 
metabolic, and symptom responses to subsequent hypoglycemia or exercise? Much 
effort has been put in to teasing apart the mechanisms by which the body senses and 
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responds to a falling glucose level and the changes that occur within the central 
nervous system in the face of recurring hypoglycemia. Evidence suggests that 
changes occur centrally to maintain appropriate substrate levels in the most glucose-
sensitive areas of the brain, allowing for continued brain function during lower sys-
temic blood glucose levels. This would shift the initiation of responses to 
hypoglycemia to lower glycemic levels at which adaptations begin to fail and cen-
tral glucoprivation ensues. This is an attractive explanation, as the alterations would 
then refl ect an intrinsic protective survival response of the central nervous system to 
repeated bouts of hypoglycemia. Supporting this theory, mild recurring hypoglyce-
mia (25–40 mg/dl) in awake, unrestrained rats was shown to protect against brain 
damage (and loss of spatial learning and memory) induced by severe hypoglycemia 
(10–15 mg/dl)  [  116  ] . 

 How does the central nervous system detect a falling blood glucose level? 
Glucose-sensing neurons appear to be the signaling link between falling glucose 
levels and the counterregulatory response. The membrane potential of this subset of 
neurons is altered by changes in ambient glucose level. Glucose-excited neurons 
increase fi ring rate as glucose levels increase, while glucose-inhibited neurons 
decrease fi ring rate as glucose levels increase. It is believed that fl uctuations in the 
fi ring rates of these neurons modulate downstream signaling mechanisms that con-
trol hormone release. Both types of glucose-sensing neurons are found in regions of 
the brain that have been implicated in the counterregulatory response, including the 
lateral hypothalamus  [  117  ]  and the arcuate and ventromedial nuclei of the ventro-
medial hypothalamus  [  118–  120  ] . These neurons are also located in hindbrain  [  121  ]  
in the dorsal motor nucleus of the vagus  [  122  ] , the nucleus of the solitary tract 
 [  123  ] , and the area postrema  [  124  ] . Some research also suggests that glucose-
sensing neurons are located in the higher processing forebrain. These regions are 
associated with the blunting effects of repeated hypoglycemia. Localized glucope-
nia in the ventromedial hypothalamus of rats after chronic hypoglycemia induced 
lower counterregulatory responses compared to controls not exposed to prior hypo-
glycemia  [  125  ] . Similarly, antecedent injection of 5-thio-glucose into the third ven-
tricle to cause glucoprivation within the hypothalamus resulted in reduced 
epinephrine and glucagon responses to subsequent hypoglycemia  [  126  ] . 

 A number of intracellular elements may be involved in the glucose-sensing 
mechanism of certain neurons. Glucokinase, a known mediator of glucose sensing 
in pancreatic  b  cells, is also located in glucose-sensing neurons in the rat brain  [  127, 
  128  ] . Inhibition of glucokinase slows Ca 2+  oscillations (an indirect indicator of 
membrane potential) in glucose-excited neurons and increases Ca 2+  oscillations in 
glucose-inhibited neurons  [  128,   129  ] . Conversely, pharmacologic activation of glu-
cokinase increases and decreases Ca 2+  oscillations in glucose-excited and glucose-
inhibited neurons, respectively  [  128  ] . Glucokinase mRNA expression is increased 
in the ventromedial nuclei and the arcuate following acute insulin-induced hypogly-
cemia in rats  [  130  ] . This change was associated with reduced epinephrine responses 
to subsequent hypoglycemia. Accordingly, acute pharmacologic activation of glu-
cokinase in the ventromedial hypothalamus during hypoglycemia was shown to 
blunt epinephrine, norepinephrine, and glucagon responses  [  131  ] . Inhibition of 
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 glucokinase or reduction of glucokinase mRNA boosted the epinephrine response 
to hypoglycemia  [  131  ] . 

 Stimulation of AMP-activated protein kinase (AMPK) may also be required for 
normal glucose sensing. Neuroglucopenia increased AMPK  a  

1
  (alpha 

1
 ) and  a  

2
  

(alpha 
2
 ) activity in the rat brain  [  132  ] . Stimulation of AMPK via injection of 5-ami-

noimidazole-4-carboxamide ribonucleotide (AICAR) into the ventromedial hypo-
thalamus of rats signifi cantly increased hepatic glucose production during a 
hyperinsulinemic hypoglycemic clamp  [  133  ] . Conversely, downregulation of AMPK 
via gene silencing blunts counterregulation, with signifi cant reductions in glucagon, 
epinephrine, and endogenous glucose production responses during hypoglycemia 
 [  134  ] . Gene expression of AMPK  a  

1
  (alpha 

1
 ) and  a  

2
  (alpha 

2
 ) was shown to increase 

after three repeated bouts of hypoglycemia  [  135  ] , and AMPK activity was blunted 
after 4 days of repeated neuroglucopenia  [  132  ] . Consequent blunted counterregula-
tion (glucagon and epinephrine) can be rescued by injection of AICAR prior to acute 
or clamped hypoglycemia in both nondiabetic and diabetic rats  [  132,   135,   136  ] . 

 ATP-sensitive K+ channels, also similar to those found in pancreatic  b  (beta) 
cells, are found on glucose-excited neurons  [  120  ]  and are closed by ATP, which 
increases with increasing levels of ambient glucose. Closure leads to membrane 
depolarization, Ca 2+  infl ux, and (generally) increased action potential frequency 
 [  137  ] . As would be predicted, pharmacologic closure of ATP-sensitive K+ channels 
using sulfonylureas leads to blunted counterregulatory responses to hypoglycemia 
 [  138  ] , while microinjections of K+ channel openers signifi cantly enhance counter-
regulation  [  139  ] . Microinjections of diazoxide, another K+ channel opener, into 
recurrently hypoglycemic rats were also found to rescue the epinephrine response 
to hypoglycemia, resulting in less reliance on exogenously infused glucose  [  139  ] . 

 Glucose-sensing neurons must translate a changing glucose signal into a change 
in synaptic neurotransmitter release to generate a physiological response to the orig-
inal stimulus. Changes have been observed in a number of neurotransmitters during 
acute and repeated hypoglycemia, including glutamate, a fast-acting, excitatory 
neurotransmitter prevalent in the ventromedial hypothalamus. Researchers created 
a knockout mouse model lacking glutamate synaptic vesicular transporters in SF1 
neurons found in the ventromedial hypothalamus. Knockout mice displayed 
impaired counterregulation during both fasting and insulin-induced hypoglycemia 
 [  140  ] . No information is available however regarding changes in glutamate levels 
during acute and recurring hypoglycemia. 

 The inhibitory neurotransmitter  g  (gamma)-aminobutyric acid (GABA), on the 
other hand, has been heavily studied in relation to hypoglycemia. Levels of both 
GABA and glutamic acid decarboxylase (the enzyme responsible for GABA synthe-
sis) increase in the ventromedial hypothalamus of rats in response to acute and recur-
ring systemic hypoglycemia  [  141,   142  ] . The increased levels may partially mediate 
impaired counterregulation as administration of alprazolam in healthy humans (to 
induce GABA 

A
  receptor activation) either 90 min or 1 day prior to insulin-induced 

hypoglycemia results in blunted epinephrine, norepinephrine, glucagon, pancreatic 
polypeptide, MSNA, growth hormone, ACTH, and metabolic responses  [  143,   144  ] . 
Reciprocally, GABA 

A
  receptor antagonism in the ventromedial  hypothalamus of rats 
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enhances the counterregulatory response to hypoglycemia and rescues the blunting 
effects of repeated hypoglycemia  [  142,   145  ] . Norepinephrine synaptically released 
in the ventromedial hypothalamus may drive increases in GABA, as the fi rst and 
second peaks of the biphasic rise in GABA during infusion of 2-deoxyglucose were 
blocked by administration of  a  

2
  (alpha 

2
 )- and  b  (beta)-adrenoceptor antagonists, 

respectively  [  146  ] . 
 The corticotrophin-releasing factor (CRF) family of CRF and urocortins (UCN) 

I-III may work in opposing fashion to modulate counterregulatory responses. 
Stimulation of primarily CRF receptor I (CRFRI) via microinjection of CRF ampli-
fi es glucagon and epinephrine responses to hypoglycemia in rats  [  147  ] . Meanwhile, 
stimulation of CRFRII via microinjection of UCNI delays and suppresses counter-
regulation, which can be corrected by infusion of a CRFRII antagonist  [  147  ] . The 
ventromedial hypothalamus contains CRFR I and II, with a greater distribution of 
CRFRII  [  148  ] , as well as UCNIII, which is highly selective for CRFRII  [  147  ] . Some 
have hypothesized that it is the balance in the agonism of the two receptors that at 
least in part dictates the degree of hormonal response during hypoglycemia. 
Additionally, UCN agonism of CRFRII 24 h prior to hypoglycemia blunts counter-
regulation, suggesting that activation of this receptor during hypoglycemia could 
contribute to HAAF  [  147  ] . 

 It is likely that the signaling elements described above are affected by many 
metabolic molecules and thus can integrate several sources of feedback into a uni-
fi ed signaling response. Insulin, lipids, neuropeptides (neuropeptide Y and alpha-
melanocyte-stimulating hormone), and leptin, for example, have all been shown to 
affect a number of signaling pathways and subsequent neurotransmitter release 
 [  149–  153  ] . 

 Alterations in brain substrate utilization may also occur during hypoglycemia, 
thereby subsequently activating signaling cascades to induce a counterregulatory 
response. The brain increases glycogen utilization during hypoglycemia, as mea-
sured by  13 C NMR spectroscopy, in both healthy humans  [  154  ]  and rats  [  155  ] . 
Glycogen is stored primarily within astrocytes and is metabolized to lactate, which 
can be transferred to axons to support energy demand  [  156  ] . In awake rats treated 
with a glycogen phosphorylase inhibitor that blocked glycogen utilization during 
euglycemia but not during hypoglycemia, brain glycogen content increased by 88% 
under euglycemic conditions  [  157  ] . Compared to controls, rats treated with the gly-
cogen phosphorylase inhibitor maintained brain functioning longer and had reduced 
cell death during hypoglycemia (glucose nadir <1 mM), suggesting that glycogen is 
indeed utilized during hypoglycemia. There is evidence that glycogen supercom-
pensation occurs in both rats  [  132,   155  ]  and humans  [  154  ]  after one or multiple 
bouts of hypoglycemia. These observations have led to the hypothesis that enhanced 
glycogen utilization during hypoglycemia blunts counterregulatory responses by 
inhibiting activation of AMPK  [  132  ] . 

 In addition to lactate generated from glycogenolysis, lactate appears to be an 
abundantly available energy source in the brain as a result of astrocyte glucose 
metabolism stimulated by glutamate released during neuronal activity  [  158  ] . Research 
suggests that lactate is readily metabolized by neural tissue, even in the presence of 
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glucose  [  159,   160  ] . Under euglycemic conditions, systemic lactate infusion in 
humans causes increased brain lactate uptake and metabolism and reduced glucose 
uptake  [  161  ] , and lactate metabolism increases under increased neural stimulation 
 [  160  ] . Excess lactate infused into the ventromedial hypothalamus during systemic 
hypoglycemia dramatically diminishes counterregulatory responses, indicating that 
normal neuronal signaling responses to hypoglycemia were blocked despite decreas-
ing glucose availability  [  162  ] . Consistent with this interpretation, systemic lactate 
infusion during severe hypoglycemia was shown to maintain neuronal excitability 
 [  160  ] . Adaptations at the blood-brain barrier may occur to increase transport of lac-
tate as well as other monocarboxylic acids (MCA), such as acetate, acetoacetate, and 
 b  (beta)-hydroxybutyrate, in response to repeated hypoglycemia. In subjects with 
well-controlled diabetes and recent recurrent hypoglycemia, alterations in MCA 
transport were indirectly indicated by twofold increases in brain acetate concentra-
tions, oxidative acetate metabolism, and brain acetate transport  [  163  ] . 

 Data are inconsistent regarding changes in brain glucose uptake and metabolism in 
response to recurrent hypoglycemia. After rats were subjected to 5 days of insulin 
injection to induce mild hypoglycemia, GLUT1 mRNA and protein were increased in 
the brain, which could mean that the brain is able to adapt to hypoglycemia by increas-
ing brain glucose transport capacity  [  164  ] . Supporting this, in healthy adults, brain 
glucose uptake fell during a stepped hypoglycemic clamp but was maintained follow-
ing 56 h of hypoglycemia (3.0 mmol/l)  [  165  ] . In diabetes patients with near-normal 
Hb 

A1c
  (and a signifi cantly greater frequency of hypoglycemia), normal levels of glucose 

uptake were observed, while uptake decreased in patients with higher Hb 
A1c

  levels 
 [  166  ] . Additionally, it has been shown that patients with type 1 DM and a history of 
hypoglycemia unawareness have increased cerebral glucose concentrations compared 
to healthy controls  [  167  ] . However, healthy subjects who underwent three episodes of 
hypoglycemia (30 min each) over 24 h had no change in brain glucose content  [  168  ] . 
In this study though, the hypoglycemic stimuli may not have been prolonged or severe 
enough to induce changes in brain glucose uptake, as counterregulatory hormones 
were not universally blunted among all subjects. In those subjects that did have severe 
blunting of one or more counterregulatory hormones, brain glucose concentration was 
increased following antecedent hypoglycemia  [  168  ] . 

 Glucose sensors located peripherally in the portal vein  [  169,   170  ]  and the carotid 
artery  [  171  ]  probably also contribute to the signaling response to hypoglycemia. 
Portal vein afferent denervation or maintenance of portal vein glucose concentra-
tions signifi cantly blunted the epinephrine response to systemic hypoglycemia in 
rats  [  172  ]    . Sensing likely occurs in capsaicin-sensitive primary sensory neurons of 
spinal afferents from the portal vein  [  173,   174  ] . The primary site for glucose sensing 
may shift based on the rate of fall of blood glucose, with the portal vein playing a 
greater role in counterregulation when the rate of fall of glucose is low  [  175  ] . 
Hypoglycemia increases transmitter secretion from glomus cells in the carotid 
artery in a concentration-dependent manner, which can in turn stimulate afferent 
nerve fi bers. It has been suggested that transmitter secretion in response to hypogly-
cemia is mediated by inhibition of K+ channel activity, membrane depolarization, 
and Ca2+ infl ux  [  176  ] . Resection of carotid bodies in dogs led to reduced 
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 counterregulatory responses during clamped hypoglycemia  [  171  ] , but contradictory 
evidence exists, showing that low blood glucose does not directly activate carotid 
body chemoreceptors in the rat  [  177  ] . 

 Some have also suggested that reduced  b  (beta)-adrenergic sensitivity plays a 
role in the increased risk for hypoglycemia following antecedent hypoglycemia. 
Patients with type 1 DM who meet the criteria for hypoglycemia unawareness can 
have reduced sensitivity to isoproterenol, a  b  (beta)-adrenergic agonist  [  178,   179  ]  
that could be the result of a dysfunction in the proximal  b  

2
  (beta 

2
 )-adrenergic signal-

ing pathway  [  180  ] . Additionally,  b  (beta)-adrenergic sensitivity is reduced follow-
ing one bout of hypoglycemia in patients with type 1 DM  [  181  ] , while avoiding 
hypoglycemia for a period of 4 months improved both  b  (beta)-adrenergic and 
hypoglycemic symptom responses  [  182  ] .   

    6.6   Recovering Counterregulatory Responses 
and Hypoglycemia Awareness 

 Several studies have focused on reversing defi cits in counterregulation and hypogly-
cemia awareness through strict avoidance of hypoglycemia. In a very short-term 
study, patients were subjected to an acute bout of hypoglycemia (2.2 mmol/l) once 
daily for 3 days  [  183  ] . Following these repeated episodes of hypoglycemia, patients 
underwent a hypoglycemic clamp before and after 2 days of avoiding hypoglyce-
mia.    During the second clamp, epinephrine, ACTH, cortisol, and symptom scores 
were all signifi cantly improved compared to the fi rst clamp, indicating that even 
short-term avoidance of hypoglycemia improves counterregulation. Relaxation of 
glycemic control over the short term can also reverse counterregulatory defi ciencies 
 [  182,   184  ] . In a 3-month study  [  184  ] , increasing mean daily blood glucose to 
8–10 mmol/l decreased episodes of hypoglycemia from 4.7 to 1.9 episodes per per-
son per week. Epinephrine, growth hormone, and symptom responses during a sub-
sequent hypoglycemic clamp were all greater compared to responses preceding the 
intervention. In a second 4-month study, reducing insulin doses to increase prepran-
dial and bedtime glucose targets from 5.6 to 8.0 and 10.0 mmol/l, respectively, 
decreased the frequency of hypoglycemia from 8.4 to 1.4 episodes per week. 
Thereafter, autonomic and neuroglycopenic symptom responses to hypoglycemia 
were improved  [  182  ] . In these studies, Hb 

A1c
  increased from 6.9% to 8.0% and from 

6.8% to 7.4%, respectively  [  182,   184  ] . While preventing severe hypoglycemia is 
certainly important, the goal is to do so without increasing the risk of microvascular 
and macrovascular complications that arise with poorer glucose control. 

 Some argue that recovery of hypoglycemia awareness does not have to compromise 
glycemic control  [  185–  187  ] . In a 1-year intervention study  [  186,   187  ] , subjects with 
hypoglycemia unawareness who switched from conventional to intensive insulin ther-
apy decreased their frequency of hypoglycemia from 0.5 to 0.045 episodes per patient-
day through targeted physiological insulin replacement and intensive education. 
Improvements in hormone and symptom responses were observed between 2 weeks 
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and 3 months of starting the intervention and were sustained for the duration of the 
study. Although the study group claimed that glycemic control was not worsened, 
Hb 

A1c
  did increase from 5.83% to 6.94%, indicating that there was some deterioration 

of mean daily blood glucose levels. In a second study  [  185  ] , patients under either strict 
(Hb 

A1c
  6.5%) or poor (Hb 

A1c
  8.2%) glycemic control, all with impaired awareness of 

hypoglycemia, were provided with education and assistance in modifying diet, exer-
cise, and insulin dosing to avoid hypoglycemia. It took subjects 4 months, on average, 
to meet the study endpoint of an absence of hypoglycemia for 3 weeks. Epinephrine 
and symptom scores during hypoglycemia improved and were initiated at higher blood 
glucose levels. Hb 

A1c
  did not signifi cantly increase during the study in either group. 

 Some research suggests that improvements are only partial. After 3 months of 
intensively avoiding hypoglycemia, patients exhibited normal symptom responses 
during hypoglycemia, but neuroendocrine responses, including epinephrine, pan-
creatic polypeptide, and cortisol, were not recovered  [  188  ] . Conversely, another 
study found an improvement in epinephrine but not symptom responses after a 
return from intensive to conventional insulin therapy  [  189  ] . The reason for these 
inconsistent observations    is still not understood. Some differences may be explained 
by varying research procedures, including inclusion criteria for hypoglycemia 
unawareness, hypoglycemic clamp methods, length of interventions, and sample 
size. However, it is clear that more studies are needed to better identify effective 
strategies for treating impaired hormone and symptom responses during hypogly-
cemia. The above studies do indicate that patient education regarding diet, exer-
cise, and fi ne-tuning insulin replacement as well as regular glucose monitoring can 
be effective tools for avoiding hypoglycemia and improving counterregulation. 
Furthermore, relaxing glycemic control, at least temporarily, may be helpful.  

    6.7   Preventing Severe Hypoglycemia 

 Hypoglycemia can be severely debilitating, both long- and short term. Avoidance of 
hypoglycemia is crucial to sustained quality of life in all patients with diabetes. In 
athletes with diabetes, avoidance of hypoglycemia is vital also to continued athletic 
success. In those who compete at high speeds, in hazardous environments (i.e., 
water), and/or in close proximity to others (i.e., basketball, cycling), hypoglycemia 
can be especially dangerous, increasing the risk for bodily injury to the patient or 
others. Aspects of visual information processing, including contrast sensitivity, 
inspection time, visual change detection, and visual movement detection, can be 
impaired by hypoglycemia  [  190,   191  ] . Auditory functioning also changes, with 
diminished auditory temporal processing and lower ability to discriminate single-
tone loudness  [  192,   193  ] . Psychomotor function and performance on tasks associ-
ated with visual and auditory selective attention are also diminished  [  194,   195  ] . 
These defi cits could slow judgment and reaction time and/or result in mistakes. 

 During a fi tness camp developed specifi cally for active individuals with type 1 
DM, continuous glucose monitoring systems were used to follow glycemic 
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 fl uctuations in 12 subjects over 5 days  [  196  ] . On average, subjects were hypoglycemic, 
hyperglycemic, and euglycemic 7%, 11%, and 82% of the time, respectively. From 
over ~60 h of data collected in each patient, a total of 75 hypoglycemic episodes 
were recorded, with at least 1 episode occurring in each person. The wide glycemic 
variability occurred despite patients demonstrating a substantial degree of knowl-
edge regarding the appropriate use of carbohydrate and insulin during exercise and 
despite the 24-h availability of expert support staff (i.e., physician, coaches, physi-
cian assistants, exercise physiologists). Such is the depth of the ongoing struggle 
that athletes face in adequately managing their blood glucose levels. 

 Fear of hypoglycemia is an all too real issue that often arises in type 1 DM. In addi-
tion to diminishing quality of life, this fear poses a major barrier to both glycemic 
control and exercise  [  197  ] . The development of a comprehensive plan to prevent hypo-
glycemia will not only provide individuals with the knowledge to increase safety dur-
ing exercise and avoid deterioration of glycemic control but also will build confi dence 
in making self-treatment decisions that will hopefully translate into less anxiety. 

 Does the athlete have impaired hypoglycemia unawareness? This can be assessed 
by collecting a patient history of frequency of moderate to severe biochemical hypo-
glycemia with or without associated symptoms  [  198  ]  or a self-report questionnaire 
that can be used to generate a more comprehensive understanding of the person’s 
hypoglycemia awareness level. The self-report questionnaire has been shown to cor-
relate well with symptom recognition and thresholds during a stepped hypoglycemic 
clamp  [  199  ] . If impaired hypoglycemia awareness is present, the athlete is very likely 
to develop hypoglycemia either during or after exercise. Priority should be placed 
upon correction of this syndrome prior to beginning or continuing training. 

 Differing disease duration, insulin requirements, diet, training regimens, and choice 
of sport necessitate an individualized approach to diabetes management. Special 
attention is required during the initiation of an exercise training regimen and during 
major shifts in level of activity, diet, or insulin dosage, as these changes tend to increase 
the frequency of low blood glucose readings  [  200  ] . A number of different strategies 
can be used to minimize the risk of hypoglycemia (see Table  6.2 ), and the patient and 
the health-care team should work together to develop the understanding and skills to 
use each strategy successfully. Regular blood glucose monitoring and adequate adjust-
ment of insulin and carbohydrate intake are crucial to prevention of hypoglycemia, 
and detailed information regarding these topics is available in Chaps. 3, 5, and 7.  

    6.7.1   Improving Symptom Identifi cation 

 Failure to identify symptoms, associate symptoms with hypoglycemia, or respond 
appropriately to hypoglycemia can lead to more severe hypoglycemia  [  72  ] . Thus, a 
comprehensive understanding of symptoms and how to react to those symptoms is 
imperative. Patients tend to consistently experience specifi c sets of symptoms during 
hypoglycemia  [  201,   202  ] . Some studies show that patients tend to rely much more on 
autonomic than neuroglycopenic symptoms  [  12  ] . However, although the onset of 
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autonomic and neuroglycopenic symptoms and cognitive dysfunction may occur at 
different glycemic thresholds regardless of the rate of fall of blood glucose  [  203  ] , in 
an everyday life situation, blood glucose may fall at a rate brisk enough that the onset 
of all symptoms may occur temporally, nearly simultaneously. As such, neuroglyco-
penic symptoms are frequently reported during hypoglycemia as well  [  204  ] . 

 Health-care professionals should help the athlete to identify symptom trends dur-
ing rest and exercise and to determine which symptoms are most helpful in recogniz-
ing hypoglycemia under each condition. The athlete should also learn to monitor for 
additional symptoms – both autonomic and neuroglycopenic – and factors that can 
confound identifi cation of symptoms, especially during exercise or competition. 
When patients have at least one recognizable symptom that typically occurs during 
hypoglycemia, half of the episodes of blood glucose <3.95 mmol/l can be detected. 
When the number of recognizable, typical symptoms is increased to four or more, 
three-quarters of hypoglycemic episodes can be identifi ed  [  201  ] . Furthermore, being 
mindful of the potential for hypoglycemia should help to increase vigilance and sen-
sitivity to physiological changes. In one study of healthy people subjected to a previ-
ous episode of insulin-induced hypoglycemia, half of the subjects were told that they 
would receive insulin during a second session and half were told that they would 
receive saline. Of those two groups, half were given the opposite intervention of what 
they expected. Those anticipating insulin infusion had higher symptom scores com-
pared to those expecting saline, regardless of the actual intervention  [  205  ] . 

 Teammates, coaches, family members, and friends can also be of major impor-
tance in identifying symptoms of hypoglycemia. Education should be provided to 
members of the athlete’s support system regarding signs and symptoms of hypogly-
cemia and appropriate treatment measures.  

    6.7.2   Record Keeping 

 The importance of record keeping should be stressed. With so many variables con-
tributing to fl uctuations in blood glucose levels, recording blood glucose levels, 
insulin dosing (times and doses), meal intake (times and amount of carbohydrate), 
exercise (duration and intensity), and other relevant details will help the patient to 
make informed self-treatment decisions, as well as determine reasons for glycemic 
excursions. A number of record-keeping utilities are now available online, some of 
which can also be accessed by physicians and health-care professionals to monitor 
patients’ treatment regimens.  

    6.7.3   Intermittent High-Intensity Exercise 

 Because intense exercise causes a rise in blood glucose, a group of researchers has 
studied the antihypoglycemic effects of introducing short bursts of IHE before, dur-
ing, or after a session of moderate exercise  [  206–  208  ] . In one group of individuals 
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 [  206  ] , performing 4-s sprints every 2 min over the course of 30 min of moderate 
exercise (40% VO 

2max
 ) caused blood glucose to fall to a signifi cantly lesser degree 

compared to a nonsprint group. Furthermore, for 60 min postexercise, glucose con-
tinued to fall in the nonsprinters but stabilized in the IHE group. Performing a 10-s 
maximal sprint before 20 min of exercise (40% VO 

2max
 ) prevented a fall in blood 

glucose only during the early recovery period  [  207  ] , but a 10-s sprint after the same 
exercise stabilized glucose levels for a full 2 h following exercise  [  208  ] . 

 In all three interventions, exercise was performed ~3.5 h after the last meal, 
beyond peak insulin action and with preexercise blood glucose levels ~11 mmol/l. 
Therefore, if athletes wish to employ such a preventive strategy, timing and duration 
of sprints will need to be determined empirically based on prandial state and preex-
ercise blood glucose level. Also, as discussed earlier, evidence is confl icting as to 
whether or not late-onset exercise-associated hypoglycemia can be avoided using 
this method  [  101,   102  ] . Therefore, glucose monitoring before and throughout sleep-
ing hours is strongly recommended.   

    6.8   Treatment of Acute Hypoglycemia 

 When hypoglycemia is detected by symptoms and/or biochemical measurement, 
treatment will depend on the degree of hypoglycemia and the patient’s state of con-
sciousness and his or her willingness and ability to administer or receive treatment 
(see Table  6.3 ). Mild to moderate hypoglycemia can generally be initially treated 
with 15–20 g of simple carbohydrate, such as glucose tablets or gel, soft drinks, or 
juice  [  209,   210  ] . The carbohydrate source should be low in fat so that absorption 
will not be slowed. If after 15 min symptoms have not abated or blood glucose is 
still low, the treatment should be repeated  [  209,   210  ] . Lower blood glucose 
(<2.8 mmol/l) should be treated with 30 g of carbohydrate  [  210  ] . These recommen-
dations are not specifi c to athletes who may become hypoglycemic during pro-
longed, moderately intense exercise. Thus, larger amounts of carbohydrate may be 
required to treat hypoglycemia under these conditions. Once blood glucose levels 
return to normal, it is important that the patient consumes a meal including more 
complex carbohydrate to prevent subsequent bouts of hypoglycemia  [  209,   210  ] .  

 During more severe hypoglycemia, glucose gel, jelly, or honey can be used as 
these substances can be placed in the mouth against the cheek by another person 
 [  210  ]  and are readily absorbed through the buccal mucosa. In the unconscious 
patient, glucagon (1 mg) should be administered subcutaneously or intramuscularly 
to stimulate hepatic glycogenolysis  [  209,   210  ] . Although very effective, glucagon 
does take approximately 10 min to begin to affect blood glucose levels, which is 
considerably longer than intravenous glucose. However, unlike intravenous glucose, 
glucagon, available as a kit, can be safely administered by friends, family members, 
and coaches with proper education  [  209–  211  ] . Those who plan to administer gluca-
gon when necessary should receive hands-on training to ensure that glucagon can be 
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delivered in an adequate quantity and in a timely manner  [  211  ] . Caregivers should 
be made aware of the location where glucagon kits are stored, and kits should be 
regularly checked for expiration date  [  211  ] . If emergency care is required, medical 
staff may also administer glucagon 1 mg intramuscularly or intravenously, as well 
as 50 ml of dextrose (20%) or 25 ml of dextrose (50%) intravenously. 

 Athletes may need to allow themselves’ a recovery period before engaging in 
exercise following a hypoglycemic episode. In one study, responses to hypoglyce-
mia were not blunted 2 days after induction of a 2-h bout of hypoglycemia  [  212  ] . 
However, the severity and duration of a hypoglycemic event could affect the length 
of time required to recover full counterregulatory responses.  

    6.9   Conclusion 

 Although rapidly improving, the treatment of type 1 DM is not perfect, and the risk 
of hypoglycemia remains, especially under metabolically challenging conditions 
such as exercise. Athletes should be suffi ciently educated regarding attendant risks 
and behavioral strategies that can be used to successfully minimize those risks. With 
practice, athletes can personalize and master such strategies to avoid hypoglycemia 
as well as enhance performance and the enjoyment of sport and exercise.      

   Table 6.3    Recommended interventions for an acute hypoglycemic event   

 Level of 
hypoglycemia  Immediate intervention  Comments 

  Mild to moderate  
 Patient is conscious  Consume carbohydrate snack: 

  Blood glucose >2.8 mmol/l  Simple carbohydrate should be used 
(i.e., glucose tablets or gel, soft 
drinks, juice) 

  15–20 g carbohydrate  Glucose gel, jelly, or honey can be 
placed against inner cheek 

  Blood glucose <2.8 mmol/l  Avoid snacks that contain fat 
  30 g carbohydrate  Repeat after 15 min if blood glucose 

remains low or symptoms have not 
subsided 

  Severe  
 Patient is 

unconscious 
 Glucagon (1 mg) injection  Subcutaneous or intramuscular 

injection is acceptable 
 Call for emergency medical 

assistance if necessary 
 Make sure kit is not expired and is 

readily accessible 
 Glucagon has a delayed onset of action 

(~10 min) compared to glucose 
 Do not attempt to administer 

carbohydrate orally 
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    7.1   Introduction    

 Evidence-based guidelines exist to advise athletes on the appropriate amount, com-
position, and timing of food intake required to optimize training and performance 
 [  1–  3  ] . The nutrition goals and guidelines for training and competition for athletes 
with and without T1DM are similar, yet there are special considerations for the 
athlete with T1DM. Maintenance of glycemic control remains an important goal for 
the athlete with T1DM so as to limit the progression of long-term complications 
from diabetes  [  4  ] . 

 A recent review by the American Dietetic Association shows that medical nutri-
tion therapy can help to reduce the potential for complications of diabetes through 
improvements in glycemic, lipid, and blood pressure control  [  5  ] . Tailored nutritional 
advice may also be able to have a signifi cant infl uence both on athletic performance 
and glycemic control in active individuals with T1DM. In this chapter, we will con-
sider important features of the nutritional guidelines for athletes without diabetes 
and, then, discuss how these might need to be adjusted for athletes with T1DM.  

    7.2   Nutrition Guidelines for the Athlete Without T1DM 

 A summary of nutrition guidelines for athletes without diabetes is presented below. 
These guidelines serve as a basis for nutritional advice to the athlete with T1DM but 
will need to be adjusted to accommodate the particular needs of this group. 

    C.   Hume ,  B.Sc., M.Sc.   
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    7.2.1   Carbohydrate 

    Athletes need to consume a diet containing adequate daily carbohydrate (CHO) • 
to support training and maintain health. CHO in the athlete’s diet needs to be 
considered in terms of whether both the total daily intake and the timing of CHO 
consumption in relation to exercise maintain an adequate supply of CHO sub-
strate for the muscle and central nervous system  [  3  ]    . CHO needs will change 
according to the training load and competition program and are therefore likely 
to vary from day to day.  
  An adequate CHO intake is required to meet the fuel requirements of training • 
and to optimize the restoration of muscle glycogen stores between training ses-
sions. This is essential for high-intensity and long duration training sessions. 
Daily CHO intake guidelines for athletes are expressed per kilogram body mass 
and range from 3–12 g/kg BM/day  [  3  ] . Athletes partaking in moderate-intensity 
exercise for approximately 1 h per day should aim for a CHO intake of 5 to 
7 g/kg BM/day. CHO recommendations for endurance athletes training at a mod-
erate to high intensity level for 1–3 h per day are 6–10 g/kg BM/day. Athletes 
partaking in more extreme and moderate- to higher-intensity exercise for more 
than 4 h per day may require a CHO intake in the range of 8–12 g/kg BM/day. 
For athletes performing skill-based activities and recreational athletes not per-
forming daily exercise, a CHO intake of 3 g/kg BM/day is probably adequate. It 
is essential to have an understanding of the type of training undertaken by the 
athlete and the energy demands of the sport in order that these guidelines may be 
correctly applied.  
  “Carbohydrate loading” is the consumption of extra CHO in the time leading up • 
to an event in order to maximize muscle glycogen stores. Evidence suggests that 
this may be benefi cial for endurance events lasting longer than 90 min  [  6  ] , in 
particular when the athlete’s daily diet provides <7–8 g CHO/kg BM/day. A 
CHO-loading regimen may involve 1–3 days of a high-CHO diet, providing 
between 10–12 g CHO/kg BM/day  [  7,   8  ] .  
  During exercise, the consumption of CHO provides an exogenous fuel source to • 
the muscle and central nervous system. Current guidelines recommend a CHO 
intake of 30–60 g/h for sports of more than 60 min in which fatigue is likely to 
occur  [  1,   2  ] . This is a general guideline and must be adapted to the needs of the 
individual and sport.  
  In events lasting an hour or less, small amounts of CHO can improve cognitive • 
and physical performance, most likely due to a central nervous system effect  [  9  ] . 
Interestingly, performance improvements have also been shown where athletes 
simply rinsed their mouth with a CHO drink during a 1-h cycling time trial  [  10  ] .  
  In events lasting longer than 2.5 h, it is suggested that the amount of CHO • 
required to optimize performance ranges from 60–90 g/h and there appears to be 
a dose-response relationship between CHO intake and performance  [  11  ] . When 
the hourly CHO intake is between 70–90 g/h, it is advisable to use sports prod-
ucts that contain a mixture of CHO sources (i.e., glucose and fructose) in order 
to maximize CHO oxidation and absorption from the gut  [  12  ] .  
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  Where the recovery period is short (i.e., <8 h between intense training sessions), • 
it is advisable to begin consuming CHO as soon as possible after a training ses-
sion or competition event. In the immediate post-exercise period (0–4 h after 
exercise), a CHO intake of 1.0–1.2 g/kg BM/h for the fi rst 4 h is required to 
replace glycogen stores. CHO with a moderate    to high glycemic index (see 
below) may be preferable when rapid restoration of glycogen stores is a priority 
 [  13  ] . The combined ingestion of a small amount of protein (0.2–0.4 g/kg BM/h) 
with smaller amounts of CHO (0.8 g/kg BM/h) results in similar muscle glyco-
gen synthesis compared to when larger amounts of CHO are ingested alone 
 [  14  ] . The addition of protein to the post-exercise CHO is therefore benefi cial 
when CHO requirements cannot be met. For athletes who rest for a day between 
intense training sessions, the timing and quantity of CHO consumed immedi-
ately post-exercise is of lesser importance, and the focus should be on consum-
ing suffi cient CHO during the 24-h period after exercise  [  15  ] . Nevertheless, 
consuming a meal or snack within 60 min post-exercise is important as muscle 
glycogen synthesis rates are much higher in the immediate post-exercise 
period.    

    7.2.1.1   Glycemic Index (GI) 

 The GI classifi es CHO-rich foods based on their postprandial blood glucose response 
compared with a reference food (usually white bread or glucose), which has a GI 
value of 100  [  16  ] . GI is calculated by measuring the incremental area under the 
blood glucose response curve after the ingestion of a reference food containing 50 g 
of available CHO and a test food also containing 50 g of available CHO. A high GI 
value indicates rapid absorption and delivery of the CHO into circulation. CHO-rich 
foods can be classifi ed as high GI (GI > 71), moderate GI (GI between 56 and 70), 
and low GI (GI of 55 or less)  [  16  ] .  

    7.2.1.2   The GI and Exercise Performance in the Athlete 

 Low-GI pre-exercise feedings (1–3 h before exercise) have been shown to result in 
greater fat oxidation and lower muscle glycogen utilization during exercise com-
pared to high-GI pre-exercise feedings  [  17  ] . However, it is debatable whether this 
apparent metabolic benefi t translates into a performance benefi t. A small number of 
studies have shown a performance benefi t for a low-GI pre-exercise meal  [  18  ] , but 
studies which have supplemented CHO during exercise indicate that the GI of the 
pre-exercise meal has little impact on athletic performance and show no differences 
in CHO and fat oxidation when a CHO beverage is ingested during exercise  [  19  ] . 
Given that it is accepted practice for athletes to consume CHO during endurance 
events and exercise lasting more than 1 h, the practical relevance of including the GI 
in the pre-exercise nutrition strategy is unclear. 

 The GI may have a more important impact on post-exercise nutrition. If rapid 
restoration of glycogen is a priority due to short recovery periods (<8 h between 
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training sessions), a benefi t has been demonstrated for higher-GI foods over lower-
GI foods  [  20  ] . However, as discussed above, the timing, quantity, and rate of CHO 
ingested after exercise are also all important for rapid glycogen synthesis.   

    7.2.2   Protein 

    The timing of protein intake is important. Foods or snacks containing high-qual-• 
ity protein should be consumed regularly throughout the day and, in particular, 
soon after exercise to aid in the maintenance or gain of muscle and in the repair 
of damaged tissues. Consumption of 15–25 g of protein soon after all training 
sessions will maximize the synthesis of proteins  [  1  ] .  
  A varied diet that meets energy needs will provide adequate protein for most • 
athletes; however, for smaller athletes with lower energy intakes, consideration 
needs to be given to ensure that adequate protein is consumed.     

    7.2.3   Hydration 

    Being adequately hydrated is important for optimizing exercise performance. The 
American College of Sports Medicine (ACSM) position stand on exercise and fl uid 
replacement  [  21  ]  forms the basis for the following recommendations.  

  It is recommended to ingest 5–7 ml/kg of fl uid at least 4 h before exercise.  • 
  During exercise, athletes should drink enough fl uid to limit dehydration to <2% • 
of body weight. It is important to avoid excessive fl uid ingestion, which can 
result in hyponatremia and associated problems. Gaining weight during exercise 
is an important indicator that fl uid ingestion is inappropriately high.  
  Rates of fl uid loss are highly variable. The rate of fl uid replacement required will • 
be dependent on a number of factors such as the individual’s sweat rate, exercise 
duration, and opportunities to drink. Extra care needs to be given to avoiding dehy-
dration when exercising in hot and humid environments and at high altitudes.  
  Sodium stimulates thirst and fl uid retention and should be included in beverages • 
(at a level of 500–700 mg/l) when sweat losses are high and when exercise lasts 
more than 2 h.  
  The CHO concentration of beverages should ideally not exceed 8% in order to • 
maximize gastric emptying and minimize the chance of gastrointestinal upset.  
  In the post-exercise period, rapid and complete recovery from excessive dehy-• 
dration can be achieved by drinking 1.5 l of fl uid for every kilogram lost.     

    7.2.4   Vitamin and Mineral Supplements 

    Vitamin and mineral supplements are typically not required if an athlete is con-• 
suming adequate energy from a varied diet.  



1557 Fueling the Athlete with Type 1 Diabetes

  Adequate calcium and vitamin D play an important role in bone health and in the • 
prevention of stress fractures. Athletes who live at northern latitudes or who train 
predominantly indoors may be defi cient in vitamin D and are therefore likely to 
benefi t from supplementation with vitamin D  [  22  ] .  
  In addition to vitamin D, calcium supplementation may be required in athletes • 
with amenorrhea and weight-conscious athletes with a low energy intake in order 
to prevent low bone density and the risk of stress fractures  [  23  ] .      

    7.3   Specifi c Challenges in Diabetes 

 As we have seen in   Chap. 2    , exercise presents particular metabolic challenges in 
T1DM, with a signifi cant risk of both hyper- and hypoglycemia depending on the 
situation. Maintaining blood glucose levels within an acceptable range requires the 
correct balance between insulin dosing, the consumption of metabolic fuels (par-
ticularly carbohydrate), and the energy requirements of the exercise. In practice, the 
energy requirements are often relatively infl exible, being determined by the training 
goals or demands of competition. This means that glycemic control is invariably 
maintained by making adjustments to insulin dosing or carbohydrate replacement. 
Insulin dosing has been considered elsewhere in this volume (  Chap. 3    ) in conjunc-
tion with pre-exercise carbohydrate feeding, and so this chapter will focus on nutri-
tional advice specifi c to the athlete with T1DM and, in particular, the effects of 
CHO supplementation.  

    7.4   Macronutrient Recommendations 
for the Athlete with T1DM 

 No specifi c macronutrient recommendations exist for the athlete with T1DM. 
Guidance is therefore drawn from both general nutrition practice recommendations 
for adults with diabetes  [  5  ]  and recommendations for athletes without diabetes. 

    7.4.1   Carbohydrate 

    As noted above, it is essential to consume adequate CHO to support training in • 
order to optimize sporting performance. Daily CHO recommendations for ath-
letes (as presented earlier) are also applicable to the athlete with T1DM.  
  In order to maintain glycemic control in T1DM, this CHO intake needs to be • 
matched with appropriate insulin doses given at the appropriate time. Individuals 
on MDI and CSII therapy are advised to adjust insulin doses to match CHO 
intake (insulin-to-CHO ratios)  [  24  ] .  
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  Athletes without T1DM are advised to vary energy and CHO intake according • 
to the periodized training load and daily fl uctuations in training. For the athlete 
with T1DM, it is important to consume adequate CHO on a daily basis to ensure 
that glycogen stores are replenished, which should aid in reducing exercise-
associated hypoglycemia. There is evidence to suggest that day-to-day consis-
tency in distribution of CHO intake results in improved glycemic control, 
although it is debatable whether this applies to individuals who adjust insulin to 
match CHO  [  25  ] . At present, therefore, there is perhaps insuffi cient evidence to 
suggest that substantial day-to-day variation in CHO intake is benefi cial for the 
athlete with T1DM, and so a reasonably consistent daily CHO intake may be 
preferable.  
  CHO should be distributed fairly evenly throughout the day, with a particular • 
focus on ensuring that adequate CHO is consumed soon after training sessions to 
promote glycogen synthesis post-exercise.    

    7.4.1.1   GI in the Nutritional Management of Diabetes 

 The use of the GI is recognized as playing an important part in the management of 
diabetes by various professional organizations, including the Canadian Diabetes 
Association, Diabetes UK, and Diabetes Australia  [  26–  28  ] . Using continuous glu-
cose monitoring, a low-GI meal has been shown to reduce postprandial glucose 
excursions in children and adolescents treated with both MDI and CSII when com-
pared with a high-GI meal  [  29,   30  ] . A low-GI diet has also been found to positively 
affect the daily mean blood glucose concentration  [  31  ] . These differences probably 
explain why low-GI diets can help to lower HbA1c in people with diabetes, and are 
therefore recommended in this group  [  32  ] . 

 A low-GI diet also has the potential to limit insulin requirements, which may be 
particularly benefi cial in the context of exercise. Lower insulin dosing will result in 
lower levels of circulating insulin which may help to reduce the risk of hypoglyce-
mia both during exercise and in the early postprandial period and also post-exercise 
when insulin sensitivity is enhanced. Related to this, it is interesting to note that 
nutrition recommendations for individuals with T1DM frequently focus on “carbo-
hydrate counting” (matching insulin to CHO) but do not take the GI into account. 
Given that the above evidence suggests that lower-GI CHO requires less insulin 
than an equal amount of higher-GI CHO, it seems that the GI of CHO should also 
be taken into account when deciding appropriate insulin dosing. 

 It is also important to understand that the GI does not tell the whole story 
about some foods, and so its use should be applied with appropriate consider-
ation. For example, while watermelon has a high GI, the CHO load in a serving 
is relatively small, and therefore, there does not seem any reason to limit such a 
food in the diet, even in the context of diabetes. In contrast, adding fat to a high-
GI food not only lowers its GI but also alters its overall nutritional value, mean-
ing that there may not be such a strong benefi t from the lower-GI food in these 
circumstances.  



1577 Fueling the Athlete with Type 1 Diabetes

    7.4.1.2   GI and Exercise in the Athlete with T1DM 

 As noted elsewhere in this volume (  Chap. 3    ), the fi ndings of two recent studies have 
looked at the effect of low-GI compared to high-GI CHO in individuals with T1DM 
and have made recommendations for athletes with T1DM  [  33,   34  ] . Isomaltulose, a 
low-GI CHO, was compared with dextrose, a high-GI CHO. Optimal timing of 
isomaltulose (and ideal insulin dose reduction) was also considered. The overall 
outcome was that taking low-GI CHO in the form of isomaltulose 30 min prior to 
running with a reduced bolus (25% of usual bolus) of rapid-acting analogue insulin 
was protective against hypoglycemia. A more stable blood glucose response was 
also observed when compared with dextrose, and a more normal metabolic response 
was seen with lipid oxidation maintained in spite of CHO ingestion. 

 Care may be needed in applying these recommendations to individual athletes, as 
75 g of CHO, as used in these studies, is a large amount of CHO to ingest 30 min before 
an exercise such as running (this is unlikely to be a problem for cycling), and so the pos-
sibility of gastrointestinal disturbance needs to be considered. Future studies using solid 
food, mixed macronutrient meals, and smaller pre-exercise CHO feedings are important 
for seeing how this research will translate into practice. Nonetheless, the results are 
worthy of attention as they do suggest that the GI of the pre-exercise feeding may be 
important and is potentially a useful strategy for some individuals with T1DM.   

    7.4.2   CHO Intake Prior to Training or Competition 

 Ideally, individuals need to fi nd a pre-event nutrition strategy that safeguards against 
hyperglycemia in the hours prior to exercise and hypoglycemia before and during exer-
cise. The pre-event meal serves the purpose of maintaining or increasing muscle glyco-
gen stores and liver glycogen content (especially important for early morning events 
where the liver glycogen stores are depleted from an overnight fast). In order to achieve 
this, the pre-event meal should be based on high-CHO foods that the individual athlete 
is comfortable with. In diabetes, there is likely to be a benefi t from consuming a low-GI 
CHO pre-exercise meal for endurance events or longer duration training sessions. The 
timing of the pre-event meal is individual; a meal 2–4 h before the event is suitable for 
most athletes. For the individual with T1DM, the benefi t of consuming the pre-event 
meal at least 4 h before the event allows the athlete to start exercise with low circulating 
insulin levels, which may be advantageous in endurance events and for individuals 
prone to hypoglycemia. When the pre-exercise meal is <2 h before the event or training 
session, the meal insulin bolus may need adjusting according to the intensity and dura-
tion of the exercise  [  35  ]  and the individual’s glycemic response to competition. Blood 
glucose may be raised in the hours before competition through stress-associated 
increases in counterregulatory hormones, and therefore, some individuals may require 
a slightly larger insulin bolus than usual with the pre-exercise meal. 

 Consumption of a low-GI CHO drink 30 min before the event or training session, 
in conjunction with a signifi cant reduction in the meal insulin bolus (a reduction of 
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up to 75% of usual insulin bolus), is another strategy which may be helpful. It 
remains to be seen whether ingestion of a solid meal containing similarly low-GI 
CHO at this point might have the same effect. The possibility of GI upset means this 
strategy may not be practical in all competition situations, but it may be particularly 
useful in training, especially where the individual chooses not to supplement with 
CHO during the exercise. The use of common sports drinks as a replacement for a 
pre-event meal may not be ideal in all circumstances due to the high GI of these 
products which will promote hyperglycemia in the hours before an event. 

 Glycemic control must be assessed prior to training and events in order to make a 
decision whether CHO is required before exercise. The direction of the rate of change 
in BG is useful in this instance, which has implications for blood glucose testing (see 
below). If the pre-exercise BG is <5 mmol/l, not rising, and the exercise is primarily 
aerobic, at least 15 g of CHO should be ingested. In contrast, if the BG is 5–14 mmol/l 
and stable or increasing, no CHO may be required before exercise. The preferred 
strategy in these circumstances might be to supplement CHO during exercise (depend-
ing on the exercise duration and experience of the glycemic response to exercise). 

 It is common practice for athletes with T1DM who are prone to hypoglycemia 
during exercise to preload with high-GI CHO to ensure that blood glucose is suffi -
ciently raised at the start of exercise. This practice is not encouraged as exercising 
in a hyperglycemic state poses problems with regard to performance, through pos-
sible effects on both coordination  [  36  ]  and metabolism, with hyperglycemia associ-
ated with a shift toward CHO oxidation as the main fuel source compared to when 
exercising in euglycemia  [  37  ] . Supplementing with high-GI CHO at regular inter-
vals during exercise (e.g., every 15–20 min) will maintain a more stable and physi-
ological blood glucose level than pre-loading with CHO. 

    7.4.2.1   CHO Loading 

 The aim of CHO loading is to maximize muscle glycogen stores prior to endurance 
events. While CHO loading has been proven to have performance benefi ts in endur-
ance events in the athlete without T1DM  [  6  ] , this practice has not been researched 
in the athlete with T1DM. “Tapering,” the reduction in training load immediately 
prior to an event, may already pose a challenge with maintaining euglycemia in the 
days leading up to an event. A signifi cant increase in CHO intake prior to an event 
may therefore exacerbate this challenge. For this reason, CHO loading is currently 
not encouraged in the athlete with T1DM.   

    7.4.3   CHO Intake During Training and Competition 

 CHO intake is known to increase performance during endurance and intermittent 
high-intensity exercise, allowing for the maintenance of high levels of CHO 
oxidation throughout the exercise. In the athlete with T1DM, supplementing with 
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CHO during exercise has been shown to prevent hypoglycemia and is a useful strat-
egy for unplanned activities or when insulin adjustments are not an option (such as 
in the late postprandial period). Guidelines on CHO supplementation during exer-
cise for the athlete without T1DM are discussed earlier in this chapter. These guide-
lines can be used for the athlete with T1DM, but consideration needs to be given to 
various factors (see below). 

 Consideration must also be given to the type of CHO used. Exogenous CHO 
oxidation rates have been shown to be higher when ingesting a combination of 
CHOs that use different intestinal digestion and transport systems compared to 
when a single CHO source is used  [  12  ] . This becomes particularly important in 
circumstances where more than 70 g CHO/h may be required, such as when per-
forming intense exercise during peak insulin action. The source of CHO consumed 
should be selected to maximize CHO oxidation and prevent gastrointestinal prob-
lems. For example, when a mixture of glucose and fructose is ingested during exer-
cise (in the athlete without T1DM), exogenous CHO oxidation rates have been 
shown to be as high as 1.7 g/min  [  38  ] . In contrast, isomaltulose and fructose are 
oxidized at low rates (0.6 g/min) and for this reason are not routinely recommended 
to be ingested during exercise. 

 There are a number of important factors which need to be taken into account 
when adapting recommendations regarding CHO intake during exercise to the indi-
vidual athlete:

    1.     The mode of insulin delivery and insulin regimen  
 CSII    gives the athlete a greater degree of fl exibility for making basal rate adjust-

ments before, during, and after exercise, unlike other regimens, i.e., MDI, and twice 
daily insulin regimens. CHO needs for individuals on CSII may therefore be at the 
lower end of suggested recommendations if appropriate insulin adjustments are made.  
    2.     The timing of exercise in relation to insulin administration  

 CHO needs have been shown to vary according to the levels of circulating insu-
lin. Francescato et al. found that 60 min of moderate-intensity exercise performed 
1 h after insulin administration required approximately 1 g CHO/kg BM;    the sub-
jects required approximately 0.5 g/kg BM and 0.25 g/kg BM of CHO when the 
same intensity exercise was performed 2.5 and 4 h after insulin administration, 
respectively  [  39  ] . When the pre-meal rapid insulin dose is adjusted for postprandial 
exercise (see Table 1 of Rabasa-Lhoret et al.  [  35  ] ), the CHO needs are likely to be 
lower than suggested recommendations.  
    3.     Time of day of exercise  

 CHO needs when exercising in a fasted state are likely to be signifi cantly lower 
than when exercising at other times in the day, and therefore, CHO supplementation 
during exercise at this time may not be required.  
    4.     Blood glucose when commencing exercise  

 The pre-exercise BG will infl uence the type of CHO and timing of CHO feeding 
during exercise. When BG is elevated prior to aerobic exercise, for example, above 
10 mmol/l, CHO feedings may need to be delayed until BG has lowered or solid 
foods (e.g., banana, cereal bar), which have a lower GI, can be ingested earlier on in 
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the exercise. In contrast, when the pre-exercise BG is below 6 mmol/l, high-GI 
CHO such as energy drinks and energy gels may need to be taken on board earlier 
in the exercise. 

 Interestingly, since performance improvements have been shown where athletes 
without T1DM simply rinsed their mouth with a CHO drink  [  10  ] , this may be a 
strategy the athlete with T1DM wishes to try when competing with elevated BG. 
However, it is important to recognize that this has not been investigated in the con-
text of T1DM  
    5.     The effect of antecedent hypoglycemia and/or prolonged moderate exercise  

 Both these factors have been shown to blunt counterregulatory responses during 
subsequent exercise bouts, thereby making the athlete more susceptible to hypogly-
cemia. Davis et al. found that nearly threefold greater exogenous glucose infusion 
rates were    required to preserve euglycemia during exercise following a day of ante-
cedent hypoglycemia as compared to a day without hypoglycemia  [  40  ] . The athlete 
therefore needs to be aware that after recent hypoglycemia, CHO needs during sub-
sequent training sessions may be greater than usual.  
    6.     The type of exercise  

 High-intensity (e.g., sprints, weight training) and intermittent high-intensity 
exercise (e.g., football, hockey) may result in hyperglycemia during and/or after the 
exercise; therefore, CHO feeding during exercise as per general sports nutrition 
recommendations will exacerbate the hyperglycemia.  
    7.     Training status  

 The level of fi tness of the individual will affect the CHO needs. An untrained indi-
vidual will require more CHO than someone who is physically fi t. If an individual 
exercises different muscles to the usual muscles used, CHO needs may also be greater.  
    8.     Environmental conditions  

 Training and competing in warm and humid conditions and at altitude may raise 
BG; consideration must therefore be given to the environmental conditions, espe-
cially if they are different to usual conditions. 

 By considering these factors, in addition to using a trial and error approach, an ath-
lete with T1DM can develop their individual strategy for managing CHO supplementa-
tion during exercise. A stable BG before, during, and after exercise suggests that the 
individual has made the appropriate insulin and CHO adjustments for the activity.      

    7.4.4   CHO and Protein Intake After Training and Competition 

 Insulin sensitivity in the athlete with T1DM may last for 12–24 h post-exercise  [  41, 
  42  ] , predisposing the athlete to post-exercise late-onset hypoglycemia if muscle 
glycogen stores are not replenished after exercise. Post-exercise nutrition is also 
important to facilitate skeletal muscle repair and synthesis. In athletes without 
T1DM, the co-ingestion of CHO (0.8 g/kg BM/h) with a small amount of protein 
(0.2–0.4 g/kg BM/h) post-exercise stimulates endogenous insulin release and results 
in similar muscle glycogen repletion rates to when only CHO (1.2 g CHO/kg BW/h) 
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is ingested  [  14  ] . It is speculated that greater postprandial insulin levels after protein 
co-ingestion may stimulate the storage of CHO in more insulin-sensitive tissues 
such as the liver and exercised skeletal muscle, therefore promoting more effi cient 
storage of CHO  [  42  ] . The athlete with T1DM should consider administering a small 
insulin bolus with the post-exercise CHO to facilitate rapid glycogen synthesis. The 
consumption of approximately 20 g of intact protein, which is the equivalent of 9 g 
of essential amino acids, is suffi cient to maximize muscle protein synthesis during 
the fi rst few hours after exercise. When the athlete has multiple training sessions on 
the same day, consuming moderate- to higher-GI CHO within the fi rst few hours 
post-exercise will aid in replenishing muscle glycogen stores. Individuals on a MDI 
regimen who are prone to post-exercise late-onset hypoglycemia during the night 
may benefi t from consuming a CHO and protein-containing snack at bedtime  [  43  ] .   

    7.5   The Role of Blood Glucose Monitoring 

 There are signifi cant interindividual variations in BG responses to exercise, but 
there is some stability of intraindividual responses, which means that individuals 
can use knowledge of their BG responses to make informed decisions about the 
management of their diabetes for exercise. The gathering of relevant information is 
key to this process. Frequent BG monitoring before, during, and after exercise is 
useful as it provides information about how BG values change with exercise. A 
single reading is rarely helpful in itself. For this reason, continuous glucose moni-
toring is a useful alternative to fi nger prick testing and may be particularly benefi -
cial for the recognition of post-exercise hypoglycemia. 

 Seeing the pattern of how BG changes are affected by a particular type of exer-
cise bout will provide the basis for the insulin and nutrition strategy for future, simi-
lar exercise bouts. It may also be useful to record the timing of the exercise, duration 
and intensity of a training session or event, the dose and timing of any insulin bolus, 
and CHO intake before, during, and after exercise. Noting the injection site and 
incidence of hypoglycemia in the preceding 24 h is also likely to be helpful.  

    7.6   Weight Management for the Athlete with T1DM 

 Weight control is often an issue for athletes, and there are circumstances where it will 
be particularly relevant: long distance running where an athlete is required to carry 
their own weight, cycling where appropriate weight may result in an increase in the 
power-to-weight ratio, and sports which have weight categories such as lightweight 
rowing, horse racing, boxing, and martial arts. Unfortunately, controlling weight can 
be a particular challenge for the athlete with T1DM for a number of reasons. For 
example, exercising with inappropriately high levels of circulating insulin will increase 
CHO needs during exercise and also suppress the use of endogenously stored fuel 
sources. 
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 Losing weight requires setting realistic goals, getting the fi ne balance between 
energy intake and expenditure correct, and considering the macronutrient composi-
tion and energy density of the diet. A number of strategies are available to the ath-
lete with T1DM to aid with weight control, either by reducing the amount of CHO 
required at the time of exercise or by affecting substrate utilization:

   Exercise in the morning, in a fasted state (this is not advisable for key, high-• 
intensity training sessions), or in the late postprandial period (i.e., 4–5 h after the 
meal insulin bolus).  
  In the case of CSII, reduce basal insulin infusion rate around exercise in order to • 
minimize CHO requirements during exercise (see   Chap. 5    ).  
  If on an MDI regimen, consider the time action profi le of the basal insulin; aim • 
to exercise at a time when the basal insulin’s action is coming to an end. Using 
twice daily NPH may help in this instance.  
  Reduce the pre-meal insulin bolus when exercising within 90–120 min of the meal.  • 
  Exercise soon after a low-GI meal (e.g., 30 min after meal). Due to the dampened • 
postprandial blood glucose response produced by a low-GI meal, the associated 
insulin bolus may be signifi cantly reduced or even omitted if the pre-meal blood 
glucose is in a low to normal range and the exercise is predominantly aerobic.  
  Eat a low-GI diet—this may have a small but positive effect on weight control.  • 
  Ingest caffeine before exercise to help prevent hypoglycemia associated with • 
exercise (not advisable when exercising after midday). The dose of caffeine used 
in the research was 5 mg/kg BM  [  44  ] . This large dose may not be practical for 
most athletes.  
  Start exercise in a euglycemic state (BG of 5–9 mmol/l) to maximize fat • 
oxidation.  
  Abstain from heavy pre-loading with CHO and instead supplement with CHO • 
during exercise as dictated by BG.     

    7.7   Hydration 

 Recommendations regarding fl uid intake for athletes with T1DM are similar to 
those for athletes without T1DM as outlined earlier. However, it is worth noting that 
exercising with elevated BG will promote fl uid loss and therefore fl uid requirements 
will be greater than when exercising in a euglycemic state. When exercising during 
hyperglycemia, water or CHO-free electrolyte sports drinks should be ingested 
instead of regular sports drinks.  

    7.8   Protein 

 In individuals with T1DM with normal renal function, a protein intake of 15–20% of 
daily energy intake is recommended  [  5  ] . Guidance on the timing of protein intake (as 
discussed earlier in this chapter) should also be adopted by the athlete with T1DM.  
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    7.9   Fat 

 In contrast to CHO and protein recommendations, there are at present no reference 
values for fat intake in exercise.  

    7.10   Summary 

 A sound nutritional strategy is an important weapon in the armory of the athlete 
with T1DM. Many of the general recommendations made for all athletes apply to 
this population, but there are special considerations which apply to T1DM of which 
both athletes with T1DM and their health professionals should be aware. The major-
ity of the differences between recommendations for those with and without T1DM 
come in the consideration of appropriate CHO intake in the diet.      
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     8.1   Introduction 

 When humans are placed in a competitive setting, particularly in the sporting arena, 
they will attempt to gain an advantage over their opponent in order to win. When all 
legitimate methods have been exhausted and the athlete has reached their peak    per-
formance, there is a temptation for some to seek out pharmacological methods to 
improve performance yet further. Doping not only damages the integrity of sport but 
may cause signifi cant harm to athletes who use performance-enhancing drugs. The 
term doping is originally derived from the African Kaffi r’s word “dop,” an alcoholic 
drink made from grape skins that was used as a stimulant in battle. The use of the 
word became popular in the early twentieth century when racehorses were illegally 
drugged when the word was also used as a slang expression for opium. 

 During exercise, performance is dependent on the combustion of metabolic fuels, 
such as glucose for short-term high-intensity activity and free fatty acids for more 
prolonged activity, to release kinetic energy; this process depends on an adequate 
supply of nutrients and oxygen to the muscle fi bers. This process may be enhanced 
by drugs that increase fuel and oxygen delivery to exercising muscle, increase mus-
cle strength, or any combination of these factors. Given the complexity of the meta-
bolic and cardiovascular changes during exercise, it is unsurprising that there is an 
extensive range of drugs that have been used by athletes. 

 The earliest records of doping in sport come from ancient times but with the 
advent of modern pharmacology and the birth of the fi eld of endocrinology in the 
nineteenth century, the number and quantity of drugs used to improve strength and 
overcome fatigue increased dramatically. At the time, this practice was not illegal, 
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and so there are good records of the regimens    that athletes would take. Alongside 
the benefi ts, however, came the dangers and several fatalities followed. Gradually, a 
code to ban performance-enhancing drugs was developed. 

 This chapter will describe the history of doping and the most commonly abused 
performance-enhancing drugs, including insulin. The potential benefi cial and 
adverse effects will be discussed, particularly in relationship to type 1 diabetes, 
where the performance-enhancing drug may adversely affect the action of insulin 
and glycemic control. The chapter will fi nally discuss the therapeutic use exemption 
(TUE), which is required for all elite competitors with diabetes who use insulin.  

    8.2   History of Doping 

    8.2.1   Early History of Doping 

 Despite the perception that doping is a modern phenomenon, there are many examples 
of substance use dating back to ancient times, when extracts derived from plants, 
animals, or even humans were taken  [  1,   2  ] . One of the fi rst performance-enhancing 
substances to be tried was testosterone; the effects of castration on animal behavior 
were well recognized, and this may have provided the incentive for people living in 
ancient times to eat the testes of animals or humans to improve their own well-being. 

 The importance of diet on performance was also recognized; one of the earliest 
reports describes how dried fi gs were used to improve the performance of Charmis, 
the Spartan winner of the stade race (~200 yards [183 m]) at the Olympic Games of 
668 B.C. 

 The ancient Greeks also used concoctions of brandy and wine as stimulants as 
part of their training regimens while Roman gladiators took unspecifi ed stimulants, 
mostly derived from plants, to overcome fatigue and injury. Examples include bufo-
tenin, a drug derived from the muscarine-containing mushroom, fl y agaric ( Amanita 
muscaria ),  Cola acuminita  and  Cola nitida , and coca leaves.  

    8.2.2   Developments in the Use of Stimulants and Anabolic 
Agents During the Nineteenth Century 

 There was an escalation in the number and types of performance-enhancing drugs 
during the latter half of the nineteenth century, in line with development in modern 
pharmacology and medicine. Stimulants were used to improve muscular work 
capacity while the anabolic effects of substances that were later classifi ed as hor-
mones began to be recognized. 

 Caffeine was used to improve brain functioning while alcoholic beverages were 
considered a relief for stress. As there were no rules prohibiting such substances, 
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athletes did not try to conceal the use of these compounds, and as a result, good 
records of doping exist for this time. Trainers    also developed doping cocktails for 
their athletes, using various combinations of stimulants, such as strychnine tablets 
and mixtures of brandy and cocaine. 

 The continuous “six-day” bicycle races began in the nineteenth century, and a 
variety of medications were tried to improve the considerable physical strength and 
stamina needed for the race; French cyclists are reported to have taken mixtures 
based on caffeine, while the Belgians experimented with sugar cubes dripped in 
ether, and others used alcohol-containing cordials; the sprinters specialized in the 
use of nitroglycerine. As the race progressed, the amounts of strychnine and cocaine 
added to the caffeine mixtures steadily increased sometimes with lethal conse-
quences; Arthur Linton, an English cyclist who is alleged to have overdosed on 
“tri-methyl” (a compound thought to have contained either caffeine or ether), was 
the fi rst such fatality in 1886 during a 600-km race between Bordeaux and Paris. 
There is some dispute over this, as others suggest that Linton actually won the race 
and died 10 years later from typhoid fever. 

 Mixtures of champagne, brandy, hot drops of morphine, belladonna, and strych-
nine were used to maintain high levels of strength and energy during another endur-
ance race, the “ultramarathon” which was a walking and running race over 6 days 
and 6 nights, with the winner being the person who covered the greatest distance. 

 Around the same time in 1889, Charles Édouard Brown-Sequard, a renowned 
physiologist and neurologist, undertook a series of groundbreaking and controver-
sial experiments that led to the birth of the fi eld of endocrinology. Brown-Sequard 
reported to the Society of Biology in Paris in 1891 that he had experienced signifi -
cant restoration of strength following a 3-week program of self-injection of “fi rst 
blood of the testicular veins; secondly semen; and thirdly juice from a testicle… 
from a dog or a guinea pig.” One month after the last injection, however, he “expe-
rienced almost a complete return of the state of weakness.” Although it is currently 
accepted that these fi ndings were likely the result of a placebo effect, the idea of 
hormone replacement was conceived as a result. 

 It is perhaps unsurprising that the potential of this research was considered for 
athletic performance, and in 1894, Oskar Zoth and Fritz Pregl investigated the effect 
of testicular extracts on muscular strength. Although with hindsight it seems improb-
able that these testicular extracts contributed positively to athletic performance, 
many athletes, including the German Olympic team at the 1936 Berlin games, alleg-
edly began to take these extracts.  

    8.2.3   Twentieth-Century Doping 

 At the beginning of the twentieth century, scientists isolated, characterized, and 
synthesized testosterone which allowed a greater understanding of its anabolic 
effects. The fi rst recorded case of the use of testosterone as a means of improving 
performance was an 18-year-old horse named Holloway who was reported to have 
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“declined to a marked degree in his staying power and during February of 1941 in 
several attempts at ice racing, failed to show any of his old speed or willingness.” 
Following testosterone administration, the horse won or was placed in a number of 
races and established a trotting record at the age of 19 years. The widespread use of 
testosterone and other anabolic steroids that followed resulted in bodybuilders with 
deformed body shapes and extremely large muscles. 

 The use of stimulants, such as amphetamines, also began to increase in the mid-
1930s, initially among servicemen fi ghting in the Second World War and college 
students but latterly by athletes. The use of stimulants was particularly prevalent in 
cycling during the 1960s and 1970s, and the fi rst televised doping fatality occurred 
during the 1967 Tour de France, when the English cyclist, Tom Simpson, died with 
high circulating levels of methamphetamine. 

 Doping moved to a new level around this time with suspicions abounding that 
several countries pursued state-sponsored doping. These concerns were subse-
quently confi rmed following the collapse of the Berlin wall when reports emerged 
from the former German Democratic Republic that PhD programs had been estab-
lished to develop the ideal regimens to improve performance. 

 In the 1980s, anabolic steroids and cortisone remained the drugs most commonly 
abused, but the number of drugs expanded dramatically, and the current World Anti-
Doping Agency (WADA) list of prohibited substances is several pages long and 
includes 12 categories of substances and methods, including anabolic agents, hor-
mones, diuretics and masking agents, stimulants, and narcotics as well as prohibited 
methods such as blood transfusion (Table  8.1 ).   

    8.2.4   The Prevalence of Doping 

 The true prevalence of doping is unknown, and reports vary widely from 1% to 90% 
because of the current secrecy surrounding it. The huge fi nancial rewards for profes-
sional sportsmen and women, corporate sponsors, the TV broadcast and cable indus-
tries and sport-governing bodies, coupled with the ever-increasing pharmacopoeia of 
performance-enhancing substances, the athlete’s drive to win, and the challenges for 
doping control may all act to encourage athletes to use prohibited substances.   

    8.3   History of Anti-Doping 

 Prior to the end of World War I, doping was not considered to be cheating, and so 
the use of performance-enhancing substances was neither prohibited nor discour-
aged. In 1928, the International Amateur Athletic Federation (IAAF) became the 
fi rst international sport body to ban the use of stimulating substances. Others fol-
lowed the IAAF lead, but the lack of effective tests failed to curb the use of drugs. 
Around the same time, Otto Rieser, in his work “Doping and Doping Substances” 
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published in 1933, made the fi rst attempts to educate athletes about the dangers of 
performance-enhancing drugs and discourage their use. 

 The death of Danish cyclist Knud Enemark Jensen during the Rome Olympic 
Games in 1960 following the consumption of amphetamine provided a further incen-
tive for sports authorities to introduce drug testing, and in 1966, the International 
Cycling Union and International Federation of Association Football introduced tests 
for prohibited substances. The following year, the International Olympic Committee 
(IOC) established its Medical Commission under the chairmanship of Prince Alexandre 
de Merode and voted to adopt a drug-testing policy for banned drugs. Tests were fi rst 
introduced at the Olympic Winter Games in Grenoble and then at the Olympic Games 
in Mexico in 1968. The IOC began publishing its Prohibited Substances List which 
became extensive and remains enforceable at all Olympic events. 

 Despite the example shown by the IOC, many organizations were slow to follow 
because of the lack of the necessary protocols or equipment to enforce the bans; for 
example, the US National Football League only introduced anti-doping testing in 1982. 

 Championed by Professor Manfred Donike, the IOC Medical Commission devel-
oped a worldwide network of top class laboratories staffed by chemists and 

   Table 8.1    Drugs appearing on the 2011 WADA list of prohibited substances   

  Substances and methods that are prohibited at all times in and out of competition  
  Anabolic agents  
 Anabolic androgenic steroids (AAS) 
 Other anabolic agents, clenbuterol, selective androgen receptor modulators, tibolone, zeranol, 

zilpaterol 
 Hormones and related substances 
  Erythropoiesis-stimulating agents, e.g .,  erythropoietin (EPO) 
  Gonadotropins (e.g., LH, hCG), prohibited in males only 
  Insulins 
  Corticotrophins 
  Growth hormone (hGH), insulin-like growth factors (e.g. IGF-I), fi broblast growth factors 

(FGFs), hepatocyte growth factor (HGF), mechano growth factors (MGFs), platelet-derived 
growth factor (PDGF), vascular-endothelial growth factor (VEGF) 

  Beta-2 agonists  
 Hormone antagonists and modulators 
 Diuretics and other masking agents 
 Methods to enhance oxygen transfer 
 Gene doping 
  Substances prohibited during competition  
  Stimulants  
  Narcotics  
  Cannabinoids  
  Glucocorticosteroids  
  Substances prohibited in particular sports  
  Alcohol  
  Beta-blockers  
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 pharmacologists, who were equipped to measure mainly steroids and stimulants in 
urine. The introduction of a reliable urinary test for anabolic steroids was seen as a major 
breakthrough in 1974 resulting in a marked increase in the number of drug disqualifi ca-
tions in the late 1970s, notably in strength-related sports such as throwing events and 
weightlifting. When combined with the introduction of out-of-competition testing, the 
testing program provided a major disincentive for athletes to use these drugs. 

 Following a series of high-profi le scandals, the IOC convened a World Conference 
on Doping in Lausanne in February 1999, during which it was recognized that an 
independent international agency with powers to set unifi ed anti-doping standards 
and coordinate sporting organizations and public authorities was needed. As a direct 
result, the World Anti-Doping Agency (WADA) was established on November 10, 
1999. The development and implementation of a uniform set of anti-doping rules, 
the World Anti-Doping Agency Code, together with a list of prohibited substances 
are credited as the most important achievements in anti-doping.  

    8.4   The World Anti-Doping Agency List of Prohibited 
Substances 

 The WADA List of Prohibited Substances now runs to several pages and is updated 
annually as more information about the effects of performance-enhancing drugs 
becomes available. The list is divided into several sections covering drugs that can-
not be used at any time, drugs that cannot be used during competition, and drugs, 
such as alcohol and beta-blockers, which are only banned in certain sports. An 
exhaustive list of prohibited substances is beyond the scope of this chapter, and 
readers are recommended to refer to the latest list which is available on the World 
Anti-Doping Agency website (  http://www.wada-ama.org/    ). The main categories of 
performance-enhancing drugs are given in Table  8.1 .  

    8.5   Drugs of Abuse and Diabetes 

 While each of these drugs may cause harm to people with diabetes, some drugs have 
specifi c relevance for people with type 1 diabetes because of their effects on insulin 
action and glycemic control. A more detailed description of these drugs is given below, 
including information about prevalence of abuse where this is known, how these drugs 
may enhance performance, the potential for harm, and the relevance for diabetes.  

    8.6   Anabolic Androgenic Steroids 

 Anabolic androgenic steroids (AAS) are steroid hormones that have masculinizing and 
growth-promoting actions and are the most widely abused performance-enhancing 
drugs. Although the virilizing effects of the testis have been recognized for  millennia, 

http://www.wada-ama.org/
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it was not until 1931 that the fi rst androgenic steroid, androsterone, was isolated 
from urine. An anabolic effect separate from the androgenic effect was then shown 
in 1935. Following the discovery of testosterone, it became apparent that testoster-
one only has a short half-life regardless of its route of administration, and so a large 
number of synthetic molecules were developed subsequently with modifi ed phar-
macokinetics. Synthetic androgens predominantly have one of two substitutions on 
the D ring of native testosterone, either esterifi cation at the 17- b -hydroxy group or 
alkylation at the 17- a  position (Fig.  8.1 ). Esterifi cation typically results in more 
potent androgens, with a longer duration of action (Table  8.2 ), allowing them to be 
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  Fig. 8.1    Development of androgenic anabolic steroids. As the half-life of testosterone is short, 
manipulations at the C17 position of the D ring have led to compounds that are either more potent 
and longer lasting (esterifi cation) or orally acting (alkylation), marked in  bold . Further alterations 
have been tried to alter the relative androgenic and anabolic actions       

 Oral 
  Testosterone undecanoate (17- b -hydroxyl ester) 
 Buccal 
  Testosterone 
 Intramuscular (17- b -hydroxyl esters) 
  Testosterone enanthate 
  Testosterone undecanoate 
  Testosterone propionate 
  Testosterone phenylpropionate 
  Testosterone isocaproate 
  Testosterone decanoate 
 Implant 
  Testosterone 
 Transdermal 
  Testosterone 

   Table 8.2    Formulations of testosterone 
available in clinical practice in the UK   
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administered by intramuscular injection every 1–4 weeks. The alkylated forms are 
less potent but can be given orally; however, as they may cause serious liver injury, 
they are only rarely used clinically. In the late 1990s, topical preparations of testos-
terone became available. Although more convenient, these may induce skin rashes. 
Further manipulations of the basic steroid structure have been undertaken to alter 
the anabolic and androgenic actions (Fig.  8.1 ).   

 In addition to the AAS used in clinical practice, there are others available on the 
“black market.” The purity and safety of these compounds is called into question, 
not least because some of these have been discontinued previously by legitimate 
pharmaceutical manufacturers because of toxicity. 

    8.6.1   Prevalence of Anabolic Androgenic Steroid Abuse 

 Reports of the inappropriate use of AAS fi rst appeared in the 1930s; their use 
became fi rmly established in weightlifting during the 1950s before spreading to 
other sports in the 1960s. For many years, there were debates within the scientifi c 
literature about the performance effects of AAS with several articles and reviews 
commenting on the lack of scientifi c proof. Despite the skepticism shown by scien-
tists, the benefi ts were realized by athletes whose performance improved dramati-
cally. For example, between 1956 and 1980, the winning distance in the Olympic 
women’s shot put increased from 15.28 to 22.41 m (Fig.  8.2 ). Since the introduction 
of effective testing in the early 1980s, the winning distance in the women’s shot put 
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has fallen progressively to the point where the winner in Beijing in 2008 would not 
have made the fi nal in Moscow in 1980.  

 During the Cold War, supported by sophisticated scientifi c research, there was 
systematic state doping of East German athletes with AAS. Doping was not con-
fi ned to East Germany, and there have been plenty of examples of abuse of AAS in 
Western countries. Perhaps the most famous case was Ben Johnson who was dis-
qualifi ed from the 100-meter race at the 1988 Olympic Games in Seoul when stano-
zolol was detected in his urine. Another example comes from US National Football 
League where, in 2009, nearly 1 in 10 retired players admitted using AAS in a con-
fi dential survey. 

 Following an undercover investigation by Lance Williams and Mark Fainaru-
Wada, two reporters working in San Francisco, the Bay Area Laboratory Co-operative 
(BALCO) company headquarters was raided on September 3, 2003. Offi cially, 
BALCO was a service company for blood and urine analysis and food supplements, 
but evidence was found that it had supplied performance-enhancing drugs, includ-
ing AAS, to many high-profi le American and international athletes. Its owner Victor 
Conte was imprisoned for 4 months for his role in the scandal. Designer AAS, such 
as tetrahydrogestrinone (THG), norbolethone, and desoxymethyltestosterone, had 
been manufactured by Patrick Arnold, an organic chemist, and supplied to BALCO. 
THG is remarkable as a highly potent agonist for the testosterone and progesterone 
receptor, which was undetectable at the time. After Don Catlin, the former director 
of the Olympic Analytical Laboratory in Los Angeles, succeeded in identifying the 
molecule and developing a test, the complexity of the underlying chemistry shocked 
anti-doping agencies but testifi ed to the lengths that some athletes and their support-
ers would pursue to achieve a performance benefi t. 

 In addition to athletes, AAS appear to be widely used in the general population, 
most commonly for cosmetic purposes with only ~20% of all users participating in 
competitive sports or bodybuilding. 0.5% of the adult US population admitted to 
using AAS regularly while ~2.5% of boys and 0.6% of girls attending US high 
school reported having taken AAS at some point during their lives. Misuse is com-
monest among young middle-class heterosexual men. The widespread and increas-
ing use led President George Bush in the mid-1990s to pass the fi rst Anabolic 
Steroid Control Act, which made it illegal to possess or distribute AAS for non-
medical purposes. In the UK, AAS are regulated under the Misuse of Drugs Act 
which sets out three separate categories, Class A, Class B, and Class C dependent 
on the drug’s capacity to cause harm, with Class A being the most dangerous; AAS 
are classifi ed as Class C drugs alongside benzodiazepines among others.  

    8.6.2   Why Do Athletes Abuse Anabolic Androgenic Steroids? 

 Androgenic anabolic steroids increase muscle mass and strength through a number 
of mechanisms including the stimulation of protein synthesis, inhibition of protein 
breakdown, recruitment of satellite cells, production of cytokines, and increase in 
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androgen receptor number. Clinical trials have shown that AAS improve both 
 muscle mass and strength in a dose-dependent manner, and these effects are additive 
to resistance training alone. It appears that the arms and upper torso are more 
responsive to the effects of AAS than the lower limbs. The full potential of AAS, 
however, has almost certainly not been realized in these trials because of the limited 
doses used because of medical and ethical concerns about potential side effects. By 
contrast, athletes are reported to take combinations of AAS in doses that are up to 
30 times higher than the physiological replacement dose. 

 There are many websites and printed manuals giving details about the use and 
supply of AAS. Steroid use usually involves techniques such as “cycling” and 
“stacking.” AAS appear to lose effectiveness with time through adaptation of the 
androgen receptor, and athletes have learned to obtain a greater benefi t through 
using the steroids intermittently in a cycle over 5–10 weeks. Stacking involves the 
use of two or more steroids concomitantly in order to obtain a synergistic effect.  

    8.6.3   Adverse Effects of Androgenic Anabolic Steroids 

    8.6.3.1   Endocrine Function 

 The most marked side effect of AAS is virilization  [  3,   4  ] . In both men and women, 
this manifests as acne, an increase in body hair and male pattern baldness. The acne 
results from excess stimulation of sebaceous glands on both the face and the body. 
In men, prostatic enlargement may occur leading to urinary hesitancy and poor fl ow, 
and there are concerns about the long-term risk of prostate cancer. Gynecomastia 
may develop as excessive testosterone is converted to estradiol under the action of 
the aromatase enzyme. In women, the virilizing effects may be even more marked, 
including a decrease in breast size, cliteromegaly, and enlargement of the larynx 
causing a deepening of the voice. These changes can be permanent. 

 The administration of AAS may reduce fertility through suppression of LH and 
FSH secretion from the anterior pituitary gland. In the absence of gonadotropin 
drive, gonadal function declines. In men, sperm count falls and testicular atrophy 
may occur. In women, there is reduced endogenous estrogen production, ovulation 
is impaired, and irregular or absent menstrual cycles may ensue. These effects on 
reproductive function are prolonged taking many months to return to normal after 
AAS discontinuation.  

    8.6.3.2   Hepatotoxicity 

 Orally administered AAS impair the fi ltration and excretion of metabolic waste 
products by the liver leading to cholestasis, jaundice, and hepatocellular necrosis. 
Nonalcoholic fatty liver may develop as a result of altered lipid metabolism. Peliosis 
hepaticus, a rare condition characterized by hemorrhagic blood-fi lled cysts that are 
prone to rupture, may also occur. With long-term use, there is an increased risk of 
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hepatocellular carcinoma. Abnormal liver function usually returns to normal a few 
months after treatment discontinuation.  

    8.6.3.3   Cardiovascular Disease 

 The incidence of myocardial infarction is increased in young men taking AAS. The 
mechanisms are not fully understood, but echocardiography has shown abnormal 
cardiac enlargement and impaired function following AAS use. There is also evi-
dence that AAS abuse may increase the risk of hypertrophic cardiomyopathy in 
genetically predisposed individuals. 

 In addition to these structural changes, AAS misuse is associated with the develop-
ment of dyslipidemia. The concentration of high-density lipoprotein (HDL) choles-
terol is reduced by 40–70% while low-density lipoprotein (LDL) cholesterol increases. 
These effects vary with dose and type of AAS but seem most marked with oral admin-
istration. The changes in lipid profi le are particularly relevant for people with diabetes 
who are already at increased risk of atherosclerotic cardiovascular disease.  

    8.6.3.4   Psychiatric Effects 

 The use of AAS is associated with an increase in irritability, aggressiveness, and 
symptoms of mania. By contrast, depression is also common affecting 10–40% of 
users. Depression may also occur after AAS withdrawal, particularly when high 
doses have been used, and may lead to suicide attempts.  

    8.6.3.5   Anabolic Androgenic Steroids and Diabetes 

 The effect of AAS on diabetes appears to be dependent on the type and dose of 
AAS. Oral 17- a  alkylated AAS seem to have the most marked effect by inducing 
insulin resistance, inhibiting its actions on glucose and lipid metabolism. There are 
case reports of individuals developing diabetes during treatment with AAS although 
a causative link is uncertain  [  5  ] , not least because athletes often take a cocktail of 
drugs, including growth hormone, which may have a much greater effect on glucose 
metabolism than AAS (see below). Testosterone defi ciency is often seen in men 
with the metabolic syndrome and type 2 diabetes, and under these circumstances, 
testosterone replacement is associated with improved lipid and glycemic control 
and reduced insulin resistance. These fi ndings may not, however, be applicable to 
athletes taking supraphysiological doses.    

    8.7   Erythropoietin and Blood Transfusion 

 Erythropoietin (EPO) is a hormone produced in the peritubular cells of the proximal 
tubules of the kidney and stimulates erythrocyte production by the bone marrow. 
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    8.7.1   Prevalence of Erythropoietin Administration 

 Blood doping is thought to have started during the 1970s and was fi rst prohibited in 
the 1970s. Before the ban was introduced, it was openly and commonly used by 
middle- and long-distance runners as well as cyclists. It is alleged that the US 
cycling team employed this method during the 1984 Olympics. 

 Since its prohibition, there have been a number of high-profi le cases involving 
athletes who have used either EPO or blood transfusion. These include Niklas 
Axelsson who tested positive for EPO in 2000 and Tyler Hamilton who used a 
homologous blood transfusion in 2004. The Spanish Operación Puerto in 2006 
investigated allegations of blood doping in hundreds of athletes while several mem-
bers of the Astana Team in the 2007 Tour de France tested positive for homologous 
blood transfusion leading to the withdrawal of the team. The German speed skater 
and fi vefold Olympic gold medalist Claudia Pechstein was banned for 2 years in 
2009 for alleged blood doping.  

    8.7.2   Why Do Athletes Abuse Erythropoietin? 

 Exogenous EPO, which is available as a recombinant protein or as an analogue, is 
abused by endurance athletes as the increase in red blood cells improves oxygen 
transport to muscles. Its administration results in a slow and sustained increase in 
erythrocyte volume, which is associated with improved performance. Endogenous 
EPO production can be induced by training at high altitude, and this leads to a simi-
lar increase in erythrocyte volume and performance. Only about 50% of competitive 
athletes respond to altitude training, and it is notable that nonresponders do not 
improve their aerobic capacity  [  6  ] . 

 An alternative method used by athletes to expand erythrocyte volume is autolo-
gous or homologous blood transfusion. Blood is removed and erythrocytes are har-
vested, stored, and then reinfused at a later date. Handling of the blood is important 
as this can infl uence erythrocyte function and survival. In contrast to EPO adminis-
tration, following a blood transfusion, the erythrocyte volume is only increased for 
a few weeks. In the future, blood dopers may use oxygen-carrying molecules in 
place of hemoglobin.  

    8.7.3   Adverse Effects of Erythropoietin and Blood Transfusion 

 The main adverse effect of an increased erythrocyte volume is an increased risk of 
thrombotic events. However, there are also additional risks of infection associated 
with blood transfusion, particularly when this occurs in an unregulated fashion.  
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    8.7.4   Erythropoietin and Blood Transfusion and Diabetes 

 The risks of EPO and blood transfusion appear to be similar for people with diabetes. 
However, the response to EPO may differ in people with diabetes as both IGF-I and 
insulin augment the effect of EPO on erythroid progenitors. In some situations, this 
has resulted in marked polycythemia in people with type 1 diabetes and end-stage 
renal disease receiving EPO  [  7  ] . Whether this is relevant for athletes is unclear.   

    8.8   Growth Hormone (hGH) 

 Growth hormone (GH) is a naturally occurring peptide hormone produced by the ante-
rior pituitary gland. Studies of people with GH defi ciency have shown that GH plays a 
pivotal role in maintaining body composition, well-being, physical performance, and 
cardiovascular health in adults as well as children. These features make the hormone an 
attractive option for elite athletes wishing to improve their performance. 

    8.8.1   Prevalence of GH Abuse 

 Exactly when and where GH was fi rst used to enhance performance is unknown but 
“The Underground Steroid Handbook” written by Dan Duchaine in 1982 was the earli-
est publication to advocate its use, at least a decade before clinical endocrinologists 
began treating adults with GH defi ciency. Since then, a number of high-profi le athletes 
have been caught or have admitted taking GH. Following the Seoul Olympic Games 
doping scandal, Justice Charles Dubin led an inquiry into drug abuse in sport which 
concluded that, despite the tight regulations surrounding its use, GH was widely avail-
able and was being used by athletes. In a more recent investigation, US Senator George 
Mitchell found that GH was used extensively by Major League Baseball players to 
improve their performance and to assist their recovery from injury and fatigue; the use 
of GH was believed to have risen because, unlike AAS, it was largely undetectable and 
was readily available, for example, through “anti aging” centers using prescriptions 
from physicians whom the athletes had never met.  

    8.8.2   Why Do Athletes Abuse Growth Hormone? 

 Despite its apparent widespread use, there is little scientifi c evidence to support its 
use as an ergogenic aid  [  7  ] . Nevertheless, the actions of GH to increase muscle mass 
and reduce fat mass are attractive to athletes, and two recent studies have suggested 
that GH may improve performance. 
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    8.8.2.1   Delivery of Fuels 

 Growth hormone is an insulin antagonist; it increases fasting hepatic glucose out-
put, by increasing hepatic gluconeogenesis and glycogenolysis, and decreases 
peripheral glucose utilization. Although the effect on peripheral glucose uptake may 
not appear advantageous for performance, GH also increases the production of insu-
lin-like growth factor-I (IGF-I), which in turn stimulates peripheral glucose uptake 
and utilization (see below). 

 Growth hormone stimulates lipolysis, both directly and indirectly by increasing 
adipocyte sensitivity to other lipolytic factors such as catecholamines. Endogenous 
nocturnal or exercise-induced GH secretion leads to a rise in fasting free fatty acid 
(FFA) concentration which peaks around 2 h after the GH spike. Likewise following 
exogenous GH administration, FFA rises and peaks with a similar pattern. Studies 
of fatty acid turnover in people with GH defi ciency suggest that GH plays a crucial 
role in FFA delivery to exercising muscle. 

 Overall, the net effect of GH appears to increase the availability of glucose and 
fatty acids for exercising muscle and probably explains why endurance athletes, as 
well as strength athletes, have used GH.  

    8.8.2.2   Muscle and Bone Anabolism 

 GH stimulates muscle and whole body protein synthesis, partly through a direct 
local action and partly by the generation of IGF-I, which in turn inhibits whole body 
protein breakdown and stimulates protein synthesis. The mechanism of action is 
different from AAS, and so there are additive effects when these agents are used in 
combination. Insulin (see below) is also used with GH as it inhibits protein break-
down and promotes anabolism. As well as muscle, GH has profound anabolic effects 
on bone and soft tissue which may speed healing following an injury.  

    8.8.2.3   Cardiovascular Effects 

 Growth hormone therapy in adults with GH defi ciency increases left ventricular 
posterior wall thickness, stroke volume, and left ventricular ejection fraction during 
exercise thereby ensuring an adequate blood supply to muscle. It is unclear, how-
ever, whether these cardiovascular effects are relevant for healthy young adults.  

    8.8.2.4   Thermoregulation 

 Growth hormone is involved in the maintenance of body temperature during exer-
cise as impaired thermoregulation occurs during heat exposure and exercise in 
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untreated adults with GH defi ciency. By contrast, a change in body temperature may 
be one of the mechanisms that induces GH secretion during exercise.  

    8.8.2.5   Effects on Whole Body Physiology 

 The effects of GH on whole body physiology have been demonstrated through a 
series of randomized controlled trials of GH replacement in people with GH defi -
ciency. In the absence of GH, body composition changes with a loss of lean tissue 
and accumulation of fat, in particular visceral fat. Skeletal muscle mass and strength 
is reduced with a consequent impairment of physical performance, exercise capacity, 
and VO 

2
  max (aerobic capacity or the maximum ability to take in and use oxygen). 

 Following treatment with recombinant human GH (rhGH), there is an impressive 
normalization of body composition; on average, lean body mass, mainly skeletal 
muscle, increases by 6 kg while there is a concomitant loss of fat mass. These body 
composition changes are accompanied by improvements in quality of life, particu-
larly in the area of “increased energy” and performance enhancements. Although a 
meta-analysis found that short-term rhGH treatment had no effect on muscle 
strength, a further meta-analysis demonstrated that maximal power output, VO 

2
  

max, and maximum work rate all improved following GH replacement.  

    8.8.2.6   Effect of Growth Hormone in Healthy Adults 

 Until recently, most studies in normal young healthy subjects have not found a per-
formance benefi t following GH treatment. Although GH administration is frequently 
associated with increased lean body mass and decreased fat mass, important exer-
cise variables such as respiratory quotient, maximal oxygen uptake, bicycling speed, 
power output, energy expenditure, or strength are not improved  [  8  ] . 

 These studies may not be suited to assess the effects of GH in individual athletes 
who often use higher doses than those used in the randomized controlled trials and 
who often combine GH with other performance-enhancing drugs. 

 The fi rst trial to show a performance benefi t for GH in young healthy adults was 
undertaken in abstinent anabolic steroid users. As well as the previously observed 
changes in body composition, 6 days of GH treatment lead to signifi cant improve-
ments in strength, peak power output, and maximal oxygen uptake. It is possible that, 
unlike previous studies, this study found a benefi t because the prior use of steroids 
may have rendered the athletes particularly sensitive to the anabolic actions of GH. 

 A more recent placebo-controlled RCT of 6-week treatment found that GH 
improved sprint capacity in both men and women. There was a further synergistic 
effect with testosterone in men, but the effect on performance was short-lived and 
had disappeared by 6 weeks after GH discontinuation. Other performance mea-
sures, however, including VO 

2
  max and strength, were unchanged. 
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 Overall, it appears that in recreational athletes, GH has a modest performance-
enhancing effect, particularly when combined with testosterone, but whether these 
effects can be extrapolated to elite athletes is unknown.   

    8.8.3   Adverse Effects of Growth Hormone 

 The side effects associated with GH administration in adults with GH defi ciency are 
well documented and may also affect any athlete abusing GH; however, as anec-
dotal evidence suggests that many athletes are taking doses that are much than those 
used therapeutically, it is reasonable to predict that athletes may develop features of 
acromegaly with prolonged use. The long-term effects may therefore include fl uid 
retention (causing ankle swelling, hypertension, and headache), diabetes, and a car-
diomyopathy, which is characterized by abnormalities in cardiac muscle structure 
and function. Although controversial, there is a potential for increased risk of cer-
tain cancers, including colorectal, thyroid, breast, and prostate cancer. 

 All pharmaceutically available GH is now made by recombinant DNA technol-
ogy, but supplies of pituitary-derived GH are still available to athletes on the black 
market, increasing the risk of the prion-induced Creutzfelt-Jacob Disease.  

    8.8.4   Growth Hormone and Diabetes 

 Under normal physiological conditions, insulin is the prime regulator of glucose 
metabolism, but there is increasing evidence that GH and IGF-I play an important 
contributory role. A role for GH in glucose metabolism was fi rst postulated in the 
1930s, when Houssay and Biasotti found that hypophysectomy reduced the hyper-
glycemia seen in canine models of diabetes. The diabetogenic factor isolated from 
pituitaries was also found to have growth-promoting activity and named “growth 
hormone.” The experimental administration of GH to animals and humans con-
fi rmed its diabetogenic properties, but it was only after the development of reliable 
GH assays that the importance of GH in glucose metabolism was fully appreciated 
in both healthy subjects and people with type 1 diabetes. 

 Pituitary GH secretion is increased in individuals with diabetes leading to con-
centrations that are up to 2–3 times higher than healthy subjects. Portal insulin con-
centrations play a key role in the regulation of hepatic IGF-I generation; in the 
absence of portal insulin, a state of acquired hepatic GH resistance develops with 
reduced IGF-I production and negative feedback at the pituitary gland. GH admin-
istration to people with type 1 diabetes has little effect on serum IGF-I concentra-
tion while residual insulin secretion, as refl ected by plasma C-peptide concentration, 
determines the degree of GH hypersecretion. 

 Nocturnal GH hypersecretion may play a role in the early morning worsening of 
insulin sensitivity and plasma glucose as people with type 1 diabetes and GH 
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 defi ciency do not exhibit the “dawn phenomenon” while even a single bolus of GH 
to these individuals decreases morning insulin sensitivity. 

    8.8.4.1   Growth Hormone and the Microvascular 
Complications of Diabetes 

 In 1953, Poulsen presented the case of a woman with type 1 diabetes and back-
ground diabetic retinopathy, which regressed after she developed panhypopituitar-
ism after postpartum pituitary necrosis. This observation led to the use of pituitary 
ablation in the 1960s to treat diabetic retinopathy until the development of the safer 
photocoagulation. A role for GH in development of microvascular complications is 
also suggested by the decreased incidence of retinopathy in people with type 1 dia-
betes and GH defi ciency. This area is controversial as there is no evidence that GH 
replacement therapy causes an increased incidence of retinopathy in GH-defi cient 
adults with or without diabetes. Furthermore, the role of GH is complicated by the 
many other growth factors, which have been implicated in the development of 
microvascular complications. 

 In conclusion, it would appear that GH is likely to be less effective as a perfor-
mance-enhancing drug in people with type 1 diabetes because of the GH-resistant 
state; it is also likely to be associated with additional harm through impaired glyce-
mic control and possible worsening of diabetic complications.    

    8.9   Insulin-Like Growth Factor-I 

 Insulin-like growth factor-I is a single chain peptide, which has structural homology 
with proinsulin. Although IGF-I is synthesized widely, the majority of circulating 
IGF-I is produced in the liver under the regulation of GH, insulin, and nutritional 
intake. It has profound effects on cell proliferation and differentiation in many tis-
sues as well as metabolic effects, which are broadly similar to those of insulin 
including actions on glucose metabolism. 

    8.9.1   Prevalence of Abuse with IGF-I 

 The prevalence of IGF-I abuse is probably much lower than for GH because, 
unlike GH, there is no readily available natural source, and, therefore, all IGF-I is 
manufactured through recombinant DNA technology. As the tests for detecting 
GH abuse develop, however, there are anecdotal reports that athletes, for example, 
weightlifters, are increasingly turning to IGF-I as an alternative performance-
enhancing agent  [  9  ] . 
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 Two therapeutic preparations of IGF-I have been approved since 2005 for the 
 treatment of growth failure in children with severe primary IGF-I defi ciency or with 
GH gene deletion who have developed neutralizing GH antibodies. The fi rst product is 
recombinant human IGF-I (Mecasermin), and the second is a combination of rhIGF-I 
and its major binding protein, IGFBP-3 (Mecasermin Rinfabate). Although these drugs 
are still in relatively short supply, IGF-I is manufactured for cell culture and other uses, 
and this laboratory grade material is available to athletes. The widening availability of 
IGF-I together with an appreciation of the efforts to detect GH abuse is likely to increase 
illicit use of IGF-I, despite its inclusion on the WADA List of Prohibited Substances.  

    8.9.2   Why Do Athletes Abuse IGF-I? 

 IGF-I has a number of effects on carbohydrate, lipid, and protein metabolism in a 
wide range of target tissues, some of which may prove benefi cial to the competing 
athlete. Although a positive correlation between serum IGF-I concentration and 
physical fi tness has been observed, there is no published evidence that rhIGF-I 
administration improves physical performance or indeed alters body composition. 
Recent studies undertaken in Southampton, however, suggest that IGF-I increases 
the maximal uptake of oxygen in healthy recreational athletes. 

 The actions of IGF-I have been demonstrated in people with rare inherited defects of 
the GH receptor. The condition is characterized by severe postnatal growth failure and 
rhIGF-I therapy leads to substantial improvements in linear growth. There are signifi -
cant increases in protein synthesis rates with increased lean body mass and decreased 
adiposity. Rates of lipolysis and lipid oxidation increase with rhIGF-I therapy. More 
recently important effects of rhIGF-I on intermediate metabolism have been shown in 
healthy individuals. 

    8.9.2.1   Protein Metabolism 

 IGF-I infusion in healthy individuals results in the insulin-like property of inhibiting 
proteolysis inhibition and the GH-like property of stimulating protein synthesis. The 
intracellular pathways of IGF-I action are not fully understood, but it appears that 
IGF-I acts, at least in part, by stimulating amino acid uptake into cells. The combined 
actions of IGF-I, GH, and insulin could result in synergistic effects on protein metabo-
lism and may explain why athletes take cocktails of these potent hormones  [  10  ] .  

    8.9.2.2   Carbohydrate Metabolism 

 IGF-I has direct actions on glucose metabolism that are similar to insulin and causes 
hypoglycemia by increasing peripheral glucose uptake and decreasing hepatic glu-
cose production when administered to healthy volunteers. A single intravenous dose 
of 100  m g . kg −1  results in the rapid onset of symptomatic hypoglycemia and is 
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 equipotent to 0.15 IU . kg −1  of insulin. A continuous intravenous infusion of IGF-I 
causes a 50% fall in C-peptide concentration despite the maintenance of euglyce-
mia. The onset of hypoglycemia is slower with subcutaneous IGF-I administration 
than with insulin, because of the presence of circulating IGF binding proteins which 
buffer the IGF-I action. IGF-I infusion also inhibits GH secretion through negative 
feedback, which may contribute to the improvements in insulin sensitivity. 

 The potential benefi t to the athlete is the stimulation of muscle glycogen synthe-
sis replenishing nutrient supplies; physical endurance at high work intensities relies 
on skeletal muscle glycogen stores, and so IGF-I may improve performance and 
accelerate recovery in endurance sports such as long-distance running or cycling.   

    8.9.3   Adverse Effects of IGF-I 

 The side effect profi les of the commercial preparation of rhIGF-I include hypoglyce-
mia, jaw pain, headache, myalgia, and fl uid retention. The combined rhIGF-I-
rhIGFBP-3 (Mecasermin Rinfabate) is associated with less hypoglycemia because the 
IGFBP-3 appears to buffer the acute effects of IGF-I and increase its half-life. Side 
effects of Mecasermin Rinfabate include local injection-site erythema and lipohyper-
trophy though headaches and altered liver function tests have also been reported. 

 There are limited long-term data about the safety of IGF-I. Tonsillar and adenoi-
dal tissue hypertrophy was reported in nearly a quarter of children with GH insen-
sitivity syndrome treated with rhIGF-I for up to 12 years. In addition, there were 
changes in the facial appearance in some children, although these regressed par-
tially after therapy was withdrawn. By contrast, rhIGF-I treatment in adult patients 
with severe insulin resistance for 16 months did not result in changes in physical 
appearance. The clinical features of acromegaly are, however, possible with pro-
longed use. Epidemiological studies have linked certain cancers with increased 
serum IGF-I concentration, and, like GH, it is possible that the administration of 
uncontrolled doses of IGF-I may increase the risk of cancer. 

 There are also concerns about the use of laboratory grade IGF-I because of the 
reduced purity.  

    8.9.4   IGF-I and Diabetes 

 Serum IGF-I is reduced in people with type 1 diabetes because of the acquired 
hepatic GH resistance. Intensive insulin treatment by subcutaneous injection does 
not completely normalize IGF-I, but when insulin is given to people with type 1 
diabetes by continuous intraperitoneal infusion directly into the portal circulation 
(as occurs normally in vivo), using an implantable pump, portal insulin concentra-
tion increases, and there is near-normalization of IGF-I. 

 There has been interest in treating type 1 diabetes with IGF-I at a replacement 
dose to correct the derangements of the GH-IGF axis and exploit its hypoglycemic 
actions. When a single dose of IGF-I (40 mcg/kg) was administered to adolescents 
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with type 1 diabetes, hepatic insulin sensitivity increased and the glucose production 
rate fell. Over 7 days, IGF-I increased peripheral glucose uptake and reduced prote-
olysis, despite a reduced insulin requirement to maintain euglycemia. After 3 months 
treatment with rhIGF-I at night, insulin sensitivity and glycated hemoglobin improved 
in adolescents with type 1 diabetes in association with a fall in insulin requirement 
 [  11  ] . Although these improvements were not sustained over the 6 months of the 
study, it was thought that the deterioration in control was related to poor concordance 
with the multi-injection regimen rather than a reduction in the biological effect of 
IGF-I. The improvement in metabolic control is achieved through both reduced GH 
secretion and through a direct hypoglycemic action of IGF-I. 

 Despite these early promising fi ndings, the development of IGF-I as a treatment 
for diabetes was halted because of concerns that increased serum IGF-I concentra-
tions are associated with progression of retinopathy in people with diabetes. 

 Overall, there is no published evidence that IGF-I improves performance although 
metabolic studies suggest it has features that may be benefi cial to athletes. The 
administration of IGF-I to people with type 1 diabetes may affect insulin require-
ment and increase the risk of hypoglycemia. There are also concerns that it may 
increase the incidence and progression of retinopathy.   

    8.10   Insulin 

 Insulin is a 51-amino-acid peptide hormone comprising two polypeptide chains, the 
A and B chains, which are linked by disulfi de bridges. Insulin is synthesized in the 
 b -cells of the islets of Langerhans in the pancreas. It has major effects on intermedi-
ate metabolism and may be considered as the hormone that signals the “post-meal” 
fed state. During this period, it is pivotal in the regulation of cellular energy supply 
and macronutrient balance and directing anabolic processes. 

 Autoimmune destruction of the  b -cells leads to the development of type 1 diabe-
tes. Insulin is used therapeutically to treat all people with type 1 diabetes and some 
people with type 2 diabetes. It was fi rst isolated from the pancreas in 1921 by 
Banting and Best, and the fi rst person with diabetes was treated in 1922. Initially, 
the only source of insulin was from animals, and both bovine and porcine insulin are 
still used, albeit in diminishing amounts. The advent of recombinant DNA technol-
ogy led to a major advance in the production of insulin; the  insulin  coding sequence 
is inserted into bacteria such as  Escherichia coli  allowing large quantities of insulin 
(including animal insulin) to be produced in a highly purifi ed manner. 

 The half-life of intravenous soluble insulin is only 4 min, but apart from the treat-
ment of diabetic emergencies, insulin administered in clinical practice is by subcu-
taneous injection. When soluble insulin is injected subcutaneously, it forms a 
hexamer which delays its absorption from the injection site. It therefore acts more 
slowly than endogenously secreted insulin, and so the pharmacokinetic profi le does 
not match endogenous requirements; periods of both hypoglycemia and hypergly-
cemia can therefore ensue. In order to address this problem, attempts have been 
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made to shorten the onset and duration to provide a suitable mealtime insulin and 
also to lengthen the profi le to provide a more appropriate background insulin. The 
fi rst modifi cations were the addition of protamine and zinc in the 1930s and the 
1950s, respectively, to form isophane insulin which has a prolonged duration of 
action. Recombinant DNA technology fi rst permitted the production of human sol-
uble insulin and then the development of both short- and long-acting insulin ana-
logues. The shortest-acting insulin analogues appear in the circulation within 
5–10 min of injection and are cleared within 4–6 h while the latest long-acting insu-
lin analogues in development are present for over 24 h. 

    8.10.1   Prevalence of Insulin Abuse 

 There are only sketchy details about the use of insulin by professional athletes  [  10  ] . 
It is alleged that short-acting insulin is used to increase muscle bulk in body build-
ers, weightlifters, and powerlifters. After concerns raised by the Russian medical 
offi cer at the Nagano Olympic Games, the International Olympic Committee (IOC) 
immediately banned its use in those without diabetes. Athletes with insulin-requir-
ing diabetes may use insulin with a medical exemption.  

    8.10.2   Why Do Athletes Abuse Insulin? 

 Insulin has major anabolic actions on intermediate metabolism, affecting glucose, 
lipid, and protein metabolism with the most important insulin-sensitive tissues being 
the liver, skeletal muscle, and adipose tissue. 

    8.10.2.1   Glucose Metabolism 

 Under normal physiological conditions, insulin, together with its principal counter-
regulatory hormone glucagon, is the prime controller of glucose metabolism and 
plasma glucose concentration. It is involved in the regulation of carbohydrate 
metabolism at many steps, increasing glucose uptake into cells, promoting glycoly-
sis and glycogen synthesis while inhibiting glycogen breakdown and gluconeogen-
esis. These actions would allow an athlete to replenish muscle glycogen stores after 
a bout of exercise in a similar manner to that described for IGF-I.  

    8.10.2.2   Lipid Metabolism 

 Insulin increases the rate of lipogenesis in several ways in adipose tissue and liver, 
and controls the formation and storage of triglyceride. The critical step in  lipogenesis 
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is the activation of the insulin-sensitive lipoprotein lipase in the capillaries, which 
releases fatty acids from circulating chylomicrons or very low-density lipoproteins 
to be taken up by adipose tissue. Fatty acid synthesis is increased, while fat oxida-
tion is suppressed. Lipogenesis is also facilitated by the glucose uptake, because its 
metabolism by the pentose phosphate pathway provides NADPH which is needed 
for fatty acid synthesis. Triglyceride synthesis is stimulated by esterifi cation of 
glycerol phosphate, while triglyceride breakdown is suppressed by dephosphoryla-
tion of hormone-sensitive lipase.  

    8.10.2.3   Protein Metabolism 

 Insulin stimulates the uptake of amino acid into cells, thereby promoting protein 
synthesis in a range of tissues; however, the major action of insulin is to inhibit 
protein breakdown. The similarities between IGF-I and insulin suggest that these 
proteins act in a coordinated manner to regulate protein turnover. Furthermore, 
many of the intracellular signaling mechanisms of insulin and IGF-I, such as IRS-I, 
are shared. There are differences, however, in their respective dose-response curves. 
Low physiological insulin concentrations inhibit protein breakdown and increase 
glucose disposal into skeletal muscle while higher, nonphysiological concentrations 
are required to stimulate protein synthesis. In contrast, increases in IGF-I that have 
no effect on glucose uptake stimulate protein synthesis while higher concentrations 
are required to inhibit protein breakdown. The precise mechanism by which these 
similar but divergent pathways interact is not fully understood.   

    8.10.3   Adverse Effects of Insulin 

 The side effects of insulin are well documented from the extensive experience in 
treating people with diabetes. The commonest side effect is hypoglycemia, but 
weight gain is also a problem in people with diabetes. This may be less problematic 
for athletes whose diet and training regimen is closely monitored. There is evidence 
that hyperinsulinemia per se may induce insulin resistance, which has been impli-
cated in the development of cardiovascular disease; this remains contentious but 
argues that people with diabetes should not receive more insulin than is needed to 
control their hyperglycemia.  

    8.10.4   Insulin and Diabetes 

 Unlike the other hormones described in the preceding sections, insulin forms an 
essential part of the treatment of an athlete with diabetes. The main issue for an 
athlete with type 1 diabetes is the need to obtain a therapeutic use exemption, which 
is described below.   
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    8.11   Antihypertensives 

 Beta-blockers, which may be used in people with diabetes as antihypertensive 
agents, are prohibited in competition in certain sports during competition (Table  8.1 ). 
The main concern about these drugs in diabetes is that they may mask the symptoms 
of hypoglycemia; they may also worsen glycemic control, particularly if combined 
with thiazide diuretics.  

    8.12   Therapeutic Use Exemption 

 Like all individuals, athletes may develop illnesses or conditions that require them to 
take prescribed medications. When these appear on the WADA Prohibited List, as is 
the case for insulin, an athlete must apply for a Therapeutic Use Exemption (TUE) to 
allow them to take the medicine before and during competition. The International 
Standard for    Therapeutic Use Exemptions (ISTUE) is regulated by WADA to ensure 
that the process of granting TUEs is coordinated across sports and countries. There 
are a number of criteria that must be fulfi lled before a TUE is granted:

   The athlete would experience signifi cant health problems without taking the pro-• 
hibited substance or method.  
  The therapeutic use of the substance would not produce signifi cant enhancement • 
of performance.  
  There is no reasonable therapeutic alternative to the use of the otherwise prohib-• 
ited substance or method.    

 In the case of type 1 diabetes, the fi rst and third criteria are clearly fulfi lled as insu-
lin is an essential part of the treatment of diabetes without which the athlete would 
die rapidly from diabetic ketoacidosis. However, it is important to obtain accurate 
medical records to demonstrate the diagnosis, and this may be diffi cult if the diag-
nosis was made several decades previously. The second criterion is more diffi cult to 
prove as insulin may be performance enhancing; however, the decision to award a 
TUE must balance this possibility with the severity of the condition and the appro-
priateness of the medication. The athlete may be required to provide evidence of 
recent blood glucose monitoring and other measures of glycemic control. 

 TUEs may be granted by either International Sporting Federations, which admin-
isters applications from all international level athletes, or National Anti-Doping 
Organizations for national level athletes. Both types of body are required by WADA 
to have an established process to administer TUE applications. It is important that an 
athlete should submit an application to only one organization and not to WADA. 

 The TUE application is usually fairly simple and involves the athlete submitting 
an electronic or paper application to the relevant International Federation or National 
Anti-Doping Organization. WADA has developed the Anti-Doping Administration 
and Management System (ADAMS), a web-based database management system to 
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simplify the process. It is easy to use and is freely available in English, French, 
Spanish, German, Japanese, Russian, Italian, Dutch, and Arabic. ADAMS stores 
data on laboratory results, TUEs, and information on Anti-Doping Rule Violations 
(ADRVs) and facilitates the sharing of information between relevant organizations. 

 All TUE applications should be supported by a physician’s statement and other 
supporting documentation confi rming that the criteria for a TUE are met. The appli-
cation should be submitted at least 30 days before participating in an event. Following 
the submission of an application, it is assessed by an independent panel of physi-
cians, known as the Therapeutic Use Exemption Committee. If a TUE is denied by 
the committee, an athlete has the right to appeal to WADA or ultimately to the Court 
of Arbitration for Sport. 

 A TUE is granted for a specifi c medication with a defi ned dose and for a specifi c 
period of time and may contain conditions that should be adhered to. During a dop-
ing control procedure, the athlete should declare the medication being used, and 
although not mandatory, it is helpful to show the doping control offi cer the TUE 
approval form. 

 As the WADA-accredited laboratories are blinded to the athlete’s identity during 
testing and medical information disclosed in a TUE application is kept strictly con-
fi dential, they may report an adverse analytical fi nding to the doping control author-
ity; however, as long as the TUE is still in effect and that the results of the analysis 
are consistent with the TUE granted (i.e., the nature of medication, route of admin-
istration, dose, time frame of administration are deemed appropriate), the result of 
the test will be recorded as negative.      
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 In the preceding chapters, we have seen elegant discussions of the hormonal and 
 metabolic responses to exercise and how these responses are altered by type 1 diabetes 
and insulin therapy. In Chap.   1    , we have seen how exercise exerts a great demand on 
the capacity of the human body to maintain blood glucose homeostasis. The normal 
physiological counterregulatory hormone response generated by exercise produces a  
coordinated endocrine response which switches the physiological state from the post-
absorptive to the exercise state, enabling release of the nutrients required to support 
increased work. Increased glucose utilization by skeletal muscle proportionate to the 
duration and intensity of exercise is counteracted by a complex and well-
coordinated endocrine response. Hepatic glucose production (through increased 
glycogenolysis and gluconeogenesis) mediated through increased glucagon and a fall 
in insulin concentrations in the portal vein are important stimulators of hepatic glucose 
production during low- and moderate-intensity exercise. Further counterregulatory cat-
echolamine responses during high-intensity exercise are important in intense exercise 
and with modest hypoglycemia in nondiabetic intervals. It is perhaps surprising that 
even in nondiabetic individuals, preexercise hypoglycemia is associated with blunted 
counterregulation during subsequent exercise, and prior exercise blunts the counter-
regulatory response to subsequent hypoglycemia. There are further age-, gender-, and 
obesity-related difference in these responses. It is therefore entirely predictable that 
diabetes and insulin treatment is likely to have very signifi cant effects on the ability to 
perform exercise though changes in glycemic and counterregulatory responses. 

 In Chap.   2    , we read how a number of endocrine disturbances can infl uence glu-
cose regulation during exercise, making the management of glycemia challenging 
for patient and caregiver. While aerobic exercise frequently results in a reduction in 
blood glucose concentration, intense and anaerobic exercise can promote transient 
hyperglycemia. 

    I.   Gallen ,  B.Sc., M.D., FRCP   
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 In diabetes, we have seen the effect of relative overinsulinization during exercise, 
which when combined with the impaired physiological response of the counterregu-
latory hormones results in impaired endogenous glucose production coupled with 
increased glucose utilization. The net effect of these variations in normal physiology 
leads to the classical glycemic response during endurance exercise of progressive 
falling blood glucose values and risk of hypoglycemia  [  1,   2  ] . In contrast, short bursts 
of intense exercise may produce a relative excess counterregulatory hormone response 
relative to available insulin which may lead to hyperglycemia during exercise  [  3,   4  ] . 

 We have seen how this exercise-induced state may protect against hypoglycemia 
following shorter periods of endurance exercise  [  5,   6  ] . However, for both forms of 
exercise particularly if the exercise is intermittent, increased glucose disposal into 
skeletal muscle as a result of increased expression of GLUT4 transporters  [  7,   8  ]  and 
resultant improvement in insulin sensitivity can lead to increased insulin sensitivity 
in the late postexercise period  [  2,   9  ] . This is particularly important when combined 
with the reduction in counterregulatory hormone response to hypoglycemia seen 
following exercise (particularly in men), as it may predispose to severe nocturnal 
hypoglycemia  [  10–  16  ] . 

 Given the well-recognized and strong tendency to dysglycemia with exercise, 
how can the practicing clinician best advise their patient? The routine clinical review 
appropriately focuses on glycemic control, on the adverse consequences of insulin 
treatment (hypoglycemia and weight gain), on the surrogate markers for complica-
tions of diabetes (HbAlc, blood pressure, microalbuminuria, eGFR, and lipids), and 
on examination to detect signs of the complications of diabetes. This leaves little 
time for dealing with questions about how to manage exercise, and these may not 
routinely be given the attention that they might deserve. Having said this, patients 
with diabetes are encouraged to perform regular exercise, and it is therefore incum-
bent on the clinician to equip himself or herself with the skills that are necessary to 
advise their patient  [  17  ] . 

 Over the last decade, we have developed a specialist diabetes and sports clinic 
for young people who are outstanding athletes from throughout the UK. The skills 
and practice gained from this clinic, when combined with the excellent clinical 
research described in the previous chapters, offer us the opportunity of suggesting a 
clinic model to health-care professionals to help people manage diabetes and exer-
cise more effectively. We have found that patients attending the service complain of 
three main groups of symptoms:

    1.    Seemingly inexplicable dysglycemia during and immediately following 
exercise  

    2.    Unexpected and severe hypoglycemia particularly at night  
    3.    Excessive fatigue, impaired physical performance, and increased muscle weak-

ness and cramps when compared to their prediabetic state or with peers (this is 
probably the most subtle of the three groups of symptoms)     

 To deal with these issues, we conduct a standardized clinical interview. The aim of 
the interview is to reduce day-to-day variation in insulin therapy and to improve 
insulin dosage relative to carbohydrate intake. A focus on detail is extremely 
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 important, as we frequently fi nd that much of the apparently inexplicable variation 
in glycemic control is not due to exercise but due to these factors:

    1.    General history of the person’s diabetes in which the duration, treatment, and 
complications of diabetes, along with control, are assessed.  

    2.    A detailed review of injection technique particularly focusing on needle length, 
site of injection, and inspection of injection sites for lipohypertrophy and sclerosis 
is made. Care is taken in identifying suitable sites for injection of basal and bolus 
insulin doses, particularly in the context of the proposed exercise. When NPH 
insulin is used, a review of the technique of resuspension is frequently required.  

    3.    A careful review of calorie intake and techniques for dose adjustment (carbohydrate 
counting) is made, along with a review by our specialist dietician as to the appropri-
ate calorie intake for the individual’s estimated energy expenditure. Patients coming 
to our service frequently report insuffi cient calorie intake to support their exercise 
which will increase the risk of late hypoglycemia and cause fatigue and impaired 
performance. In contrast, where patients are overweight and desirous of weight loss, 
reducing energy intake can be helpful, and estimating energy expenditure allows 
appropriate dietary advice to be given. Carbohydrate intake should be spaced 
throughout the week, avoiding carbohydrate preloading prior to exercise for which 
there is no evidence of benefi t in diabetes. Advice to ensure the accuracy of the 
carbohydrate intake and appropriate insulin is also given.  

    4.    A detailed history of the sporting/exercise program is made. Particular attention 
is paid to the timing, duration, intensity, and type of exercise on each day of the 
week. This allows the exercise to be characterized so that the anticipated effect 
on blood glucose levels can be identifi ed. In general, the exercise is classifi ed as 
endurance (in which case blood glucose can be predicted to fall), high intensity 
(where blood glucose is likely to rise), or mixed exercise such as team sports 
where the effect may be variable from day to day, depending on the intensity of 
each event (although the general effect tends to be a fall in blood glucose levels 
which is attenuated when compared with pure endurance exercise). Importantly, 
the timing of each event in relation to the bolus dose of insulin is identifi ed as 
well as any adjustments which are made to this dose.  

    5.    Particular care and attention is paid to symptoms suggestive of hypoglycemic 
unawareness. Severe hypoglycemia particularly in young adults who are sleeping 
on their own is of special concern and where found requires specifi c attention 
 [  18  ] . The risk of exercise-induced nocturnal hypoglycemia is carefully explained, 
and avoidance of alcohol on days following exercise emphasized. We recommend 
that people with diabetes set alarms to wake in the early hours of the morning to 
check blood glucose. When possible, we seek other members of the household to 
advise on signs of severe hypoglycemia and the appropriate use of glucagon. If 
exercise is planned to occur after an episode of hypoglycemia, we advise that it is 
delayed or reduced in intensity and takes place in a safe environment.  

    6.    In our interviews, we also focus on measures of physical performance and 
fatigue. Identifi cation of variability in performance, such as slowing during timed 
endurance events or variability in ability to deal with opponents during team 
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games. This is an area which may not be familiar to diabetes teams but is readily 
assessable on questioning. Open questions about perceived excess fatigue or 
poor performance suggest problems with antecedent hyperglycemia prior to or 
during exercise  [  19–  22  ]  or insuffi cient food intake. There is also good evidence 
that fuel oxidation is markedly variable in type 1 diabetes during exercise  [  23–
  27  ] , and it is likely that this will contribute to impaired physical performance 
particularly during endurance sport, but this is amenable to management.     

    9.1   Potential Strategies 

 There are limited strategies currently available to improve glycemic control and per-
formance. These are centered on variation in the timing and dosage of insulin therapy 
and adjustment in carbohydrate intake. Our experience is that it is not possible to 
manage most patients who are performing regular physical activity on premixed 
twice-daily insulin without frequent exercise-induced hypoglycemia or conversely 
hyperglycemia on nonexercise days. For those using such a regimen, we transfer the 
majority of our patients on to a multiple daily injection regime using rapidly acting 
analogue injection (insulin aspart (Novo Nordisk), lispro (Eli Lilly), or glulisine 
(Sanofi -Aventis))  [  28  ] . The basal component of the multiple daily injection regimens 
uses human NPH insulin (Insulatard (Novo Nordisk) or Humulin I (Eli-Lilly)) or 
analogue insulin glargine (Sanofi -Aventis) or insulin detemir (Novo Nordisk). 

 Short-acting insulin analogues enable more predictable postprandial glucose con-
trol with reduced risk of late postprandial hypoglycemia in the context of increased 
calorie intake seen in subjects performing regular exercise. Longer-acting basal ana-
logue insulin therapy has become a mainstay of insulin therapy for many people with 
type 1 diabetes. The longer duration of action of these therapies, while advantageous 
during routine treatment, may result in relative excess insulin during exercise. As a 
result, both insulin glargine and detemir may increase the tendency to hypoglycemia 
during endurance exercise. There is some evidence to suggest that insulin detemir 
and NPH insulin may be less likely to cause hypoglycemia with exercise than insulin 
glargine  [  28,   29  ] . Ongoing studies are needed to demonstrate if these differences in 
this tendency between the two types of insulin are to be confi rmed. 

 Reducing basal insulin on the day preceding endurance exercise leads to pro-
longed preexercise hyperglycemia and late postexercise hyperglycemia, both of 
which add substantially to impaired glycemic control. We therefore do not advise 
preexercise reductions of basal insulin on the night preceding exercise  [  30  ] . 
However, we have found that for some patients who are performing prolonged 
endurance exercise (e.g., marathon running) on one or two days in the week, par-
ticularly in the morning, it may be advantageous to have those patients managed on 
twice-daily NPH insulin. Normal morning NPH insulin dose can be signifi cantly 
reduced or omitted on the day of the endurance exercise. This reduces the risk of 
hypoglycemia and the requirement for additional carbohydrate ingestion, without 
causing the antecedent nocturnal hyperglycemia which would occur if the nocturnal 
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basal insulin dose was reduced. It may be necessary to give a reduced dose of basal 
insulin following exercise to avoid later postprandial hyperglycemia. 

 For patients treated using multiple daily insulin injections, if exercise occurs 
within 90 min of the insulin injection, it is possible to markedly reduce the prepran-
dial insulin dose  [  31–  33  ] . This will reduce the tendency to exercise-induced hypo-
glycemia albeit at the cost of preexercise hyperglycemia  [  33  ] . However, if the 
exercise is more than 2 h after the bolus dose of insulin, this strategy is not benefi -
cial. If patients are of normal body weight and weight control is not an issue, late 
postprandial exercise can be successfully managed by ingestion of carbohydrate 
before and during exercise  [  9,   22,   34–  37  ] . Evidence from the preceding chapters 
does suggest that complex carbohydrates with low glycemic index may be success-
ful at reducing hypoglycemia during exercise without causing late postexercise 
hyperglycemia, but these carbohydrates are not currently widely available. More 
simple forms of carbohydrate such as glucose can be ingested in regularly accessi-
ble form during exercise, and we recommend ingestion during endurance up to the 
dose of approximately 1 g/kg/h of exercise so that typically a 70-kg adult may be 
ingesting 20 g of glucose every 20 min during exercise. There is considerable evi-
dence that the ability to absorb glucose during exercise is limited to as little as 
60 g/h  [  38  ] . This implies that excess carbohydrate above this value will not assist in 
the avoidance of hypoglycemia but merely add to postexercise hyperglycemia. We 
advise that where exercise is under 1 h duration, simple carbohydrates are taken. 
When exercise is more prolonged, there is the opportunity to ingest more palatable 
complex foods. The strategy of ingesting frequent small quantities of glucose dur-
ing the exercise, where possible, is effective at maintaining euglycemia  [  39  ] . This 
may not be practical for some exercises, and where this is the case, ingestion of the 
low-glycemic-index carbohydrate isomaltulose is also effective in maintaining eug-
lycemia without antecedent hyperglycemia  [  40  ] . 

 If exercise is intermittent (i.e., less than every other day), we advise reduction in 
basal insulin dose on the night following exercise of between 10% and 20%. Clearly, 
this may lead to the potential of hyperglycemia in the morning, and where this is 
present, additional blood sugar monitoring at 2–3 a.m. is useful to ensure that there 
is no nocturnal hypoglycemia. For patients performing exercise frequently, such 
dose reductions, once they have occurred, do not need to be repeated. 

 For patients who are trying to use exercise to lose weight, calculated dietary intake 
needs to be signifi cantly lower than the energy expenditure and alternates to carbohy-
drate ingestion during exercise need to be pursued. We fi nd that a brief burst of high-
intensity exercise prior to endurance effort and adding intermittent high-intensity 
exercise during endurance exercise both protect against hypoglycemia following exer-
cise without ingesting extra carbohydrate  [  4–  6  ] . However, when compared to endur-
ance exercise alone, adding intermittent high-intensity exercise during endurance 
exercise increases the risk of nocturnal hypoglycemia  [  18  ] . Ingestion of sympathomi-
metic agents including caffeine or  b 2-adrenoreceptor agonist may potentially offer an 
additional treatment option for people who wish to do exercise in the late postprandial 
period and would like to reduce or avoid taking additional carbohydrate. Acute caf-
feine ingestion 30 min before prolonged endurance exercise reduced hypoglycemia 
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duration and following exercise in type 1 diabetes  [  41  ] . Terbutaline may also protect 
nocturnal hypoglycemia in children following exercise. 

 Continuous subcutaneous insulin infusion (CSII) enables reduction or suspension 
of normal basal insulin infusion rates before and during exercise. This reduction may 
restore some of the physiological response to exercise and reduce the need for carbo-
hydrate ingestion. CSII infusion rates can be restored or increased prior to or follow-
ing the end of exercise to deal with postexercise glycogenic peak. Nocturnal basal 
CSII infusion rates can also be reduced if exercise is infrequent. CSII treatment 
seems an attractive option for people with diabetes who are exercising regularly or 
who have complex or variable exercise programs which are less amenable to adjust-
ment of MDI regimes. At present, guidance on how CSII infusion rates are to be 
adjusted is dependent on clinical experience, with little signifi cant evidential base. 

 The advent of commercially available continuous glucose monitoring (CGMS) 
equipment may seem at fi rst sign a signifi cant advance in the management of exer-
cise and type 1 diabetes. These devices measure subcutaneous interstitial glucose 
values following calibration with synchronous capillary glucose measurement  [  42, 
  43  ] . Blood glucose values change very rapidly during exercise, and unfortunately, 
there is little reliable correlation between the CGMS and capillary glucose, which 
means that CGMS is not a useful tool for identifying signifi cant glucose changes, 
particularly hypoglycemia, in real time. However, CGMS may have a role in alerting 
the user as to the trajectory and speed of glucose responses  [  44–  46  ] , and the high 
frequency of nocturnal hypoglycemia  [  47  ] , and is often useful to an individual for 
identifying the pattern of glucose change which occurs when they are exercising.  

    9.2   Safety 

 Clearly prior to assessment, the status of diabetic complications needs to be assessed. 
Regular physical exercise does not appear to cause deterioration in either early dia-
betic retinopathy or diabetic nephropathy  [  48–  51  ] , although it seems sensible to 
caution again intense physical exercise in patients with preproliferative retinopathy 
and in particular in those with intraretinal and other neovascular abnormalities. 

 A detailed inspection of the feet is required. While early peripheral neuropathy 
does not preclude regular physical exercise, detailed advice on foot care needs to be 
given with regular foot inspections. However, for patients with foot shape abnor-
mality and marked reduction in peripheral sensation or peripheral vascular disease, 
upright physical exercise with increased workload on the feet and legs is unlikely to 
be appropriate. 

 For patients who are seeking advice on how they might increase physical exer-
cise who have had a long duration of diabetes and who have risk factors for vascular 
disease such as hypertension, smoking history, or hypercholesterolemia, it is sensi-
ble to seek detailed cardiological investigations. An exercise ECG or a stress 
echocardiogram is likely to be necessary before advising people to embark on a new 
program of exercise. 
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 Where exercise is to be outside, it is sensible to advise on personal safety during 
exercise. People with diabetes need to carry with them readily accessible simple 
carbohydrates, ensure adequate hydration, and ideally avoid exercising alone. 
Where this is not practical, ideally a mobile phone should be carried at all times. 
Furthermore, others should be informed where they will be and, in particular, when 
they should be expected to return. 

 The skills to assist the health-care professionals to manage type 1 diabetes and 
exercise are transferable to any diabetes service and if applied will reduce dysgly-
cemia and improve physical performance and quality of life for those people.      
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    10.1   Chris Pennell, Professional Rugby Player  
     

    How and when were you diagnosed with type 1 diabetes?   
   CP : “From the age of nine I became very passionate about Rugby Union. I feel 
extremely privileged to be in a position where Rugby is my profession and liveli-
hood. I was diagnosed with Type 1 Diabetes aged 19 following a routine blood test 
at the rugby club. Now aged 24, I currently captain The Worcester Warriors in the 
Aviva Premiership after earning promotion in the 2010/2011 season.”  

    Chapter 10   
 The Athlete’s Perspective       
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   How do you train?   
   CP : “I am on multiple daily insulin injections. I can effectively breakdown my insu-
lin treatment into three categories, which I can slide between when required: 

    1.    Fully fi t; this is when my insulin dependency is quite low. My metabolism is fast as 
I am active most days and competing in my sport on weekends. My basal dosage 
drops to 8–10 units. My bolus dosage will change depending on the format of my 
training day. I will only need 1–2 units with a large bowl of porridge along with sip-
ping sports drinks during my morning training. My Blood glucose levels will stay 
consistently between 5 and 8 mmol/L during this training period. Depending on the 
intensity of the afternoon session, I may not take any bolus insulin with my meal 
despite eating a small portion of carbohydrate. These sessions tend to commence 
1-½ hours after eating. In this afternoon session I can regulate my blood glucose by 
sipping sports drinks over the training period in accordance with the type of training 
session and its intensity. If I have no training, I will take 1 unit per 30 grams of car-
bohydrate and continue this dosage for any further food until dinner. At 8pm I will 
take my basal insulin. I like to go to bed at a level between 6 and 7 mmol/L and tend 
to wake up between 4.5 and 6 mmol/L. Regular blood testing allows me to spot if I 
need any extra carbohydrate during training sessions. Glucose tablets work very 
well in pushing my levels up during more demanding sessions.  

    2.    Injured. Being injured presents a huge challenge as a diabetic especially when 
there is a sudden change from being fully fi t to bed ridden. During this time, 
unsurprisingly my insulin requirements shoot up. I very quickly increase my 
basal dosage to 16–20 units. My bolus dosage goes up to 1 unit per 15 grams of 
carbohydrate. Again, regular testing allows small amendments to be made and 
prevents any serious hypoglycemic or hyperglycemic episodes.  

    3.    Transition. This is the period of time between beginning to exercise after injury 
and returning to full fi tness. During this period I have found a steady change in my 
insulin dependency in direct correlation to my activeness during training. In the 
early stages of recovery where training intensity remains fairly low, my insulin 
requirement stays high. Through the natural progression of returning to fi tness, 
my insulin requirements drop accordingly. During this time I test very regularly 
and make small adjustments over the weeks until I return to full fi tness. 

 I have become acute to the different requirements of different training ses-
sions and I have learned to adjust the amount of glucose I intake through sports 
drinks depending on the type of training and its intensity. This method has 
allowed me to control my blood glucose levels whilst coping with a different 
variety of training intensities and periods.”      

   CP:  “Over the last 5 years my HbA1c results have come down from 7.0 to the most 
recent being 5.4, a normal reading for a non-diabetic. I largely put this down to 
keeping active but also sticking to a strict diet. I have always enjoyed eating health-
ily and staying in shape. However, the main changes in my diet have been around 
the choices of carbohydrates I eat and the balance of food on my plate. I have an 
even measure of protein, fi brous carbohydrate and starchy carbohydrate. This bal-
ance of food provides me with all the nutrients and fuel I need to maintain a regular 
body fat percentage and weight. Instead of eating white pasta, white rice, white 
potato and white bread, I have swapped for whole meal pasta, rice and bread. I 
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believe this small change in choice has been the reason my HbA1c has come down 
to that of a non-diabetic. The steady drip of glucose into my blood stream forms a 
smooth blood glucose curve throughout the day.”  

   What kind of problems have you encountered during training and how were 
they solved?   
   CP:  “The nature of my sport and position means I must have the ability to perform in 
both an aerobic and anaerobic capacity to a very high level. In a fully fi t state I am able 
to adjust my glucose intake without changing my insulin requirements. During aerobic 
training, my glucose requirement goes up and additional supplementation is sometimes 
needed on top of the sports drinks to avoid hypoglycaemia. This is often in the form of 
glucose tablets. During anaerobic training I have found little or no need to top up my 
glucose levels due to the hormone response from the body. I have however found need 
to monitor my blood glucose levels after very intense anaerobic training, something I 
only really experience during preseason.”  

   CP:  “Match day is another time when things change slightly for me. My body’s 
response to playing in big matches in front of big crowds of course makes my glu-
cose levels shoot up. In the early stages I would go into matches having done every-
thing the same as a training day. I would go into a game with my blood glucose level 
between 6 and 8 mmol/L and sip glucose drinks during stoppages. I stopped drink-
ing the sports drinks and stuck to water. This had very little effect. I then injected 1 
unit 5 minutes before kick-off and 1 unit again at half time but because of my sen-
sitivity to insulin I was worried that I would simply induce hypoglycaemia. However, 
this had the desired result and I would fi nish games between 6 and 9 mmol/L.”     

    10.2   Jen Alexander, Marathon Swimmer 
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    How and when were you diagnosed with type 1 diabetes?   
   JA:  “I’ve had type one diabetes since 1988 and have swum for most of my life. I live 
and train in Halifax, Nova Scotia, Canada, swimming outdoors April-November. 
I’ve swum 18+ hours on a couple of occasions. In 2008, I was awarded the Diabetes 
Exercise and Sports Association’s ‘Athlete of the Year’ award. I use an insulin 
pump.”  

   How do you train?   
   JA:  “Swim-specifi c diabetes management starts 5 hours before the scheduled start. 
I don’t eat  anything . I recognize that this isn’t the greatest strategy for preserving 
muscle glycogen, but it works for me in terms of managing my diabetes. I swim 
with a waterproof insulin pump. My general strategy is to run my basal rate high 
enough that I don’t need to bolus for carbs. I turn my basal rate up to 150% and test 
my blood glucose just before I am about to jump into the water. From this blood test 
and until the swim ends, we react to each blood test in the same way: 

   If my blood glucose is <6 mmol/L, I get 40 grams of carbs.  • 
  If my blood glucose is 6–8 mmol/L, I get 30 grams of carbs.  • 
  If my blood glucose is 8–10 mmol/L, I get 15 grams of carbs.  • 
  If my blood glucose is >10 mmol/L, I get water.     • 

  I test and feed every 30 minutes, with 50 grams of fl avored sugar crystals/Gatorade 
in 750 ml of water to give a solution that’s 6.7% carbohydrate. I receive three feeds 
of fl avored crystals and then one feed of Gatorade. I don’t have the same need to 
replace electrolytes because I’m not sweating much, if at all. We’ll mix in liquid 
acetaminophen every 4–6 hours for pain, and we deduct this from my carb 
allowance.  

  If my blood glucose level has trended downward or upward for two consecutive 
tests, my crew prompts me to adjust my basal rate. Even though I start my swims at 
150%, I’ll titrate down to about 50%. Severe nausea can be part of open water 
swimming, and I’ve dealt with this by turning my pump off for 30 minutes and con-
suming ginger chews. Other than this, I don’t consume solids during my swim. This 
plan works extremely well for me until hypothermia begins to affect my blood sugar 
as acute hypothermia elevates glucose levels due to catecholamine-induced 
glyconeogenesis. 1 ”  

   What kind of problems have you encountered during training and how were 
they solved?   
   JA:  “The ‘standard’ challenges of blood glucose levels affecting performance still 
apply. Hypoglycemia causes me to pull through the water less strongly. Both 
 hypoglycaemia and hyperglycemia reduce my stroke rate. Furthermore swimmers 
with diabetes face additional risks: hypothermia complicates  hypoglycaemia. Core 

  1   Granberg. Human endocrine responses to the cold. Arct Med Res. 1995;54:91–103. 
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body temperature falls during hypoglycaemia, 2  and recovery from hypoglycaemia is 
impaired at low body temperatures. 3  Conversely, hypoglycaemia complicates hypo-
thermia: a small study of people without diabetes suggests that blood glucose levels 
under 2.5 mmol/L suppress both shivering and the sensation of being cold. 4  A swim-
mer unable to shiver to generate body heat risks advancing through the stages of 
hypothermia. Therefore swimming safely demands careful diabetes management.”  

   JA:  “Tight control over blood glucose levels is critical, and fi nding a way to 
test blood while swimming was an exceptional challenge! Open water swimmers 
around the world adhere tightly to the code of England’s Channel Swimming 
Association: the swim is disqualifi ed if the swimmer touches the boat, or a crew 
member touches the swimmer. Neither continuous glucose monitors nor heart rate 
monitors transmit properly in the salt water, so blood glucose levels must be mea-
sured by fi nger stick. Additional challenges included waves, sea spray, wind blow-
ing so loudly that I couldn’t hear my meter beep, test results being skewed by 
water on my fi nger, and the daunting challenge of being able to squeeze enough 
blood from a fi nger vasoconstricted by hypothermia.  

  To get my test kit to me, we’ve constructed a ‘fi shing pole’ of sorts. On the boat, 
my crew has an aluminum painter’s extension pole. Instead of twisting a paint roller 
onto its end, however, we’ve twisted the marine version of a carabineer onto the 
pole, then twisted a cap on top of that to ensure the hook doesn’t move. We roll 25 
meters of rock-climbing rope around a kite-string winder, then thread the rope 
through the carabineer. My crew attaches items to the rope, extends the pole, and 
then unwinds the rope to lower the item(s) to me. This is ‘legal’ in the open water 
world as long as the rope remains slack.  

  We use a waterproof container made of transparent plastic to house two meters, 
a facecloth, and a lancing device stuck to the side of the container with Velcro. 
During the early hours of a swim, we use a standard lancing device, but switch to 
larger, disposable lancets (and then blades) as needed. When it’s time to test, my 
crew prepares my test kit by putting a strip in each meter, and then activating the 
fi nger fl ashlight. The boat pulls close and my crew dangles my test kit over my 
head using the pole and rope. I grab the kit, open the lid, and dry off my fi nger 
with the facecloth. I lance my fi nger, and apply blood to each strip until the fi nger 
fl ashlight turns off (which confi rms enough blood has been applied). Sometimes 
there is too much seaspray to see clearly into the container, and sometimes the 
wind blows too loudly to hear the meters beep to signal they have enough blood, 
so watching the fi nger fl ashlight turn off is the only way I know the tests are work-
ing. I reseal the plastic container, drop it into the water, and resume swimming. 
My crew then pull the test kit back on the boat and read the results.”     

    2   Gale, Bennett, Green and MacDonald. Hypoglycaemia, hypothermia and shivering in man. Clin 
Sci. 1981;61:463–9.  
   3   Ibid.  
   4   Ibid.  
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    10.3   Mark Blewitt, Long-Distance Swimmer  

     

    How and when were you diagnosed with type 1 diabetes?   
   MB : “I was diagnosed with Type 1 Diabetes in 1980 at the age of thirteen. In the 
mid 1990s after reading an article on the profi le of athletes competing in the London 
Marathon, I decided to get fi t. My fi tness regime started with a casual visit once a 
week to my local swimming pool. The following summer I would partake in my 
fi rst open water swimming race, and I was hooked and would return to this venue 
several years’ later and win the four mile men’s race outright.”  

   How did you train?   
   MB : “I started to think about taking part in the longest annually held race in the 
British swimming calendar, one length, or 10.5 miles of Windermere in the annual 
British Long Distance Swimming Association championship. When undertaking 
longer swims I had realised that I needed less and less insulin and more food. All 
my insulin was given by multiple daily injections (MDI) which consisted of three 
fast-acting injections and one slow-acting injection. In 1998 at the time of my 
Windermere swim I was most probably taking Actrapid and Ultratard.”  
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   MB:  “I had only been able to get to the start line of such a swim though hours of 
training and competition. I am also sure that the highs and insulin-driven lows that 
are found with MDI drove me to eat through the lows, resulting in my carrying the 
little extra weight. The key is to feed appropriately for the sport you are undertaking 
and whether on MDI or pump therapy you are in a position to change your insulin 
amounts to match the food intake you need and exercise that you are undertaking 
and target weight you need to be at.”  

   MB : “In 1988 I completed my inaugural Windermere swim, fourth in the men’s 
race. Later I realised that my fi nishing time would make me eligible for selection in 
the world’s longest annually held swimming race, the race around Manhattan Island, 
New York. I would complete the length of Windermere a further ten times over the 
next few years, including the Two-Way 21 mile swims on three separate occasions 
(in 2003 I smashed the breaststroke record for the course).”  

   What kind of problems did you encounter during training and how were they 
solved?   
   MB : “An attempt on the English Channel was made in the July of 2002 but 
despite reduced insulin, injecting during the swim in the water, my attempted 
ended in the southern shipping lane. I found my blood glucose level low but in 
defeat I had learned a lot and decided in the few hours that it took to get back to 
Dover that I would be having another go. With support from my consultant, Dr 
Ian O’Connell at Wigan Infi rmary and nurse, Judith Campbell, who would be in 
my escort boat, we worked out a new insulin and feeding regime. Judith is a 
diabetes nurse and had asked around for advice on what we were trying to 
achieve and was usually told in no uncertain terms that it would not be possible. 
However, this time my swim was successful. I stumbled up the beach before 
clearing the water line 16 hours and 20 minutes after leaving Shakespeare 
Beach, Dover.”  

   MB:  “Later I would learn that the a few hours from the end of the swim the 
escort pilot was concerned about the way I was swimming. Judith asked, ‘Do 
others (non-diabetics) show such fatigue at this point in a swim?’ And when the 
reply came in the affi rmative, Judith persuaded them that all I needed was tiny 
amount of insulin to pick me up. A compromise was reached. Collectively they 
would let me carry on swimming and no insulin would be administered. On 
completing the swim, my Blood Glucose levels were monitored every hour for 
the next twelve hours through the night. The following day I resembled a 
Cabbage Patch Kid R  as my face was swollen with jelly fi sh stings and my eyes 
sunken.”     
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    10.4   Russell Cobb, Long-Distance Runner  

     

    How and when were you diagnosed with type 1 diabetes?   
   RC:  “I was originally diagnosed with Type 1 diabetes whilst training to be a Royal 
Air Force pilot in 1984. My main performance sport is running, although I play golf 
and sail dinghies as well.”  

   How do you train?   
   RC:  “I run to keep in good shape and health. I enter at least two half marathons a 
year and also compete in 2 or 3 10ks whilst training for these. Typically I run 3 to 4 
times a week of which 2 or 3 are short runs before work and one longer run of 8–10 
miles on a weekend.  
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  My ‘fear’ during sport is that I will have hypoglycemia so, for much of the time, 
this is the focus but it is vital to keep blood sugars within an effective range in order 
to perform. Anything above 10 or 11 mmol/L and the ‘leaden’ effect takes over and 
affects performance. Anything under 5 mmol/L and I can sense that the ‘tank’ is 
nearly empty. Both affect performance.  

  In a race, getting blood sugar right is vital if I want to run a good time. On my 
PB, at the Silverstone Half Marathon in 2008, I started and fi nished the race with 
6 mmol/L blood glucose. This clearly links good control with good performance. 
Timing of the race matters to strategy. A late morning race and you can eat break-
fast normally, with normal dosage and then just before the race ‘fuel up’ with a 
bottle of Powerade and a Mars bar. I also reduce basal to about 25% for the fi rst 
hour. This means I start with a good blood sugar, can establish a good pace early 
and then in the second half of the race start to step it out. Leave too long between 
fuelling and the start and blood sugar rises and affects performance until you have 
‘run it off.’  

  For an early race I will not eat breakfast at home but take a banana sandwich, 
or something similar to the race with me, and then eat this about 30 to 45 minutes 
before the start without any bolus and then rely on the lack of bolus insulin in my 
body to enable me to get round on this fuel with blood sugar at a good level. I 
will typically test once whilst running and adjust either basal rate up or down 
depending on the result and I carry ‘Go-gel’s’ with me if I need to top up.”  

   What kind of problems have you encountered during training 
and how were they solved?   
   RC:  “Training requires less thought in advance but if you don’t think ahead it 
can also catch you out. I have had low blood sugars by heading off for a quick 
run without taking any carbohydrate on board or adjusting basal down and then 
gone slightly further than intended and suddenly I know I am down to less than 
4 mmol/L and with a mile or so to home this is no fun! Running in the morning 
with no remaining bolus insulin present generally means, if you do get it wrong 
and end up low, then it will generally be ‘gentle’ and a single Go-gel and slowing 
the pace down will sort it out. Spontaneous runs around two hours after a normal 
meal with normal bolus are typically the ones that will catch me out even if I do 
have additional carbohydrate and stop basal, so I try to avoid these and plan my 
runs.”  

   RC:  “In golf I have linked high blood sugars with poor play. For a three-and-a-
half-hour round, carrying clubs on a hilly course I will eat normally, whether break-
fast or lunch, approx 50/60 carbohydrates, but reduce bolus by 50% (provided blood 
sugar is in normal range beforehand) and also reduce basal to about 65% for approx 
90 minutes. Get this right and keep blood sugar stable within 7–9 range this removes 
high blood sugar as a detriment to a poor round.”     
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    10.5   Sebastien Sasseville, Ironman Competitor and Mountain 
Climber 

     

    How and when were you diagnosed with type 1 diabetes?   
   SS:  “When I fi rst trekked to Mount Everest base camp in 2001, I promised myself 
that one day I would come back and climb Everest all the way to the top. What was 
initially a dream quickly became a project and I went back to Nepal four times in 
the following seven years. Along the way, I was given the gift of diabetes and I say 
that with no irony whatsoever. Both the obstacle that I chose, Everest, and the one I 
didn’t choose, diabetes, made me stronger.”  

   How did you train?   
   SS:  “Climbing in high altitude is a demanding and risky endeavor. Add managing 
type one diabetes to the mix and it becomes a monumental challenge. I believe three 
key words can make everything a lot simpler and safer: education, preparation and 
experimentation. In that order and in a continuous circle.”  

   SS : “Education. To complete my journey it has been crucial to take ownership of 
my diabetes and proactively educate myself about it. Two minutes in my doctor’s 
offi ce three times a year wasn’t going to cut it. I decided to learn as much as I could 
about type one diabetes from as many sources as possible. When exercising, under-
standing how everything works is fundamental. When insulin peaks, how long it is 
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active for, understand the concept of insulin on board, how blood glucose monitors 
works, their limitations, know how to count carbohydrates, know how different 
types of carbohydrates absorb, understand how my pump works, etc. The list goes 
on indefi nitely.  

  Preparation. Climbing Mount Everest is a 60-day expedition. Needless to say a 
lot went into planning my diabetes strategy. I packed about 15 blood glucose moni-
tors, 2 pumps, 12 months worth of insulin, insulin pens, 1500 test strips and a LOT 
of treatment for hypoglycemia. Having a back up plan is one thing, but the strategy 
doesn’t stop there. Transportation, storage and repartition of the supplies are all very 
important. For example, no matter how much insulin I have, if it’s all in the same 
place and freezes I’m in trouble. During the expedition, I broke down my insulin 
stock in three thermos. I kept one on me at all times, one at base camp and one in a 
clinic in Katmandu. No matter how short you exercise for, always have something 
to treat hypoglycaemia. When prepared properly, hypoglycemia is simply a discom-
fort. On the other hand, if unprepared, hypoglycemia can be catastrophic if not life 
threatening.  

  Experimentation. Every time I do something new I learn a lot. It took me 5 years 
of preparation to feel my diabetes strategy was ready to scale Mount Everest. I 
started with weekend camping trips, then went for short expeditions, then started 
climbing more seriously, then added altitude in the mix, went on several 30-day 
expeditions and eventually felt ready. By building slowly but surely, the next step is 
always just a little bit higher and seems achievable.”  

   What kind of problems did you encounter during training and how were they 
solved?   
   SS:  “The Ironman race is grueling, a 2.4 mile swim, 112 mile bike ride and a 26 
mile marathon. Needless to say that training for such an event with type one diabe-
tes is a challenge. Starting slow is key. You need to fi gure out what to do on a 30 
minute run before going on a 2 hour run. The more you measure something the 
more you understand it. I could not imagine testing my blood glucose fewer than ten 
times a day. I test pre and post meals, before, during and after exercise and whenever 
I’m not sure of what my blood glucose is. From this you can fi gure out why you are 
high, low or within range. Identify what you have done right and what needs to be 
changed. In a race that can be as long as 17 hours, preventing a low blood sugar 
often starts hours before the race. On the fl ip side, my current blood sugar impacts 
how I will perform in several hours.”  

   SS:  “One thing is crucial to understand and to accept: diabetes is different for 
everyone and different every day. What works one day isn’t likely to work the next 
day. Instead, think of diabetes and exercise as an equation with variables that con-
stantly change. Some variables are obvious, duration and intensity for example. I 
have listed several different variables that impact on my diabetes during exercise. 
Some variables don’t have an actual impact on my blood glucose but they impact 
my strategy and the way I prepare for the outing. Time of the day, type of activity, 
overall goal (recreation, weight loss or performance), stress, insulin on board, recov-
ery, risk of disappointment, risk to safety, and temperature are just a few. Every day 
the equation adds up to a different strategy.”     
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    10.6   Fred Gill, Rower 

     

    How and when were you diagnosed with type 1 diabetes?   
   FG : “I was diagnosed with Type 1 Diabetes aged 21 at the start of my 3rd year at 
Newcastle University. While I had been a very keen sportsman in almost every sport 
at school it took me until my fi rst year at Newcastle to fi nd a sport that I was natu-
rally good at in rowing. I was very tall and fi t and progress was rapid until the start 
of my third year where it tailed off drastically. After losing 5 kilos and with an insa-
tiable thirst I went for a blood test and that was the start of my diabetic challenge.”  

  “I had of course heard of Steve Redgrave winning his 5th Olympic Gold aged 38 
as a diabetic so there was never any question as to whether I would continue my 
rowing or not. However, having been diagnosed on the Monday and taking a few 
days to get to terms with the life change my coach then, Angelo Savarino, rung me 
up on the Wednesday demanding why I was not at training and telling me that he 
had known ‘hundreds’ of diabetic athletes in Italy and I should stop feeling sorry for 
myself and start training properly again straight away. This proved to me the perfect 
mindset for me as I attacked my training just as I had before and within a month was 
producing scores similar to those prior to my diagnosis.”  

  “That year I had also managed to make an application to Cambridge University 
and was lucky enough to be accepted. The training program at Cambridge, however, 
was completely different to the one I had come from and was far more based on 
training at low intensity and for long periods of time. For instance, our two main 
ergometer sessions in the week were 70–80 mins at a low rate and intensity with one 
short break at half way. This is the method of training employed at most nation 
levels where athletes can train full time and thus spend longer periods training and 
recovering.”  
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   How did you train?   
   FG : “The training implemented at Newcastle was an Italian-style program where all 
training was to maximum intensity. Through the winter we would do long low-rate 
work such as 3–4 x 6k, 3–5 x 4k, 8–10 x 3k and our least favourite 14–16 x 1500 
metres. All these pieces were started with one minute fl at out before coming down 
onto a low rate that was carried on through the rest of the distance. I did not know it 
at the time but it was these one minute high intensity starts that staved off any hypos. 
I have only recently heard of the maximal sprint technique as a defense against hypos 
and have brought it into my current training. Therefore, because of these one minute 
fl at out starts to all the pieces in my time at Newcastle I did not have a single session 
ruined by hypoglycemia. At the end of that fi rst season I won four gold medals at the 
British Universities’ regatta and for the fi rst time in the club’s history, won the Student 
fours at Henley Royal Regatta. My pairs partner and I also managed to achieve a 6th 
place fi nish at the national trials which meant we were in the Great Britain under 23 
eight that came 5th at the under 23 World Championships later that summer.”  

   What kind of problems did you encounter during training and how were they 
solved?   
  “At Cambridge, the training program was completely different being far more based 
on training at low intensity and for long periods of time. For instance our two main 
ergometer sessions in the week were 70–80 mins at a low rate and intensity with one 
short break at half way. This is the method of training employed at most nation 
levels where athletes can train full time and thus spend longer periods training and 
recovering. However with no one minute fl at out start and the low intensity of the 
training I was hypoing almost every time we would do these sessions. I would be 
exhausted with 10 mintues of the workout and subsequently used to dread them and 
not understand why I was so exhausted and everyone else was far less fatigued at the 
end of the ergo sessions. I found out that it is the low intensity use of large muscle 
areas such as quads, glutes and back that lead to lowering blood sugar and hypogly-
cemia after sustained periods such training with no glucose.”  

  “I struggled through my fi rst year a Cambridge constantly exhausted, falling 
asleep in lectures and producing very inconsistent performances throughout. Some 
of my high-intensity work was at the top end of the squad and I was therefore given 
a good chance of being in the ‘Blue Boat’ for the boat race but after some bad per-
formances and a spectacularly bad 5 k ergo score I was named in the reserve boat. 
It was after losing the reserve boat race in 2009 that lead me to plan a new insulin 
regime where I would take half my normal amount of insulin if I was training within 
one hour of eating and take glucose, in the form of drinks and gels, every 20 or so 
minutes throughout low intensity training to keep my blood sugar levels stable.”  

  “My new regimen worked almost immediately so that through the summer I was 
able to train hard and effectively and attack the new year with renewed gusto. I was 
far more consistently producing scores near the top end of the squad and started 
being regarded as a genuine boat blue candidate and even potential stroke man, 
which carries with it added glory and responsibility. I hypoed far less in training and 
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the coaches faith in me was shown as they named me in the stroke seat of the provi-
sional blue boat 3 months before the boat race.”  

  “In the week leading up to the Race our training decreased as we tapered towards 
the big day and with it my insulin sensitivity. My blood sugar cycled throughout the 
day and night as I found it hard to live and eat with non-diabetics and carry out a 
different routine to the one I had got used to in training. However, with help from 
the club doctor I kept to a personalised diet of low glycemic indexed (GI) foods and 
was able to regain some control in the days before the race. I was obviously extremely 
worried about what might happen if I hypoed or hypered during the race but tried to 
ignore it and put my energy into organising exactly what I would do hour by hour 
on the day so I would arrive on the start line with stable blood sugars.”  

  “As it turned out even the best plans do not play out how they should. My blood 
sugar was quite high in the hours before the race and    were about 13–14 mmol/L at 
the start. As it turned out my control was just about good enough as I stroked 
Cambridge around the outside of the Surrey bend a length down to then come 
through to take the inside of the last bend and win by a length. Since the boat race 
in 2010 I have continued my rowing with the aim of making the senior team. Having 
come 9th in both national trial regattas in 2011 I have not made the team for the 
forthcoming Olympics in London but will continue with rowing and hopefully make 
the team for the next Olympiad and Rio 2016.”     

    10.7   Monique Hanley   , Professional Cyclist 

Photo credit to Mark Suprenant
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     How and when were you diagnosed with type 1 diabetes?   
   MH:  Monique Hanley was diagnosed with type 1 diabetes in 1998. Based in 
Melbourne, Australia, she became 2007 State track champion in the individual pur-
suit and points score. She raced with the US-based cycling team, Team Type 1, as a 
professional cyclist from 2007 to 2009. She was the only female member of Team 
Type 1’s eight-person team, which won the 2007 Race Across AMerica (RAAM) 
and set a new world record.  

   MH:  “My life on the bike began shortly after a stern lecture from my endocri-
nologist. I was 22 at the time and had just ‘retired’ from playing basketball. I played 
at Australian Women’s National Basketball League (WNBL) level but struggled 
with form and passion following my diagnosis with type 1 diabetes two years ear-
lier. I lacked a lot of understanding on how type 1 diabetes could affect my on-court 
performance, and received little sympathy from teammates and coaching staff. At 
the end of a disappointing second season and with all passion for the sport gone, 
I walked away and never returned.”  

   MH: “The impacts on my life were immediate. With more time to work and party, 
life moved from being centered around exercise and performance. My conditioning 
fell away rapidly and my weight blossomed, with an A1c shooting up past 8. Cycling 
met my needs, replaced my mode of transport and offered me a door into another life. 
And it still remains the best fun I have ever had while exercising!”  

   How did you train?   
   MH:  “I fi rst completed a number of recreational cycling challenges including riding 
across Canada (7,800 km) and around France (2,700 km). I followed le Tour on my 
own, with a one man tent and a month’s supply of test strips and insulin. I was fas-
cinated to discover that after four days of heavy exercise and constant reduction of 
insulin needs, the fi fth day onwards I would require slightly more. It seemed to take 
the four days to get the body adjusted to the new regime, and from there it would 
say, ‘okay, got the hang of this. I actually need a little bit more to keep going’. 
Racing became my next goal. Starting with local road races, I progressed to open 
women’s racing and eventually moved onto the track which resulted in fi nding my 
true passion in the sport and achieving success at an elite level in Australia. During 
this time I was invited to race for Team Type 1 in their 2007 and 2008 Race Across 
AMerica teams. We competed in the eight person team category, and I was the only 
female member. We won the event in 2007 and in the process set a new world record 
for the crossing. I spent three years in the USA racing on the professional women’s 
circuit, specializing in criterium racing.”  

   What kind of problems did you encounter during training and how were they 
solved?   
   MH:  “These are my key management strategies. I use a pump and CGM. I switched 
to the pump in 2004 and found it far more useful for training and racing. When you 
need to be fl exible, as life often is, the pump is there to move with you! I have to 
admit that I still fi nd long races diffi cult to master, and I struggle with being able to 
guess my blood sugar after two hours on the bike. A continuous glucose monitor is 
the best thing for bike racing and recovery.  
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  I reduced basal rate for criterium racing. It was easier to develop my diabetes 
‘formula’ in criteriums thanks to trialing it every weekend in local races. I am resis-
tant to complete removal of my pump during races or to reduce insulin rate in the 
lead up to the start of a race. Races can be delayed due to crashes in a previous race, 
sudden change in weather (we were once delayed by a hail storm), or simply at the 
discretion of offi cials. A 50% basal reduction to cover the length of the race on the 
start line with some top up fuel ready to go (usually 20–25 g high GI food in my 
back pocket) is ideal for me. Usually the adrenaline of a criterium start will spike 
my blood glucose early on, and as long as I eat around the 40 minute mark of a race, 
my levels will be okay until the sprint fi nish (this is assuming a one hour race, no 
racing or heavy strain in the previous days, and general cycling good fortune).  

  I reduced basal rate for Racing Across AMerica. Every shift during this crazy 
race required a different basal rate. Combining the intense physical output (short 
bursts at almost maximum effort) with next to no sleep meant the body had no real 
chance to recover. A ‘good’ sleep was three hours. During one shift when I was 
hurting at my very worst, my basal needs increased, but typically my basal reduc-
tion was between 50–80%. Constant glucose monitoring was essential. After fi ve 
and a half days, it was an experience like no other.  

  (Try to) Manage your mind. Mental preparation is essential in track racing, and 
I quickly learnt the price you pay from adrenaline-induced high blood sugars. My 
performances are impacted the further north my meter reading is from 10 mmol/L. 
My challenge became how to focus on the racing goal while at the same time open 
to ‘variations’ in the event, such as a puncture or reschedule. This helped me mini-
mize the surge in blood glucose levels from adrenaline. Engaging a sports psycholo-
gist was extremely benefi cial. I learnt how to visualize performance goals and 
adopted breathing techniques which made a huge difference.  

  Start at a low base. Once I realized just how much my blood sugars soared from 
adrenaline, I adopted a new strategy: if I start at a low base, the adrenal jump 
wouldn’t land me into the evil realms of life above 13 mmol/L. The trick was to 
ensure that the blood sugar wasn’t  too  low. It was a fi ne line to walk, and it required 
plenty of monitoring during warmup. If it did drop too low, there was always sports 
drink or lollies on hand to get it up enough for race time.  

  Manage your hypos. It is extremely important to manage post-exercise hypos. 
During preparation for the Australian track season, I encounter a fair share of 
extreme hypos. They usually happen following a heavy training period, but never 
immediately following the conclusion of training and so tend to ‘sneak up’ on me. 
Anywhere up to 48 hours afterwards I am subject to severe lows, and with my focus 
on keeping my blood sugar relatively low for track performance I am especially 
vulnerable. You can never test enough.”         
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